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ABSTRACT

COMPUTATIONAL FLUID DYNAMICS (CFD) ANALYSIS OF
LATENT HEAT STORAGE IN HEAT EXCHANGERS BY USING
PHASE CHANGE MATERIALS (PCM)

The development of TES applications and materials takes the attention of many
researchers, but the current literature rarely involves studies concerning medium
temperature applications. This thesis compares available phase change materials (PCMs)
for the medium temperature range. For this aim, Erythritol was defined as PCM in the
numerical analyses. The effect of heat transfer fluid (HTF) tube position and shell shape
on the melting time and sensible energy requirement for melting a phase change material
(PCM) in a latent heat thermal energy storage (LHTES) application were investigated.
Tube location and shell shape are essential due to the shape of the melted region, i.e.,
similar to the boundary layer. Results show that the S-curve of melting becomes steeper
if the tubes are distributed such that the intersection of melted regions is delayed.
Therefore, melted regions should be packed into a finite space which uncovers the shape
of the shell that minimizes melting time and required sensible energy. Results show that,
rectangular-shaped shell design where the tubes located near the bottom end decreases
melting time and sensible energy from 67 minutes to 32 minutes and from 161.8 kJ/kg to
136.3 kJ/kg for %72.3 liquid fraction relative to the circular-shaped shell, respectively.
In the four-tube cases, then the required melting time and sensible energy decrease 80%
and 3.8% through the rectangular-shaped shell design for the PCM to melt completely,
respectively. Overall, the results show that sensible energy storage and especially melting
time can be decreased greatly by just varying the design.

Keywords: Phase Change Material; Thermal Energy Storage; Design Optimization;

Shell and Tube Heat Exchanger; S-curve



OZET

_ FAZ DEGISTIREN MALZEMELER KULLANILARAK [SI
DEGISTIRGECLERINDE GIZLI ISI DEPOLAMANIN HESAPLAMALI
AKISKANLAR DINAMIGI ANALIZI

TED uygulamalarinin ve malzemelerinin gelistirilmesi bir¢ok arastirmacinin
dikkatini cekmektedir, ancak mevcut literatiir nadiren orta sicaklik uygulamalari ile ilgili
caligmalar1 igermektedir. Bu tez, orta sicaklik araligi icin uygun faz degisim
malzemelerini (FDM) karsilastirmaktadir. Bu amagla, sayisal analizlerde FDM olarak
Erythritol tanimlanmistir. Gizli 1s1 termal enerji depolama (GITED) uygulamasinda, bir
faz degistiren malzemenin (FDM) eritilmesi i¢in 1s1 transfer akiskan (ITA) tiipliniin
konumu ve kabuk seklinin erime siiresi ve duyulur enerji gereksinimi tizerindeki etkisi
incelenmistir. Tiip konumu ve kabuk sekli, erimis bolgenin seklinin sinir tabakaya benzer
olmasi nedeniyle onem arz etmektedir. Sonuglar, FDM erimis bolgelerin kesisimi
gecikecek sekilde paylastirilirsa erimenin S-sekilli egrisinin daha dik hale geldigini
gostermektedir. Bu nedenle, erimis bolgeler, erime siiresini ve gereken duyulur enerjiyi
en aza indiren kabuk seklinin olustugu sonlu bir alana sigdirilmalidir. Sonuglar, tiiplerin
alt sinira yakin konumlandirildigr dikdortgen sekilli kabuk tasariminin dairesel sekilli
kabuga kiyasla 72.3% erime orani igin erime siiresini ve duyulur enerjiyi sirasiyla 67
dakikadan 32 dakikaya ve 161.8 kJ/kg' dan 136.3 kJ/kg' a diisiirdiiglinii gostermektedir.
Dort tiiplii durumlarda ise, FDM’ nin tamamen erimesi i¢in dikdortgen sekilli kabuk
tasarim1 sayesinde gerekli erime siiresi ve duyulur enerji sirasiyla 80% ve 3.8%
azalmaktadir. Genel olarak, sonuglar duyulur enerji depolamanin ve o6zellikle erime

stiresinin sadece tasarimi degistirerek biiyiik dlclide azaltilabilecegini gostermektedir.

Anahtar Kelimeler ve Deyimler: Faz Degistiren Malzeme, Termal Isi Depolama,
Tasarim Optimizasyonu, Kabuk ve Borulu Is1 Degistirgeci, S-egrisi
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CHAPTER 1

INTRODUCTION

When looked at the history of human beings, energy has been one of the basic
physiological needs of people like nutrition, sheltering, sleeping even if it does not
directly figure in the Maslow’s hierarchy. While the primitive man needed energy only
for warming or cooking, energy has been used for the manufacturing of pottery and
swords in time. The industrial revolution and invention of electricity added a new
dimension to the human-energy relation. People have started to produce more and more,
and energy need has showed an incredible increase. In the last century, the world
population has quadrupled. Today, the population has exceeded 7.5 billion, and the
projections show that it will come close to 9.7 billion by 2050. This increase in the
population and technological developments lead increase in energy consumption to
continue. At present, the consumption is six times higher than in the past century(Ritchie
and Roser 2018). These energy consumption amounts express how developed the
societies are. However, it also explains why all living creatures suffer from the
greenhouse emissions, because demanded energy is supplied from the fossil sources such
as coal, petroleum, natural gas. Increasing emissions cause people to get cancer, heart,
and respiration diseases, and are responsible for the extinction of many plant and animal
species. In recent years, the negative impact of CO2 emissions on global climate change
has begun to be perceivable much more. This situation has led the governments to
renewable energy systems, and establish new energy policy and strategies to subsidize
zero-carbon-foot-print energy technologies. Carbon taxes and emission penalties are at
issue for the governments and companies, not fulfilling the requirements towards the
KYQOTO protocol. In the history of the energy sector, the 1973 year is a breaking point,
when the Organization of the Petroleum Exporting Countries (OPEC) put an embargo on
crude oil prices, and especially European countries were being destitute of their main
energy source. For this reason, the governments have attempted to find new energy
sources alternative to fossil fuels(“1973 Oil Crisis - Wikipedia” n.d.). However, it seems
that renewables are back-marker in the energy competition, although it is the most

environment-friendly solution. And unfortunately, current investments on renewable
1



energy technology are still not enough to reduce energy-related emissions. According to
2018 statistics of International Energy Agency (IEA), only 26% of electricity production
is by renewables. The remained part is still supplied by coal, gas and nuclear with the
share of 38%, 20% and 10%, respectively. The projections reveal that global energy needs
will increase by 1.1% yearly until 2040(IEA 2019). There is an important question: How
long will the world be able to resist?
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Figure 1.1. The decrease in energy-related CO. emissions between the years of 1900-
2020 (Source: (IEA 2020))

The desired decrease in greenhouse emissions occurred due to unprecedented
coronavirus pandemic, not by renewables. Such a fluctuation in emissions has never seen
before in history, as demonstrated in Fig. 1.1. As the biggest responsible of the emissions,
in China with coal-powered industry, the satellite image in Fig.1.2 confirms the decrease
of the NO: levels. The Chinese New Year corresponds to the time of the virus’s
appearance. Daily data analysis of IEA at the mid-April demonstrates that fall in energy
demands are 25% and 18% averagely in full lockdown and partial lockdown of countries,
respectively. The expectation in the decline of global CO> emissions is by 8% compared
to the previous year (IEA 2020). The world has experienced this sharp decrease because
the industry stopped the production activities. In addition, people were in less roaming
worldwide during the lockdown, so automobile emissions dropped due to efficient fuel
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combustion in the lack of heavy city traffic. China is one of the first countries that began
industrial production back after the COVID-19. China will likely face depression in the
export of oversea commercial products. Production will similarly decrease for the rest of
the world, too. However, energy demand will rebound to the levels before the crisis in
time. Therefore, investments on low carbon renewable energy technologies are crucial
not to bring the emissions back. Moreover, renewable energy is a resilient choice to
surpass the bad effects of the crisis stemming from the COVID-19 due to its accessibility

to various power systems.

Satellite-based NO2 levels before,during and after
the Chinese New Year holiday

before2019 _ during2019 after2019

4e+16

3e+16

2e+16

Latitude

1e+16

0e+00

105°E110°E115°E120°E125°E 105°E110°E115°E120°E125°E

Longitude
mol/cm2

Figure 1.2. NO2 concentration before and after the COVID-19 crisis in China
(Source:(“Analysis: Coronavirus Temporarily Reduced China’s CO2
Emissions by a Quarter” n.d.))

IEA-World Energy Outlook 2019 reports that shares of renewables in electricity
generation are 61.5% for hydro, 19.2% for solar, 7.7% for wind, and 11.5% for the
others(IEA 2019). Due to sharp reductions in costs, and policy supports, particularly solar
and wind have grown in recent years. The important issue for any energy generation
system is to be cost-competitive or not. Capacity factor of the system has a significant

3



impact on energy efficiency. On the other side, it is expected from the system to be
financially convenient and sustainable. Using the levelized cost of energy (LCOE) is a
good way to compare different energy generation plants. It is calculated as the overall
costs of the system divided by produced energy during the life-time span. Figure 1.3
shows that solar PV and wind technologies are more energy-economic with lower LCOE
levels compared to conventional energy production methods (coal-fired or gas combined
cycles). With tax subsidizations, it can get to a much lower extent. Therefore, solar PV

and wind technologies can be preferred rather than conventional generation plants.

Solar PV—Rooftop Residential $151 _ $242
Solar PV—Rooftop C&I §75 _ §154
Solar PV—Community §64 _ $148
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Renewable Energy
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Geothermal $69 _ $112
o | o N o
"""""""" e By
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Figure 1.3. LCOE comparison of renewable and conventional energy systems without
government subsidizations (Source:(“Lazard.Com | Levelized Cost of
Energy and Levelized Cost of Storage 2018 n.d.))

Governments ask the bidding strategy (if not applied tariff-model) from the
operators of energy generation plants. The bidding assures of energy production amount,
price, and the time when the electricity network will be fed and is important for the
liberalized day-ahead market and energy supply-demand. To determine these parameters
is relatively easy for conventional energy producers, there is no disruption as long as a
fuel crisis on the supply chain does not occur like the 1973-74 OPEC crude oil embargo.
On the side of renewable energy producers, there is a strong dependence on natural

circumstances. Wind, rain, solar radiation show variances according to the movement of
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the earth around the sun and itself. This situation causes daily, weekly or monthly
fluctuations on the predictions of the parameters such as temperature, humidity, wind
direction, and wind flow magnitudes. Moreover, increasing global warming continues to
change regional climate regimes, and makes it gradually difficult to predict weather
conditions in low error. One of the best options that will be able to save renewable energy
producers from intermittency of nature is energy storage. Energy storage is to extend the
operation time to the whole day. When the energy storage unit is adopted in a
concentrated solar power (CSP) plant, the generation will be carried out during also night-
time duration so that the system will be operating as if it is a fossil-fuel-driven Rankine
cycle. Instead, it is possible to store surplus energy since the demand decreases and is
low-priced at night-time operation. Thus, the energy can be discharged high priced in the

day-time.
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Figure 1.4. Change in the LCOE amounts of CSP plants commissioned between 2010 to
2018 (Source:(IRENA International Renewable Energy Agency 2018))



When mentioned about ‘energy storage’, the first thing that comes into mind is
rather the storing of electricity. It can be stored via electrochemical batteries or
supercapacitors, and has a vital role in transportation, electronic devices, power network
management and energy systems efficiency. On the other hand, there are many storage
types of various energy forms such as chemical, mechanical or thermal energy storage,
etc. Among them, thermal energy storage (TES) is also on the focus of interests for
scientists. Heat energy occupies 50% of the total energy consumption and is guilty of
40% CO2 emissions in the world. While nearly one half of the produced heat is used for
heating, cooling, and hot water need of buildings, the other half is used in industrial
processes. Modern renewables (excluding traditional use of biomass, e.g., burning of
wood) has met only 10% of global heat demand in 2018(“Heat — Renewables 2019 —
Analysis - IEA” n.d.). Thermal energy technologies should be improved to close the gap
between heat energy demand and supply by renewables. At this point, the LCOE
evolution of CSP plants is a good example to comprehend the crucial act of TES. Due to
being cheaper of installation and improvement in the capacity factors in recent years, the
LCOE of CSP become 0.0185 $/kWh in average, which is 40% lower than the price of
2010(IRENA International Renewable Energy Agency 2018). Figure 1.4 obviously
reveals the reduction in the LCOE due to the addition of the storage unit and an increase
in storage hours. There are no commissioned CSP projects without storage units since
2014,

It can be made a list of utilization areas to integrate TES units. Solar trough power
plants are the most convenient fields of TES to balance the demand-supply relation and
to make electricity generation possible during the night-time(Vaivudh, Rakwichian, and
Chindaruksa 2008). In addition to power generation by solar energy, these solar thermal
plants with TES units can provide industrial process steam in the absence of solar
radiation. ORC-powered solar thermal plants integrated with TES is a good candidate to
get the thermal energy responsibility of small rural settlements (~200kW:) (Lakhani,
Raul, and Saha 2017), and to provide daily domestic needs(Gorzin et al. 2018). Apart
from the renewable energy plants, an alternative utilization field of TES is the waste heat
recovery. TES integrated catalytic convertor can be given as a good example of cold start
mechanism(Kato et al. 2009). Besides CO2 emissions, NOx and SOx released from the
vehicles, threatens human health. Although European countries began to ban diesel

engines, it seems that most of the world will continue to use fuel-powered cars in the
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upcoming years. Therefore, governments promote people to buy hybrid cars. In hybrid
cars, the electric battery is charged kinetically by converting excess work to electricity.
The stored electricity helps the combustion engine to work less and in a more efficient
way. Also, the integration of a thermal battery into the hybrid system benefits the
reduction of emissions. Thermal battery, charged by exhaust gas of the engine, keeps the
temperature of catalytic convertor at 200-300°C that is the optimum working interval.
Moreover, industry (especially food, brewery, and chemical industries) meets with TES
in the need for thermal management of waste heat(Achkari and El Fadar 2020). Since the
integration of TES provides an increase in energy-saving, excess energy need and
emissions fall. TES does a good job also at removing or decreasing the thermal load of

the building and at establishing thermal comfort.



CHAPTER 2

THERMAL ENERGY STORAGE (TES) TECHNIQUES

There are three thermal energy storage types in use and being presently under
investigation. These are sensible heat storage, thermochemical heat storage, and latent

heat storage.

2.1. Sensible Heat Storage (SHS)

The first type, sensible heat storage (SHS), works with the principle of raising and
falling of the temperature within the limits of substances’ specific heat capacity. Equation
2.1 explains how to calculate the storage capacity of sensible heat storage medium as

below:
Ty
q:Im c, dT (2.1)
Ti

where m is the mass of the storage medium, ¢, is the specific heat. T; and T represent the
initial and final temperatures of the medium, respectively. Sensible heat can be stored in
solid materials such as rocks, concrete which are easy-producible, abundant and cheap.
Solid storage medium needs long pipes that serve for heat release and extraction.
Moreover, it requires huge tank volumes to store excess heat, but also heat transfer fluids
in large amounts. Recently becoming a popular method for SHS, especially for solar
applications, is to store heat in a liquid medium. Fluids, such as thermic oils or molten
salts selected by concerning working temperature, are applied not only as heat transporter
but also heat storage medium. The so-called thermocline system involves only one
storage tank which accommodates hot and cold fluid separately by thermal stratification.
Thereby, the thermocline system is financially more feasible, because it is not necessary



to invest an extra storage tank and heat exchangers. But SHS falls behind other storage
techniques, regarding ascending future energy demand. The energy density of SHS
materials is much lower relative to latent heat storage capability. Also, the thermal
conductivities are in the range of 0.2 to 2 W/mK, which concludes SHS is not superior in
terms of charge/discharge rates(Achkari and El Fadar 2020). Besides, molten salts and
other fluids have high solidification points, and hence, there is a risk of solidification in

thermocline storage tanks due to thermal losses.

2.2. Thermochemical Heat Storage (THS)

Thermochemical heat storage (THS) has the least academic maturity among TES
types. It based on the principle of conversion of reactants and products to the other by
reversible thermochemical reactions. Thermal energy is stored/released by
endothermic/exothermic reactions. Thermochemical storage has two prominent features.
The first is, enthalpy of reaction promises to store considerably more thermal energy than
sensible heat storage (by specific heat) and latent heat storage (by fusion enthalpy).
Hence, it provides the same amount of energy at a lower volume tank. The latter is that
there is no need to thermally insulate the storage tanks because thermal energy acts on
the forming and destroying of chemical bonds and no losses exist. These two features
make investment and operation cost levels down. On the other side, reactants and products
must be heated to start the reaction and to constitute an environment for catalysts that
increases reaction rate during charging and discharging. This is the adverse aspect of THS

in terms of costs.
1 3
NH, +AH <—>E N2+§ H, AH =66.5 kJ/mol (2.2)

CH, +H,0+AH «—>3H, + CO AH = 206.2 ki/mol (2.3)



As a widely used material in the industry, dissociation of ammonia (2.2) is a good
example of THS, that works at ambient temperature (Tams=25°C). There occurs no side
reaction during the process since ammonia condenses at ambient temperature. However,
the reaction enthalpy of disassociation of ammonia is relatively low, AH=66.5 kJ/mol.
Another reaction, which operates at ambient temperature (Tamp=25°C), is steam reforming
of methane (2.3) that is an example of catalytic reactions. With reaction enthalpy of
AH=206.2 kJ/mol, this reaction is superior to the previous one.

This method will become an up-and-coming technology. However, it is at
laboratory scale today, and still needs further improvements on topics of safety (toxicity,
flammability), reversibility, and reaction rates to reach commercially producible.

2.3. Latent Heat Storage (LHS)

Latent heat storage (LHS) is based on the phase transition of materials. This
transition is from solid to solid, solid to liquid or liquid to gas with so-called phase change
materials (PCM). In the solid-solid phase transition, crystalline form of solid changes
from one to the other. NaNOs undergoes solid-solid phase change at 214°C or water has
seven different solid phase at different temperatures, but a considerable enthalpy change
and volume change are not observed(Carrasco Portaspana 2011). The highest enthalpy
change is observed in the liquid-vapor phase transition (evaporation and condensation).
But since volumetric expansion is too high after evaporation the liquid-vapor option is
impractical. Also, storage tanks should be resistive enough to high pressure after
evaporation. So the most feasible LHS method is the solid-liquid phase transition.

PCM stores heat in latent form while it melts, it releases heat while it solidifies,
where the processes correspond to charging and discharging of storage systems,
respectively. One advantage of LHS is that heat of fusion has a greater storage potential
in comparison with specific heat for unit volume. The other is that phase change occurs
at isothermal or nearly isothermal conditions which provides to extract heat from the
system at constant temperature. Figure 2.1 reveals the temperature-enthalpy relationship
over isothermal melting and solidification processes. The PCM temperature increases
until the melting point, sensible heat enthalpy increases at the same time. With the start
of the melting process, the temperature is fixed to a constant value, but an incredible
enthalpy increase happens in latent form. After finishing the melting, the temperature

10



continues to increase if the heating goes on too. On the other side, among thermal energy
storage types, the most detrimental one for the environment is LHS since high emissions

released during system manufacturing and material production.
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Figure 2.1. Temperature-enthalpy relationship during latent heat storage, sensible
heating and cooling of PCM (Source:(Ezan, Ozdogan, and Erek 2011))

CSP plants can serve the industry which needs steam at 128 bar and 400°C along
the day time and night time (with the integration of TES). CSP plants commissioned ever
powered by SHS units, but this hybrid system, called direct steam generation, applies
SHS and LHS units together. Despite seen rarely in literature, a latent heat thermal energy
storage (LHTES) unit at a huge scale energy system was tested by Laing et al(D Laing,
T Bauer, W.D Steinmann 2009). The test facility has run for 4000 hours and 172 cycles
with 140kg PCM (NaNOs), which showed repeatability and no corrosion. Then, a real-
scale storage unit was constructed including 14tons of PCM with 680 kWh heat storage
potential(Laing et al. 2011a). The system discharges the stored energy by SHS units,
which is responsible for preheating and superheating of the steam, and by LHS units,
which evaporates water within phase change materials, and supplies steam for industry.
While the concrete storage system supplies 30% of thermal energy needs, the PCM

storage does 70%. The plant was installed in Carbonera, Spain.
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CHAPTER 3

BASICS OF PHASE CHANGE MATERIAL (PCM)

The role of PCM, being used as storage material in TES applications, has
mentioned in the previous chapters. Out of energy storage mission, PCM has alternative
utilization fields such as thermal management of PV panels, passive cooling of electronic
equipment and batteries, drug and food delivery devices(Celik et al. 2019; Al-Abidi et al.
2013). In PV panels, temperature values that exceed the critical degree decrease energy
conversion efficiency. In addition, the utilization of PCM in the PVT system contributes
to obtaining domestic hot water. Similarly, the temperatures higher than 80°C may
damage computer processors.

The selection of PCM and to determine proper working conditions is an important
issue for any application. The selected PCM has to fulfill physical, chemical, thermal, and
financial requirements. The melting temperature of PCM should fit the operating
temperature range of the application, and it is desired to have high fusion enthalpy and
thermal conductivity. Phase segregation, supercooling, chemical, and thermal instability
induce phase change to get difficult or even be able to stop.

Adequate crystallization rate is essential at preventing supercooling. During the
solidification process, HTF circulates at the temperature lower than the melting
temperature of the PCMs. It is expected melted PCM to convert to solid, but solidification
does not begin although the temperature falls below the melting point. The reason why
this situation, called supercooling, occurs is that the crystallization growth rate of the
particles is not as much as the solidification rate. This situation continues with the
temperature rising to the solidification point of PCM again and resulted in delay in the
discharging process and non-uniform heat transfer(Agyenim, Eames, and Smyth 2010).
Many factors cause supercooling, including the degree of purity, the occurrence of bubble
nucleating, and boundary conditions. To overcome the bad effects of supercooling,
composite PCMs doped with nucleating agents can be used. Some of them (e.g. CaPi,
TMB-5) reveals stability during melting-crystallization processes. However, they cause
a decrease in latent storage capacity and phase change transitions occur at lower
temperatures than the melting temperature of the pure PCM. Another solution to prevent
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supercooling is being dispersed of nanoparticles inside PCM. In addition to enhance the
overall thermal conductivity of PCM, nanoparticles continue to retain their crystal forms
after the melting of PCM and have a function of nucleation(Zeng et al. 2017).

Another important point is the compatibility between PCM and container material.
The density of PCM, especially after it melted, exhibit falling tendency while temperature
increases, and it concludes with volumetric thermal expansion of PCM. The volumetric
expansion may cause thermal stress and leakage problems. Also, corrosion causes leakage
of melted PCM in long term period and maintenance problems. Leakage of PCM
engendered termination of operations at the DLR test facility in 2007(Laing et al. 2011b).
Moreover, PCM should be non-toxic and non-flammable to avoid unsecured operation

conditions. Finally, it is needed to be cheap, abundant, and financially sustainable.

3.1. Classification Of PCM

Salts and their
eutectic mixtures
500 +
Sugar-

ol | Gas Hydrates alcohols
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Figure 3.1. Types of PCM grouped in different melting temperature and enthalpy scales
(Source:(“(No Title)” n.d.))

13



Phase-Change Material
1

[ 1
Single-componen Multi-componen
Singl ponent Mule P t
| Inorganic I Eutectic
Paraffin Non-paraffin Hydrate Molten salt Metallic
PeM T |,|;.I C) _— T8 POM [ 51 PCM T, PCM | T, [C]
v [C | €] [C] |
He | 282 - ~—l . " Al-Si
¢ ”‘i:"‘ LT" Capric acid | 28.2 CaCl, 29-30 NaNO,| 282 (88-12 | 5870
CiHg | 319 S 6H0 |77 T ; X el B
w2 Lauric acid [42-44 T NaNO;| 307 Wi%)
Cyty | 37 e CH,CO0 | p— L =
: 5 N 3 - 3
CoyHa, 4l ! .\fl‘:jllt. 49-51(| | Na- 31,0 Cu 1084
. ach H -
CoHy | 44 , MgCly | 115 LiOH | 462
CoHy | 47 Enythritol | 118 Il 6n,0 | 117 NaCl | 800
Coylle 51
Cylle | 54
CyHay 56 . . .. i . .
sa. [ s Organic-organic Inorganic-inorganic Organic-inorganic
1He |
Call l PCM I, [C] PCM I, [C) PCM T [C]
Cobleg | 64 Lauric-Capric acid | | cas NaNO-KNO, | L,0m NH,CONH,- 46
Cylley | 65 (35-65 mol%) (50-50 mol%) - NH,NO, !

Figure 3.2. Categorization of PCM with the comparison of melting temperatures
(Source:(Kenisarin 2010))

Phase change materials can be categorized under three groups: organics,
inorganics, and eutectics. Unfortunately, the materials are insufficient to answer all the
property requirements above. The advantages and disadvantages of each material should
take into consideration during PCM selection. It is possible to find PCMs that have
different fusion enthalpies and melting temperatures in wide range, as can be seen from
Fig. 3.1. Figure 3.2 introduces PCM types, its subgroups and gives specimens.

Organic PCMs consists of paraffins and non-paraffins. Paraffins (ChHzn+2) are
basic hydrocarbon compounds and are produced by distillation of petroleum. With an
increase in the number of carbon and hydrogen atoms for any selected paraffin, it melts
at higher temperatures. The other organic PCM group non-paraffins consist of sugar
alcohols, fatty acids, and esters. They are obtained from food-based products.
Specifically, sugar alcohols and Erythritol will be handled in Section 3.2. Organic PCMs
show good thermal stability, low corrosive, and toxic effects, but they suffer from low

fusion enthalpy and poor thermal conductivity.
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Another group inorganic PCMs contain three subgroups: metallic, salt hydrate,
and molten salt. Low melting metals like gallium (T,m=29.76°C) or medium melting
metals like tin (Tm=231.9°C) were studied before for the purpose of understanding
melting/solidification processes(Gau and Viskanta 1986; Wolff and Viskanta 1987). As
for high-temperature range, metals are known as heat transfer fluids in nuclear power
plants. The thermal conductivity of metals and their alloys are substantially high. For
example, Zinc-Tin alloy (70%-30%) has a thermal conductivity of approximately 50
W/mK in liquid form(Adinberg, Zvegilsky, and Epstein 2009). Hence, they can be seen
conceivable as PCM, yet are stayed out of TES applications because of their large weight.
Salt hydrates (AB.xH-O) are prominent inorganic PCMs due to lack of poor conductivity
and their relatively high fusion enthalpy in comparison to most of organic PCMs.
However, salt hydrates demonstrate weak thermal stability and corrosive effects on the
surface of heat exchangers, fins, and containers. As from molten salts, nitrite and nitrates
of sodium and potassium are preferred materials, especially for CSP-TES applications in
the medium temperature range (120-320°C). Organic PCMs fall back with their low
conductivities compared to inorganics, but inorganics have disadvantages of high
supercooling and phase segregation in general.

Finally, eutectics are binary or ternary combinations of organic and/or inorganic
PCMs. There are some examples of eutectic in the Fig. 3.2. Eutectics are prepared to

activate properties of each constituent and have unprecedented melting points.

3.2. Erythritol As A Promising PCM

Sugar alcohols from organic PCMs are family members of carbohydrates group
which have low molecular weight. Out of the TES function, general utilization fields are
the food and pharmaceutical sector. They are produced commonly by reduction reactions
of carbohydrates while some fruits and vegetables involve them naturally. Sugar alcohols
have outstanding features. Latent heat capacity of sugar alcohols is 2-3 times higher than
paraffins that work at the same temperature range, as seen in Fig. 3.1. Also, they are not
flammable, corrosive and toxic. The most commonly studied ones are xylitol, adonitol, I-
arabitol, d-mannitol, and erythritol, whose latent heat capacities and melting temperature
ranges are 250 to 340 kJ/kg and 95 to 167°C, respectively(del Barrio et al. 2017).
Although salt hydrates are superior to organic PCMs due to higher fusion enthalpy of
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inorganic PCMs in general, sugar alcohols are competitive owing to these thermophysical
properties.

Among sugar alcohols, Erythritol (C4H1404) is a very promising PCM with the
highest fusion enthalpy Lerytritor=339 kJ/kg. It took place in absorption cooling(Agyenim
2016), waste heat of diesel engine(Zeng et al. 2017), solar box cooker(Coccia et al. 2020)
applications in literature. Also, its performance was investigated in spherical capsules,
vertical and horizontal arranged heat exchangers before (Junior et al. 2018; Nazzi Ehms
et al. 2018; Agyenim, Eames, and Smyth 2010; Y. Wang et al. 2016). Erythritol, which
has a melting temperature of 117 © C, attracts the attention of solar-powered ORC and

domestic hot water applications.

Table 3.1. Comparison of selected medium temperature range phase change materials
(Source:(Agyenim, Eames, and Smyth 2010))

Property Phase Change Material (PCM)
Erythritol MgCl,.6H.O RT100

Melting Temperature, Tm [°C] 117.7 116.7 99
Latent Enthalpy, L [kJ/kg] 339.8 168.6 168
Specific Heat (Liquid), cp [kJ/(kg.K)] 2.8 2.6 2.4
Specific Heat (Solid), ¢, [kJ/(kg.K)] 1.4 2.3 1.8
Thermal Conductivity (Liquid), k, [W/(m.K)] 0.3 0.6 0.2
Thermal Conductivity (Solid), k, [W/(m.K)] 0.7 0.7 0.2
Density (Liquid), p, [kg/m®] 1300 1450 770
Density (Solid), p, [kg/m?] 1480 1570 940

Table 3.1 shows the comparative thermophysical properties of selected PCMs
available for medium temperature range applications. Erythritol, MgCl,.6H,0, RT100
are group members of sugar alcohols, salt hydrates, and paraffin, respectively. As an
organic PCM, the thermal conductivity of Erythritol is higher than RT100. When looked
at the table, Erythritol and MgCl,.6H20 melt almost at the same temperature. Erythritol
falls behind at the performance of conductance relative to MgCl,.6H>0, but its latent heat
capacity is approximately two times greater than MgCl..6H.O. These thermophysical
properties make Erythritol a privileged PCM for medium temperature range.

The disadvantage of Erythritol is supercooling. The supercooling phenomena can

be considered as an advantage or disadvantage depending on the application whatever is
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short- or long-term. This phenomenon makes the advantage of avoiding heat loss for long-
term applications in which periods might be defined in weeks or months. On the other

side, supercooling is an undesired PCM feature for short-term applications.

3.3. Thermal Conductivity Enhancement (TCE) Methods

There are several ways to utilize PCM in energy systems. Recently being popular
technology is encapsulation. The idea is that PCMs are encapsulated inside spherical or
cylindrical capsules in large numbers so that faster charging and discharging become
possible since the high ratio of heat transfer area to PCM volume is obtained.
Encapsulation techniques provide capsules at macro-, micro- or nano-scale. Regarding
volume expansion of PCM, stiff or flexible macro-capsules can be contemplated. In stiff
capsules, an air gap should be allocated to let PCM expand. There is no need such a space
for flexible capsules, but this option is not feasible and cost-effective for high-temperature
storage. While plastic capsule shells are suitable to work in low-temperature applications,
shell materials are chosen from metal for the high temperatures. The disadvantages of
encapsulated PCMs, especially at the micro- and nano-scale, are being expensive and not
easy-manufacturable. Also, using metal shells limits the applicability due to its high
weight(Steinmann and Tamme 2008).

Multiple PCM utilization in a cascaded heat exchanger is another approach which
promotes the system efficiency. The employment of multiple PCMs results in a nearly
constant temperature difference and so constant heat flux throughout the heat transfer
area. Along flow direction inside HTF tubes, the temperature of the fluid and temperature
difference between the HTF and PCM decreases gradually. While a high melting rate and
overheating at the entrance region of single-PCM heat exchangers, melting efficiency is
relatively low for the remainder of the heat exchanger. However, in each division of
cascaded heat exchangers, melting temperatures of filled PCMs are in descending
sequence along the flow direction. Thus, higher heat transfer rates and exergy efficiency
are achieved(Kalapala and Devanuri 2018).

The most severe thing that TES systems suffer is poor conductance of PCMs.
Substantial attempts have been devoted to studying thermal conductivity enhancement
(TCE) methods. Although PCM systems enable relatively high thermal energy storage
capability, they come with the burden of relatively low thermal conductivity. Therefore,
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the literature documents the research on thermal conductivity enhancement (TCE) on
PCM in two major class: active and passive. Active TCE techniques require additional
energy input such as electrical, rotational(Kurnia and Sasmito 2018), ultrasonic(Zhang
and Du 2018), etc. Passive TCE techniques can be categorized under three groups, which
are increasing of overall PCM conductance, extended surfaces, and variation in tube
shapes and orientations.

The first technique to increase the overall conductance, embedding porous matrix
medium inside PCM, is investigated by Liu et al.(Z. Liu, Yao, and Wu 2013). Although
the foam prevents natural convection to a large extent, it helps the melted PCM region to
distribute heat by fast conduction. Low porosity and high PPI (pore per inch) foam
conditions are beneficial for the melting process. However, metal foams may experience
heavy corrosion when used inside salt hydrates. In the study of Zhao and Wu(Zhao and
Wu 2011) in which porous foam and expanded graphite compared, the foam was
preferable because it does not suppress natural convection as much as expanded graphite
does, but it is estimated that using foams causes an increment in the cost about 10-20%.

Adding high thermal conductive nano-particles is the second way to increase the
overall PCM conductance. The thermal conductivity enhancement ability of the
nanoparticles varies depending on adding ratio, congruence between PCM and
nanoparticle, and physical properties (e.g., particle size, shape). The most common nano-
additives are metal oxides and carbon-based materials. Since metal oxides pose weight
problems, carbon-based materials with their properties of being thermal and chemical
stabilities became attractive. Expanded graphite, graphene nanoplatelets (GNP), carbon
nanotube (CNT) are examples of carbon-based nanoparticles. Apart from the
enhancement of thermal conductivity, nano-particles are quite effective in eliminating the
supercooling. Owing to uniform heat diffusion throughout the melted PCM, the
supercooling degree drops remarkably. However, carbon-based nanoparticles tend
agglomeration and sedimentation, decrease latent heat capacity per unit volume, and
increase the viscosity of PCMs(Qiu et al. 2019).

The extended surfaces is the most applied TCE method in literature. The
implementation of fins made of high conductive materials is one of the most promising
methos in comparison to the others, with the advantages of low cost, accessibility, and
ease in manufacturability. Hence, the employment of fin structures in the LHTES units
has gained the attraction of many researchers(Deng, Nie, Wei, et al. 2019)(Deng, Nie,
Wel, et al. 2019; Rozenfeld et al. 2015; P. Wang et al. 2016; Kazemi et al. 2018; C. Liu
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and Groulx 2014; Deng, Nie, Jiang, et al. 2019; Mat et al. 2013; Joybari et al. 2017; Tao
and He 2015; Rathod and Banerjee 2015; Ji et al. 2018; Sciacovelli, Gagliardi, and Verda
2015; Vogel and Johnson 2019; Pizzolato et al. 2017; Hosseini et al. 2015; Cao, Yuan,
Xiang, Sun, et al. 2018). In brief, longitudinal fins show better melting performance than
circular radial fins in both horizontal and vertical oriented heat exchangers. Increase in
fin length and number of fins accelerates the melting due to larger heat transfer area, but
fin thickness does not have significant enhancement in the melting performance. For each
boundary condition, different optimal fin numbers exist. Moreover, using fins becomes
more effective at lower temperature difference between the PCM melting temperature
and boundary temperature. However, fins inhibit the convection circulations of PCM
dramatically, especially in horizontal oriented heat exchangers.

The other approach to obtain extended surfaces is to use multitube heat exchangers
whose triggering melting effect was proven experimentally and numerically by many
studies (Kousha et al. 2019; Jourabian, Farhadi, and Rabienataj Darzi 2017; M. Esapour
et al. 2016). Moreover, when the total heat transfer area is kept constant, the utilization
of multiple tubes shows greater performance compared to fin insertion. Parry et al.(Parry,
Eames, and Agyenim 2014) numerically documented the effect of fin type and tube
number for PCM applications. The results show that, even though the HTF-PCM contact
surface area of the multi-tube case is 55% smaller than the longitudinal finned-tube case,
the PCM melts 37% faster compared to the others. Besides, in the natural convection
dominated process of melting, the irreversibility is dependent on the number of HTF
tubes. With an increase in the number, heat is transferred more efficiently, unlike single-
tube heat exchangers in which heat is distributed only from one source. Then, less
irreversibility is obtained in the melting process(De Lucia and Bejan 1991).

There are dual approaches in literature such as multitube-fin, multitube-porous
foam, fin-nanoparticle, etc (Dandotiya and Banker 2017; Shinde et al. 2017; Bhagat,
Prabhakar, and Saha 2018; Niyas, Prasad, and Muthukumar 2017; Raul, Bhavsar, and
Saha 2018). No constraint exists to apply multiple methods for conductivity
enhancement. But, the addition of each method occupies space in the melting domain and
causes a reduction in heat storage capacity for the given volume. The study of Parsazadeh
and Duan(Parsazadeh and Duan 2018), in which both nanoparticle and fin enhancement
methods are applied, showed that since each method aggravates the natural convection-
driven heat transfer, it is better to cancel nanoparticle addition. In the study of Esapour et

al.(Mehdi Esapour et al. 2018), multitube/porous foam methods are investigated together.
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They found that while the increase in the number of the tubes affects mostly the melting
rate, metal foam is more effective rather on the solidification process. Also, the authors
reported that tube arrangement does not state an impact on melting or solidification due
to the suppression of natural convection.

Overall, when these methods mentioned above are reconsidered, it is seen that not
only conduction heat transfer is enhanced significantly but also natural convection of
melted PCM is suppressed. The ways to enhance the melting process by natural
convection is by varying the shape of the shell tube and the location of the HTF tube.
From the view of practical sense, increasing eccentricity by moving the tube vertically
down to where pure conduction occurs is quite a remarkable approach because it makes
more space for natural convection to be more effective in proportion to Rayleigh
number(Jourabian et al. 2013; Dhaidan et al. 2013; Yusuf Yazici et al. 2014; Dutta, Atta,
and Dutta 2008; Pahamli et al. 2016; Cao, Yuan, Xiang, and Highlight 2018; Darzi,
Farhadi, and Sedighi 2012; Zheng, Xu, and Li 2018). There are limited studies on the
effect of the shape of the shell and HTF tube. For instance, Faghani et al.(Faghani,
Hosseini, and Bahrampoury 2018) employed elliptical cylinders for the HTF tube with
the variable orientation of the cylinders. Their simulations showed that horizontal and
vertical orientations for inner and outer tubes, respectively, yields a decrease in melting
time. Besides, the liquid front showed that the configuration leads the melting front to
develop in the side regions of the domain. VVogel et al.(Vogel, Felbinger, and Johnson
2016) documented that the effect of natural convection becomes dominant on heat
transfer as width of the enclosure increases and the height decreases for eutectic mixture
of potassium nitrate and sodium nitrate (KNOs-NaNOz). Seddegh et al.(Seddegh, Wang,
and Henderson 2016) also documented the effect of orientation of the shell and tube heat
exchangers on the melting time of PCM. Their results showed that natural convection
dominates the upper region of the tube whereas conduction dominates the bottom region.
They also documented the effect of HTF inlet temperature plays an integral role in
thermal energy storage where the effect of mass flow rate is not that essential. Luo et
al.(Luo et al. 2015) documented the effect of HTF tube location on melting behavior of
PCM by using lattice-Boltzmann method. The tubes were arranged in centrosymmetric,
inline and staggered with fixed numbers of HTF tubes and PCM volume. The results
revealed that since tubes do not inhibit flow of melted PCM and they are well-distributed
in the PCM domain, the melting rate of centrosymmetric alignment is better than the other

competing cases.
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The majority of the studies carried out were focused on phase change processes
of low-temperature applications. As for PCMs whose melting temperature is above
100°C, there exist rare publishes. Literature shows that the melting time of a TES system
using erythritol as PCM can be decreased by altering the shape of the shell and positions
of HTF tubes. However, literature does not discuss the physical reasons why the
competing designs were selected. Here, the aim is to rely on design improvements on the
shape of shell tube and positions of HTF tubes by considering the physics of the process,
i.e., melted region characteristics based on conductive and convective heat transfer.
Literature also lacks in documenting how the S-curve of melting varies based on design
alterations in multitube configurations. It is also discussed how the S-curve of melting

becomes steeper with design alterations based on the proposed methodology.
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CHAPTER 4

NUMERICAL MODEL

4.1. Numerical Model

Heat exchangers are essential components for many different engineering systems
like the power plant, heating and cooling cycles, chemical separators, etc. Thus, the
design of heat exchangers is the primary issue in order to establish feasible systems. To
apply experimental procedures for the investigation of design and optimization problems
might be high-costly and time-consuming because many geometric design parameters
should be concerned. That’s why computational fluid dynamics (CFD) is a favorable

method.
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Figure 4.1. (a) flow regime of liquid PCM inside a horizontal arranged shell-and-tube
heat exchanger (Source: (Y. Wang et al. 2016)), and (b) geometry of the base
design

Figure 4.1a illustrates how the melted liquid in PCM domain circulates for a

horizontally arranged shell-and-tube heat exchanger. Figure 4.1b shows the base design
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which has two inner HTF tubes with outer shell tube. The diameters of the inner and outer
tubes are 28.28 mm and 100 mm, respectively. The distance of each inner tube to the
symmetry line is 10 mm. PCM (i.e., erythritol) is located inside the annulus region
bounded by shell tube and the thermophysical properties of erythritol are listed in Table
4.1. Erythritol is selected because its capability for latent energy storage, and it has no

toxic and corrosive effects.

Table 4.1. Thermophysical properties of Erythritol as PCM
(Source:(Parry, Eames, and Agyenim 2014))

Parameter Value
Pref [kg/m?] 1480
1 [kag/(m.s)] 0.01 constant

K[W/(m.K)]  0.733at 20 °C, 0.326 at 140°C (linear distribution)

Cp [kI/(kg.K] 1.38 solid and 2.76 liquid (linear distribution)
L [kJ/kg] 339.8

Tsolidius [°C] 116.7

Tiiquidius [°C] 118.7
P VK] 0.001014

Here, it is assumed that the liquid phase of PCM is a Newtonian fluid, phase
change occurs in isothermal condition (Tsoidius =Tiiquidius =117.7°C), and the effect of
viscous dissipation is neglected. Maximum Rayleigh number is 7.92x 108, so flow is
laminar during the melting process.

The outer shell wall is assumed as adiabatic because of negligible heat loss in
LHTES units due to their well-insulated nature. Inner HTF tube walls are assumed to be
constant at 136.7°C. The PCM is initially subcooled 1°C below its melting temperature;
therefore, the difference between the initial temperature of PCM and HTF tubes is 20°C.
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The numerical studies were conducted by using a commercial computational fluid
dynamics software, i.e. ANSYS 19.0(“ANSYS Fluent Software | CFD Simulation”
2019). SIMPLE algorithm was used for pressure-velocity coupling. The convergence
criteria are 10 for conservation of mass and momentum equations and it is 10° for
conservation of energy equation. Time step during simulations is 0.05s to uncover the
effect of convection accurately. We also confirmed that the time step is small enough
which does not affect the results. For instance, as the time step increased from 0.05s to 1s

maximum deviation becomes 1.49%.

4.2. Governing Equations

ANSYS Fluent is software that approaches the finite volume method. The
software involves solidification/melting module, and transient solid-liquid phase change
problems are simulated with enthalpy-porosity technique(Brent, VVoller, and Reid 1988).
Based on the simplifications, conservation equations of mass, momentum along x- and y-

direction can be described in 2D space as below:

%’W(pu) _0 (4.1)
%+V~(puu):v'(qu)—g—z+Au (4.2)
a('0\/)+V-(,ouv):v-(yVv)—%+Av+Sb 4.3)
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where u, is the velocity vector, whose components are u and v along x- and y-directions,
respectively. p, u, P, and T is density, dynamic viscosity, pressure, and temperature,

respectively. Also, the buoyancy source term is as below:

So =P 98T ~Tet) (4.4)

Here, pref, g, B, and Trer are reference density, acceleration of gravity, coefficient
of volumetric thermal expansion, and reference temperature, respectively. The region
particular to the melting/solidification model, is called the mushy zone, is defined by
Brent et al.(Brent, Voller, and Reid 1988) as the dispersion of melted liquid inside
dendritic solid PCM. That region is in neither solid nor liquid form. Fluent identifies the
mushy zone region as a pseudo-porous medium. While the porosity goes from 0 to 1,
PCM melts, or it solidifies from 1 to 0. The material is recognized as in mushy form when
the porosity is between 0 and 1. Au and Av, momentum dissipation source terms, have a
function that serves for suppressing velocity of PCM when it is in solid or mushy form
and are added to the conservation of momentum equations to mimic Carman-Kozeny
relation as if the PCM domain is a porous medium. A term is called porosity function,

defined as:

(- f)*

A=-C
f3+b

(4.5)

Here, parameter f is the liquid fraction that supersedes of porosity term in Carman-
Kozeny relation. C, is mushy zone constant, equals 10° kg/(md.s). Mushy zone constant
exists for how fast phase change will occur, and forms the shape of the melting front. It
changes between 10° and 108 kg/(m®.s)(Brent, Voller, and Reid 1988). Mushy zone
constant in high values leads to slower fluid velocities and a decrease in phase change
rate. It is more pronounced in natural convection dominant processes, so mushy zone
constant should be defined in the perspective of how much natural convection dominates
the process. b equals 0.001 and is inserted to the denominator to avoid division by zero
in the case of fully solid PCM.

The energy equation is
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g§Q+V(pMO=V(kVD+Sh (4.6)

and energy source term, Sh, is added to establish effects that come with phase change.
d(p h
5, =220 v(pun) @.7)

The melt interface is tracked implicitly by governing enthalpy term in the energy
equation instead of the temperature. Here, k is thermal conductivity. Enthalpy, h,
comprises of two energy contents: sensible (hs) and latent (h)). The summation of the

contents is represented as:

h=h,+h,
T (4.8)
where h, = j ¢, dT and h = fL
Tref
Tsolidius
I Cp dT If T< Tsolidius
Tref
Tiiquidius
h = J. Cp dT + f L If Tsolidius <T< Tliquidius (49)
Tsolidius
T
J. Cp dT If Tliquidius <T
Tliquidius

PCM temperature ranges are seen in equation (4.9): the temperature value,
respectively, is lower than solidus temperature, is between the solidus and liquidus, and

is higher than the liquidus. Here, the conditions, respectively, represent sensible heating
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of solid PCM, phase change and sensible heating of PCM in mushy form, and sensible
heating of melted PCM.

4.3. Validation, Mesh And Time Independency

Liquid Fraction

0 6040 nodes

011547 nodes

0 15 30 45 60 75 90 105 12

Time (min)

Figure 4.2. Grid independency test

Figure 4.2 documents the effect of grid size is negligibly small for the entire time
span with the domains consist of 11547 and 6040 nodes, respectively. Please also note
that quadrilateral mesh is used. The computer that simulations were carried out consists
of 40 GB of RAM and two 12-core Intel® Xenon®ES5-2630 CPUs. Each simulation in
Fig. 4.2 requires around 4.7 million iterations which took almost five days (~120hours)
with the specified computer. Therefore, the simulations were ceased when fraction of
melted substance is greater than 75%. Figure 4.2 also shows that speed of phase change
decreases greatly around 30" minute where conduction becomes dominant heat transfer
mechanism.

Figure 4.3 shows that the results of current study and Parry et al.(Parry, Eames,
and Agyenim 2014) are in agreement. The figure also shows that melting time, when the

slope of curve, changes is accurately documented in the current numerical method.
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Figure 4.3. Comparison of the current study results with the results of Parry et al.(Parry,
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CHAPTER 5

NUMERICAL RESULTS

5.1. Two HTF Tubes In A Circular Shell

Consider two HTF tubes inserted in a circular shell as shown in Fig. 4.1b. Figure
5.1 shows the development of liquid fraction contours for five distinct time. The contours
represent how the liquid melts almost from 0 volume fraction to the time when melting
speed decreases greatly. First, the main heat transfer mechanism is conduction and melted
region thickness grows gradually in both x- and y-directions, i.e. as can be seen in Fig.
4.1 2nd minute. Then natural convection dominates melting due to increased buoyancy
force which is driven by the density field and gravitational acceleration. The melted
region becomes asymmetric as the convection mechanism begins, i.e. thicker melted
region above the HTF tube as can be seen in Fig. 5.1 10th minute. The melted regions
around HTF tubes do not affect each other until the time when they intersect at 16th
minute. Then, melted speed decreases as can be seen in Fig. 5.1. This implies transferred
energy is stored as sensible enthalpy rather than latent one. Last but not least, as the region
above HTF tubes melt entirely, melting process is dominated by the conduction which
occurs below the HTF tubes. In order to uncover these transitions, variations of liquid
fraction, latent/sensible enthalpy ratio and sensible enthalpy based on time is shown in
Fig. 5.2.
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Figure 5.1. Evolution of liquid fraction contours for two-tube base case
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Figure 5.2. Transient variation of (a) liquid fraction, (b) latent/sensible enthalpy ratio
and (c) sensible enthalpy of LHTES system for two tube-base case

Figure 5.2 also shows the contour of liquid and solid substance distribution where
they are represented with red and blue colors, respectively. Figure 5.2a shows 65% of the
substance melts in 30 minutes, and melting from 65% to 73% takes 40 more minutes. The
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characteristics of liquid fraction is an S-curve. Figure 5.2b shows that the ratio of the
latent enthalpy decreases as the heat transfer mechanism becomes pure conduction again
at 30" minute. After that time, melting rate decreases dramatically and the ratio of
sensible enthalpy enhances greatly as can be seen in Fig. 5.2c. Figure 5.2c¢ also shows that
the amount of sensible heat begins to increase greatly when two melted regions around
HTF tubes intersect. Therefore, removing the regions where solid melts slowly may
increase the process speed. The S-curve of melting is aimed to become steeper as
discussed in Ref. (Cetkin, Lorente, and Bejan 2012).

5.2. Two HTF Tubes In A Rectangular Shell
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Figure 5.3. Evolution of liquid fraction contours for two-tube with rectangular shell

The results of Fig. 5.2 document that the melting process slows down and the
majority of the stored energy becomes the sensible one after the melted regions intersect.
Therefore, it can be concluded that alteration in shell shape may yield melting process to
continue with the speed before intersection time. The results also show that before the
intersection time melting in tubes does not affect each other due to their symmetrical
nature. The shell design can be improved with the displacement of liquid regions around
HTF tubes, i.e. packing melted regions into a domain. Figure 5.2c¢ shows that the melted
regions become almost a rectangular region where the tubes are located near the bottom
of the rectangle. Please note that the volume of the PCM material and HTF tubes are kept
constant. Therefore, the distance between each inner tube, the symmetry line and the outer
tube raises from 10mm to 15mm. The distance from the bottom of the shell to the inner

tubes is 5mm.
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Figure 5.4. Transient variation of (a) liquid fraction, (b) latent/sensible enthalpy ratio
and (c) sensible enthalpy of LHTES system for two-tube with rectangular
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Then, sensible enthalpy starts to rise in a steeper trend as happened in the base

case as shown in Fig. 5.2c. Figure 5.4b also documents that the latent enthalpy ratio

decreases as the region above tubes is melted similarly. However, Figure 5.4a also shows
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more than 90% of PCM is melted unlike the 65% of previous case. Figure 5.4c also shows
increase in sensible heat is postponed greatly with shell design alteration. This accelerates
the melting rate greatly, but there is still solid PCM. Rectangular design satisfies 92% of
PCM to melt quickly by natural convection in the first 41 minutes, but melting of the rest
requires additional 25minutes.

Figure 5.5 uncovers the advancement of rectangular shell design relative to the
base design. Figure 5.5a shows the amount of sensible and latent enthalpies for the base
design of Figure 5.1 and the improved design of Fig. 5.3. It shows that the amount of
latent enthalpy increases 20% and 27.7% for 37" and 67" minutes, respectively, but while
the amount of sensible enthalpy is 11.9% lower at 37" minute, it is 7.5% higher at 67"
minute. In addition, due to the decrease in thermal resistance, total stored enthalpy also
increases 9.2% and 20.8% for 37" and 67" minute. This also explains why sensible
enthalpy storage of Fig. 5.3 becomes greater at the 67 minute. Figure 5.5b shows that
the S-curve of melting becomes steeper with the improvements on the shell design. Figure
5.5¢ shows the sensible enthalpy storage in designs of Figs. 5.1 and 5.3 are the until 16"
minute. Then, sensible heat storage increases rapidly in the design of Fig. 5.1 because the
melted regions intersect and the rate of increase diminish. Whereas the melted regions
intersect at the 37" minute for the design of Fig. 5.3, and sensible heat storage increases
rapidly and becomes greater than the one for the design in Fig. 5.1. However, Figure 5.5a
shows this increase in sensible heat relatively small in comparison to the total heat storage

and increment in the latent heat storage.
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5.3. Four Concentric Tubes In A Circular Shell
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Figure 5.6. Evolution of liquid fraction contours for four-tube concentric case
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Consider four HTF tubes inserted in a circular shell in concentric manner as shown
in Fig. 5.6. The volume of PCM and tubes are the same with previous sections. However,
because there are four tubes the heat transfer surface area increases.

Increase in melting rate is expected in four tube case due to increase in the heat
transfer surface area. However, the design is concentric, therefore, the bottom of the shell
iIs further from surface of the tubes. This yields conduction to be dominant in the melting
of bottom region as in the design of Fig. 5.1. Figure 5.6 shows that at 12" minute of the
melting process, growth of the melted region is limited by the outer tube and at 17%
minute, the melted liquid of the upper and lower tubes touch with each other. After 33™
minute, the melting by natural convection diminished, and the process passes to the
plateau stage as shown in Figs. 5.7a and 5.7b. In the first 33 minutes, 83% of the PCM
melts where the rest requires additional 145 minutes. In addition, Figure 5.7¢ shows
sensible enthalpy begins to increase rapidly after 17" minute (i.e. when the melting

regions intersect) and increases even more after 33" minute.

5.4. Four Eccentric Tubes In A Circular Shell
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Figure 5.8. Evolution of liquid fraction contours for four-tube eccentric case

Consider HTF tubes in Fig. 5.6 moved down to enhance melting rate as shown in
Fig. 5.8, i.e. tubes were shifted 11 mm downward without changing the arrangement.

Figure 5.8 shows that melted regions of the tubes located below touches to the
shell at the 3™ minute of process. The liquid layer of each tube grows individually until
they combine at 19" minute. On the contrary to previous cases, sensible enthalpy begins
to increase rapidly when melted liquid layers of all tubes melt PCM located in the center
of the shell at 26" minute. Here, the time of the melting process to pass to the plateau

stage is 31" minute as can be seen in Figs. 5.9a and 5.9b. Figure 5.9¢ also confirms the
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rapid sensible energy storage begin at the 26™ minute. The liquid fraction contours of

Fig. 5.8 show that removing some regions from the shell may increase the melting rate

as in two tube cases.
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Figure 5.9. Transient variation of (a) liquid fraction, (b) latent/sensible enthalpy ratio
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5.5. Four Tubes In A Rectangular Shell
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Figure 5.10. Evolution of liquid fraction contours for four-tube with rectangular shell

Here, we pack the melted regions into the fixed space as discussed in two tube
case. However, in order to have a manufacturable design we decided the shell to be
rectangular. Likewise, in previous sections, the volume of the PCM and tubes are fixed.
Inner tubes are 23.9 mm away and the side tubes located 11.95 mm further from the
vertical wall of the shell. The length scales of the shell is 175.6mmx44.72mm. The
previous cases documented that the region below the tubes melts slowly due to dominant
heat transfer mechanism is conduction. Therefore, the distance between bottom edge of
the shell and the inner tubes reduced to 2 mm.

Figure 5.10 shows how the melting occurs in four tube case with rectangular shell
relative to the time. At the 3@ minute, melted region below the tube touches to the shell
and begins to expand in horizontal direction. By the 25" minute, the melted regions
merge. 81% of PCM melted at the 27" minute, and the rest required 8 more additional
minutes as can be seen in Figs. 5.11a and 5.1b. This result shows the rectangular shell
design is superior to the previous ones. In addition, Figure 5.11c confirms that the sensible
heat begins to increase rapidly as the melted regions touch and their top intersect with the
top of the shell.

In order to compare the effect of position of inner tubes and shell design, the
results of four tubes compared in Fig. 5.12. Figure 5.12a shows that melting time
decreases and S-curve melting becomes steeper as the tubes located in eccentric fashion
and even more with rectangular shell shape. Please note that the S-curve of melting is the
same until the melted regions intersect for each case, then the trend becomes to change.
Fig. 5.12b and 5.12c show that sensible enthalpy becomes the smallest with the
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rectangular shell design even the stored latent energy is the greatest. This shows that
packing melted regions into a shell is a valid approach which is also easier to conduct.
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Figure 5.11. Transient variation of (a) liquid fraction, (b) latent/sensible enthalpy ratio
and (c) sensible enthalpy of LHTES system for four-tube with rectangular
shell
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The figures also show that eccentric tube design yields increase in both sensible

and total required energy to melt PCM entirely in comparison to the concentric one, i.e.

1.1% and 0.7% increase in sensible and total enthalpies, respectively. This relatively
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small increase can be explained with the enhanced natural convection in between the
region near the tubes. Thermal conductance increases due to the length scale of the melted
region increases. Overall, Fig. 5.12 documents that the tubes placed in a rectangular shell

yields decrease in melting time and required sensible energy.
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CHAPTER 6

CONCLUSION

The thesis documents how HTF tubes should be located and what should be the
shape of shell tube to enhance melting time of PCM and decrease the required sensible
enthalpy for the process. First, a base design which has two tubes located in a circular
shell was simulated. The results are in agreement with the literature, and they show that
melting below the tubes require most of the melting time and increases sensible enthalpy
requirement greatly. Therefore, it is decided to pack melted regions in order to decrease
melting time. Note that the volumes of PCM and tubes are fixed; therefore, material
originally located below the tubes placed around the tubes. The improved design is
selected to be rectangular due to simplicity to manufacture. Results show melting time
decreases 52% from concentric design to rectangular design. Then, effect of tube location
and shell design was uncovered for four tubes. Results show that in order to minimize
both melting time and sensible heat tubes should be located near the bottom end of the
shell and the shell should be rectangular. Overall, the study shows melting time and
sensible heat can be decreased by just altering the design of the shell and positions of the
tubes. In addition, the optimal locations of tubes and shell shape can be decided with
packing melted regions around the tubes which does not require exhaustive search.

The current work focused on the effect of shell shape and HTF tube location
during the melting process. There are still some challenges to material science. PCMs in
use need improvements on the thermophysical properties, especially supercooling and
thermal stability. Moreover, enhancement methods like eccentric arrangements in natural
convection heat transfer affect the melting process positively, but these approaches are
not beneficial for the solidification. To obtain an efficient LHTES unit for both charging
and discharging processes, TCE methods such as using fins or nanoparticles can be
recommended for future works as long as the methods are being congruent with natural

convection progress of the melting process.
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