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ABSTRACT

A desirable feature of concentrated solar power (CSP) with integrated thermal
energy storage (TES) unit is to provide electricity in a dispatchable manner during cloud
transient and non-daylight hours. Latent heat thermal energy storage (LHTES) offers
many advantages such as higher energy storage density, wider range of operating
temperature and nearly isothermal heat transfer relative to sensible heat thermal energy
storage (SHTES), which is the current standard for trough and tower CSP systems.
Despite the advantages mentioned above, LHTES systems performance is often limited
by low thermal conductivity of commonly used, low cost phase change materials
(PCMs). Research and development of passive heat transfer devices, such as heat pipes
(HPs) to enhance the heat transfer in the PCM has received considerable attention. Due to
its high effective thermal conductivity, heat pipe can transport large amounts of heat with

relatively small temperature difference.

The objective of this research is to study the charging and discharging processes
of heat pipe-assisted LHTES systems using computational fluid dynamics (CFD) and
experimental testing to develop a method for more efficient energy storage system
design. The results revealed that the heat pipe network configurations and the quantities
of heat pipes integrated in a thermal energy storage system have a profound effect on the
thermal response of the system. The optimal placement of heat pipes in the system can
significantly enhance the thermal performance. It was also found that the inclusion of
natural convection heat transfer in the CFD simulation of the system is necessary to have
a realistic prediction of a latent heat thermal storage system performance. In addition, the

effects of geometrical features and quantity of fins attached to the HPs have been studied.
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CHAPTER 1

INTRODUCTION

Energy is a key element to the worldwide development but conventional energy
sources such as fossil fuels are estimated to run out in few decades. Also, fossil fuel-fired
power plants are potential risks to the environment since they are responsible for almost
majority of air emissions such as carbon dioxide, nitrogen oxide and sulfur dioxide.
Considering the above-mentioned issues, efforts are underway to replace fossil energy
with renewable energy sources such as solar energy.

The continuous power production during cloud transients and non-daylight hours
is one of the most important issues related to most solar power generation systems. One
of the solutions is the development of energy storage techniques, which are able to fill the
gap between the energy supply and demand. Energy can be stored in different forms such
as mechanical, electrical and thermal. There are three types of thermal energy storage
systems: sensible heat thermal energy storage (SHTES) systems, latent heat thermal
energy storage (LHTES) systems and thermo-chemical storage (TCS) systems. SHTES
systems are based on storing thermal energy by heating a solid or liquid storage medium
such as rocks, water or molten salt. LHTES systems work based on the absorption or
release of thermal energy during the melting or solidification of a phase change material
(PCM). TCS systems depend on thermal energy absorption or release during a reversible

chemical reaction.



Among all three types of thermal energy storage techniques, LHTES systems are
promising options since they offer many advantages such as high energy density, passive
heat transport without the need of hot salt pump, and a wide range of operating
temperature. However, the key hindrance to storing and retrieving thermal energy from
PCMs is the low thermal conductivity of the PCMs commonly used as storage media.
Figure 1-1 shows different types of PCM which are used in LHTES systems. Numerous
studies have been conducted to study and develop the techniques that can be used to

improve heat transfer to and from the PCMs in LHTES systems.

Phase Change Material J

Paraffin Compounds

| . |

Non-Paraffin Compounds

Metallics

Organic-Organic

Inorganic-Inorganic

Inorganic-organic

Figure 1-1 Different types of phase change materials used in LHTES systems [1]

The dispersion of high conductive particles into the PCM is a commonly used
method to improve the heat transfer in the low thermal conductivity PCMs. Khodadadi
and Hosseinizadeh [2] studied the functionality of copper nanoparticle dispersion in the
enhancement of PCM thermal conductivity. Fukai et al. [3] used carbon fibers, shown in
Figure 1-2, to improve the thermal conductivity of phase change material. Xiao and

Zhang [4] studied the discharging process of a shell-tube LHTES system with pure
2



paraffin and paraffin-expanded graphite composite PCMs. Arasu and Mujumdar [5]
investigated the thermal behavior of paraffin wax enhanced with alumina (Al,O3) during
the melting process. The melting process of n-octadecane mixed with CuO nanoparticles
was examined numerically and experimentally by Dhaidan et al. [6]. EImozughi at al. [7]
studied the effects of air void presence within the encapsulated PCM during the melting

and solidification processes.

Cylindrical
Capsule

130mm

X \/
Fiber

OX Thermo—
couple

(a) Ramdom type (b) Brush type

Figure 1-2 Configurations of the carbon fibers within PCM containers [3]

The fins and extended surfaces have been presented by a series of studies as an
effective way to improve the thermal performance of LHTES systems. Sharifi et al. [8]
studied the utilization of internal horizontal fins to enhance the melting of octadecane
PCM enclosed in a square container. The influence of internal and external fins on the
melting and solidification processes of RT82 PCM was investigated experimentally and

numerically by Al-Abidi et al. [9] and Mat et al. [10]. Hosseini et al. [11] reported the



research result of the effect of longitudinal fins on the melting process of RT50 PCM in a
double pipe heat exchanger. Figure 1-3 shows different configurations of fin-assisted

triplex-tube heat exchanger with PCM studied by Mat et al. [10].

Figure 1-3 Different configurations of fin-assisted triplex-tube heat exchanger with PCM [10]

Embedding PCM in a matrix with high thermal conductivity is another commonly
used approach to enhance the transfer to or from storage media in LHTES systems.
Thapa et al. [12] used copper foam and copper matrix to increase the thermal
conductivity of paraffin wax PCM (Figure 1-4). Yang et al. [13] numerically analyzed the
thermal behavior of sodium nitrate PCM enhanced by copper foam. Zhao et al. [14]
applied graphite foam to magnesium chloride PCM to improve the thermal performance
of a LHTES system. Fan and Khodadadi [15] provided an extensive review of the

enhancement methods for promoting the thermal conductivity of the PCMs.



Also, Peir0 et al. [16] experimentally studied the concept of using multiple
(cascaded) PCMs, shown in Figure 1-5, to enhance the thermal performance of LHTES
systems. It was shown that employing multiple PCMs leads to a significant increase in

system effectiveness comparing to the thermal energy storage unit with single PCM.

Figure 1-4 Copper foam used to enhance PCM thermal conductivity by Thapa et al. [12]

Meltingpoint: 7., > 7,.,> ... > T,
Melting enthalpy: 4, <4, <. < H,
HTF flow (charging process)

PCM, PCM, PCM,
[: Tm 1 : Tm.Z ,] f Tm n :]
H, H, H,

HTF flow (discharging process)

Figure 1-5 Configuration of LHTES system with cascaded PCMs [16]

Utilizing heat pipes to enhance the heat transfer in LHTES systems is another
approach. By taking advantage of vaporization and condensation of a working fluid, Heat
pipes can transfer large amount of thermal energy with minimal temperature drop [17-
20]. Its practicality has been proved in several experimental and numerical studies [21-
26]. The components and functions of a conventional heat pipe are depicted in Figure 1-

6.



Heat input Heat output
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e —

Evaporator Adiabatic Condenser
section section section

Figure 1-6 Main Components and operation principles of a heat pipe [27]

Recently, research and development of passive heat transfer devices, such as heat
pipes to enhance the heat transfer in the PCM has received considerable attention. In an
experimental study, Liu et al. [27, 28] experimentally investigated the thermal
performance of a LHTES system assisted by heat pipe heat exchangers. They used
paraffin wax with melting temperature of T,= 52.1 °C as the storage media. In the first
part of the study, they investigated the effects of heat transfer fluid (HTF) inlet flow rate
and temperature on the charging and discharging processes. In the second part, the
simultaneous charging/discharging operation was analyzed. Sharifi et al. [29] numerically
and experimentally studied the charging and discharging of n-Octadecane PCM (T,= 28
°C) enhanced by metal foil-heat pipes (Figure 1-7). They found that employing combined
heat pipe and metal foil increases the phase change rate remarkably. Horbaniuc et al. [30]
analytically investigated the solidification of a PCM (T,= 60 °C) within a finned heat
pipe—assisted latent heat thermal storage system. The total PCM solidification time for

different number of longitudinal fins was calculated.
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Figure 1-7 Experimental setup designed and tested by Sharifi et al. [29]

These studies were mainly concentrated on the LHTES systems with low melting
temperature PCMs. U.S. Department of Energy, Energy Efficiency and Renewable
Energy Office published a SunShot Vision Study in February 2012, where it was stated
that there are two ways to reduce the Levelized Cost of Electricity (LCOE), 1) system
cost reduction and 2) system efficiency improvement. The major focus of the research in
improving CSP performance is on the increase of CSP operating temperatures to take
advantage of increased thermal-to-electric conversion efficiencies, and—for systems with
TES—Iower TES cost [31]. Therefore, high temperature thermal energy storage should
be employed in concentrating solar power (CSP) generation systems [32].

Shabgard et al. [33] developed a thermal resistance network model, shown in
Figure 1-8, to investigate the effects of HP on the transient thermal response of a LHTES

system during charging and discharging operation modes. It was concluded that adding
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HPs noticeably improves the thermal performance of a potassium nitrate (KNOs, Tr,=
335 °C) based LHTES system. Khalifa et al. [34] also used a thermal resistance network
model to analyze a LHTES system with a eutectic mixture of lithium chloride and
potassium chloride (LiCI-KCI, T,= 348 °C) assisted by finned heat pipe. It was found
that heat pipe efficiency can be greatly improved by adding the fins. In other studies,
thermal resistance network models were used by Jung and Boo [35] as well as
Nithyanandam and Pitchumani [32] to study heat pipe-assisted LHTES systems with

potassium nitrate PCM.

Es O Element temperature
L O

® Surface temperature
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Rconv.HP E1 E2 E3 E4
(O |e{C te{ O | O]

H(_}\ — AN
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Tore 0—
Ronnv. t Eml
[} . 0 @
HTF Tube wall

Figure 1-8 Thermal resistance network model developed by Shabgard et al. [33]

Qiu et al. [21] designed and tested a high temperature, HP-assisted LHTES
system integrated with a free piston Stirling engine for CSP application, shown in Figure
1-9. The PCM was a eutectic mixture of sodium fluoride and sodium chloride (NaF-
NaCl, Th= 680 °C). A network of heat pipes consisted of a primary HP and an array of
32 secondary HPs were inserted into the PCM to enhance the heat transfer. They studied
the effects of storage unit orientation on the thermal performance of the system for both

charging and discharging modes. Shabgard et al [36] studied a HP-assisted LHTES unit



for dish-Stirling system using a transient two-dimensional numerical model. They
considered three different operation modes, charging only, discharging only, and
simultaneous charging and discharging. It was also shown that HP spacing plays an
important role in the thermal behavior of the system. Their results indicated that the PCM
(NaCl, T,= 800 °C) provides a relatively smooth power output to the engine by damping
the variation of the input solar energy.

Receiver Vapor Chamber

Secondary heat pipe array

Wick Structures

Solar Energy

Working Fluid Vacuum Engine Heater Head
Space Salt insulated
P e Heater Head Vapor

Primary central heat pipe Chamber

Figure 1-9 Schematic of heat pipe-assisted LHTES system tested by Qiu et al. [21]

Mahdavi et al. [20, 22] developed a novel numerical procedure to simulate the
steady state performance of the heat pipe network for high temperature latent heat
thermal energy storage application. The model is capable of predicting the jetting
phenomena happening at the condenser of the primary heat pipe, which results in non-
uniform condensation. The effects of various parameters including the heat input to the
system, geometry of the primary heat pipe and secondary heat pipes configuration were

investigated on hydrodynamic and thermal characteristics of the heat pipe network. The



configuration that leads to more uniform heat rejection at the heat engine and more

uniform phase change of the PCM was found.

ST Qe 2z

FEREETTTR IR T ITTERERTTREN,

Vi ¥ VWMV VYNV VY VYV Y VYN VYW

S q,,

S S S S A S S S S S S N S S S

Re

00 U0 0 U O A O O A O O R A A OB
QQ

TRy

Ly L,
D Main heat absorber Wall D Wick D Vapor [:' Secondary heat absorber

Figure 1-10 Configuration of heat pipe network modeled by Mahdavi et al. [20]

Gou and Zhang [37] numerically studied the discharging process of a LHTES
system. The PCM was a eutectic mixture of sodium nitrate (NaNOj3) and potassium
nitrate (KNO3) with melting temperature of T,= 220 °C. They evaluated the effects of
utilizing aluminum foils in the PCM as a heat transfer enhancement technique by using a
two-dimensional conduction-controlled model. It was shown that adding aluminum foils
significantly enhances the heat transfer in the system. Sharifi et al. [38] simulated
different operation modes of a LHTES system assisted by a single heat pipe. The effects
of input and output heat transfer rates and PCM enclosure aspect ratio were studied for
charging-only, discharging-only and simultaneous charging and discharging modes. The
results indicated that increasing the input and/or output heat transfer rates can remarkably
affect the thermal response of HP on bottom or top section. Nithyanandam and

Pitchumani [39] studied the effects of HPs quantity and orientation on the performance of

10



a LHTES system using a transient three-dimensional numerical model. Various system
configurations were analyzed on the charging and discharging processes to find the

optimum design, shown in Figure 1-11.
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Figure 1-11 Heat pipe-assisted LHTES system studied by Nithyanandam and Pitchumani [40]

As can be seen that majority of the studies were focused on low melting
temperature PCMs and only a limited number of numerical studies have been dedicated
to the simulation of high temperature LHTES systems. In these analyses, the startup
process was ignored assuming uniform initial temperature distribution of PCM very close
to its melting temperature. However, in reality the startup process from ambient
temperature could lead to non-uniformed temperature distribution of the PCM when the
melting begins.

Also, it can be seen that the majority of the studies is focused on charging
process, while discharging process has received less attention. Analysis of discharging
process and enhancement of heat transfer during the PCM solidification may lead to

considerable improvement of overall thermal performance of a LHTES system.
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In order to avoid high computational cost, numerical investigations mostly
employed two-dimensional model. However, by means of three-dimensional models
better understanding of thermal and fluid flow characteristics of LHTES systems can be
achieved. Another simplification which was applied in some of numerical analyses is
neglecting the effects of fluid flow and natural convection heat transfer within the molten
PCM during the melting and solidification process. However, considering the effect of
natural convection to have an accurate and realistic system simulation is inevitable.

This dissertation includes three main chapters which are as follows:

Chapter 2: Two-Dimensional Modeling of A Finned Heat Pipe-Assisted
LHTES System with High Temperature PCM. The objective of this chapter is to
numerically study the charging and discharging process of a heat pipe-assisted LHTES
system with high melting temperature PCM using two-dimensional numerical model.
Storage media of potassium nitrate (T,= 335°C) is enclosed by a square container and
system is assisted by finned heat pipes. The charging process of the unit is conducted by
imposing constant heat flux at the base wall of the container. The system charging
process starts from ambient temperature. Charging from room temperature may result in
system overheating specially in the base wall where high heat flux is applied. A single or
multiple heat pipes with fins mounted on their condenser section is embedded in the PCM
to alleviate this issue. The discharging process is considered in the second section of this
chapter, because overheating is not a concern during the discharging process.
Discharging process has its own technical challenges, such as PCM rapid solidification

around heat pipes resulting in increased temperature drop and reduced heat transfer.
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The effects of different geometrical parameters such as heat pipe spacing, fin length and
numbers are studied to find the optimal arrangement of heat pipes and fins. It is also
hypothesized that the natural convection within the molten PCM has a considerable
influence on LHTES system thermal performance. In order to evaluate this theory the
simulations will be conducted with and without considering natural convection in molten

salt during charging and discharging processes.

Chapter 3: Numerical Analysis of a High Temperature LHTES System
Assisted by Finned Heat Pipes Using Three-Dimensional Numerical Model. In this
chapter, the startup process of a high temperature heat pipe-assisted latent heat thermal
energy storage unit with PCM enclosed by a cylindrical container is investigated using a
three-dimensional numerical model. A eutectic mixture of sodium nitrate and potassium
nitrate with melting temperature of 220°C is used as the phase change material. The
system is charged by applying a constant and uniform heat flux to the base wall of the
cylindrical container, while the whole system is at room temperature initially. A network
of heat pipes with annular fins attached is embedded in the PCM to enhance the heat
transfer and to prevent the system from overheating. The effects of different heat pipe
arrangement and the heat pipe quantities as well as the influence of natural convection on

the thermal behavior of the latent heat thermal energy storage system are studied.

Chapter 4: Experimental Study of a Latent Heat Thermal Energy Storage
System Enhanced by Heat Pipe Network. In this chapter, the performance of a latent
heat thermal energy storage system assisted by heat pipe network is studied
experimentally. In order to achieve this goal, an experimental set up is designed and
manufactured to operate under charging and discharging modes. Since the desired heat
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pipe network is not commercially available and its manufacturing process is expensive
and time consuming, a simplified version of the actual heat pipe network is designed and
implemented. The system includes a cylindrical vertical container filled with the RT55
PCM. The heat pipe network consisted of a primary and an array of secondary heat pipes
is embedded in the PCM to enhance the heat transfer rate between the heat source and the
PCM. To monitor the thermal behavior of the system during the operation, temperature
sensors (thermocouples and RTDs) and thermal imaging camera are utilized. The effects
of heat transfer fluid flow rate on thermal performance of the LHTES system during the

different operation modes are studied.
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CHAPTER 2

TWO-DIMENSIONAL MODELING OF A FINNED
HEAT PIPE-ASSISTED LHTES SYSTEM WITH HIGH
TEMPERATURE PCM

For the most part of the results presented in this chapter were published in Tiari et al. (2015) Numerical
study of finned heat pipe-assisted thermal energy storage system with high temperature phase change
material. Energy Conversion and Management. 89 (2015) 833-42 [40] and Tiari et al. (2016) Discharging
process of a finned heat pipe—assisted thermal energy storage system with high temperature phase change

material. Energy Conversion and Management. 118 (2016) 426437 [41].

2.1 Introduction

One of the main concerns associated with most of the solar power systems is the
continuous power production during cloud transients and non-daylight hours. Thermal
energy storage (TES) systems provide a good solution to this issue. Latent heat thermal
energy storage (LHTES) systems offer the possibility of storing higher amounts of energy
per unit of storage material mass in comparison to sensible heat thermal energy storage
(SHTES) systems. However, the performance of most commercially viable phase change
materials (PCMs) which used as storage media in the LHTES systems suffer from low
thermal conductivity. This often leads to much longer charging or discharging process
and significant temperature difference within PCM, which in some cases can cause

system overheating and material failure.
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Due to the broad applications of LHTES systems in different areas such as solar
systems [42, 43], electronic cooling [44-46], building heating and hot water [47-49],
drying equipment [50, 51], air conditioning [52], refrigeration [53] and waste heat
recovery [54], various approaches have been developed to resolve the main drawback of
LHTES systems, low thermal conductivity of PCM. The example of commonly used
methods include the dispersion of high conductivity particles in the PCM [2, 3, 5, 55],
embedding the PCM in the high conductivity porous medium [12, 56-61] as well as

inserting extended surfaces and fins [8, 10, 62, 63].

Another popular technique to improve heat transfer to and from PCM is by
utilizing heat pipe (HP). HP is capable of transferring large quantities of heat through a
small cross-sectional area over a relatively long distance with an extremely small

temperature drop [17].

A number of experimental and numerical studies have been conducted to
investigate the effects of employing heat pipes to aid PCM melting and solidification in
LHTES systems. Majority of these studies were focused on the utilization of low melting
temperature PCMs, such as paraffin wax [27, 28, 30, 64]. Liu et al. [27, 28]
experimentally studied a paraffin (T,=52.1°C) based LHTES equipped with heat pipe
heat exchanger. They investigated the effects of heat transfer fluid (HTF) inlet
temperature and flow rate on the charging only, discharging only and simultaneous
charging/discharging process of the system. In another low melting temperature PCM-
LHTES analysis, Robak et al. [65] compared the performance of a HP-assisted LHTES to
a system utilizing fins in lieu of HPs and a system with neither HPs nor fins. The results

indicated that employing HPs makes considerable improvement in both melting and
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solidification rates. Sharifi et al. [29] investigated the melting and solidification of n-
Octadecane (Tyn=28°C) using heat pipe-metal foil approach experimentally and
numerically. It was reported that the integration of heat pipe with metal foil improved the

melting and solidification rates significantly.

It should be noticed that the LHTES units incorporated in concentrated solar
power (CSP) systems require high melting temperature PCMs to provide high system
efficiency. In DOE SunShot program mission statement, it is of great importance to reach
Levelized Cost of Energy (LCOE) target of 6 cents per kilowatt hour for the CSP systems
to be competitive. It is stated that the best way to achieve the target LCOE is to increase
the system efficiency via high operating temperature [66] . However, a very few studies

have been dedicated to this area.

In one of scarce experimental efforts with high melting temperature PCM, Qiu et
al. [21] investigated a heat pipe-assisted LHTES system coupled with a free piston
Stirling engine based CSP. The TES system consisted of a primary heat pipe, an array of
32 secondary heat pipes and PCM which was a eutectic blend of sodium fluoride (NaF)
and sodium chloride (NaCl) with melting temperature of 680°C. The melting temperature
of this PCM mixture was chosen to be the same as the Stirling engine operating
temperature for optimal CSP performance. The effect of TES orientation on system

performance during charging and discharging modes was studied.

In an analytical modeling, Jung and Boo [35] predicted the temporal thermal
behavior of a finned heat pipe-assisted LHTES system under pure conduction without

considering natural convection in molten PCM. The effects of fin pitch on different
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thermal characteristics of the system such as the heat transfer rate and the transient

temperature variations were studied.

The discharging process of a LHTES system was studied numerically by Gou and
Zhang [37] using a eutectic mixture of potassium nitrate (KNO3) and sodium nitrate
(NaNO3) with melting temperature of 220°C as PCM. They employed a transient two-
dimensional model without considering natural convection to investigate the effects of
utilizing aluminum foils in the PCM as a heat transfer enhancement approach. The results
demonstrated that adding aluminum foils accelerated the system discharging process
remarkably. Sharifi et al. [67] numerically investigated the melting of a sodium nitrate
(NaNO3, T=307°C) enclosed by a cylindrical container which is heated by a vertical
heat pipe. The effectiveness of the HP-assisted system was evaluated by comparing it to
an equivalent unit with an isothermal surface, a rod and a tube. Also, the effects of

heating orientation, heat pipe length and diameter were considered.

Shabgard et al. [36] developed a two-dimensional model to study a HP-assisted
LHTES system with sodium chloride (NaCl, T,=800°C) PCM. They used a conduction-
controlled model for melting in which the effect of natural convection within the molten
PCM was neglected. Also, instead of considering conjugate heat transfer in fins and
PCM, they assumed a homogenous anisotropic PCM with effective thermophysical
properties. The effective properties were calculated based on volume fraction of the fins,
defined as the fin volume to the total volume of the fin-PCM system. It was found that
the PCM acts as a capacitor which damps the temporal variations of input heat flux and
makes thermal power output relatively smooth. In addition, it was shown that the number

of HPs has a great influence on the transient response of LHTES system.
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As can be seen that majority of the studies were focused on low melting
temperature PCMs and only a limited number of numerical studies have been dedicated
to the simulation of high temperature LHTES systems. In these analyses, the startup
process was ignored assuming uniform initial temperature distribution of PCM very close
to its melting temperature. However, in reality the startup process from ambient
temperature could lead to non-uniformed temperature distribution of the PCM when the
melting begins. In this chapter, the charging and discharging processes of a LHTES
system with PCM enclosed by a square container are studied. The operation modes of the
unit are conducted by imposing constant heat flux at the base wall of the container. The
system charging process starts from ambient temperature. Charging from room
temperature may result in system overheating specially in the base wall where high heat
flux is applied. A single or multiple heat pipes with fins mounted on their condenser
section is embedded in the PCM to alleviate this issue. The discharging process starts at a
temperature higher than PCM melting temperature. Discharging process has its own
technical challenges, such as PCM rapid solidification around heat pipes resulting in

increased temperature drop and reduced heat transfer.

The objective of this study is to numerically investigate the effects of heat pipes
spacing and geometrical features of the fins attached to them, as well as the influence of
natural convection heat transfer on the charging and discharging processes of LHTES

system.

2.2 Physical Model

The physical geometry of the LHTES system is illustrated in Figure 2-1.
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Figure 2-1 Schematics of the LHTES units; with one central heat pipe (left) and with three heat pipes
(right) for the charging and discharging operation modes

Three sets of models containing single or multiple heat pipes are analyzed. The
heat pipes are composed of evaporator (heat receiver) and condenser (heat rejecter)
sections. Uniform heat flux is applied to or extracted from the heat pipe evaporator
(which acts as the condenser during the discharging process) which covers the bottom
surface of PCM container. Nickel fins are attached to the heat pipes for better heat spread
through the PCM. The container length is L=254 mm. The thickness of heat pipe

evaporator is t;=10 mm and the length and thickness of the heat pipe condenser are Ly, =
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250 mm and ty, = 10 mm, respectively. The geometric dimensions of three cases are

provided in Table 2-1.

Table 2-1 Dimensions of the cases studied

Model Number of fins Spacing (), mm Fin thickness (t;), Fin length (Ly), mm
(N) mm
10 2
1HP 20 122 1 80, 100, 120
10 2
3HP 20 74 1 15, 25, 35
5HP 10 41 2 10, 15, 19

For charging process, the entire system is initially at ambient temperature (Ti, =
300 K) and the charging mode starts at T = 0 s by applying a constant heat flux of 40
kW/m?to the heat pipe evaporator. In discharging process, the entire thermal energy
storage unit is initially at Ti, = 613 K which is 5 K higher than the melting temperature of
PCM. This means that all PCM is in liquid phase at the beginning. The discharging
process starts at T = 0 s by extracting a constant and uniform heat flux of 40 kW/ m?
through the bottom surface of the container. All other exterior walls are adiabatic during
the charging and discharging processes. Also, no-slip boundary condition is enforced on

solid walls. The thermophysical properties of PCM, fins and heat pipes are shown in

Table 2-2.
Table 2-2 Thermophysical properties of the LHTES system components

Properties PCI[\gs(,I%I;;Z)S) Fins (Nickel) Heat pipe
Melting point, T, (K) 608 - -
Latent heat of fusion, hy ( kJ/kg) 95 - -
Density, p (kg/m?) 2109 8900 8978
Specific heat, ¢, (//kg.K ) 953 460.6 381
Thermal conductivity, k (W /m. K) 0.5 91.74 3.8x10"
Liquid viscosity, u (Pa.s) 2.59x10°° - -
Thermal expansion coefficient, g (1/K) 2x10™ - -
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Following assumptions are made in the numerical modeling. The phase change
process is modeled using enthalpy-porosity technique. The PCM properties are assumed
to be constant and equal for both solid and liquid phases. The molten PCM is considered
Newtonian and Boussinesq fluid. Flow within the molten PCM is incompressible and
laminar. Radiation heat transfer is neglected. The volume change during melting and
solidification processes is disregarded. Also, the motion of solid PCM is neglected during

the phase change. In addition, thermal contact resistances are ignored at the interfaces.

2.3 Governing Equations

Governing equations are given as follows:

Continuity equation for the PCM:

o(pu) , A) _ g 2.1)
Y

where p is the PCM density; uand v are velocities in x and y directions, respectively.

X —momentum for the PCM:

o(pu) | o) o) _ P 0 ouy D du o (22)
or | ox &y  ox oaxoax oyl

y —-momentum for the PCM:

) o) o) P 0 () L (u Dy pgp(T-T, )48, 23)

ot OX oy oy ox  ox oy oy
where p is the PCM viscosity. The enthalpy-porosity approach treats the mushy zone as a

porous medium. The porosity in each element is assumed to be equal to the liquid
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fraction of that element. The momentum sink terms S, and S, due to the reduced

porosity in the mushy zone are defined as [70, 71]:

_ @ty _
Sx_ f|3+8 Amush(u up) (24)
s, =_(1—3 fi)’ A (V—V,) (2.5)
f +e

where f, is the liquid volume fraction and is defined based on the PCM temperature:

fl :0 If T <Tsolidus
fi=1if T > Tiquidus
T-T (20)
fl = _————odee _ jf Tsolidus<T <Tliquidus
Tliquidus_TsoIidus

¢ 1s a small number to prevent division by zero and A, is the mushy zone

constant which measures the amplitude of damping; the higher it is, the steeper is the
material velocity transition to zero when solidifies. Different values of mushy zone
constant ranged from 10° to 10 were reported in previous numerical studies [71-74]. In

the present work, A . is assigned to a value of 2.5x10° which shows the best
consistency with previous experimental works. Also, u, and v, are the pull velocities

which pull solidified material out of domain. But, their effects are neglected in the

present work [70].

Energy equation for the PCM:

23



o(pH) | o(puH) a(avH) _ 0\ oTy 9 aT (2.7)
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where, k is thermal conductivity of the PCM and H is the enthalpy of PCM. Enthalpy is

computed as the sum of sensible enthalpy, h, and the latent heat, AH :

H=h+AH (2.8)
where

T (2.9)
h=h,+ [c,dT

Tref
h,.. is the reference enthalpy, T, is the reference temperature and c, is the specific heat

at constant pressure [70]. The latent heat is written in terms of the latent heat of fusion of
the PCM, h,,:

AH = f/h, (2.10)
The latent heat varies between zero (for solid PCM) and h, (for liquid PCM).

Heat pipes are capable of transferring heat at much higher rate than solid
conductors such as aluminum or copper by taking advantages of liquid and vapor
transition. However, it is difficult to simulate all the physical phenomena inside heat
pipes. Therefore, usually they are considered as a very high thermal conductive element

within an energy storage system in numerical modeling. Legierski et al. [75] reported the
maximum effective thermal conductivity of 30 kW/m.K for a horizontal heat pipe with
water as working fluid. While, the higher values (up to 50 kW/m.K ) are recommended by
Thyrum [76] at different operating conditions. El-Nasr and El-Haggar [77] reported

values up to 100 kW/m.K for different configurations and working temperatures based
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on their experiments. Moreover, Faghri [17] described heat pipe as a device with thermal
conductivity up to 90 times greater than a copper rod with the same size.

As discussed above, majority of the works done so far treated heat pipes as
elements with constant, high thermal conductivity. A very few studies considered heat
pipes as time dependent devices but did not provide any data for time dependent thermal
conductivity. In the present study, heat pipe is modeled as an element with high effective,
constant thermal conductivity K.

The energy equation for the heat pipe is:

oT 0T 07T (2.11)
(pcp)eff 5: keff [6)(_2_'_?]

Also, the energy equation of the fins is:

oT 0T 0% (2.12)
(pC,)q Ez Ky [W"‘ Py 1

2.4 Numerical Method and Validation

The commercial CFD package of ANSYS FLUENT14.0 was employed to solve
the governing equations. ANSYS design modeler was used to create the physical model.
Due to the symmetry of flow and temperature fields relative to y axis, half of the physical
domain was modeled. The structured uniform grid was applied to discretize the
computational domain. The PRESSURE BASED method within FLUENT 14.0 was
utilized to solve PCM momentum equations by applying SIMPLE scheme for velocity-
pressure coupling. Second Order Upwind differencing method was used for the

discretization of convective terms in momentum and energy equations. Also, Standard
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scheme was adopted for pressure interpolation at the cell-faces. The further details about

the numerical methods can be found in reference [78].

In order to improve the convergence stability, the under-relaxation factors of 0.5,
0.3 and 0.9 were considered for the momentum, pressure and liquid fraction, respectively.
Convergence residual values of 10 10® and 10™° were set for continuity, momentum (x
and y velocity) and energy equations, respectively. In each time step, the convergence

criteria were achieved after 1000 to 2000 iterations.

The results of grid and time step independence test are shown in Table 2-3 for the
case with 1 HP. After conducting the test, a uniform grid with 70 elements in x-direction
and 140 elements in y-direction for the given dimensions was found sufficient for all the
computations. For the charging process, time step of 1 s was used in solid PCM state,
while this value was reduced to 0.01 s after the start of phase change. For the discharging
process, time step of 0.01 s was used for the entire simulation. Additional time step
refinement did not enhance the accuracy of the computations. Simulations were carried
out by a computer with 3.4 GHz Intel processors and 8 GB RAM. The average CPU time

of one week was required for the simulation of a complete charging or discharging

process.
Table 2-3 The grid and time-step independence test results
Time step (s) Grid 1 Grid 2 Grid 3
P (NN, (NxN,) (NxN,)
50x100 70x140 100x200
A‘Cl ATQ N N
Charging time (s)
10 0.05 6774 - -
5 0.02 6851 6887 -
1 0.01 6907 6920 6924
1 0.005 6929 6926 6921
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To evaluate the validity of the numerical model, the obtained results from the
present study were compared to those reported by previous experimental and numerical
studies. Figure 2-2 shows the melt front locations at various times of current study,
experimental data by Gau and Viskanta [79], and numerical results by Brent et al. [80]
and Khodadadi and Hosseinizadeh [2]. Very good agreement exists between the results of
current study and previous works. The small difference between the experimental data
and current numerical results may be caused by three-dimensional characteristics of flow
within the liquid PCM as well as the variations in PCM properties. The discrepancy
between the present study and other numerical models is likely due to the difference in
the details of numerical methods and parameters such as mushy zone constant which

strongly affects the results.

Also, the predictions for the melting of sodium nitrate (NaNO3) PCM computed
by present method are compared to the results reported by Sharifi et al. [67]. The
dimensional details of the model and the physical properties of sodium nitrate PCM can
be found in [67]. The histories of PCM liquid fraction are compared to the work of
Sharifi et al. [67] where melting was induced by an isothermal surface and a hot metal
rod, shown in Figure 2-3. They are in good agreement. The source of the minor
discrepancy between the present study and Sharifi’s data is resulted from the difference
of the numerical approaches. Sharifi used a temperature transforming model while this

study uses enthalpy-porosity technique to simulate the phase change process.
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2.5 Results and Discussion

2.5.1 Charging process

2.5.1.1 Natural convection heat transfer

To understand the role of natural convection heat transfer mechanism in the
melting process, the liquid fraction of PCM as well as base wall temperature histories
were studied for the cases with one central heat pipe with or without consideration of
natural convection effects. Figure 2-4a shows the transient behavior of PCM liquid
fraction for the cases studied. As expected, melting process starts at the same time for
both cases. At the early stage, similar liquid fractions are obtained for both cases due to
the fact that there exists only a thin layer of molten PCM and weak natural convection
circulations. However, as the thickness of liquid layer increases the effect of natural
convection becomes significant, resulting in increased heat transfer rate to the PCM and
higher amount of liquid fraction for the case with natural convection. As can be seen,
including the effect of natural convection accelerates the melting process of the PCM;

hence reduces the total charging time by approximately 30 percent.

Figure 2-4b depicts the temporal temperature of base wall which is exposed to the
constant heat flux during the charging process. The wall is initially at 300 K for both
cases. As the charging continues (before the start of PCM melting), both cases result in
exactly the same temperature, since the heat transfer process is only governed by
conduction mechanism. After the start of PCM melting, natural convection reduces the

thermal resistance between the base wall and melt front causing a considerable reduction
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in the base wall temperature in comparison to conduction only case. Similar behavior has

been reported by Shabgard et al. [33].
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Figure 2-4 (a) Liquid fraction, and (b) variation of base wall temperature for the case with 1 HP
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The liquid-solid interface contours at three different times are illustrated in Figure
2-5 for the cases with and without considering the effect of natural convection. For the

case without natural convection, the melting occurs at the proximity of the fins producing

30



sharp edged melt fronts. While, by taking natural convection effect into account, the

liquid-solid interface is flattened and moves faster.

Temperature distribution of the system is shown in Figure 2-6 for the cases with
and without natural convection at three distinct times. At the beginning of the PCM phase
change, similar temperature patterns are observed for both cases due to the weak effect of
natural convection, so that the heat transfer is dominantly controlled by conduction
mechanism. As heating continues and molten PCM region extends, the natural
convection effect is reinforced. The increased natural convection results in more uniform
temperature distribution in molten PCM near the hot walls and reduces the temperature of

base wall, preventing the system from overheating of container material.
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Figure 2-5 Contours of the volume fraction of the PCM at different times
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2.5.1.2 Heat pipe spacing

The variations of PCM liquid volume fraction, as well as the temporal variations
of base wall temperature for different heat pipe spacing are shown in Figures 2-7a and 2-
7b. As can be seen in Figure 2.7b, PCM melting starts earlier in the LHTES with bigger
HP spacing (lower number of HPs). It is due to higher thermal resistance associated with
lower numbers of HPs (bigger HP spacing). The higher thermal resistance, at the same
input heat flux results in higher temperature difference between base wall and PCM and
higher temperature in the PCM close to the base wall since the most of thermal energy is
transferred and stored in the PCM near the wall. For the cases with smaller HP spacing,
lower temperature is obtained adjacent to the wall; and the temperature distribution is
more uniform in the entire PCM because of better heat spread resulted from higher

numbers of HPs (smaller HP spacing). Melting starts later near the wall for smaller HP
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spacing (S=74 and 41 mm), however, it proceeds much faster in comparison to the larger

spacing (S=122 mm).
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As charging continues, these higher melting rates yield higher liquid fractions for
the smaller spacing cases, indicating more uniformed energy storage. Consequently,
decreasing the HP spacing leads to faster charging. Generally, increasing the number of
HPs from 1 to 3 results in around 10% reduction in LHTES system charging time. There
is not much a difference between the LHTES with 3 HPs and 5 HPs; the benefits of

adding more HPs diminish.

Figure 2-7a shows the base wall temperature versus time for different HP spacing.
Due to higher thermal resistance associated with larger HP spacing, higher base wall
temperatures are obtained for these cases during the system charging. In all cases, the
slope of base wall temperature decreases right after the start of PCM phase change,
because the heat storage mechanism changes from sensible heat to latent heat. Also, as
the melting process progresses, more PCM liquid is formed adjacent to the base wall and
HP surfaces and natural convection starts, which enhances the heat transfer from hot
walls to PCM, leading to a slower base wall temperature growth. The slope change in
Figure 2-7a is more profound for the smaller HP spacing and the base wall temperature is
nearly constant at the early stage of salt melting. This behavior can be explained by
noting that using higher numbers of heat pipes provides better heat spread. Consequently,
the input thermal energy is transferred to the PCM away from the base wall via HPs
efficiently. This energy is used to heat and melt PCM instead of accumulating near the

base wall.

In the final stages of charging process, Figures 2-7a and 2-7b, LHTES systems
with smaller HP spacing provide higher PCM liquid fraction and lower base wall

temperature. Therefore, increasing the numbers of HPs results in the enhancement of heat
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transfer to the PCM with lower temperature difference between the base wall and solid
part of the PCM. Also, by comparing the PCM liquid fraction and base wall temperature
histories for different HP spacing, it can be seen that the systems with 3 and 5 HPs (S= 74
and 41 mm) provide higher performance in comparison to the one with 1 HP (S=122
mm). There is not a much difference between the results of 3 HPs and 5 HPs. Thus, the
LHTES assisted by 3 HPs seems to be an optimum spacing configuration for the given
geometry since the manufacturing costs of the system is reduced by employing less
number of heat pipes and the heat storage capacity of the system is increased as more

PCM mass can be added to the system by eliminating those two heat pipes.

2.5.1.3 Effects of fin length

Three different cases were computed to study the effects of fins length on thermal
performance of the LHTES system. Each case contains 3 heat pipes with 10 fins attached
to each heat pipe. Fins lengths are 15, 25 and 35 mm, respectively. Figures 2-8 and 2-9
illustrate the temperature distribution inside the PCM container and the contours of solid-
liquid interface for each case at T = 5600 s. Also, Figure 2-10a displays the liquid fraction
histories of three cases. Base wall temperature for these cases is depicted in Figure 2-10b.
From Figure 2-10a, it can be seen that at T =5600 s, all three cases have approximately
the same amount of PCM liquid fraction. Longer fins provide higher interfacial surface
areas between the fins and the PCM, therefore higher heat transfer from hot walls to
PCM, which results in more uniformed temperature distribution within the PCM and
lower base wall temperatures. The temperature difference between the solid PCM and
heat pipes surface decreases with the increase of fin length due to better heat spread

associated with the longer fins.
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Figure 2-8 Temperature distributions for the cases with 3 HPs (S=74mm) with different fin lengths
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Figure 2-9 Contours of the volume fraction of the PCM for the cases with 3 HPs (S=74mm) with different
fin lengths

Melting starts earlier in the cases with shorter fins, Figure 2-10a, because majority
of the thermal energy is transferred to PCM close to base wall instead of spreading out.
This is due to higher thermal resistance associated with the systems with shorter fins.

This higher thermal resistance also attributes to the higher base wall temperature during



the charging process as shown in Figure 2-10b. Although the cases with longer fins (L=
25 and 35 mm) show higher melting rates after the start of melting, the total charging
time is shorter for the system with shortest fins. This phenomenon can be attributed to the

blockage of molten PCM flow between fins and weakened natural convection related to

longer fins.
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Figure 2-10 (a) Liquid fraction histories and, (b) base wall temperature for the case with 3 HPs (S=74mm)
with different fin lengths
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2.5.1.4 Number of fins

To investigate the influence of fin number on charging process of the LHTES
system, two cases with the same HP spacing of 74 mm (3 HPs) and different numbers of

fins (N= 10 and 20) attached to each heat pipe are studied, shown in Figure 2-11.
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Figure 2-11 (a) Liquid fraction histories and, (b) temporal base wall temperature for the case with 3 HPs
(s=74mm) for different numbers of fins
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The fins have the same length in both cases (Ls = 35 mm) but different thickness
(t=2mm for N=10 and t=1 mm for N=20). Therefore, both LHTES systems contain the

same amount of fin material (Nickel) and PCM.

As the number of fins increases, the interfacial surface area between the fins and
PCM increases, leading to lower thermal resistance of the system. It is evidenced by
delayed start of melting and lower base wall temperature for the case with 20 fins, as
shown in Figures 2-11a and 2-11b. However, higher number of fins restricts the motion
of molten PCM resulting in a strong suppression of natural convection within the molten
salt. As the melting progresses, these two factors offset each other. As a result, the total
charging time and base wall temperature variations at both fin numbers (N= 10 and 20)

are almost the same.

2.5.2 Discharging process

2.5.2.1 Natural convection heat transfer

In this section, the container base wall temperature history and the PCM liquid
fraction were analyzed to find out the impact of natural convection and molten PCM

circulation on the discharging process.

Figure 2-12a displays the PCM liquid fraction history for the LHTES system
assisted by one central heat pipe with and without the inclusion of natural convection. At
the beginning of the discharging process, as all the PCM inside the container is in liquid
phase, liquid fraction is 1 for both cases. By extracting heat from the PCM through the
base wall, PCM solidification is initiated and liquid fraction starts to decrease. As can be
seen, both cases show similar liquid fractions at the initial stage of discharging process.
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As PCM solidification continues, the role of natural convection becomes more significant
and the conduction only (without natural convection) case exhibits a relatively slower
solidification rate. At the final stage of discharging process (liquid fraction less than 0.1),
similar behavior occurs for both cases due to the very weak effect of natural convection

within the remaining thin layer of liquid PCM inside the container.
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Figure 2-12 Impact of natural convection heat transfer on (a) the PCM liquid fraction history, and (b) the
container base wall temperature for the case with 1 HP (S=122mm)
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The container base wall temperature history is illustrated in Figure 2-12b. The
uniform and constant heat flux is extracted from this wall during the discharging process
of the LHTES system, so its thermal response is important. The container base wall is
initially at 613 K in both cases. After the initiation of system discharging process, the
base wall temperature starts to decrease as thermal energy is being released. During the
discharging process, both cases show nearly the same base wall temperature. This is due
to the fact that heat transfer is mainly conduction-dominated and natural convection does
not play an important role in comparison to conduction during the PCM solidification
process.

Figure 2-13 shows the contours of PCM liquid fraction at four different times for

1 HP case with and without inclusion of natural convection effects.
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Figure 2-13 Contours of PCM liquid fraction at different times

For both cases, solidification starts from the proximity of the heat pipe. Then, as

discharging continues, solid PCM layers propagate along the fins until they reach to the
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container side walls at the final stage of discharging. It can be seen that the case without
natural convection has sharper solid-liquid interface with longer and thinner layers of
solid PCM along the fins, while, the other case has thicker and shorter solid layers along
the fins. It is evident that a significant portion of the PCM is in mushy state for the case
with natural convection especially at T = 1200s and T = 1800s. However, there are very

thin layers of mushy PCM at the same times for the case without natural convection.

Temperature distribution of LHTES system assisted by one central heat pipe is

illustrated in Figure 2-14 with and without natural convection taken into account.
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Figure 2-14 Temperature distributions for the case with 1 HP at different times

The general behavior of temperature field is almost the same for both cases.

However, the case without natural convection shows higher temperature in molten PCM



and lower temperature in solid PCM in comparison to the case with the inclusion of

natural convection effects.

Based on the results shown in Figures 2-13 and 2-14, it is evident that natural
convection increases the rate at which liquid PCM sensible heat is transferred to the melt

front. This is in a good agreement with the results reported by Larson and Sparrow [81].

2.5.2.2 Heat pipe spacing

Three different cases with HP spacing of 122 mm (1 HP), 74 mm (3 HPs) and 41
mm (5 HPs) were studied to understand the effects of HP spacing on the thermal response
of the LHTES unit. Figures 2-15a shows the PCM liquid fraction history for different HP
spacing during the discharging process. At the beginning of discharging process, the
entire PCM is molten. Right after the start of discharging, the cases with 3 and 5 heat
pipes show remarkably faster solidification rates in comparison to the case with 1 heat
pipe, due to lower thermal resistance between melt front and container base wall which is
resulted from higher numbers of heat pipe in cases with 3 and 5 heat pipes. Because of
this lower thermal resistance, the discharging process takes only about 1700 s for the case
with smallest HP spacing (5HPs), while it is around 2150 s and 4200 s for the units with
3 and 1 HP(s), respectively.

In general, increasing the number of heat pipes from 1 to 3 leads to a significant
increase in solidification rate which decreases the total discharging time to almost half.
However, there is not such a difference between solidification rates associated with the
cases of 3 and 5 HPs. Hence, the benefits of utilizing higher number of HPs diminish. It
should also be noticed that the case with 5 HPs contains 10% less volume of the PCM

than the case with 3 HPs. Therefore, the small difference between the total solidification
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times associated with these two cases could be largely due to the difference in the volume

of the PCM.
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Figure 2-15 Effect of HP spacing on (a) liquid fraction history and, (b) container base wall temperature

Temporal variations of container base wall temperature for LHTES systems with
different HP spacing are displayed in Figure 2-15b. The base wall temperature for the
case with 1 HP starts to decrease right after discharging initiation. However, it remains

almost constant and close to the PCM melting point for a short period (almost 200 s) for
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the cases with 3 and 5 HPs. Employing higher numbers of heat pipe enables these cases
(3 and 5 HPs) to use the sensible heat of superheated PCM to provide thermal energy.

Although the discharging process for the case with 1 HP is longer than other two
cases, the base wall temperature is considerably lower in this case comparing to that of
other cases. The desired LHTES unit should be able to provide high temperature at heat
rejection section by extracting highest amount of stored latent heat in the molten PCM.

PCM liquid fraction contours for different heat pipe spacing are depicted in
Figure 2-16. After initiation of the discharging process, solid layers of PCM are formed at
the proximity of base wall, heat pipes and fins. For the case with one central heat pipe,
after 600 s, thick layers of solid PCM are formed near the base wall and heat pipe, while
the rest of PCM is still in liquid phase. At the same time, other cases (3 and 5 HPs) have
thinner layers of solid PCM but almost all the rest of the PCM is in mushy state. This is
evident by the temperature distributions of different cases shown in Figure 2-17.

As time proceeds, the cases with smaller HP spacing show faster growth of solid
layers, as it can be seen in Figure 2-15a. After 1200 s, only 7% of PCM is still liquid in
the system with 5 HPs. This amount is almost 15% for 3 HPs case, while at the same time
it is 42% for the LHTES system assisted by 1 HP which has the largest HP spacing. At t
= 1800 s, all the liquid PCM latent heat is extracted and the entire PCM is in solid phase
for the case with 5 HPs. However, decreasing the number of HPs to 3 (increasing the HP
spacing) makes the solidification rate slower which is evident by the remaining liquid
PCM on upper part of the container. Employing 1 heat pipe makes the PCM solidification

process to happen much slower. Almost 20% of the PCM in the system (located close to
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the top and side walls of the container) is still liquid which means not the all available

latent heat thermal energy is released from the storage unit.
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Figure 2-16 Contours of PCM liquid fraction for different heat pipe spacing

Figure 2-17 show the temperature distribution within the LHTES system with
different heat pipe spacing at three different times during the discharging process.
Decreasing the heat pipe spacing (increasing the number of HPs) results in more uniform
temperature distribution, especially at the earlier stages of discharging process. A
considerable temperature gradient is observed between the PCM near the base wall and
the central HP and the PCM located away from them for 1 HP case at T = 600 s. At the
same time, increasing the number of HP leads to more uniform temperature distributions
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for two other cases with smaller HP spacing. As discharging process progresses, this
temperature gradient becomes more significant for 1 HP case, while other cases with
smaller HP spacing show relatively uniform temperature distributions for the most of

PCM within the container.
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Figure 2-17 Temperature distribution of LHTES systems with different heat pipe spacing

2.5.2.3 Fin geometry

The effects of fin length on thermal response of the LHTES system assisted by 3
HPs are shown in Figure 2-18. Ten fins are attached to each heat pipe. The lengths of 15,

25 and 35 mm are considered to investigate the effect of fin length. The PCM liquid
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fraction history for different fin lengths is shown in Figure 2-18a. Figure 2-18b depicts

the container base wall temperature for all three cases.
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Figure 2-18 Effects of fin length on (a) liquid fraction and, (b) container base wall temperature
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Longer fins provides larger interfacial surface areas between fins and the PCM,
which results in higher heat transfer from the PCM to the fins and then to the heat pipes
during the early to middle stage of the discharging process. This higher heat transfer rate
promotes faster solidification for the cases with longer fins, especially during the middle
stage of discharging process. However, the total discharging time is not profoundly
affected by fin length. All three cases show roughly similar total discharging time, as it is
restrained by the heat flux through the base wall, which are the same for all cases
(boundary condition) and the total energy stored. The total solidification time can be

approximated by the ratio of the energy stored and the rate of the heat transfer extracted.

For all three cases considered, the heat extraction rates are chosen to be the same.
The fin length affects the instantaneous rates of the heat transfer and the uniformity of the
PCM temperature, but not the total discharging time as long as the PCM volumes are
same. Since the case with longer fin of 35 mm has 5% less volume than the case with 15
mm fin, as expected, the total discharging time is reduced with the increase of the fin
length. Also, increasing fin length yields more uniform latent heat extraction from the
PCM. Therefore, higher base wall temperatures are obtained as fin length increases,

shown in Figure 2-18b.

Figure 2-19 illustrates the PCM liquid fraction contours for different fin lengths
during the discharging process of the LHTES system with 3 HPs. Divergent solid-liquid
interface patterns are observed. From Figure 2-18a, it can be seen that all three cases have
almost the same amount of PCM liquid fraction at the early stage of discharging.
However, the formed solid layers around the fins are thicker for the cases with shorter

fins. The solidification rate of short fin cases are lower than that of long fin cases, which
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is evident by comparing the PCM liquid fraction contours at T = 1800 s, Figure 2-19.
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Figure 2-19 Contours of PCM liquid fraction for different fin lengths at various times

The evolution of temperature distributions within the LHTES system for different
fin lengths is depicted in Figure 2-20. For all cases, LHTES system consists of three heat
pipes with 10 fins attached to each heat pipe. Increasing the fin length brings down the
temperature difference between solid and molten PCM. For the case with fin length of 15
mm, there is a 100 K temperature difference between the solid layers of PCM close to the

heat pipes and the liqguid PCM away from them at the final stage of solidification.
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However, the whole system except the upper parts shows almost the same temperature

for the case with fin length of 35 mm.
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Figure 2-20 Temperature distribution of LHTES systems assisted by 3 HPs with different fin lengths

2.5.2.4 Number of fins

Figure 2-21 shows the effects of fin number on the thermal response of the
storage system during the discharging process. For all the cases, system consists of 3 HPs
with different number of fins (N= 10 and 20) attached. Fin thickness for the cases with N

= 20 is Imm, and fin thickness is 2 mm for cases with N; = 10. The configurations are
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selected to ensure that all cases contain the same amount of PCM and Nickel (fin

material), hence the same amount of stored energy.
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Figure 2-21 (a) The PCM liquid fraction history and, (b) container base wall temperature for cases with
3HPs and different fin numbers and lengths

For charging process, it was shown that increasing the number of fins does not

affect the thermal response of the system during the charging process. Natural convection
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was shown to have a great effect on PCM melting. Although increasing the number of the
fins augments the interfacial surface area, it suppresses the natural convection within the
molten PCM. Therefore, these two effects offset each other during the PCM melting
process. In current study, it was shown that the natural convection does not play an
important role in the thermal behavior of the LHTES system during the discharging
process. But, increasing the number of the fins does help to enhance heat transfer. As the
result, the PCM solidification rate and the container base wall temperature increase with
the increase of the number of fins. As can be seen in Figure 2-21, both fin quantity and
fin length help to accelerate the solidification process. At the early stage, longer fins help
to transfer the heat faster and more uniformly from molten salt to heat engine via the heat
pipes. As the results, less molten salt is available at the final stage of the discharging
process for fins and heat pipes to extract the latent heat. Therefore, solidification rate for

the longer fins decreases significantly.
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CHAPTER 3

NUMERICAL ANALYSIS OF A HIGH
TEMPERATURE LHTES SYSTEM ASSISTED BY FINNED
HEAT PIPES USING THREE-DIMENSIONAL
NUMERICAL MODEL

For the most part of the results presented in this chapter were published in Tiari and Qiu (2015) Three-
dimensional simulation of high temperature latent heat thermal energy storage system assisted by finned

heat pipes. Energy Conversion and Management.105 (2015) 260-71 [82].

3.1 Introduction

A desirable feature of concentrated solar power (CSP) with integrated thermal
energy storage (TES) unit is to provide electricity in a dispatchable manner during cloud
transient and non-daylight hours. Latent heat thermal energy storage (LHTES) offers
many advantages relative to sensible heat thermal energy storage (SHTES), which is the
current standard for trough and tower CSP systems. These advantages include: (1) latent
heat thermal energy storage provides two to five times the energy density of sensible heat
thermal energy storage in molten salt, (2) the salt is contained in a single hermetically
sealed containment vessel that avoids hot salt pumps, transport lines and heat tracing, (3)
eutectic or pure salt options can support a wide range of operating temperatures up to
1300 °C, and (4) nearly all of the LHTES heat delivered to the power conversion system

is very close to the salt melting temperature.
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In addition to CSP applications, LHTES have been used in a wide range of other
applications such as electronic cooling [45, 46], building heating, air conditioning, hot
water [48, 49, 52, 83, 84], refrigeration [85, 86], waste heat recovery and drying
equipment [54, 87]. Despite the advantages mentioned above, LHTES systems
performance is often limited by low thermal conductivity of commonly used, low cost
phase change materials (PCMs). Several heat transfer enhancement methods have been
developed to fix this drawback of the LHTES systems, such as using multiple PCMs [88-
90], employing extended surfaces and fins [91-93], embedding the PCM in a matrix made
of high conductivity material such as graphite, metal foam or foil [58, 59, 94, 95], as well
as dispersing high thermal conductivity particles in the PCM [2, 6, 96]. A comprehensive
review of the above mentioned enhancement methods was presented by Fan and

Khodadadi [15].

Research and development of passive heat transfer devices, such as heat pipes
(HPs) to enhance the heat transfer in the PCM has received considerable attention [18,
23, 24, 97, 98]. Due to its high effective thermal conductivity, heat pipe can transport

large amounts of heat with relatively small temperature difference.

Numerous experimental and numerical investigations have been performed on the
melting and solidification of PCM in LHTES systems to evaluate the effects of different
parameters on the performance of these systems. Computational fluid dynamics (CFD) is
an effective numerical modeling tool that has been used to design and analyze LHTES
systems [99]. Majority of the computational studies reported so far have used two-
dimensional models and very few of them considered three-dimensional effects on the

flow and temperature fields.
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In a numerical and experimental study, Ben-David et al. [100] investigated the
melting of gallium (T,=30 °C) in a rectangular container. They used both two-
dimensional and three-dimensional models in their numerical modeling and compared the
results with their experimental data. It was shown that the results of three-dimensional
numerical model are in better agreement with experimental data because the intense
effect of container boundaries on the phase change process is considered in the three-
dimensional model. In another combined experimental and numerical study, Hosseini et
al. [101] analyzed the melting of a low melting temperature PCM (paraffin RT500,
Tm=50 °C) in a shell and tube heat exchanger. They conducted experiments along with
three-dimensional computational modeling to investigate the effects of heat transfer fluid
(HTF) inlet temperature on the charging process.

Costa et al. [102] numerically studied the melting of n-octadecane (T,=27.5 °C)
inside a horizontal cylinder using both two-dimensional and three-dimensional models.
The effects of three-dimensional behavior on the flow patterns, mass melt fraction and
heat transfer on the cylinder surface were studied. The results from their three-
dimensional model were compared to that of two-dimensional model. Tay et al. [103]
developed and validated a three-dimensional numerical model with experiment data for a
cylindrical thermal energy storage unit, where water was used as the PCM. They
neglected the influence of natural convection during the melting and solidification
processes in their modeling and discovered different thermal behavior of the PCM in
comparison to the experimental results. A three-dimensional transient simulation was
performed by Zukowski [49] to analyze the thermal performance of encapsulated paraffin

wax within a ventilation duct. The effects of geometrical parameters on the storage unit
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performance as well as 24 hours operation of the system were studied. Kandasamy et al.
[104] investigated a PCM-based heat sink using three-dimensional computational model
and experimental testing. It was shown that implementing paraffin as a PCM in the heat
sink cavities enhances cooling performance in comparison to the case without PCM.

Wang and Yang [46] studied the charging and discharging modes of a hybrid
PCM based multi-fin heat sink using a transient three-dimensional numerical model.
They analyzed the effects of fin numbers, system orientation and heating power on the
heat transfer performance of the system with n-eicosane (T;=35-37 °C) as the PCM. In
another work using the same PCM, Yang and Wang [45] carried out a transient three-
dimensional numerical analysis of a PCM based heat sink for electronic cooling.
Hydrodynamics and thermal characteristics of the system were studied at different input
power levels and various orientations. Charging and discharging processes of the system
were modeled numerically.

In conclusion, most of these three-dimensional studies were concentrated on the
utilization of low melting temperature PCMs. In one of scarce three-dimensional
numerical simulations of high melting temperature PCM, Zhao et al. [14] analyzed a
LHTES system with graphite foam as the thermal conductivity enhancement material and
magnesium chloride (MgCl,, T= 714 °C) as the PCM. They neglected the effects of
natural convection on the molten PCM during the phase change. The results revealed that
graphite foam remarkably improved the performance of LHTES system. Nithyanandam
and Pitchumani [39], using a transient three-dimensional model, simulated a shell and

tube LHTES with heat pipes. In their analysis potassium nitrate (KNO3; T,=335 °C) was
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used as the PCM. They analyzed the effects of different parameters on the storage system

effectiveness during the charging and discharging process.

In this chapter, the startup process of a high temperature LHTES unit with PCM
enclosed by a cylindrical container was investigated using a three-dimensional numerical
model. The system was charged by applying a constant and uniform heat flux to the base
wall of the cylindrical container, whereas the whole system was at room temperature
initially. In LHTES systems with high melting temperature PCM, the charging process
from room temperature may lead to large temperature gradient and local overheating,
especially in the areas where high heat flux is exposed. A set of heat pipes with annular
fins attached were embedded in the PCM to improve the heat transfer and to prevent the
system from overheating. Since the stored thermal energy is extracted from the PCM,
overheating is not a concern during the discharging process. The effects of heat pipe
quantities, HP network configuration and natural convection in molten PCM on the
charging process of a high temperature LHTES system were investigated numerically in

this study. The charging process was assumed to start from room temperature.

3.2 Physical model

Three different configurations of heat pipes within a cylindrical PCM container
were investigated in this study. The physical geometries of these different cases are
illustrated in Figure 3-1. The system is charged by applying a constant and uniform heat
flux to the heat pipe evaporator, which covers the bottom surface of the cylindrical

container.
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Figure 3-1 Schematics of thermal energy storage unit and cross sections of different cases studied

The diameter and length of cylindrical container are D=102 mm and L=100 mm,
respectively. The thickness of the heat pipe evaporator is t =10 mm. The length and
diameter of the heat pipe condenser are Ly, = 90 mm and dnp,=3 mm. Ten annular nickel
fins with thickness of t;=1 mm are attached to the condenser section of each heat pipe in
order to achieve better thermal spreading inside the PCM. Fin length and spacing are

Ls=8 mm and S;=8 mm, respectively. The geometric dimensions of different LHTES

VALY VNN
N\ N Y VNN NN N

cases are listed in Table 3-1.

Table 3-1 The dimensions of different LHTES cases studied

\

case 1

22

case 2

PCM

/ Fin

Heat pipe

Number of HPs Spacing (S), Number of fins Fin length (Ly),
Model
(Nhp) mm (Ny) mm
Case 1 5 31 10 8
Case 2 9 17.4 10 8
Case 3 9 31 10 8
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The system is at initial temperature of 300 K and the charging process starts at
T = 0s by imposing a constant and uniform heat flux of g = 20 I:H—V;’ to the heat pipe

evaporator section (bottom surface). All other walls are kept adiabatic during charging
process. PCM is a eutectic blend of sodium nitrate (NaNO3) and potassium nitrate
(KNO3) in 60:40 percent molar ratio (mol%) with melting temperature of 220°C [105,
106]. The thermophysical properties of PCM and other components of LHTES system
are listed in Table 3-2. Since the thermal expansion coefficient of current eutectic blend
could not be found in the literature, thermal expansion coefficient value of sodium

chloride (NaCl) is used instead.

Table 3-2 Thermophysical properties of the LHTES system components

Properties PCM (NaNO3z-KNQO3) Fins Heat pipe [40]
[105] (Nickel)

Melting point, T, (K) 493 -

Latent heat of fusion, hy ( k] /kg) 108.67 - -

Density, p (kg/m?) 1750 8900 8978

Specific heat, ¢, (J/kg. K) 1425 460.6 381

Thermal conductivity, k (W/m. K) 0.8 91.74 3.8x10"

Liquid viscosity, u (Pa.s) 2.59x107° - -

Thermal expansion coefficient, 8 (1/K) 2x10™

Following assumptions are made in the numerical modeling. The PCM properties
are constant and equal for both solid and liquid phases. The molten PCM is Newtonian
fluid. Flow within the molten PCM is incompressible and laminar. Bossinesq

approximation is adopted to count for the PCM density change with temperature:
P = Pref [1_ﬂ(T _Tref )] (31)
where p and p,., are PCM density and reference density, T and T,.r are PCM

temperature and reference temperature, and £ is the PCM thermal expansion coefficient.
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The motion of solid PCM is neglected during the phase change. The effect of
radiation heat transfer is negligible. The effects of thermal contact resistance are ignored

at all interfaces.

3.3 Governing equations

Due to the configurations of embedded heat pipes in the PCM shown in Figure 3-
1, the problem is not symmetric with respect to azimuthal direction. Thus, three-
dimensional computational model is adopted. The three-dimensional form of governing
equations for the PCM, heat pipes and fins can be written as follow:
The governing equations for PCM are:
Continuity:

op 10 10 0
+——(porv,)+—— +— =0
87 rar p r) rae(pV&) 6Z(pVZ)

(3.2)

where, pis PCM density andv,, v, and v,are velocities in r, 6 and z directions,

respectively.

Momentum:
r -direction:
Qe py Ne Vo K Vo Ny 0P
'087 "or ro6 r oz r rar or (3.3)
v, 10%, 2oy, av '
St ot 1tS
r r-o6° r 66? 0z
0 -direction:
N, V, N, VvV, oV, 106P 10, ov,
—£ L+ Ly +v, —8)=—="—+u[-—(r—%¢
A "or r 06 r Zaz) r oo #[rar( ar)
N LN 2 By (3.4)
r2  r? 06? r28 oz° ¢
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Z -direction:

N, v,V ov oP
Ly, L+ —L4y —E)=——+ T-T
or "or r 00 Zaz) 0z POBT ~Tr)
. [lg(ravz +i<32vZ +62vZ
Moy o/ v 002 T o

A
(3.5)

1+S,

where, u is PCM dynamic viscosity. The enthalpy-porosity technique is used to model
the PCM phase change process. In this technique, the mushy region is considered as a
porous medium with porosity in each cell equal to the liquid fraction of that cell. S, S,

and S, on the right hand sides of Equations (3.3)-(3.5) are momentum sink terms which

are defined as [70, 71]:

YRY 3.6
Sr - (1 3 fl) Amush Ve ( )
fo+e
— )2 3.7
SH __(:LaiAmush 0 ( )
fo+e¢
_ )2 3.8
Sz - (l 3 fl) Amush z ( )
fo+e

where, f, in Equations (3.6)-(3.8) is the liquid volume fraction and is determined from

the PCM temperature as follow:

fi=0 0F T <Ty i
fl :1 |f T >T|iquidu5 (39)
fI =m if Tootiaus < T <Tquuidus

Tliquidus_-l—soliduS

A« 1S the mushy zone constant which accounts for mushy zone morphology by

measuring the amplitude of damping. Higher values of mushy zone constant are related

to the steeper transition of the velocity of the molten salt to zero when it solidifies.
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Different values of mushy zone constant (10° to 10*°) have been used in previous
numerical studies with enthalpy-porosity technique to simulate the melting and
solidification processes [40, 71-73, 107]. Voller and Prakash [71] studied the effect of
mushy zone constant during solidification. It was found that increasing the mushy zone
constant from 1.6x10° to 160x10° leads to flow reduction in the mushy zone. Tiari et al.
[40] conducted a study to select the optimal mushy zone constant and found that
modeling with mushy zone constant of 2.5x10° has the best match with pervious
experimental results. Solomon et al. [108] used 5x10’ as the mushy zone parameter to
simulate the melting process of sodium nitrate (NaNO3) within a cylindrical capsule
using a two-dimensional model. Shmueli et al. [73] investigated the effect of mushy zone
constant on the melting process of paraffin using a two-dimensional numerical model.
Based on their results, the numerical model with mushy zone constant of 10° has the
closest behavior to the experiments. Ben-David et al. [100] found that by using the mushy
zone constant of 10, their three-dimensional numerical model provides the most
accurate predictions comparing to the experimental data for the melting of gallium. In the
present study, it was found that mushy zone constant of 10'° provides the best agreement
with reported experimental and numerical results. Also, ¢ is a small number used to
prevent division by zero.

Energy equation:

8 10 10 0 10 oT
S (o) (prviH)+- o (prv, H) +— (puH) =~ (kr—
~(pH) =S (v H) - (T, H) + = (puH) =~ (ko)

1 8 (3.10)
26‘9( —) E( —)

In Equation (3.10), k is the PCM thermal conductivity and H is the enthalpy of

the PCM, obtained by adding the sensible enthalpy, h, to the latent heat, AH :
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H =h+AH (3.11)

Sensible enthalpy can be determined from the following expression:

-
h=h+ [c,dT

Tref (312)
where, h,; is the reference enthalpy, T, is the reference temperature and c, is the

specific heat at constant pressure [70]. Also, the latent heat content in Equation (3.11) can

be expressed in terms of PCM latent heat of fusion, h,, :

AH =fh

[ | (313)
Based on the definition of liquid fraction mentioned in Equation (3.9), the latent

heat content in Equation (3.11) varies from zero when PCM is solid, to h,, when it is

completely molten.

Heat pipe is a passive heat transfer device, which can transport thermal energy at
much higher rate than typical conductors. It works by taking the advantages of liquid-
vapor phase change of its working fluid. Simulation of detailed hydrodynamics and
thermal phenomena inside the heat pipe is complicated. This study is to focus on the
phase change of the PCM and the heat pipe modeling is simplified.

Heat pipes were often treated as devices with very high and constant thermal
conductivity in majority of studies carried out so far and only a few of them modeled HPs
using time dependent thermal conductivity. Different values of HP thermal conductivity

have been reported for various configurations, working fluids and operation conditions.
KW KW
The reported values are mostly ranged from 30 — o 100 — [17, 75-77]. In the present

study, heat pipe is considered as an element with high effective thermal conductivity K.
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The energy equation for heat pipe is:

k 3.14
hpa(_) hpa Ty 20 (3.14)

- )aT Kl
P A r ar r2 00°00° ™oz ez

For fins energy equation is written as:

o1 _ ki ki 0 oT o T (3.15)
(pcp)fE_TE( —) r_ﬁ(ée) 5(5)

3.4 Numerical method and validation

The governing equations were solved numerically using commercial CFD
package of ANSYS FLUENT14.0. The geometry was created by ANSYS Design
Modeler. Only quarter of the thermal storage unit was modeled due to two axes of
symmetry. The PRESSURE BASED solver within FLUENT 14.0 is employed to solve
the governing equations. The pressure and velocity fields were coupled using SIMPLE
algorithm. The convective terms in the momentum and energy equations were discretized
by applying second-order upwind differencing scheme. Also, pressure interpolation at the
cell-faces was done by standard scheme.

Momentum, pressure and liquid fraction were under-relaxed by factors of 0.5, 0.3
and 0.9, respectively, to obtain stable convergence. Convergence residual values of 10,
10 and 10° were set for continuity, momentum (r, ® and z velocity) and energy
equations, respectively. In each time step, the convergence was achieved after 500
iterations.

Three different sets of grids (coarse, medium and fine) with 20000, 35000 and
50000 elements were used to conduct the grid independence test. After comparing the

deviations in base wall temperature and PCM volumetric liquid fraction, medium grid
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was found sufficient for the computations. The results of grid independence test are

shown in Figure 3-2.
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Figure 3-2 The grid independence test results for numerical solution

Liquid fraction

For the current model, time step of 1 s was used as long as the PCM was in solid

state and it was reduced to 0.001 s after the start of PCM melting. As indicated by time
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step independence test results, additional time step reduction did not affect the accuracy
of the computations. The average CPU time of two weeks was required for a typical

simulation of a complete charging process.

To evaluate the validity of the numerical model, the obtained results from the
present three-dimensional numerical simulation were compared to the results from
experimental and two-dimensional numerical study reported by Jones et al. [109] for
three different cases. They studied the melting of subcooled PCM in a cylindrical
container with different wall temperatures. The details of the model dimensions, the
physical properties of PCM and initial and boundary conditions can be found in reference
[109]. Figure 3-3 shows the volumetric liquid fraction of PCM versus dimensionless time
(Ste.Fo), for different Stefan numbers predicted using current model and those obtained

experimentally and numerically by Jones et al. [109].

Stefan and Fourier numbers are defined as follow:

c -T
Ste, =M . Fo

sl

_at (3.16)
"R

Very good agreement exists between the results of current study and previous
work. The minor difference between Jones et al.’s [109] experimental data and current
numerical results could be caused by the variation in PCM thermophysical properties
with temperature during the experiment, while they are considered constant in the current
modeling like the most of numerical modeling do. The PCM properties vary with
temperature in Jones’ experiment. The discrepancy between the present study and Jones’
numerical model can be attributed to the three-dimensional characteristics of flow within

the liquid PCM which was neglected in Jones’ model.
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Figure 3-3 Comparisons of liquid fraction between experimental and numerical results of Jones et al. [109]
and current study
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3.5 Results and discussion

3.5.1 Effects of flow in molten PCM

To analyze the influence of natural convection heat transfer and molten PCM
motion on thermal performance of the thermal storage system during melting, charging
process of case 1 (shown in Figure 3-1) is studied with and without considering the
natural convection. The temporal PCM liquid fraction and container base wall
temperature with and without inclusion of natural convection effects for case 1 are
presented in Figures 3-4a and 3-4b. Both systems are initially at 300 K and the charging
process starts by applying a constant and uniform heat flux to the base wall of the
cylindrical containers at =0 s. Conduction is the sole heat transfer mechanism in both
cases before the initiation of salt phase change which happens around t=2400 s for both
cases. After the start of melting, due to weak effect of natural convection in the thin layer
of liquid PCM, heat transfer is still conduction-dominated. Therefore, both systems show
a similar behavior. It is evident by the container base wall temperature in Figure 3-4b,
especially when PCM liquid fraction is less than 0.1. Similar results were reported by
Shabgard et al. [33] and Tiari et al. [40] using a two-dimensional model.

As time proceeds and the melt layer propagates, the influence of molten PCM
circulation and natural convection become more overwhelming, result in the decrease of
thermal resistance between heated surfaces and PCM solid-liquid interface, hence the
lower base wall temperature in the case with natural convection, shown in Figure 3-4b.
By comparing PCM liquid fraction history of both cases, depicted in Figure 3-4a, it is
noted that including the effects of molten PCM flow and natural convection results in
remarkable increase in heat transfer and much higher PCM melting rate. This makes the
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charging process almost 30% faster. Similar observation was reported by Tiari et al. [40].
They studied the effects of natural convection on the melting process of potassium nitrate

PCM enclosed by a square cavity using a two-dimensional model.
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Figure 3-4 The effects of natural convection on (a) liquid fraction, and (b) base wall temperature for case 1

Based on the temporal thermal response of the system shown in Figures 3-4a and

3-4b, it can be concluded that including the effects of natural convection leads to higher
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melting rate as well as lower container base wall temperature. The faster charging
process reduces the amount of heat loss in real thermal energy storage systems. Keeping
the container base wall temperature low can prevent system from overheating and
material failure.

The temperature distributions for the case 1 with or without including the
influence of natural convection during the phase change process are depicted in Figures
3-5a and 3-5b at two different elevations (L=4 cm and L=8 cm) and different times. At
the early stage of melting, when conduction is the dominant heat transfer mechanism,
similar temperature distributions can be seen at both elevations in either case. As
charging progresses and liquid PCM layer becomes thicker, natural convection starts to
act to reduce the thermal resistance between the wall and molten salt. Thermal energy
spreads out and more uniform temperature distribution occurs. However, in the case
without including the natural convection, higher thermal resistance causes the
concentration of thermal energy within the PCM in the vicinity of heat pipes.

It can be seen at t=3100 s, natural convection effects are stronger in lower
elevation (L=4 cm) close to heated base wall surface, as expected, and relatively more
uniform temperature field is observed in comparison to that at higher elevation (L=8 cm).
This is due to the presence of higher amount of molten PCM at lower elevation, close to
heated base wall, shown in Figures 3-6a and 3-6b.

As heating continues and melt zone gets bigger, the role of natural convection
becomes even stronger. At 1= 3400 s for the case with natural convection, there is
apparently a small temperature gradient at L= 8 cm, whereas almost no temperature

gradient exists at L= 4 cm. At the same time, higher temperature in the PCM close to the
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heat pipes is observed for conduction only case, due to accumulation of thermal energy at
the proximity of heat pipes and fins. Considerable temperature gradients at both
elevations are resulted from the accumulation of thermal energy at the proximity of heat
pipes and fins. By comparing the three-dimensional modeling results with the data from
two-dimensional modeling presented in Chapter 2, it can be seen that both models show

almost similar thermal behavior at different stages of melting.
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Figure 3-5 PCM temperature distributions for case 1; (a) at L=4 cm and (b) at L=8 cm

Figures 3-6a and 3-6b present the progress of PCM solid-liquid interface during

the charging process at two different elevations for case 1 with or without the effects of
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natural convection. Blue contour represents the solid PCM while the red contour
represents the molten PCM. Other colors (mostly green and yellow) are the
representatives of mushy layer, which is formed between liquid and solid PCM. As
expected, at early stage when conduction dominated melting prevails, pretty similar

melting patterns are observed at different elevations in both cases.
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Figure 3-6 PCM liquid fraction for case 1; (a) at L=4 cmand (b) at L=8 cm

By continuing the charging process, natural convection starts at lower elevation,

forming notable wider melt and mushy zones in comparison to the conduction only case

73



(==3100 s). At the same time, cross-section areas at higher elevation (L=8 cm) show
similar melting profiles in both cases due to weak effects of natural convection.

At 1=3400 s, natural convection effects become more profound and the difference
in melting contours of two cases gets bigger. This is evident in cross section areas at L=4
and 8 cm. As shown in Figure 3-6a, all PCM turned to liquid over the cross section area
at L=4 cm, while PCM is still partially in solid state at L=8 cm (shown in Figure 3-6b).

It can be concluded that natural convection plays a crucial role in PCM melting
process and the inclusion of its effects is necessary to have a realistic prediction of a

latent heat thermal storage system performance during the charging process.

3.5.2 Effects of different heat pipe configurations

Figures 3-7a and 3-7b describe the history of PCM liquid fraction and container
base wall temperature of three cases. As shown in Figure 3-7a, phase change of PCM
starts earlier in case 1 (t=2400 s) comparing to that of case 2 and case 3 where melting
starts at about t=2600 s. This is due to the higher thermal resistance associated with
lower quantity of heat pipes in case 1. Since all cases have the same input heat, higher
thermal resistance in case 1 leads to the concentration of thermal energy in the PCM
close to heat pipes and fin surface, which results in earlier melting of the PCM near
heating surfaces. Case 2 and 3 have the same number of heat pipes (Nn,=9), and hence
the similar thermal resistance between the heating surface (base wall and heat pipe
surface) and PCM. PCM phase change starts at about the same time (t=2600 s) in cases

2 and 3, Figure 3-7a.

74



09 +
0.8 +
07 +
c
S 06 +
& F
s 05+
S 04+
i=)
-1 03+
02 +
0.1 +
0:"4"."':"':"
2200 2600 3000 3400 3800
Time (s)
(a)
7/
— ”
500 4+ — - =Casel P
. - Case 2 7
X [ ee--- Case 3 /
e I 7
450 + .
2 N
£ 400 { A
2 N/
@ 350 +  /
[ 4
300 F————— ey
0 600 1200 1800 2400 3000 3600
Time (s)
(b)
Figure 3-7 The effects of different heat pipe configurations on (a) liquid fraction, and (b) base wall
temperature

The base wall temperatures for both cases also behave similarly, shown in Figure
3-7b. With the continuation of charging, the cases with higher quantity of heat pipes
(lower thermal resistance) present higher PCM melting rates. Their PCM liquid fractions

surpass that of case 1. Case 2 and 3 have the same number of HPs, but positioned
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differently. The optimal placement of heat pipes in case 3 results in higher rate of melting
and the total charging process takes around 3600 s. However, the total charging time for
case 1 is around 3800 s and it takes 3700 s for case 2.

The history of container base wall temperature is depicted in Figure 3-7b. Case 1
persistently shows higher base wall temperature than that of other cases, due to higher
thermal resistance associated with less number of heat pipes employed in case 1. After
the start of salt melting, a dramatic slope drop happens in base wall temperature for all
cases, as the dominant heat storage mechanism switches from sensible heat to latent heat
when phase change starts.

Figure 3-8 shows the time evolution of PCM liquid fraction for three cases at
different elevations. At early stage of melting (t=2800 s), a layer of molten PCM has
been formed close to the base wall in case 1, whereas two other cases still contain mushy
zones at the same elevation.

As the charging continues, part of PCM located between heat pipes and close to
the container wall in case 1 and case 2 remain solid because heat pipes are far apart.
However, in case 3, though the number of heat pipes is the same as in case 2, but heat
pipes are better configured so that the maximum distance between heat pipes are
minimized. The heat is spread out more uniformly and less solid PCM remains in case 3.
As charging process proceeds, more PCM phase changes to liquid. As can be seen in the
last column in Figure 8, for t=3400 s, the PCM is entirely melted at first three cross

section areas for case 3, while other cases still contain solid PCM.
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Figure 3-8 The counters of PCM liquid fraction for different cases at different axial positions

Temperature distributions within the PCM container are depicted in Figure 3-9 for
all three cases at different elevations. The heat pipe configuration of case 3 provides the
most uniform PCMs temperature distribution during the charging process, for the reasons

discussed above.

77



435 440 445 450 455 460 465 470 475 480 485 490 495 500 505 510 515

Temperature (K)

Figure 3-9 Temperature distribution for different cases at different elevation

78



CHAPTER 4

EXPERIMENTAL STUDY OF A LATENT HEAT
THERMAL ENERGY STORAGE SYSTEM ENHANCED
BY HEAT PIPE NETWORK

4.1 Introduction

In this chapter, thermal performance of a LHTES system assisted by heat pipes is
studied experimentally. The main components of the test rig, shown in Figure 4-2, are the
cylindrical container filled with the PCM and embedded primary and secondary heat
pipes, water tank and a pump to circulate hot or cold heat transfer fluid (HTF), the flow

and temperature measurement devices and data acquisition system.

4.2  Experimental setup

4.2.1 Phase change material

RUBITHERM RT55 is chosen as the phase change material for this experiment
due to its relatively low cost, lab safe melting temperature, stable thermophysical
properties during experiment testing and relatively high latent heat of fusion. The

thermophysical properties of RUBITHERM RT55 are listed in Table 4-1.

Table 4-1 Thermophysical properties of RUBITHERM RT55 [110]

Melting area, T, (°C) 51-57

Latent heat of fusion, hy ( kJ/kg) 172 +7.5%
Density, p (kg/m3) 880 (solid) | 770 (liquid)
Specific heat, ¢, (//kg.K ) 2000

Thermal conductivity, k (W /m. K) 0.2

Thermal expansion (%) 14

79



4.2.2 Apparatus

The PCM container is made of a 30.48 cm (1 ft) long, 21.59 cm (8.5 in) outer
diameter clear cast acrylic tubing with 0.635 cm (1/4 in) wall thickness. The container is
wrapped by 3.81 cm (1.5 in) thick foil-faced fiberglass insulation. Four copper pipes with
1.27 cm (1/2 in) outer diameter are used as secondary heat pipes, which are embedded in

the PCM. Figure 4.1 shows the PCM container and embedded heat pipe network.

Figure 4-1 The PCM container and embedded heat pipe network

Water was used as the heat transfer fluid (HTF) which was circulated through the
heat pipe network to charge or discharge the system. The HTF was circulated by a
variable speed pump (GRUNDFOS UP 15) from a well-insulated water tank. An 1100 W
side-mount immersion circulator with temperature control was used to keep the HTF at a
constant temperature. The immersion circulator is able to provide the hot HTF by

accuracy of 0.1 °C. Two Blue-White paddlewheel flow meters (model F-1000) with
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digital display were used to measure the flow rate of the HTF during the system

operation. Figure 4-2 shows a schematic of the experimental setup.
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Figure 4-2 Experimental set up for thermal energy storage unit

Twelve K-type thermocouple (T1-T12), 0.3175 cm (1/8 in) in diameter,
connected to a National Instruments 16-channel thermocouple CompactDAQ module (NI
9213) were located throughout the container to measure the PCM temperature during
experiments. Thermocouples were inserted into the acrylic container through
compression fittings, which allow the adjustment of thermocouple depth in the PCM.
These thermocouples were inserted into the container at three elevations to monitor PCM
temperature distribution during the experimental testing. At each of these elevations, four
thermocouples are located in the PCM: one is located close to secondary heat pipe (T1,

T5 and T9), one is located near the primary heat pipe (T3, T7 and T11), and two are
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located between secondary heat pipes symmetrically (T2 and T4, T6 and T8, and T10 and

T12). The arrangement of thermocouples is shown in Figure 4-3.

Three 100 Ohm Class B RTDs (T13- T15), with 0.476 cm (3/16 in) diameter were
connected to a National Instruments 4-channel RTD CompactDAQ module (NI 9217) to
measure the HTF temperature. T13 is the inlet HTF temperature. T14 shows the HTF
outlet temperature at secondary heat pipes. T15 is the outlet HTF temperature after
primary heat pipe. Temperatures measured by thermocouples and RTDs were collected

by a National Instruments cDAQ-9188 data acquisition system using NI LabView
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Figure 4-3 Dimensions of the PCM container and positions of thermocouples in the system

4.2.3 Thermal imaging
A thermal imaging camera (FLIR T440) with a thermal resolution of 76800

(320%240) pixels was used to take a sequence of thermal images of LHTES system
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during charging and discharging processes. The accuracy of this thermal camera is within

+2% of reading and its thermal sensitivity at 30 °C is less than 0.04 °C [111].

4.2.4 Experimental procedure

The container was filled by 5 kg of RT55 PCM. Prior to injecting the PCM to the
container, it was heated and melted in an oven to remove all the air bubbles and dissolved
gas. A glass syringe was used to inject the liquid PCM to the container through a small
charging valve placed on the top of the container wall. An approximate volume of 100
mL of liquid PCM was injected to the container in each injection and given enough time
to form a solid layer before adding the next layer of liquid PCM. This process is shown in

Figure 4-4.

Figure 4-4 the process of filling the container with the PCM

To charge the latent heat thermal energy storage system, HTF in the water tank
was heated up by immersion circulator to the desired inlet temperature. Then the pump
was turned on to circulate hot HTF through the system. The process continued until all
solid PCM inside the container turned to liquid. For discharging process, cold HTF was

pumped through the system until all molten PCM solidified.
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To check the repeatability of experiments, the charging was repeated three times
using 155 °F (68.33 °C) HTF and flow rate of 1.89 L/min. Examing the obtained results
showed that the LHTES system has relatively the same temperature profiles for all three

cases, indicating the repeatability of the experiments.

To calculate the heat loss from the PCM container, the system was fully charged
and kept at 65 °C for a relatively long time. The thermal energy transferred to the system
from the HTF at this state was assumed to be equal to the heat loss of the system, which

was around 45 W.

4.2.5 Uncertainty
The uncertainty in this study is originated from the measurements conducted by
RTDs, thermocouples and flow meters. Table 4-2 shows the values of uncertainty

provided by the manufacturer of the measurement devices.

Table 4-2 The uncertainty of measurement devices

Measurement device Uncertainty

RTDs (T13-T15) + (0.3 + 0.005T) (°C)
Thermocouples (T1-T12) +1.5%

Flow meters + 2%

4.3  Results and discussion

4.3.1 Charging process

To understand the effect of HTF flow rate on the thermal performance of the
system, the unit was charged using 155 °F (68.33 °C) HTF with different flow rates of
0.5, 1 and 2 gpm (1.89, 3.79 and 7.57 L/min, respectively). As shown in Figure 4-3, three

sets of thermocouples are inserted to the PCM container at three different elevation to
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measure the PCM temperature at different axial locations. Four thermocouples (T1-T4)
are located at the bottom of the PCM container, 2.54 cm (1 in) higher than copper base
wall. The second set of thermocouples (T5-T8) is inserted to the middle part of the PCM
at the height of 10.16 cm (4 in). The last set of thermocouples (T9-T12) are located at the
top of PCM at L= 17.78 cm (7 in). Figure 4-5 shows the PCM temperatures at different
locations during the charging process for different HTF flow rates. The entire system was
at initial temperature of 19 °C for all the experiments and the charging process started at

=0 s while the hot HTF (155 °F or 68.33 °C) was being circulated through the system.

As shown in Figure 4-5, the HTF flow rate has significant effects on the total
charging time of the system. The total charging process takes around 14 hours (50000 s)
for the case with the lowest flow rate (1.89 L/min). While, it is around 12 hours (43000 s)
for the case with the flow rate of 3.79 L/min and 10 hours (36000 s) for the highest flow
rate (7.57 L/min). Increasing the hot HTF flow rate from 1.89 L/min to 7.57 L/min leads

to the acceleration of the charging process by approximately 30%.

In all cases, thermocouples T1, T5 and T9 show higher temperature at the early
stage of charging process. This is because they are located close to the secondary heat
pipe. Since conduction is the sole heat transfer mechanism at this stage, the PCM
temperature measured by these probes increases at a rate independent of the
thermocouple axial locations. These thermocouples show different behaviors later when
the PCM melting starts and natural convection affects the heat transfer. As charging
process proceeds, a layer of molten PCM is formed near the heated base wall and also
around the secondary heat pipes. The higher temperature at the top of the container (T9-

T12) is due to relative warmer water at the entrance of the secondary heat pipes. As the
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temperature of the PCM at lower elevation (T1-T4) reaches to 57 °C (up bound of PCM
melting range), the temperature profiles begin to flatten out because of the transition of
thermal energy storage mechanism from sensible heat to latent heat. The similar pattern is

observed for the temperature profiles (T9-T12) at higher elevation.

Most of PCM resided in the middle of the container remains solid until the late
stage of charging process. Heat transfer is dominated by conduction in this area until its
temperature reaches PCM melting temperature (51 °C). At this point, due to the effects
of natural convection in the thick layers of molten PCM, formed in lower elevation as
well as near the vicinity of secondary heat pipes, more energy is transferred to PCM in
this location. A rapid increase in temperature and melting of remaining solid PCM is

observed, as evident by PCM temperatures measured with thermocouples T6-T8.
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Figure 4-5 Measured temperatures during the charging process for different flow rates: (a) 1.89 L/min (b)
3.79 L/min, and (c) 7.57 L/min
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To study the lateral motion of the molten PCM and the heat transfer within PCM,
two symmetric thermocouples were inserted to the container at each elevation. T2 and T4
at the bottom, T6 and T8 in the middle and T10 and T12 at the top of the container are
located symmetrically. For all three cases, thermocouple pairs recorded almost the same
temperatures. Therefore, the lateral motion of the molten PCM and heat transfer are

nearly negligible during the charging process.

Figure 4-6 shows a sequence of thermal images, which are taken during the
charging process at 7.57 L/min HTF flow rate. The first picture was taken a few minutes
after the start of charging process and the last one was recorded when the system was
fully charged. At the beginning of the charging process, almost all the PCM inside the
container is in solid phase and the temperature is close to initial temperature (19 °C),
except a thin layer of hot PCM (still in solid phase) near the bottom copper wall. As
charging proceeds, the temperature of the solid PCM increases. A thin layer of hot solid

PCM near the bottom wall turns to liquid.

The effect of secondary heat pipes on the PCM temperature distribution can be
clearly observed at t=2 hours. The PCM near secondary heat pipe (between thermocouple
columns) has higher temperature than other areas. It can be seen that the thickness of
molten PCM at the top and bottom of the container grows quickly starting from t=6 hours
due to natural convection. After two hours, only a small portion of the PCM in the middle
plane is still in solid phase. Continuing the charging for two more hours, all PCM melts

and the LHTES is fully charged.

88



t = 2 hours
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t = 6 hours t = 8 hours t =10 hours

Figure 4-6 Thermal images of the LHTES system at different times during the charging process with HTF
flow rate of 7.57 L/min

Figure 4-7 shows the temperature difference between the inlet and outlet of the

hot HTF during charging for different HTF flow rates.
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Figure 4-7 Temperature difference between inlet and outlet of HTF during charging process for different
HTF flow rates
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The temperature difference between the inlet and outlet of hot HTF decreases

with the increase of HTF flow rate.

The system input power during the charging process is calculated using the
following equation:

Q=mc, AT 4.1)

where m is the mass flow rate of the HTF, ¢ is the specific heat of the HTF and AT

p.HTF

is the temperature difference between the inlet and outlet of the HTF (T13 — T14) during

the charging process.

Figure 4-8 shows the input thermal power during the charging process for
different HFT flow rates. As can be seen in Figure 4-8, increasing the HTF flow rate
results in remarkable increase in the heat transfer rate to the PCM. Higher HTF flow rate
has higher HTF velocity within the secondary heat pipes, and hence higher heat
convection between hot HTF and copper pipes, lower total thermal resistance between
the PCM and the HTF. For the experiment with the highest flow rate (7.57 L/min),
thermal energy transfer rate drops quickly to under 300 W. However, the input thermal

power for the case with 3.79 L/min is around 200 W and 100 W for case with 1.89 L/min.

The net thermal energy stored in the system is equal to the total thermal energy
transferred into the system via hot HTF minus the heat loss from the system during the

charging process.
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Figure 4-8 Input thermal power during the charging process for different HTF flow rates

4.3.2 Discharging process

To discharge the LHTES system, cold water with temperature of 20 °C provided
by a chiller refrigeration unit (Active Aqua, model 1/10 HP) was circulated through the
heat pipe network. The discharging process was started right after the completion of PCM
charging process to ensure that all PCM is liquid phase. Discharging was kept going until
all PCM solidified. To study the effects of cold HTF flow rate on the thermal
performance of the LHTES system during discharging process, cold water with different
flow rates of 0.5, 1 and 2 gpm (1.89, 3.79 and 7.57 L/min) was circulated through the
system. Figure 4-9 shows the PCM temperatures during the discharging process for

different HTF flow rates.

As can be seen in Figure 4-9, the HTF flow rate does not have a considerable

influence on the total discharging time of the system. The total discharging process takes
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around 17 hours (62000 s) for the lowest HTF flow rate (1.89 L/min), while it takes

almost 16 hours (58000 s) for the highest flow rate (7.57 L/min). Increasing the cold HTF

flow rate by 300% only reduces the total discharging process time by 6.5%.
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Figure 4-9 Measured temperatures during the discharging process for different flow rates: (a) 1.89 L/min
(b) 3.79 L/min, and (c) 7.57 L/min

In all experiments, PCM temperature near the secondary heat pipes (T1, T5 and
T9) drops quickly after discharging starts. Apparently, a layer of solid PCM is formed
around each secondary heat pipe. After extracting all the sensible heat from the
superheated molten PCM, temperature profiles start to flatten out due to PCM
solidification. With the continuation of discharging process, PCM at the top and bottom
of the container turns to solid. However, the PCM near the mid-plane, surrounded by
solid layers, remains at solidification temperature (around 55 °C) for longer time. Since
the general trend of temperature profiles is almost the same for all three cases, HTF flow
rate does have significant effect on the PCM solidification process. In all discharging
experiments, the thermocouples located symmetrically at each elevation show
approximately the same temperatures. Therefore, lateral motion and heat transfer of the

molten PCM is negligible during the solidification process.
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A sequence of thermal images taken during the discharging process is shown in
Figure 4-10. The LHTES system was discharged using 20 °C HTF with the flow rate of

7.57 L/min.

t =0 hour t = 4 hours

t = 6 hours t = 8 hours t =10 hours

Figure 4-10 Thermal images of the LHTES system at different times during the discharging process with
HTF flow rate of 7.57 L/min

The first thermal picture was taken a few minutes after the start of discharging
process when all the PCM inside the container is still in liquid phase and at a temperature
higher than melting point. As discharging progresses, a layer of cold solid PCM is formed
at the bottom of the container as well as around the secondary heat pipes, however, most
of PCM located in the middle of the container is still liquid or mushy (t=4 hours). This is
also evident by the PCM temperatures shown in Figure 4-9c. The PCM solidification
process ends around 6 hours after the start of discharging and all the latent heat stored in
the system is retrieved by cold HTF. Due to low thermal conductivity, the PCM

temperature decreases slowly. Therefore, even 10 hours after the initiation of the
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discharging process, part of PCM located far from the secondary heat pipes and bottom
wall is still hot (around 35 °C). At the same time, the rest of PCM is at temperatures very

close to cold HTF temperature (20 °C).

Figure 4-11 shows the temperature difference between the inlet and outlet of the

cold water during the discharging process for different HTF flow rates.
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Figure 4-11 Temperature difference between inlet and outlet of HTF during discharging process for
different HTF flow rates

At the early stage of discharging process, the temperature difference between the
inlet and outlet of cold HTF decreases with the increase of HTF flow rate. As discharging
process proceeds, all three cases show almost the same temperature difference.

The power extracted from the PCM during the discharging process can also be
calculated using equation 4.1. Figure 4-12 depicts the power extracted from the PCM
during the discharging process for different cold HFT flow rates. As shown in Figure 4-
12, increasing the HTF flow rate results in higher heat transfer rate from the PCM. For
the experiment with the highest flow rate (7.57 L/min), the rate of thermal energy transfer

from the system quickly drops to below under 60 W. However, the average power
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extracted from the PCM for the case with 3.79 L/min is around 40 W and in the case with

1.89 L/min HTF flow rate, the average is around 30 W.
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Figure 4-12 Power extracted from the PCM during the discharging process for different HTF flow rates

4.3.3 Partial charging process

To study the partial charging process of the LHTES system, two different cases
were studied. The input flow rate for both cases was set up to 7.57 L/min (2 gpm) with
the temperature of 68.33 °C (155 °F). For the first case, only 1.89 L/min of total input
flow rate goes to the secondary heat pipes to charge the PCM. The rest of hot HTF is
discharged from the top of the container to emulate the full operation of a heat engine. In
the second case, half of the total input flow rate (3.79 L/min) is used to charge the PCM
and the other half is directed to the outside of the system (engine). The initial temperature
for both partial charging experiments is 19 °C. T15 shows the temperature of HTF which

goes out of the system to the engine.
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Figure 4-13 shows the PCM temperatures profiles at different locations during the
partial charging process for both cases. The general thermal behavior of the LHTES
system during the partial charging process is similar to the charging process. As
expected, at the early stage of the process, the thermocouples located close to the
secondary heat pipes (T1, T5 and T9) show higher temperature than others. At the same
time, the PCM located near the top of the container (T10-T12) has almost the same
temperature as at the bottom (T2-T4) of the container. Also, the PCM temperature at the

middle of the container (T6-T8) is lower.

After about 3 hours, thermocouples located at the top of the container show higher
temperatures than those at the bottom. The reason is that more energy has been
transferred to PCM near the top because of warmer water entering the secondary heat
pipes at top. The PCM located at the middle of the container is the last to melt. However,
after the completion of melting process, the PCM located at the middle of the container is
warmer than those at the lower elevation.

It can be seen that the total charging time is nearly the same for both cases. The
flow rate of the HTF through the secondary heat pipes for the charge of PCM during the

partial charging process does not have significant impact on the charging time.
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Figure 4-13 Measured temperatures during the partial charging process for different secondary heat pipes
flow rates: (a) 1.89 L/min (b) 3.79 L/min
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CHAPTER 5

CONCLUSION

The main objective of this research is to study the thermal performance of heat
pipe-assisted latent heat thermal energy storage systems and to develop a method for
better energy storage system design. Different operation modes of the system have been
investigated using two-dimensional and three-dimensional computational fluid dynamics

models as well as experimental testing.

The charging and discharging processes of a finned heat pipe-assisted LHTES
system with high melting temperature PCM enclosed by a square container was simulated
using a transient two-dimensional model. The effects of heat pipe spacing, fin length and
numbers as well as the influence of natural convection heat transfer on the performance
of the system were studied. Numerical analysis shows that the natural convection has
profound effects on the melting process of the PCM. It accelerates the charging and
reduces the total charging time by approximately 30%. In addition, natural convection
helps to yield more uniformed temperature distribution within the PCM and lower the
base wall temperature of the PCM container. It was found that natural convection does
not play a crucial role during the discharging process. Heat transfer inside the storage
system is conduction-dominated during the PCM solidification. Heat pipe spacing (the
number of heat pipes) was found to be an influential parameter to the thermal response of
the LHTES system during both charging and discharging processes. Decreasing the heat

pipe spacing increases the melting rate and decreases base wall temperature during the
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charging process. It also enhances PCM solidification rates, helps to raise container base
wall temperature and creates more uniform temperature distribution within the PCM
during the discharging process. The geometry of the fins attached to the heat pipes plays
an important role in the performance of the system. Increasing fin length results in the
decrease of temperature difference within PCM, as well as lowers the base wall
temperature in the charging process. A longer fin also helps to escalate the base wall

temperature during the system discharging process.

A transient three-dimensional model has been developed to investigate the
charging process of a high temperature LHTES system with different configurations of
embedded heat pipes. The PCM enclosed by a cylindrical container is a eutectic mixture
of sodium nitrate and potassium nitrate. The enthalpy-porosity technique was applied to
to simulate the phase change of the PCM. The effects of different heat pipe
configurations, the quantities of heat pipes used in the LHTES system and the influence
of natural convection heat transfer on the thermal behavior of the thermal energy storage
system were studied. It was found that heat pipe network configuration and heat pipe
quantities play a crucial role in the thermal response of the thermal energy storage
system. Increasing the quantity of heat pipes reduces the thermal resistance between
heated surfaces and the PCM melt front, resulting in faster charging process and lower
container base wall temperature. It was also found that optimal placement of heat pipes in
a system can significantly enhance the thermal performance. The natural convection in
the melting process significantly increases the melting rate and reduces the container base

wall temperature.
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Different operation modes of a latent heat thermal energy storage system assisted
by a heat pipe network were studied experimentally. Rubitherm RT55 enclosed by a
vertical cylindrical container was used as the phase change material. The heat pipe
network was simplified by employing an arrangement of copper and acrylic pipes. Water
was chosen as the heat transfer fluid, which was pumped through pipes with a relatively
high flow rate in order to decrease the temperature drop in length. This is similar to what
happens inside real heat pipes. The embedded heat pipe network consists of a primary
heat pipe and an array of four secondary heat pipes. The primary heat pipe transports heat
from the heat source to the heat sink. The secondary heat pipes transfer the extra heat
from the heat source to the phase change material during the charging process or retrieve
the thermal energy from the PCM during the discharging process. The effect of heat
transfer fluid flow rate on the thermal performance of the system was investigated for
charging, partial charging and discharging processes. It was found that the HTF flow rate
has a significant effect on the total charging time of the system. Increasing the hot HTF
flow rate from 1.89 L/min to 7.57 L/min can accelerate the charging process by
approximately 30%. Increasing the HTF flow rate results in a remarkable increase in the
system input thermal power. The results also indicate that the discharging process is
hardly affected by the HTF flow rate. Increasing the cold HTF flow rate by 300% only

reduces the total discharging process time by 6.5%.
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