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ABSTRACT

CHARACTERIZATION OF LATENT THERMAL ENERGY IN A STORAGE
UNIT WITH FIBONACCI-SEQUENCE-INSPIRED FINS

Baghaei Oskouei, Seyedmohsen
M.S., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Ozgiir Bayer

January 2023, 95 pages

Latent thermal energy storage (LTES) is a viable method to mitigate one of the main
problems with renewable energy sources, such as solar energy, which is their inter-
mittent nature. LTES units take advantage of the large latent heat of fusion in phase
change materials (PCMs) to store a substantial amount of energy in a relatively small
volume, making them ef cient and economical. The major challenge with PCMs is
their low thermal conductivity, eventuating long melting (charging) and solidi cation
(discharging) times. Using extended surfaces ( ns) is a popular method, with recent
developments in novel designs such as tree-like and fractal ns. The complex n con-
gurations improve the conduction while decreasing the natural convection effects by
introducing additional shear stress to the melted PCM. In the current work, a new n
design based on the Fibonacci sequence is proposed in a vertical LTES unit to improve
the charging/discharging characteristic. An experimental setup is designed to observe
the charging/discharging behavior based on the volume expansion method. A numer-
ical model based on the enthalpy-porosity method is implemented to investigate the
physics behind the melting/solidi cation. The proposed n performed 20% better in

terms of melting time compared to longitudinal ns by introducing more dispersed
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natural convection-dominated regions. The average liquid PCM velocity on the melt
front was studied as a parameter for evaluating the natural convection behavior. The

reduction of 45% in solidi cation time was established for the novel n as well.

Keywords: phase change material, nature-inspired, fractal geometry, energy
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0z

FIBONACCI DIZISINDEN ESINLEN ILM IS KANATCIKLARA SAH IP BIR
DEPOLAMA UN ITESINDE GIZL I ISIL ENERJ ININ
KARAKTER IZASYONU

Baghaei Oskouei, Seyedmohsen
Yuksek Lisans, Makina Muhendigli Bolumu
Tez Yoneticisi: Dog. Dr. Ozgiir Bayer

Ocak 2023, 95 sayfa

Gizli sl enerji depolamas , gines enerijisi gibi yenilenebilir enerji kaynaklar n n te-
mel sorunlar ndan biri olan kesintili dalar n n etkisi icin uygun bir yontemdir. LTES
uniteleri, Gnemli miktarda enerjiyi nispeten kiiguk bir hacimde depolamak igin faz
degistiren malzemeleri (FDM'ler) verimli ve ekonomik hale getiren buyik miktar-
daki gizli s dan faydalanr. FDM'lerle ilgili en blyuk zorluk, uzun erime (sarj) ve
kat lasma (desar)) surelerine neden olan disuk termal iletkenlikleridir. Genisletilmig
ylzeylerin (kanatc klar n) kullan m ga¢ benzeri ve fraktal kanatg klar gibi yeni ta-
sar mlardaki son gelismelerle birlikte popdler bir yontemdir. Karmas k kanat kon gui-
rasyonlar , iletimin etkisini art r rken, erimis FDM'de ek kesme gerilimleri yaratarak
dogal tas n m etkilerini azalt r. Mevcut ¢al smada, sarj/desar] karaktginstiyiles-
tirmek icin dikey bir gizli s | enerji depolama Unitesinde Fibonacci dizisini baz alan
yeni bir kanat tasar m oOnerilmektedir. Sarj/desarj davran s n gozlemlemek icin ha-
cim genigletme yontemine dayal bir deney duagnasarlanm st r. Erime/kat lasma-

n n ard ndaki zigi arast rmak icin entalpi-goézeneklilik yéntemine dayal say sal bir

vii



model uygulanmaktad r. Onerilen kanatg k, daha iyj tta s dagal tas n m bask n
bdlgeler ortaya ¢ kararak, boyuna kanatc klara k yasla erime suresi a¢ s ndan %20
daha iyi performans gostermektedir. Erime bolgesindeki ortalama sv FDM h z , do-
gal tas n m davran s n derlendirmek icin bir parametre olarak incelenmistir. Yeni

kanatc k icin kat lasma suresinde %45'lik bir azalma tespit edilmistir.

Anahtar Kelimeler: faz dgistiren malzeme, dgadan ilham alan, fraktal geometri,

enerji
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CHAPTER 1

INTRODUCTION

1.1 Need for Thermal Energy Storage

A transition to renewable and sustainable energy sources is imminent due to the de-
pletion of fossil fuels and their harmful effects on the environment, such as global
warming [1]. Itis predicted that the world's total energy consumption will increase by
28% from 2020 to 2050 [2], which is inevitably slowed by an increasg @ emis-

sions if no action is taken for alleviation. The transition to greener energy sources
is followed by many challenges that are mainly concerned with the intermittency of
renewable energy sources (such as solar energy) [3], the energy lost through conver-
sion (around 31% as predicted by the International Energy Association) [4], lack of
reliable energy in peak hours [5], climate volatilities [6], etc. As a solution, energy
storage can ensure the balance between energy supply and demand, organize energy
distribution, play a signi cant role in the transition to green energy sources, and help
with the reliable supply of electricity [5].

According to European Energy Storage Technology Development Roadmap Towards
2030, thermal energy storage (TES) is a suitable technology for conventional energy
generation systems and a possible technology for renewable energy generation sys-
tems, transmission, and distribution [7]. Among other energy storage means such
as electrical, mechanical, and electrochemical storage methods, TES is proven to be
more reliable, practical, easy to integrate, and economically viable in various applica-
tions. More speci cally, in solar applications such as concentrated solar power (CSP)
systems, TES solutions have more capacity and more extended storage periods com-

pared to electrical storage systems [8]. In fact, a study performed in 2017 estimated
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that around 50% of the CSP plants utilize TES systems, with an expected higher ratio
in the future [9]. In other applications like geothermal energy, fossil fuel, nuclear
power plants, and waste heat processes, TES systems have shown promise by taking

advantage of the lack of energy management and producing heat [10-13].

TES prevents the waste of valuable energy and stores it in a medium to be used at
later times. To do so, various methods with different media have been investigated in
the literature. The following section discusses and compares the three main types of
TES.

1.2 TES Types

TES systems can be categorized into three main types based on the energy storage
method: sensible, latent, and chemical TES. The following subsections provide a

descriptive and comparative illustration of the different TES types.

1.2.1 Sensible TES

Sensible TES (STES) uses a temperature rise to store energy. The total amount of
stored sensible energQireq) is proportional to the mass of the material)( spe-
ci ¢ heat capacity ¢,), and the temperature difference between the initial temperature

(Tinitia ) @nd the nal temperatureTin, ) as given in Egn. 1.1.

Tinal
Qstored = mc,dT (1.1)

Tinitial

During the charging (increasing the temperature) and the discharging (decreasing the
temperature), the material does not undergo any phase change, which explains the
“sensible” adjective. The storage medium is usually a liquid or solid material. The
common materials for the liquid STES systems are water for low-temperature stor-
age [14], mineral oils for medium-to-high temperature range, and molten salts for

high-temperature applications, especially in CSP plants [15]. Solid STES systems
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generally use rocks, sand, concrete, etc., with a lower value of speci ¢ heat but greater
densities than liquid TES materials. Additionally, unlike liquid materials, they do not
experience vapor pressure problems; however, with their low thermal conductivity
and incapability of circulation, a heat transfer uid (HTF) is needed for charging/dis-
charging processes [16].

Since STES is the simplest way of energy storage, it has been facilitated in many
thermal storage plants. Water tank storage systems have proven to be cost-effective
and bene cial, especially for low-temperature solar applications [17]. Underground
storage systems use rocks or water for seasonal storage applications, with limited
outcomes due to high costs [18]. Packed bed STES has been shown to produce a more

uniform temperature with high strati cation behavior using rocks or pebbles [19].

Although STES systems and materials are mature, stable, and widely available, they

suffer from two major problems:

Their working principle is based on a temperature gradient resulting in the en-
ergy discharge at a variable temperature range, which is not desired in many

applications such as power generation.

Since they do not undergo phase change and cannot utilize the latent heat, a
large mass is usually required to meet the desired storage capacities, resulting in

costly construction and maintenance.

1.2.2 Latent TES

Unlike STES, the energy in a latent TES (LTES) unit is primarily stored in the latent
heat, which is the amount of energy provided to a material to undergo a state change
from solid to liquid at a constant pressure. LTES units take advantage of the large
latent heat in phase change materials (PCMSs) to store a substantial amount of energy
with a relatively small volume, making them ef cient and economical. The total

amount of energy stored in an LTES unit can be given by Eqn.1.2

Z Tm Ttinal

Qstored = mc,dT + mfL + mc,dT (1.2)
Tinitial Tm



whereT,, is the melting temperaturé,is the liquid fraction, and. is the latent heat.

The melting/solidi cation process typically happens at a constant temperature, which
is one of the main advantages of LTES [6]. It is worth noting that an LTES unit is not
only comprised of latent heat but also sensible heat contributes to the total amount
of stored energy as shown in Egn. 1.2. However, the amount of stored latent heat is
enormous since the latent heat is a signi cant value; thus, sensible terms do not play
a major role in storing energy. For example, considering &1@mperature increase

in 1 kg of RT42 from Rubitherm [20], 144&J of energy is stored in the form of latent
heat while this value for the sensible heat is onlykdQ about 12% of the total stored

energy. Figure 1.1 graphically illustrates the difference between the STES and LTES
behaviors.

Figure 1.1: Stored thermal energy behavaysensible and) latent

PCMs are categorized into two main types: organic and inorganic. Organic PCMs

such as paraf n, the most used organic PCMs [21], fatty acids, esters, and glycol are
easily found in nature, generally non-toxic and stable though they tend to decompose
at high temperatures [22]. Inorganic PCMs, such as salt hydrates, are commonly
used in high-temperature applications and have toxic and corrosive properties [23].
LTES systems are popular and effective in solar thermal plants due to their wide

range of working temperatures, large energy density, and design and implementation
exibility [7, 24].

Encapsulated PCMs have proven to be in uential in controlling the uctuations in
industrial waste heat applications. For example, by augmenting a PCM unit for re-
covering the waste heat in the steel industry, Dal Magal.[25] deduced a reduction

in the steam generator and turbine size is possible through a thermodynamic analysis.
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LTES units are also used in engine waste heat recovery, where the temperatures are

relatively low [26].

The main issue with PCMs is their small thermal conductivity value, generally be-
tween 0.2 and 0.8/=mK [3], which results in long charging/discharging times. Var-
ious methods have been studied and implemented to mitigate this drawback, the most
common of which is using extended surfaces or ns. Further discussion on the en-

hancement methods will be provided in the following subsections.

1.2.3 Chemical TES

Chemical TES (CTES) uses reversible chemical reactions to store and release heat.
They have the highest TES density compared to STES and LTES and are applica-
ble in medium-high temperature ranges up to 4D0Their current status, including
disadvantages such as stability and decomposition problems and slow charging/dis-
charging rates, make them unsuitable for many applications [4]. CTES systems are
underdeveloped and need many advances in terms of material science and chemistry.
In the current work, CTES materials and methods are out of scope; therefore, the

details are left out for curious readers [27, 28].

1.3 Methods of Performance Improvement in LTES

As discussed in Section 1.2.2, the main issue with PCMs is their low thermal con-
ductivity. A low thermal conductivity directly correlates with how fast an LTES unit
melts and solidi es. The charging time is an important factor in LTES since the en-
ergy source (take solar irradiance for example) is not always available to charge the
PCM: in daily storage systems, 6 to 8 hours of melting time is desired to ensure the
energy storage. In the solidi cation process, time is also signi cant since it deter-
mines the power provided by the LTES. The charge/discharge time also evaluates
the applicability and cost-effectiveness of the implemented LTES system. There are
many methods to improve the charging/discharge performance of the LTES systems,

some of which are discussed brie y here.
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Additives with high thermal conductivitPne way to increase the thermal conductiv-

ity of PCMs is by adding materials with high thermal conductivity values. These ma-
terials can help to transfer heat more ef ciently within the PCM, leading to improved
performance of the PCM in energy storage applications. Carbon-based materials are
among the popular additives that have a stable chemical composition and low den-
sity [29]. Metal-based materials such as metal foams are also effective in increasing

the thermal performance of PCMs by providing a large surface-area-to-volume ratio.

Impressive reductions in melting/solidi cation times have been reported in the liter-
ature using additives in PCMs: Esapaairal. [30] reported a decrease in melting
time of up to 55% using metal foams, Ramakrishearal. [31] achieved 49% in-
crease in thermal conductivity using carbon additives which resulted in up to 200%
improvement in heat gain of PCM and Sheikholeslami and Mahian [32] were able to
decrease the total solidi cation time by up 14% using nanoparticles added to PCM.
Even though utilization of additives in LTES applications has shown great promise,
they alter the properties of PCM and decrease its latent heat, it is dif cult to obtain
a uniform metal foam, they increase the mass of the LTES unit, and possess low
chemical stability [33].

Encapsulation By enclosing a volume of PCM into a de ned shape, the PCM can

be encapsulated. Encapsulation increases the heat transfer area and protects the PCM
from environmental effects [34]. Additionally, some PCMs, such as several families

of non-organic PCMs, should be airtight because there exists a chance of oxidation.
Encapsulation is categorized based on its size into two types of micro-and-macro
encapsulation. Various geometries for encapsulation have been proposed: spheres
[35], cylinders [36], and innovative geometries that can take advantage of volume
expansion during phase change in PCMs [37, 38]. The encapsulation techniques are
effective ways of improving the performance of LTES units, with the advantage of
keeping the PCM in a container that resists external operating conditions. However,
they come with a toll of high prices and manufacturing issues that are especially

challenging in high-temperature applications.

Extended surfaces ( ns)Jtilization of ns in LTES units is the most common way

of performance improvement. Various conventional n types such as annular [39],



longitudinal [40] and pin- ns [41] and novel ns like fractal [42] and bio-inspired
tree-like ns [43] have established signi cant enhancement, especially in charging
process due to increasing the conduction and natural convection effects by augment-
ing the heat transfer area. Since the current work is concerned with ns, the following
subsections provide more detail on conventional and tree-like ns and discuss their

strong and weak points.

Other niche techniques to improve the heat transfer in LTES units are also reported
such as using multiple PCMs or cascade arrangements [44], changing the orienta-
tion [45], and rotating the LTES tank [46, 47] however, using ns remains the most
important and common method. Novel and innovative n designs have been intro-
duced in recent years to maximize the ef ciency and lower melting/solidi cation

times of LTES systems.

1.3.1 Base Design of an LTES Tank

To introduce a base design for the n augmentation in an LTES, this section brie y
discusses the geometrical con guration of a typical LTES unit. A common design for
an LTES system involves the use of two concentric cylinders. In this design, a uid,
such as water or oil, is typically owed through the inner cylinder, while the space
between the inner and outer cylinders is lled with a PCM. The HTF tube is used
for the HTF to ow in and divide the two media and prevent them from mixing, as

depicted in Figure 1.2.

During the charging process, the uid is heated, causing the PCM to melt and absorb
the heat. During the discharge process, the uid is cooled, causing the PCM to solidify
and release the stored heat. The PCM and HTF can change places in a less common

con guration [48].

The HTF tube is often made of aluminum or copper thanks to their high thermal
conductivity in order to transfer the heat from the HTF to PCM without extra thermal
resistance. A bundle of discussed cylinders is commonly put inside a larger tank,
resembling a shell-and-tube heat exchanger. Due to its simplicity, the shell-and-tube

design is the most common and reliable design for LTES systems [49].
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Figure 1.2: The base design of a cylindrical LTES tank

One of the main advantages of the shell and tube design is its simplicity. Itis relatively
easy to manufacture and maintain, and it can handle a wide range of uid ow rates
and pressure drops. It is also relatively inexpensive compared to other types of heat
exchangers. Many parameters regarding the base design have been investigated in the
past decades. For the sake of brevity and since the current work is concerned with
the attached ns to the HTF tube of the base LTES tank, the studied parameters for
simple design are mentioned in Table 1.1 and the discussion is followed by nned

con gurations.



Table 1.1: Relevant studies to un nned LTES units

Phase )
LTES Phase change Studied ) )
change ) ) Study type Main ndings Authors
orientation process parameters
temp. (°C)
) Melting/ ) « HTF operating conditions « Negligible effect of HTF mass ow rate on charging/discharging
30 Vertical Numerical Trp et al.[50]
solidi cation ¢ Length and diameter of the tank « Stored/released energy is a strong function of HTF inlet temperature
) « Weak correlation between HTF mass ow rate and charging/discharging behavior
) Melting/ ) ) o o ) Jesumathy
58-60 Vertical o Experimental * HTF mass ow rate » Melting front progression is from top to bottom and solidi cation front is
solidi cation etal.[51]
from bottom to top
. . . « HTF mass ow rate « Melting time nearly halves with doubling the HTF mass ow rate
803 Horizontal Melting Numerical Taoet al.[52]
and temperature « Melting time nearly halves with increase of 40K in HTF inlet temperature
) « Asymmetric melting behavior due to presence of natural convection during melting )
) Melting/ ) ) o o Avci and
58 Horizontal o Experimental e HTF temperature « Natural convection, only present in initial stages of solidi cation .
solidi cation ) o ) ) o Yazici [53]
« Change in HTF temperature signi cantly affects the charging/discharging time
. Melting/ Experimental/ L L . L ) . L Longeon
35 Vertical « HTF injection direction « For charging, a top injection and for the discharging, a bottom injection is recommended
solidi cation numerical et al.[54]
) ) « Convective and conductive heat transfer modes are established in charging/discharging B
) Melting/ Experimental/ o ) o ) Hosseini
50 Horizontal o ) * HTF temperature while in charging/convection is dominant
solidi cation numerical o et al.[55]
« The rate of heat transfer is directly related to HTF temperature
) Melting/ ) » The application of PCM in solar water heating systems is proven Mahfuz
56 Vertical Experimental * HTF mass ow rate
solidi cation « With an increase in mass ow rate, total life cycle cost decreases et al.[56]
. Melting/ . « Natural convection dominates the heat transfer process during melting Saddegh
59 Vertical Numerical -
solidi cation while in solidi cation, the dominant mode of heat transfer is conduction etal.[57]
¢ Location of PCM and HTF « Natural convection causes a non-uniform interface between solid and liquid phases
Vertical/ ) . (inner or outer cylinders) » The melting time is the shortest for the horizontal con guration with PCM inside
220 Melting Numerical Hanet al.[58]
horizontal « HTF injection direction the inner cylinder

(top or bottom) for vertical case

ation

« With the HTF at the top, the natural convection effects do not change in any con gur




The literature states that the melting process is composed of three stages: rst, as
the melting starts, the heat from the HTF is transferred to the PCM which results in
melting with conduction. With the advancement in time, the melted volume of PCM
increases, which gives room to the convective ows to take place in the liquid region
of PCM. The natural convection ows happen due to the liquid PCM density differ-
ence arising from the change in temperature. The natural convection continues until
the temperature gradients in the melted PCM diminish and the conduction becomes
the dominating heat transfer mode once again. Figure 1.3 shows a typical behavior of
melting in an LTES unit consisting of the mentioned three stages. The parameter in
the y-axis is the average liquid fractioh)(in the PCM, which indicates how much of

the PCM is lique ed.

Figure 1.3: Typical behavior of liquid fraction in an LTES unit

1.3.2 Radial Fins

Radial or circular ns are a popular type of extended surface that has a long history of
implementation in heat exchangers, heatsinks, condensers, etc. Due to their simplic-

ity, they are widely used in LTES applications as well. Figure 1.4 depicts a typical
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vertical LTES unit with radial ns on the tube that carries the HTF. Radial ns ex-
tend the heat transfer area and improve the heat transfer from the HTF to the PCM,
especially in the radial direction, which results in improvements in conduction and
natural convection. Several studies considering the realizations of radial nsin LTES
units have been reported in the literature, the summary of which is presented in this
subsection.

Figure 1.4: A typical design of an LTES unit with radial ns

Agyenimet al. [59] experimentally studied the effects of circular ns in a horizontal
LTES unit with erythritol T, =117.7C) as the PCM. They reported a 15% increase

in total charged energy and a 46% increase in total discharged energy compared to
the case with no ns for the same time interval. Weaetcal. [60] studied the effects

of various geometrical parameters such as n pitch, radius, thickness, and outer shell
diameter and length in a radially nned LTES unit and indicated the dependency of
energy ef ciency ratio and heat storage rate to them. They also showed that a laminar

HTF ow is desired based on the performance of LTES. By studying the discharge
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process with no natural convection involvement in LTES with non-uniform radial n
distribution, Kubothet al. [61] established that a higher n density near the outlet
enhances the power output. Yaetal. [62] focused on the natural convection effects

in vertical LTES units with annular ns by changing the n number and thickness.
They were able to achieve a 65% improvement in charging time with the optimum
n number and thickness. An increase in n number does not necessarily mean an
enhancement in melting since with increasing the n number, the effects of natural
convection tend to demise. The behavior of vertical LTES units equipped partially
with radial ns was investigated by Pet al. [63] and it was concluded that a design
that is fully nned along the vertical axis is more effective in reducing the charging

time.

In an experimental study performed by Tiari and Hockins [64], the effects of radial
ns on the melting and solidi cation of RT55 in a vertical LTES were investigated.

It was reported that by just adding four ns, the charging time decreased by 81.9%
and the discharging time by 70% whereas the difference between the eight- n and
four- n designs was not signi cant. More recently, a comparison between the effects
of radial n and porous material implementation in an LTES unit was investigated,
and the results indicated the superiority of radial ns when it comes to charging time,

power, and energy density [65].

Radial ns have proven to be effective in the enhancement of LTES performance,
though with some shortcomings, such as hindering the natural convective ows dur-
ing the melting. Additionally, most of the studies have focused on charging charac-
teristics. In the next subsection, another popular n design in LTES units is discussed

with a short literature review of recent studies.

1.3.3 Longitudinal Fins

A common type of n design used in LTES units is longitudinal con guration. Fig-
ure 1.5 depicts a typical LTES unit with longitudinal ns in tlzedirection. With

the utilization of longitudinal ns, heat transfer improves in the radial and longitudi-
nal directions, resulting in lower charging/discharging times. Similar to radial ns,

their implementation is fairly simple in latent storage units and many studies have
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investigated their performance. A summary of works related to the application of
longitudinal nsin LTES units is presented in this section.

Figure 1.5: A typical design of an LTES unit with longitudinal ns

A set of experimental investigations were performed by Rathod and Banerjee [66]
to study the effects of longitudinal ns on shortening the melting/solidi cation time.
They reported that the charging time can be decreased by 24.5% while the discharge
time can be reduced up to 43.6%. It was also established that the inlet mass ow rate
has a less signi cant effect compared to the inlet temperature. Mahdi and Nsofor [67]
used a 2D model (on they-plane) for investigating the effects of ns and nanoparti-
cles in a triplex-tube LTES unit on solidi cation and concluded that using ns alone
resulted in the shortest discharge time. Dengl. [68] used a similar 2D numerical
model to the model of Mahdi and Nsofor and studied several parameters including
the number, lengths, and con guration of ns, and found that in addition to charging
temperature, the mentioned parameters affect the charging performance of an LTES

unit with longitudinal ns.
A longitudinal vertical LTES unit was studied experimentally and numerically by Kir-
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incic et al.[69] and it was shown that the effects of natural convection dominate the
melting process while the solidi cation is mainly dependent on conduction. Li and
Tao [70] compared the annular and longitudinal ns in a horizontal LTES unit and
established that longitudinal ns restrict the effects of natural convection on melt-
ing. They proposed a composite design that utilizes annular ns at the bottom and
longitudinal ns at the top of the storage tank. The composite design resulted in bet-
ter performance when compared to each n design individually. In a horizontal LTES
unit, due to natural convection, the top part of the LTES tank melts faster though solid
PCM remains at the bottom of the tank. Utilizing the asymmetrical nature of melting
in horizontal LTES units, Patelt al.[71] designed an LTES unit with eccentric lon-
gitudinal ns and established that using positive eccentricity (downwards) reduced
the charging time while the negative eccentricity (upwards) helps with discharge time

reduction.

Due to their simplicity, ease of attachment to the HTF tube, and large surface area,
longitudinal ns have proven to be a viable solution for the reduction of melting/solid-

i cation time in LTES units. However, the basic design is rarely altered to compensate
for its disadvantages, such as the hindrance of natural convection ows. Additionally,
as discussed, the simple longitudinal ns have worse performance when compared to
annular ns and authors have foreseen novel designs to improve the longitudinal ns.

The next section discusses different iterations of annular and longitudinal designs.

1.3.4 Nature-inspired Fins

The conventional radial and longitudinal n designs are generally limited due to their
simple design in terms of charging/discharging improvement in LTES units. More
speci cally, they usually have a non-uniform temperature distribution in the trans-
verse direction of HTF ow k- or y-directions in Figures 1.3,1.4 and 1.5). To com-
pensate, several modi cations have been introduced such as double and quadruple
helical ns[72], Y-shaped ns [73] and spiral ns [74,75]. More recently, new types

of ns inspired by existing patterns in nature have emerged that take advantage of

natural inherent properties such as the large surface area to volume ratio.
The nature-inspired ns typically use fractal geometries and fall into three main
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shapes: tree-like, snow ake-like, and spiderweb-like geometries as shown in Fig-
ures 1.6a to 1.6¢ respectively. These types of ns often use a pro le inyhglane

and extrude this pro le along the HTF direction. These ns have gained attention in

recent years due to their ability to promote more ef cient heat transfer compared to
conventional n designs, and have been explored for a variety of applications. How-
ever, there are also limitations to the use of fractal ns that must be considered in their
design and implementation. This section provides a literature survey on fractal ns

and discusses their advantages and disadvantages.

Figure 1.6: Nature-inspired nsa) tree,b) snow ake, andc) spiderweb

Tree-like ns Tree-shaped ns are the most studied types of fractal ns. The design
is inspired by the distribution of tree branches on the basis that this is the most ef-
cient way of water transport evolved through time and might be effective for heat
transfer purposes. The tree-shaped ns are a more advanced iteration of branched
ns and several studies, mostly numerical, have been performed in recent years to
investigate their behavior in LTES units. ¥t al. [76] assumed a numerical domain
(similar to thexy-plane in Figure 1.6a) and designed a fractal tree-like n structure. It
was established that the introduced n suppresses the natural convection effects while
increasing the conduction heat transfer during the melting. Compared to longitudinal
ns, the tree-like ns performed 26.7% better in terms of charging time reduction
and offered more temperature uniformity in the radial direction, resulting in a 45.4%
improvement in heat storage rate. letal. [77] came up with an uneven tree-like
geometry and performed a series of 2D numerical simulations similar tet él.

They established that with the uneven distribution of ns, the conduction enhance-

ment outperformed the natural convection suppression, and a more uniform radial
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temperature distribution can be achieved compared to evenly distributed branches.
Denget al. [78] experimentally and numerically showed that fern-fractal ns have
shorter melting times compared to conventional ns due to a boost in conduction ef-
fects. However, the convection effects are suppressed, especially in the initial melting
period. Tianet al. [79] introduced a novel design that is similar to leaf structure,
which eventuated in signi cant reductions in melting/solidi cation times. Huang and
Liu [80] stated that the 2D assumption in most of the tree-like n studiesis awed due
to the gradients in the HTF direction, and performed a series of 3D numerical sim-
ulations that also consider the effects of ow direction on charging and discharging
processes. Several important ndings were stated in their work namely, the domina-
tion of conduction in the discharge process to the point that natural convection can
be neglected, the restriction of natural convection in the tree-shape structures during
melting, and an improvement of charging and discharging times up to 34.5% and
49.2%, respectively when compared to longitudinal ns with the same PCM/ n ratio.
Shi et al. [81] applied the concept of tree-like ns to a triplex heat exchanger that
uses waste heat as its energy source and obtained around 27% shorter melting time
when compared to traditional longitudinal ns. They also performed an optimization
on the tree-like ns, which further improved the melting time. A comprehensive ex-
perimental and 3D numerical study by Huaeigal. [82] was performed with three
different n designs in a horizontal LTES unit; conventional longitudinal, uniformly
distributed tree-like and a tree-like design with more n density at the bottom of the
LTES tank to take advantage of non-uniform melting of PCM. The melting time was

shortened by 9% while the solidi cation time was elongated by around 57%.

Snow ake-like ns Inspired by the snow ake crystals, several n designs for LTES

units have been studied to improve their melting/solidi cation performance. Sheik-
holeslamiet al. [83] proposed a snow ake-like n con guration to reduce the dis-
charge time and concluded that the fractal n nearly halves the discharge time com-
pared to longitudinal ns. Hosseinzadehal. and Alizadetet al.[84,85] investigated
various snow ake-like geometries for discharge time reduction alongside the effects
of nanoparticle addition in the presence of radiation numerically. They established
that by an increase of fractal factor, the complexity of the structure, the snow ake-like

n performed better. Vogel and Johnson [86] studied the effects of natural convection
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in a novel n design based on a combination of snow ake and tree-shaped geome-
tries and concluded that as the ns get more complex and the spacing between them
decreases, the convective ows diminish. Adittionally, they suggested that due to the
promising performance of nature-inspired nsin LTES units, more fractal geometries
need to be studied. Based on the inherent characteristics of snow ake design which
lls less volume compared to tree-like shape, Retal. [87] numerically studied
melting in a vertical LTES unit that resulted in about 45% reduction in total melting

time compared to longitudinal ns.

Spiderweb-like ns The LTES units with spider-like n designs are based on their

interesting geometrical characteristic, such as effective moisture transport. However,
only a few studies have investigated the spiderweb n con guration in LTES units.
To decrease the total solidi cation time, Vi al. and Reret al.[87,88] numerically
investigated the spiderweb-like ns in vertical LTES units and reported up to 47.9%
decrease in total discharge time. More studies need to be performed to characterize

the ns based on spiderweb geometry, especially when melting is considered.

1.4 Motivation and Problem Statement

The literature reviewed in this study highlights the developments in n design over
the past decade for use in LTES units to address the issue of PCM low thermal con-
ductivity, which is a common challenge in these systems. The nature-inspired fractal
ns due to their unique characteristics have proven to be more effective in melting/-
solidi cation time reduction in LTES systems. However, the studies taking advantage

of fractal ns have some major de ciencies, which are listed below:

In the melting process, their role in suppressing the natural convective ows is
inevitable due to their complex design that introduces extra shear stress in the
opposite direction of buoyancy-driven ow during charging. Additionally, their
con guration divides the PCM into small cavities with no connection, hindering
the free ow of liquid PCM.

The solidi cation is often overlooked, even though it is usually the limiting fac-

tor when designing an LTES tank. In addition, the investigations that consider
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the discharge process, the fractal ns performed worse when compared to con-
ventional ns, which might be attributed to the fact that their design is based
on melting characteristics. Additionally, only a handful of studies consider both
the melting and solidi cation performances of nature-inspired ns together.

Even though the motivation for designing such ns (especially the tree-like ns)
is temperature uniformity, except in a few studies, only a 2D numerical simu-
lation is investigated which does not provide any information about the PCM
melting/solidi cation in the direction of HTF ow. This contrasts with the real
behavior of both horizontal and vertical LTES units, where the non-melted PCM

is left at the bottom of the tanks.

The design complexity of the available nature-inspired ns makes them ques-
tionable in real-life applicability, which explains the scarcity of experimental
investigations.

The current work introduces a new type of nature-inspired ns that utilize the
Fibonacci sequence, which is one of the most prominent mathematical patterns
found in nature. Figures 1.7ato 1.7c show the Fibonacci pattern in seed arrange-
ments of sun owers and pine and the leaf patterns of the Aeonium Tabuliforme

plant respectively.

Figure 1.7: Fibonacci series found in natuag:sun ower seedsb) pine seeds, and

¢) Aeonium Tabuliforme plant

The Fibonacci spirals have shown some interesting characteristics in uid ow and
heat transfer phenomena. To increase the mixing in low-velocity mixtures, the Fi-
bonacci spiral has shown promising results due to the introduction of secondary ows
which accelerate and spread the advective-dominant regions [89, 90] that has a poten-

tial to accelerate the natural convective ows occurring during the melting process.
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Additionally, the Fibonacci-inspired microchannel has shown effective cooling per-
formances due to its unique geometry that promotes conduction [91]. Therefore, the
application of Fibonacci-based n design in LTES units is promising since it could
improve conduction and convection and enhance the melting/solidi cation character-
istics of PCM-based storage units. Additionally, the Fibonacci pattern presents the
most ef cient con gurations for the seeds and leaves to be compacted in a con ned
space, which might be useful when the temperature uniformity in an LTES unit is of
concern. Furthermore, their design is less complex when compared to other studied

fractal geometries, which makes them more viable for practical applications.

In the current work, a novel n design is suggested based on the Fibonacci sequence
for vertical LTES units. A series of experimental investigations are performed to
characterize the melting and solidi cation processes of the proposed design. The ex-
perimental test piece is manufactured using an advanced wire-cutting method. The
liquid fraction is used to characterize the phase change processes based on the vol-
ume expansion method. This method omits the need of using thermocouples inside
the PCM domain, which may disturb the liquid PCM ow. To observe the effects of
conduction and convection, a comprehensive set of 3D numerical simulations is per-
formed and validated for each case of experimental investigations. Additionally, the
proposed design is compared to an LTES unit that uses traditional longitudinal ns

numerically.
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CHAPTER 2

METHODOLOGY

2.1 Fin Geometry

Fibonacci sequence dates back to 200 BC, in which each number is the summation
of two prior numbers [92]. The Fibonacci sequence has many interesting properties
and appears in various areas of mathematics and science, including computer science,
biology, and art. In engineering, the Fibonacci sequence has been used to optimize
the shapes of structures and systems, such as antennae and solar panels, for improved
performance [93, 94]. The Fibonacci spiral can be obtained by drawing squares with
dimensions based on the Fibonacci sequence and connecting their corners with an

arc, as depicted in Figure 2.1.

Figure 2.1: Fibonacci sequence and generated n

Since a spiral based on the Fibonacci sequence is self-repeating, it is categorized
as a fractal geometry. To form Fibonacci-inspired ns, a thickness is given to the
curves and the original curve is duplicated with equal angles around the center (the

z-direction). Then the intersected parts with the HTF tube are deleted.
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