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ABSTRACT

Energy is the pillar of all day to day human activity in the world and it is a dominant factor in
a country’s economy. Fossil fuels have served and fulfilled all human energy needs for a long
era, but fossil fuels price is increased. Among several energy sources, solar energy has been
identified to take the role of fossil fuels. However, the intermittent and fluctuating nature of
solar radiation has been the main obstacle for the development and promotion of this renewable
energy source. Integrating Thermal Energy Storage (TES) system in any solar thermal
application has become the main solution to tackle the above-mentioned issue. TES system is a
temporary storing of thermal energy in the form of hot or cold substance at low or high-
temperatures for later utilization of the harvested solar energy. The aim of this study is to store
(7) and (15) MJ amount of heat energy by investigating the performance analysis of the solar
TES system for low and high-temperature applications. 3-D Multiphysics TES model is
developed to investigate transient conjugate heat transfer between the HTF and the storage
material. During the investigation paraffin wax and concrete are used as a storage material
for low and high-temperature TES models, respectively. The governing equations involved in
the developed model are solved by the help of COMSOL Multiphysics 4.3a commercial
software. In addition to the major objective optimization of the number of HTF tubes and heat
transfer, an enhancement technique is also applied in this study. A 2D TES model is developed
to optimize the number of HTF tubes, the performance is compared by varying number of
charging/discharging tubes (13, 17, 21, 25, and 29) and finally, 21 and 25 tubes are found to
be in the configuration for both models. Based on the results obtained, a 9.8 and 15.06 MJ of
heat energy is stored to fulfill the energy demand of 66 L hot water per day at 50 °C and produce
saturated steams at steam power plant, respectively. Hence, the developed TES model has
achieved the required amount of heat energy for low and high-temperature applications.
Numerical investigations for intermediate temperature application could be recommended in
future work.

KEY WORDS: Thermal energy storage, Solar energy, Optimization, Heat transfer fluid, Low-

temperature application, High-temperature application.
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CHAPTER ONE
INTRODUCTION

This chapter explains the general background, statement of the problem, objectives,
significance, scope, and limitation of the present study. The general concept of TES systems
and organization of the study is also included in this chapter, and then each section will be
briefly illustrated below.

1.1 Background of the study

Energy is the pillar of all day to day human activity in the world and it is a dominant factor in
a country’s economy. Nowadays, energy demand has been increased due to the high energy
consumption in different areas such as; household, transportation, industry, electricity
generation, etc. This energy demand is expected to rise by approximately 1.5-3 times in the
world by 2050 (Dinger & Zamfirescu, 2012). Fossil fuels have served and fulfilled all human
energy needs for a long era, but the price of fossil fuels is increased in recent years and it is
expected to continue increasing in the future; because energy demand is increasing while fossil
fuels in reserves are decreasing. This is the main difficulty across the world especially for

developing countries like Ethiopia.

A developing country especially in most parts of Africa, energy facility is characterized by
highly dependence on traditional biomass fuels because of poor energy infrastructure. Many
researches concerned about 2.5 billion people in developing countries dependent on biomass
energy sources at the present, such as fuel wood, charcoal, agricultural waste, and animal dung,
to meet their domestic energy demands. Similarly, forecast more than 2.7 billion people will
still depend on these traditional fuels by 2030 (Kaygusuz, 2012). Biomass is the fourth largest
energy source in the world and the first in developing countries. It representing 14% and 35%,
respectively of primary energy, from which 80% of this is consumed as firewood, mainly in
the rural household (Hall et al., 1992). Take an example Ethiopia is the third largest user of
traditional fuels in the world with 91 % of the population dependent on traditional biomass like
fuel wood and dung to meet household energy demand. The remaining energy supply was
petroleum about 7% of total primary energy and electricity accounts for only 2% of total energy

use (Mondal et al., 2018). Most power production industries also currently consume



conventional fuels and generally almost 80% of global energy consumption from conventional
energy sources (Mekhilef etal., 2011). The rapid utilization of fossil fuels also another problem
in this day because; highly increase in the emission of pollutant gases from the burning of those
fuels is leads to a health problem. Consequently, the world was currently towards another
alternative means of getting their energy demand. Therefore, renewable energies such as; solar
energy, hydropower, wind energy, geothermal energy, and tidal energy are expected to play the
major role for energy supply soon and those energies must be developed to take the role of
fossil fuels. From those renewable energies, solar energy is clean and the most available
renewable source of energy and it is the origin of all known forms of energy. According to the
international energy agency it has estimated that solar power will produce 21% of the world’s
electricity by 2050 (Al-Maghalseh, 2014).

For example, Ethiopia has a great potential for solar energy as it receives solar irradiation of 5-
7 kWh/m? depending on the location and the season. The values vary with the seasons, ranging
from 4.55 to 5.55 kWh/m?/day, and over space ranging from 4.25 kWh/m?/day in the extreme
Western lowlands to 6.25 kWh/m?/day in Adigrat area and generally received averages of 5.2
kWh/m?/day solar radiation in Ethiopia (Khan & Singh, 2017). Nevertheless, solar energy
systems can operate only for a few hours during sunshine hours in summer days and much
fewer hours during winter/rainy days and cannot operate at night time. So, there is an obstacle
for the development and promotion of solar energy, due to the intermittent and fluctuating
nature of solar radiation. To tackle this problem design of a robust Thermal Energy Storage
(TES) system is mandatory for efficiently utilized the harvested solar energy during the absence
of solar radiation. There is a limitation also happen in the present TES system regarding to the
time taken to completely charge the system. Hence, the present study enhances the heat transfer

rate to reduce the charging time.

1.2 Concept of thermal energy storage (TES) systems

Thermal energy storage (TES) can be defined as the temporary storing of thermal energy in the
form of hot or cold substance at high or low temperatures for later utilization. The thermal
energy storage (TES) system is considered the most important and advanced energy
technologies in recent times for efficiently utilized the harvested solar energy. Which stores

energy by cooling, heating, melting, solidifying, or vaporizing a storage material, and then



the stored energy can be used during the absence of solar radiation. TES system recently,
increasing attention has been paid to the utilization of this essential for cooling, heating, and
power generation applications. It is a very important technology applied in many engineering
applications (Hasnain, 1998a). For example, among the practical problems involved in solar
energy systems is the need for an effective means of excess heat collected during periods of
bright sunshine duration. Then it can be stored, preserved, and later released for utilization
during the night or other periods by integrated TES system. Similar problems arise from the
production of power by solar energy in concentrated solar power (CSP) plants due to the
discontinuous flow of solar energy. Thermal energy storage can also be applied in most types
of buildings where heating needs are significant and domestic water heating application allows

heat storage to be competitive with other forms of heating.

v —» 1

Charging
Storing
Discharging

Fig.1.1 General processes of TES systems
The technology of thermal energy storage has been developed to a point where it can have a
significant effect on modern life. With the advent of the industrial revolution, thermal energy
storage introduced as a by-product of energy production. Heat storage at power plants is
typically in the form of steam or hot water. Other materials such as oils having a very high
boiling point have been suggested as heat storage substances for cooking utilities in recent time.
Similarly, materials that have a high heat of fusion at high temperatures have also been
suggested for this application (Hasnain, 1998a). Generally, for solar heated applications,
thermal energy storage is the most promising technology in this day, and there is various storage
materials that has used for this technology. Fig.1.1 illustrated the basic process for the thermal

energy storage (TES) system which is charging, storing, and discharging process. Most of the



researchers agreed, there are three main categories of thermal energy storage systems as shown
in Fig.1.2, based on their storing mechanism of thermal energy. These are sensible heat thermal
energy storage systems, latent heat thermal energy storage systems, and thermochemical
thermal energy storage systems. Sensible thermal energy storage systems are stored heat energy
by raising the temperature of a solid or liquid using the heat capacity and the change in
temperature of the material during the process of charging and discharging. The amount of
stored energy depends on the specific heat of the medium, the amount of storage material, and
the temperature change. The other TES system that uses in a various solar thermal application
is the latent heat thermal energy storage system (LHTES) which is the amount of heat absorbed

or released during the phase change of the material (latent heat).

[ Thermal Energy Storage (TES) systems ]

Sensible Latent Thermo-Chemical
|
‘ | l Thermal chemical
crre - . ermal chemic
Solids }‘ Liquids Solid-Solid Solid-Liquid Liquid-Gas pipe line
Organics Inorganics [ )
Heat of
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|  Water —
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0il
ﬂl - 4‘ Fatty
Metals P |1 Salt hydrates
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eramics || || gaps || Easters —
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Fig.1.2 Category of TES systems with its storage material
Now, the present investigation is concerned with two of them which are both sensible and latent
heat thermal energy storage (TES) systems used to store heat energy for low and high-

temperature applications.



1.3 Statement of the problem

Fossil fuels have served and fulfilled all human energy needs for a long era. However, fossil
fuel price is increasing, and the emission of pollutant gases from the burning of those fuels are
the main problem for developing countries like Ethiopia. Take an example Ethiopia is the third
largest user of traditional fuels for household energy use in the world with 91 % of the
population dependent on traditional biomass fuels. Therefore, renewable energies such as solar
energy, hydropower, wind energy, geothermal energy, and tidal energy are expected to take the
role of fossil fuels. Among the various renewable energies, solar energy is clean, the most
available, safe, and sustainable renewable source of energy. Nevertheless, the solar energy
systems can operate only for a few hours during summer days and much fewer hours during

winter/rainy days and it cannot operate at night time.

Therefore, there is an obstacle to the development and promotion of solar energy, mainly due
to a lack of storage systems for various solar energy systems. To tackle the above-mentioned
problem, build thermal energy storage (TES) systems are mandatory for effectively utilize the
harvested solar energy during the discontinuous supply of solar radiation. In this research, an
investigation of the performance analysis of the TES system for low and high-temperature
applications (both sensible and latent heat energy storage) studied in-depth. 3-D Multiphysics
model is developed to investigate a transient conjugate heat transfer between the HTF and the
storage material by utilizing FEM-based solver COMSOL Multi-Physics 4.3a commercial
software. Most of the existing TES system is designed based on a single shell-tube storage bed
type model and it takes long charging time. Hence, the heat transfer enhancement technique is
applied by embedding of multi-HTF tubes between the HTF and the storage material leads to

reduce the charging time in the present TES model.

1.4 Objectives of the study

The general and specific objectives of this research are illustrated as follows.

1.4.1 General objective

The general objective of this study is to conduct a numerical investigation on the performance
analysis of thermal energy storage systems for low and high-temperature applications (both

sensible and latent heat storage) are studied in-depth for implementing solar renewable energy.



1.4.2 Specific objectives
The specific objectives are:

v" Selecting the appropriate TES materials for low and high-temperature range.

v Optimizing the number of HTF tubes to reduce the charging time.

v’ Selecting the effective geometrical configuration of the TES model with appropriate
cylinder orientation.

v Validating the result with previous published experimental and numerical work.

v Studying the various performance parameters of the TES model such as;
charging/discharging time, liquid fraction, and total energy stored/released using FEM
based solver COMSOL Multiphysics 4.3a software.

v Studying the heat transfer enhancement technique applied in the TES model by
embedding the multi-HTF tubes on the storage bed.

1.5 Significance of the study

The significance of developing solar TES systems for low and high-temperature applications
will be enabled to efficiently utilize the harvested solar renewable energy during the absence of
solar radiation, as a result, minimize fossil fuel dependency and emission of gasses. This study
helps to provide consistency between the energy supply and demand for various solar thermal
applications. This study will give detailed information about which storage material will be
used for appropriate temperature range, classification of thermal energy storage systems, and
in what application could use this storage. To introduce the TES system integrated with varying
solar thermal applications. After implementing the study, the developed TES system is
integrated for domestic water heating application and steam generation purposes in
concentrated solar power (CSP) plants suitable to work continuously.

1.6 Scope and limitations of the study

This study focuses on theoretical as well as numerical investigation of the performance analysis
of TES systems. Sizing of the developed TES model, study the performance parameters such
as; charging and discharging time, temperature variation on the developed model, and amount
of heat energy stored/released with the help of COMSOL Multiphysics 4.3a commercial
software. The present study begins with a comprehensive literature review tracing on the

detailed background of TES systems with its varying application. Developed a mathematical



model to validate against the previous patented experimental study on similar storage material
was used and study the application of integrated this TES system i.e., for domestic water heating
application and steam generation purpose in concentrated solar power (CSP) plants. This study
also examines the optimization of the number of HTF tubes and heat transfer enhancement
using embedding of multi-HTF tubes between storage material and the HTF in the developed
TES model.

The present numerical study is considered based on a laminar flow regime with significant use
of a low HTF flow rate. However, if the study is extended to a turbulent flow regime it may be

several advantages achieved to enhance the heat transfer rate.

1.7 Organization of the study
The structure of this study is categorized into seven chapters preceded by the introduction of
the research which shortly describes the summary of the whole work and a brief description of

the content of each of the chapter is provided below:

Chapter — 1: introduces about the present study beginning by describing the background of the
work, the general concept of thermal energy storage systems, statement of the problem,
objectives of the study, significance of the study, scope, and limitations of the study are
presented in this chapter.

Chapter — 2: a detailed review of related literature on various aspects of TES systems from
books, journals, and different websites is offered. These aspects are to bring the background of
TES systems, classification of the TES system, a brief study on the type of solar collector and
thermal performance enhancement mechanism are presented. Additionally, the local research
papers about the TES system are also presented and finally based on the summary of the
literature survey objectives of the present study are framed.

Chapter — 3: the proposed methodology of the study, data collection and data analysis,
research design, and the calculated available solar radiation by the given metrological data are

presented in this chapter.

Chapter 4 and Chapter 5: in this two chapter’s description of the system, sizing of thermal
energy storage with a physical model, mathematical formulation with governing equation,

initial and boundary condition, mesh generation and evaluation of performance parameters to
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both thermal energy storage system for low and high-temperature application are briefly

presented.

Chapter — 6: the result and discussion obtained from the developed numerical model in both
cases during charging and discharging processes are presented. The main performance

parameters for the TES model are also briefly discussed in this chapter.

Chapter — 7: in the final chapter it draws the major conclusion arrived from the given numerical
studies of thermal energy storage systems. Recommendation and scope for future work are also

given in this chapter.



CHAPTER TWO
LITERATURE REVIEW

This chapter presents the review of previous studies regarding on the thermal energy storage
systems, classification of TES systems, storage materials, and performance enhancement
mechanisms of the TES system. Previous local studies on the TES system and literature
summary with the research gap also included in this chapter. Generally, a review of several

patented research studies regarding the TES system briefly described in the following section.

2.1 Background of thermal energy storage systems

The history of the TES system began earlier back to the twentieth century when people used
heat storage and cooling processes in the caves and mountains to stay cool in the summer and
keep warm in the winter. Next to this, in 1960 the US began the seasonal thermal energy storage
system. Similarly, the study of the thermal energy storage system began in the late 1970s, and
between 1976 and 1992 the solar energy storage system was developed in Europe (Qi et al.,
2008) and (Heller, 2000). Nowadays, a thermal energy storage system is an attractive type of
energy storage technology used in different thermal applications such as; heating, cooling, and
power generation applications. The emphasis on the applicability of thermal energy storage
technology also researched and spread widely in the future because this technology helps to
reduce fossil fuel consumption and to minimize global warming in the world. Several
researchers explain the whole background of thermal energy storage (TES) systems on its;
application area, storing mechanism and thermal performance, some of them are given below.
Cabeza et al., (2003) were suggested about the history of TES systems on the review paper,
that was thermal energy storage in general, had been the main topic in research for the last 20
years, but although the information is quantitatively enormous, it is also spread widely in the
future. The commercial utilization of TES systems in different temperature ranges began seeing
a major increase decade ago stated by (Wu & Zhao, 2011). The history of thermal energy
storage and different techniques adopted for thermal energy storage systems and three aspects
such as storage methods, classifications, and applications were carried out by (Chavan et al.,
2015) on the review paper. Both authors describe the history of a thermal energy storage system
and given a suggestion for the present day. Thermal energy storage system has mandatory for
utilization of harvesting solar heat energy integrated into different solar thermal application.



Alva et al., (2018) recently reviewed a general description of thermal energy storage systems
with a brief explanation. During the reviewed wide scope of thermal energy storage field briefly
discussed. The role of TES in the contexts of different thermal energy sources and explained
how TES used for un-necessitates burning of fossil fuel, solar power generation, building
thermal comfort, and other niche applications of TES was also explained. This paper has given
guidelines for the design of the thermal energy storage (TES) system with appropriate heat
storage material for the present study.

2.2 Classification of thermal energy storage (TES) systems
Depending on various criteria there are different classifications of thermal energy storage
systems. Ataer, (2006) listed the criteria, which determine the selection of thermal energy

storage methods as follows.

v' The temperature range over which the storage has to operate.
v The capacity of the storage.

v Heat losses from the storage must be kept to a minimum.

v' The charging and discharging rate.

v" The cost of the storage unit is some of the criteria to select the appropriate thermal
energy storage methods, so, this study has been done based on the above criteria.

The classification of the thermal energy storage system can be described depending on such
characteristics (Sarbu & Sebarchievici, 2018); capacity of the system, the discharged power,
efficiency, storage period, charging and discharging time and cost of the system are some of

the characteristics to determine the type of thermal energy storage system.

Hasnain, (1998) has classified as thermal energy storage systems based on the time length of
stored the heat energy, it can be divided into “short term” and “long term” thermal energy
storage systems. Hasnain, (1998) on another study has also classified thermal storage systems
based on the temperature level of stored thermal energy criterion; it can be divided into “heat
storage” and “cold storage” systems. Sharma et al., (2009) classified thermal energy storage
systems based on the state of energy storage material; it can be divided into sensible heat
storage, latent heat storage, and thermochemical heat storage. Most researchers agreed on the

classification of TES systems are based on the above classification as shown in Fig.2.1. The
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present study also depends on this classification; concerned mainly sensible and latent TES

system.
[ Thermal energy storage systems ]
[ |
Thermal Chemical
Thermal chemical pipe
line
Sensible Latent heat Heat of rejection
] | Heat pump
Solids Liquids
| 1
Solid-Liguid Liguid-Gaseous Solid-Solid

Fig.2.1 Classification of thermal energy storage for solar energy (Sharma et al., 2009)
Alva et al., (2018) was also grouped thermal energy storage systems based on operating

temperature range that means depending on the melting point of storage materials into:

v Cold thermal energy storage systems (< 20 °C)
v Low-temperature thermal energy storage systems (20— 100 °C)
v" Medium-temperature thermal energy storage systems (100 — 250 °C)
v High-temperature thermal energy storage systems (> 250 °C)

» The Alva et al., (2018) classification are the main guidelines for the present study, so
according to this classification the present study conducted on a thermal energy storage
system for low and high-temperature applications and briefly illustrated with different

previous studies as follows:

2.2.1 TES systems for low-temperature application
A. Sensible heat storage
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Sensible heat storage is one of the most widely used thermal energy storage mechanism, which
consists of accumulating thermal energy in a solid or liquid medium whose temperature then
rises. Sensible heat storage (SHS) system utilizes the heat capacity and the change in
temperature of the storage material during the charging and discharging process. According to
(Stutz et al., 2017) the amount of heat stored depends on the specific heat of the medium, the
temperature change, and the amount of the storage material. Integrated sensible heat storage for
low-temperature applications mainly concerns with the domestic water heating system at the
individual scale, district heating at the large scale, and thermal comfort for buildings.

Dincer et al., (1997) studied sensible heat energy storage systems and their performance
evaluation techniques. A detailed investigation is presented on the availability of SHS
techniques for solar thermal applications, selection criteria for SHS systems, the economics of
SHS systems, the main issues in evaluating SHS systems, the viability of SHS systems, the
environmental impacts of SHS systems and criteria for SHS feasibility studies, as well as

energy-saving options.

Duffie and Beckman, (2013) conducted one of the sensible heat storage systems, which is a
basic theoretical introduction for the water is used as a thermal energy storage material in
various solar thermal energy storage systems as well as analytical models for the water storage

stratification.

Pinel et al., (2011) investigated seasonal sensible thermal energy storage for residential
applications. The characteristics of sensible thermal energy storage material such as; low cost,
high specific heat capacity, good compatibility with its containment, and long-term stability
under thermal cycling also studied. Finally, the study concludes that water is the best choice for
sensible thermal energy storage material due to several advantages. Which is water has a larger
operating temperature range, it is inexpensive, easy to handle, noncombustible, and widely
available. It also used for both short-term and long-term thermal energy storage material due to

its relatively high specific heat and high rates of charge and discharge.

» The most widely used sensible TES material for low-temperature application in liquid
media is water due to:
v’ It is abundant and inexpensive.

v’ It can be easily stored in all kinds of containers.
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v' It can be easy to handle, non-toxic, and noncombustible.
v’ ltis easily mixable with additives

% However, it is corrosive, has high vapor pressures and low volumetric energy density.

Rock and bricks are also another sensible TES material for low temperatures application in
solid media due to the economic point of view.
B. Latent heat storage

Latent heat storage also another main storage mechanism in TES systems which involves the
heat absorbed or released when a material changes from one physical state to another with phase
change material. Latent heat storage system stored heat in the form of heat of fusion (solid-
liquid transition), the heat of vaporization (liquid-vapor), or heat of solid-solid crystalline phase
transformation. These storage mechanisms store heat in the form of latent heat during a constant
temperature process, usually; the solid-liquid phase change is used in many TES systems. PCMs
can be used for low-temperature solar thermal applications such as water heating, baking, and
drying processes that should have a melting temperature in the range of 45 to 90 °C (Rathod &
Banerjee, 2014). Paraffin can be widely used as a thermal energy storage material for such
applications because they are available at a reasonable cost with moderate latent heat storage
density and a wide range of melting temperatures.

Da Cunha et al., (2016) reviewed thermal energy storage for low and medium temperature
application with phase change materials. The study presented a comprehensive review of PCMs
melting temperature range between 0 and 250 °C, and the most appropriate thermo-physical
properties of the materials. From the study, organic compounds and salt hydrates seem more
promising materials below 100 °C. However, phase segregation and sub-cooling is the
dominant factor in this PCMs. Additionally, the paper also reported indirect latent heat storage
containers and systems suitable for integration with various heating and cooling process

networks.

Xue, (2016) investigated on the domestic solar water heater integrated with PCMs as a storage
material. Comparison between the thermal performances of the domestic solar water heater with
phase change energy storage to that of traditional water-in-glass evacuated tube solar water
heaters with an identical collector area also performed. Domestic solar water heater with PCM

performs more efficiency with a constant flow rate than under the condition of exposure.
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Finally, the study concluded that solar water heaters had high-temperature properties because

of PCMs, so PCMs were promising use in solar heating applications.

Pielichowska & Pielichowski, (2014) investigated different groups of storage materials
including; inorganic systems (salt and salt hydrates), organic compounds such as paraffin’s or
fatty acids, and polymeric materials. Paraffin’s constitute broadly used solid-liquid phase
change material, possess a high latent heat storage capacity over a narrow temperature range,
and are considered as non-toxic and ecologically harmless from those groups of storage
material. Paraffin’s between C5 and C15 are liquids with the higher analogs being waxy solids
with melting temperatures ranging from 23 to 67 °C and select an appropriate storage material

for specific latent heat thermal energy storage application.

Dutta et al., (2008) studied a paraffin wax encapsulated in the annulus of two coaxial circular
cylinders under variable heat fluxes both experimentally and numerically. During experimental
work, they used a hollow adiabatic steel cylinder, an internal pipe that was placed coaxially and
horizontally with the outer cylinder, and thermocouples were placed in the radial direction in
the annulus to record the temperature. For the numerical work, they used a 2D unsteady state
numerical model and selected the annulus gap between the inner cylinder and outer cylinder.
Finally, the study verified their numerical model with their experimental findings and obtained

a good agreement between their predicted and experimental results.

Diarce et al., (2015) was studied new binary eutectic mixtures of sugar alcohols for thermal
energy storage in the 50-90 °C temperature range. Three new binary mixtures of sugar alcohols
composed of erythritol and xylitol, erythritol and sorbitol, and xylitol and sorbitol were studied.
Equilibrium temperatures and melting enthalpies obtained from simulations were in good
agreement with experimental results. Therefore, the method could be used for the prediction of
new PCMs made of binary eutectic mixtures. The importance of considering the specific heat
capacity difference between the solid and liquid phases to correctly predict melting enthalpies

of the mixtures was highlighted.

Farid et al., (2004) reviewed on latent heat energy storage materials or PCMs and its
applications. From those storage materials, hydrated salts are attractive materials used for in

thermal energy storage system, due to their high volumetric storage density (350 MJ/m?3),
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relatively high thermal conductivity (0.5 W/m°C) and moderate cost. Glauber salt (Na.SO4 and
H20), which contains 44% Na>SO4 and 56% H20 by weight has been studied. It has a melting
temperature of about 32.4°C, a 254 kJ/kg (377 MJ/m?®) of latent heat energy and it is one of the
cheapest materials that can be used for thermal energy storage. However, the problems of phase

segregation and sub-cooling have limited its application.

Mosaffa et al., (2012) studied an approximate analytical model for the solidification process in
a shell and tube finned thermal energy storage system. A comparative study is presented for
solidification of the PCM in a cylindrical shell and rectangular storages having the same volume
and heat transfer surface area. The result showed for the two methods was a good agreement
which, indicates that the PCM solidifies more quickly in the cylindrical shell storage than in
rectangular storage. So, the PCMs used with a phase change temperature of 18-30 °C is

preferred to meet the need for thermal comfort for building applications.

Colella et al., (2012) numerically investigated by the application of computational fluid
dynamics (CFD) to the design and characterization of a medium scale latent heat energy storage
unit for district heating systems. The system has been designed for a comparison between
traditional water storage systems and LHTES systems for district heating shell-and-tube
LHTES with technical grade paraffin thermal energy storage material and water used as a heat
transfer fluid (HTF). The final analysis of the investigations shows that latent heat storage units
installed on the building heating network most promising than on the primary district heating

network in terms of energy storage density.

Adine & Qarnia, (2009) studied numerically on analysis of a coupled solar collector latent
heat storage unit using various PCMs for heating the water and developed a theoretical model
to predict the thermal behavior and performance of a solar latent heat storage unit based on the
energy equations. Conducted a series of numerical simulations were for three kinds of PCM (n-
octadecane, Paraffin wax and Stearic acid), the finite volume approach was also developed to
numerically evaluate the thermal performance of the LHS unit. Finally, the study concluded
that the mass flow rate of the PCM, the number of tubes, and the flow rate of HTF in solar
collector maximizes the efficiency of thermal energy.
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Trp, (2005) investigated the heat transfer during technical grade paraffin melting and
solidification in a shell-and-tube latent thermal energy storage unit during charging and
discharging. An experimental and numerical investigation has been performed on transient
forced convective heat transfer between the heat transfer fluid (HTF) and the tube wall, heat
conduction through the wall, and solid-liquid phase change of the phase change material
(PCM), based on the enthalpy formulation. Finally, both numerical predictions and
experimental data showed good agreement for both paraffin non-isothermal melting and
isothermal solidification.

Vyshak & Jilani, (2007) investigated the numerical analysis of latent heat thermal energy
storage systems to study the effect of the shape of the latent heat storage system on the melting
rate of the phase change material. The study performed a comparative study of the total melting
time of a phase change material (PCM) packed in three containers with different geometric
configurations such as a rectangular, cylindrical, and cylindrical shell. The result showed that
shell and tube arrangement has a faster melting rate compared to rectangular latent heat storage

for the same heat transfer area and volume.

Mahfuz et al., (2014) worked both experimental and numerical investigation of a shell and tube
latent heat storage using paraffin wax as PCM. The study carried out a parametric study to
analyze the heat transfer behavior of the storage unit with different flow parameters and system
dimensions and obtained a good agreement between numerical and experimental results. The
result showed that the inlet temperature has a higher effect on the performance of the system
than the mass flow rate of the heat transfer fluid, from this finally concluded that the inlet
temperature of HTF has a great influence in solidification and melting of PCM whereas mass

flow rate has small influences.

Wang et al., (2013) numerically investigated the charging and discharging characteristics of a
shell-and-tube phase change heat storage unit to study the effect of inlet temperature and mass
flow rate of HTF on the thermal performance of shell and tube latent heat storage system. The
study finally concluded from the obtained result was the inlet temperature of the HTF had more
effect on thermal energy storing capacity and melting rate than the mass flow rate.
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» From the above literature survey, paraffin wax is the best promising thermal energy storage
material for low-temperature application because:
v It economically viable and repeated cycling across the solid-liquid phase
transition.
It possesses a high latent heat storage capacity over a narrow temperature range.
It has chemically stable, non-toxic, non-corrosive, and ecologically harmless.

Paraffin waxes exhibit moderate TES density based on molar mass.

D N N NN

Paraffin’s between C5 and C15 are liquids with the higher analogs being waxy
solids with melting temperatures ranging from 23 to 67 °C.

v' It has also no sub-cooling effects during the solidification process.

One of TES systems integrated for low-temperature application is solar heating purpose or
domestic water heating systems integrated with thermal energy storage system as shown in Fig
2.2. Since the above summary in this study also paraffin used as a storage material integrated

for the domestic water heating system during the investigation.

cold water

Storage unit

¢ hot water

Fig.2.2 TES integrated for solar water heating system (El Qarnia, 2009)

2.2.2 TES systems for high-temperature application
Thermal energy storage (TES) systems for high-temperature applications mainly concerned
with steam generation in concentrated solar power (CSP) plants. Alva et al., (2017) and
Medrano et al., (2010) have investigated the thermal energy storage materials and systems for
solar energy applications. Investigated different thermal energy storage materials both sensible
and latent heat storage materials; steam, mineral oil, metals, earth materials, molten salts,
organic and inorganic material, etc. From the investigation molten salts (especially the nitrates)
17



are currently the most attractive thermal energy storage materials in CSP plants which, are
cheap, giving them high energy storage density, lower vapor pressure than water and are
capable of operating at high temperatures in the liquid form up to 400 °C. This permits to
improve the efficiency of the Rankine cycle at high temperatures in the plant.

A. Sensible heat storage

High-temperature sensible thermal energy storage (STES) improves the dispatchability of a
concentrating solar power (CSP) plant. Liu et al., (2016) reviewed a concentrating solar power
plant and new developments in high-temperature thermal energy storage technologies. The
study provided a comprehensive summary of CSP plants both in operation and under
construction. It covers the available technologies for the receiver, thermal energy storage,
power block, and heat transfer fluid.

Alonso et al., (2016) developed on a concept of thermal energy storage (TES) systems in
concrete as solid media for sensible heat storage are proposed to improve the cost and efficiency
of solar thermal electricity plants. A new cement-based mix that could conduct and store heat
at high temperatures, with the temperature range 290-550 °C, making it suitable for a thermal

energy storage system in solar power plants.

Bauer et al., (2013) studied thermo-physical properties, metallic corrosion, and thermal
decomposition processes of solar salt for sensible thermal energy storage (TES) systems in the
temperature range from 250 °C to 550 °C. The study utilized a mixture of 60% sodium nitrate
(NaNOs3) and 40% potassium nitrate (KNO3) solar salt for concentrating solar power
applications during the study. Finally, the study concluded that reliable thermophysical
properties were important for the modeling and dimensioning of molten salt storage systems
and to handle molten salt in TES systems. It is also mandatory to understand the corrosion

behavior of the storage tank.

Gokon et al., (2008) investigated for high-temperature thermal energy storage by using
composite materials of molten alkali-carbonate/MgO-ceramics are examined as thermal storage
media in a tubular reformer using a double-walled reactor tube of a laboratory scale. Composite
materials used were Na,COs, K>COg, and Li-COs with magnesia are tested as thermal energy

storage media. Finally, the study decided from the experimental result after a heat-discharge

18



test that a composite with a higher melting point is feasible for use as a thermal storage medium

in the double-walled reactor for high-temperature application.

One of the applications of a high-temperature thermal energy storage system is it integrated into
solar power plants used for continuous power production as shown in Fig.2.3. Nowadays, most
thermal power plants integrated sensible storage material is used as a storage material to store

heat energy.
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Fig.2.3 High-temperature TES integrated into a solar power plant (Medrano et al., 2010)

Singh & Sgrensen, (2017) carried out a numerical investigation on concrete based thermal
energy storage for steam generation. The storage system consisted of a heat transfer fluid (HTF)
flowing inside the heat exchanger tubes embedded in a cylindrical shape concrete configuration
to store the temperature range of 350-390 °C. The study also evaluated conjugate transient heat
transfer between the two mediums; the HTF, and the concrete, similarly the performance of the
storage system using finned heat exchanger tubes and thermal characteristics evaluated in the
developed model. Finally, the developed model suitably proved the dynamic behavior of the
concrete based thermal storage system and its sub-processes, and thus offers a suitable
framework for future investigations leading to an easier and more economical solution.

B. Latent heat storage

Haillot et al., (2011) identified the thermal behavior of eleven potential TES storage materials

using differential scanning calorimetry analysis (DSC) to determine the main characteristics of
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these storage materials. After investigation, the study concludes that four materials show
unsuitable characteristics for latent heat storage materials from the eleven selected materials
due to degradation with temperature and due to a low decomposition temperature. The
remaining seven materials are shown suitable for latent heat storage, also emphasizes the
importance of the measurement conditions on the results.

Céardenas & Leon, (2013) reviewed a series of PCMs, mainly inorganic salt compositions and
metallic alloys, which could potentially be used as storage media in a high temperature (above
300°C) latent heat storage system. The study seeking to serve the reader as a comprehensive
thermo-physical properties database to facilitate the material selection task for high-
temperature applications. The study proposed a lot of performance enhancement techniques
such as; using extended surface, dispersion of highly conductive particles within the PCM, etc.
Several design considerations also considered aiming to provide a broad overview of the design

of high-temperature latent heat based thermal energy storage systems.

Wu & Zhao, (2011) experimentally investigated in high-temperature TES systems by using
porous materials such as metal foams and expanded graphite to enhance the heat transfer
capability of PCMs. They were used NaNOsz with 99% purity is selected as the
PCM for the experimental investigation. The heat performances of metal foams and expanded
graphite in high-temperature TES system experimentally investigated under the bottom and top
heating conditions. During the experimental investigations, the results showed that the heat
transfer rate can be enhanced through the addition of the porous materials by 2.5 times

compared to that of pure NaNOs in the heating process from 250-300 °C.

Wang et al., (2006) developed and conducted a high-temperature phase-change storage heater
with a series of experiments to test the heat charge and discharge performance of this kind of
heater. In this investigation, an Al-Si alloy was used as a PCM to store thermal energy because
of its high heat of fusion and thermal conductivity. The results show that; with a high heat of
fusion and thermal conductivity, AlSiy. is suitable to heat storage medium; the heat storage ratio
of the heater is high and increases with increasing heating power, during the phase change
process. The heater can also provide a stable heat discharge rate and meet the demand for
thermal comfort indoors to some extent and the heater is economical for domestic space heating

because of low operating costs.
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Adinberg et al., (2010) developed and tested the reflux heat transfer storage concept for
producing high-temperature superheated steam in the temperature range of 350-400 °C with
Zinc-Tin alloy metallic substance as a thermal storage medium which also serves as the phase
change material. The experimental tests performed and produced satisfactory results in terms
of thermal stability and compatibility of the utilized storage materials (Zn70Sn30).

Kenisarin, (2010) studied the developments of PCM's perspective for high-temperature TES
systems and solar energy. Thermo-physical properties of potential heat storage salt
compositions and metal alloys were studied on the review paper and, the compatibility of heat
storage materials and constructional materials are presented. Finally, the paper concludes that
hundreds of perspective compositions and materials had been found out based on inorganic

salts and metal alloys for high-temperature thermal energy storage systems.

Wei et al., (2018) reviewed material selection, innovation, and investigation of thermo-physical
properties of PCM for high-temperature applications to give a helpful reference for the design
of high-temperature phase-change TES systems. Evaluated the selection principles of PCMs on
high-temperature thermal energy storage systems, summarized the thermo-physical property of
high-temperature PCMs, and summarized a lot of heat transfer enhancement techniques as a
potential alternative method to overcome poor thermal conductivity of PCM. Finally, the paper
concludes that the selection of heat storage material was very important for the development of
high-temperature TES systems used in CSP plant and molten salt useful PCMs for high-
temperature applications.

Bellan et al., (2015) investigated numerically on a latent heat thermal energy storage system,
which consists of sodium nitrate (NaNO3) filled spherical capsules in a cylindrical tank and the
high-temperature synthetic oil as a heat transfer fluid used in CSP plant. The developed
numerical model is validated using the reported experimental and numerical data and studied
the influence of capsule size and the flow rate of heat transfer fluid (HTF) on the temperature
distribution, fluid flow, melting and solidification of the system. Finally, the study concludes
from the result, the heat transfer rate is increased, and eventually the charging/discharging time

is decreased when the capsule size is decreased, or the HTF flow rate is increased.
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Tehrani et al., (2016) worked on the design and feasibility study of high-temperature shell and
tube latent heat thermal energy storage system for solar thermal power plants in the 286-565°C
temperature range. The primary objective of the study is to evaluate the potential of the
configuration for CSP plants. Finally, the study concluded that a proper design method of the
storage configuration should simultaneously account for the effects of geometric parameters
and the number of modules to achieve the highest amount of total stored/delivered energy with

a minimum heat transfer surface area.

» From the above literature survey for high-temperature applications, concrete, and nitrate
salt (KNO3) are the most attractive sensible and latent heat TES material for high-
temperature applications.

% Due to its high specific heat capacity, good mechanical properties such as; compressive,
tensile strength, high mechanical resistance to cyclic thermal loading, etc., and
availability that means the concrete aggregates available everywhere cheaply. Because
of this concrete thermal energy storage material is an adaptive technology that can be

implemented in the Sunbelt countries.

>

% Nitrate salts with a melting point above 250 °C are considered for latent heat storage and
used as a PCM. However, choosing an appropriate salt with a melting point within the
operational temperature range of TES can greatly enhance the volumetric thermal
energy storage capacity. For example, in an operating range between 300 °C and 500 °C,
by choosing LiNO3z (melting point: 250 °C) only sensible heat can be used for thermal
energy storage and it will give a volumetric storage capacity of around 440 MJ/m3. But
by choosing KNO3z (melting point: 335 °C) both sensible heat and latent heat can be used
for thermal energy storage and it will give a volumetric storage capacity of around 935
MJ/m3. Therefore when nitrate salt is required to fulfill thermal storage purposes,

utilizing latent heat is a good option (Alva et al., 2018).

2.2.3 Classification of TES system based on storage concept

According to (Dolado et al., 2010), (Liu et al., 2016) and (Gonzalez-roubaud et al., 2017)
classified thermal energy storage systems based on storage concepts especially in the high-
temperature application were classified into two main storage concepts. These are active and

the passive storage systems; active storage systems the storage medium was circulated itself
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through a heat exchanger and heat transfer into the storage material is characterized by forced
convection, they are also subdivided into direct and indirect storage systems. The passive
storage systems are a dual-medium storage system that means the HTF and the storage material
are different and the HTF used for charging and discharging the storage material.

i Active direct storage systems
The principle of an active direct storage system is the heat transfer fluid (HTF) and the storage
medium is the same that means the HTF serves also as the storage medium because the material
is to achieve both a good HTF and good storage material characteristics at the same time. The
advantages of this storage system are cost-effective, due to no need for expensive heat
exchangers and the working temperatures can be higher improving the performance of the plant.
For example, a molten salt used as an HTF and storage material at the same time eliminates the
need for expensive heat exchangers.
One of the active direct storage systems is the two-tank direct storage system, one tank is used
to store the hot HTF and the other one to store the HTF when it has been discharged and the
HTF which directly stored in a hot tank is used to during the time of no solar radiation. The
cooled HTF is pumped to another tank, to circulate again. The advantages of the two tanks
direct storage system are the cold and heat storage materials are separated, reducing the risk of
approach, and performed high working temperatures. However; the high cost of the heat
exchanger to produce steam for the Rankine cycle, needs two tanks and a high risk of
solidification of the storage fluid due to its high freezing temperature is limit its applicability.

ii. Active indirect storage systems
This group needs a second medium used for storing the heat and working with different HTF
and storage medium. One of the active indirect storage systems is the two tanks indirect systems
that work as the direct one but as the HTF fluid and the storage material are different it needs a
heat exchanger between them. The advantages of two tank indirect storage systems are: the
separation between cold and hot HTF and the storage material flows only between hot and cold
tanks, not through the parabolic troughs and the disadvantages are the same as in the two tanks
direct systems. The other active indirect storage systems are the single tank (thermocline)
system, the cold and hot fluids are in the same tank but separated because of the density of the
fluid, the hot fluid is at the top and the cold fluid at the bottom, as a result, this fluid stratification

zone is known as the thermocline. There is also the need of a heat exchanger to transfer the heat
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energy between the HTF and the storage material, the HTF which arrives from the solar field
passes through a heat exchanger, heating the thermal storage fluid media. The advantages of
this concept are the decrease in the cost in front of the two-tank storage system. however, it is
more difficult to separate the hot and cold HTF; in the case of using molten salts it is necessary
to keep a minimum system temperature to avoid freezing and salt dissociation as they have high
melting temperatures; the outlet temperature is high increasing losses in the solar field; the
thermocline needs to be controlled with some method (complicated) and it is an inefficient
power plant due to complex design of storage system thermodynamically point of view.
iii. Passive storage systems
A passive storage system is another storage concept that has both the HTF and the storage
medium, the heat transfer medium passes through the storage only for charging or discharging
the system, the storage medium itself does not circulate and these storage systems generally
called dual-medium storage systems. Passive storage systems are mainly solid storage systems
(concrete, castable materials, and PCM). In the case of using concrete as a storage material the
advantages are the low cost of it; its high heat transfer rate due to good contact between concrete
and piping; the facility of handling the material and the low degradation of heat transfer between
the heat exchanger and the storage material. Another and very important thing on a passive
energy storage system is the use of phase change materials (PCMs) as storage material and it is
advantageous due to the improvement of storage ratio. The advantages of these storage systems
are better to use PCM storage capacities; reduction of costs, compared with storage systems
with the only PCM as storage media; and improve storage ratio, compared with systems with
only sensible heat materials.
> Due to no need for two-tank systems (cost-effectiveness) and reliability, a passive storage
system is applicable for this study. The operating principle is heat energy transferred from
the solar field by the HTF to the PCMs and the PCMs contain a shell and tube heat

exchanger to transfer the thermal energy from the HTF to the storage material.

2.3 Solar collectors for TES system

A solar collector is one of the major components integrated into a thermal energy storage system

that converts solar radiant energy into thermal energy for various uses. Depending on the
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application of temperature range there are various types of solar collector have been applicable,

but fundamentally grouped into two types of solar collectors;

1. Non-concentrating solar collectors: it is also known as stationary solar collectors;
solar pond, flat plate collector, and evacuated tube collectors are also grouped under this
type of solar collector. It has the same area for intercepting and absorbing solar radiation
and no need for sun-tracking.

2. Concentrating solar collectors: this type of solar collector consists of; compound
parabolic, linear Fresnel, parabolic trough, parabolic dish reflector, and heliostat field
collector. This type of solar collector is the need of sun-tracking.

Due to the application of temperature range and simplicity of operation flat plate collector for
low-temperature TES system and parabolic trough for high-temperature TES system are

selected for the present study and briefly discussed below.

2.3.1 Flat plate solar collector

Flat plate collector was a main solar component and most efficient means of collecting solar
energy for low-temperature applications such as; solar water heating, building heating, and air-
conditioning. Flat plate solar collectors are; simple in design, with no need for tracking
mechanism and usually consist of glazing covers, absorber plates, insulation layers,
recuperating tubes, and other auxiliaries as shown in Fig 2.4. The flat-plate collectors can be
designed for applications requiring energy delivery at temperatures ranging from ambient
temperature up to 100 °C suggested by (Janjai et al., 2000). The detailed analysis of a solar flat
plate collector is a complex task, due to the high number of parameters affecting its performance
but some relevant studies on the performance analysis of solar flat plate collectors that have

been used for this study are illustrated below.

Gunjo et al., (2017) investigated experimentally on the performance of a flat plate solar
collector integrated for the solar water heating system. The study presented the effect of
different operating parameters on the flat plate collector. The result showed that the thermal
efficiency of the solar water heating system increases with ambient temperature, solar
insolation, and the mass flow rate of water. CFD model of a flat plate solar collector also

developed with a single riser tube and absorber plate at the steady-state condition to predict the

25



outlet water and absorber plate temperature of the heating system with reasonable accuracy.
Finally validated the CFD results with the experimental results and obtained a good agreement

between their CFD model and experimental results.

Rangababu et al., (2015) evaluated the performance of solar flat plate collectors in terms of
thermal efficiency by developing a 3D model using ANSYS software to analyze the heat
transfer phenomenon inside the riser of the solar flat plate collector. The evaluation was carried
out numerically as well as experimentally and used two nano-fluids; Al,Os-water and CuO-
water to improve the thermal performance of flat plate collectors. During the evaluations, the
CuO based solar flat plate collector gives higher thermal collector efficiency compared to Al.O3
and water-based solar flat plate collector due to higher thermal conductivity. The study obtained
a good agreement between the developed model and experimentally measured data then finally,
concluded that the thermal efficiency of solar flat plate collectors could be improved by

changing the working fluid.

Bouadilaetal., (2014) developed a combined energy and exergy optimization of flat plate solar
collectors to determine the optimal performance and design parameters between solar to heat
energy conversion systems. Absorber plate area, dimensions of solar collector, pipe diameter,
mass flow rate, inlet, and outlet fluid temperature, etc., were considered as geometric and
operating parameters in the analysis. Obtained the optimum values of the mass flow rate, the
absorber plate area, and the maximum exergy efficiency with more accurate results and also
obtained a good agreement between the developed model and the experimental measurements.
Finally, the study concluded that the exergy was beneficial parameters in the design of solar

collectors.
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Fig.2.4 Cross-sectional view of FPC with basic component (Bekele, 2007)
Tagliafico et al., (2014) simulated and analyzed the heat transfer phenomena in solar flat plate
collectors with water flow using computational fluid dynamics (CFD) software. The mixed heat
transfer modes of conduction, convection, and radiation between tube surface, glass cover,
sidewalls, and insulating base of the collector as well as the mixed convective heat transfer in
the circulating water inside the tube and conduction between the base and tube material were
considered during those investigations. An experimental setup was built and an experiment
performed to validate the CFD model and obtained a good agreement. Finally, conclude that
the temperature was lower in the case for water flow than that of without flow due to the forced

convection heat transfer.

2.3.2 Parabolic trough solar collector

Parabolic trough collector (PTC) is another type of solar collector used to deliver high
temperatures with a good thermal performance for thermal energy applications. Parabolic
trough collectors mainly light structures and low-cost technology systems for process heat
application up to 400°C. It focuses direct solar radiation onto a focal line on the collector axis
and a receiver tube with a fluid flowing inside that absorbs concentrated solar energy from the
tube walls and raises its enthalpy is installed in this focal line as shown in Fig 2.5. Parabolic
trough collector is mostly applicable in concentrated solar power (CSP) plants and heating in

various industrial processes. This solar collector also used in the present study to delivering
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high temperatures to thermal energy storage systems for direct steam generation in CSP plants
during the discontinuous and intermittent flow of solar intensity. The heat transfer and optical
analysis of the parabolic trough collector are essential to optimize and understand its
performance under different operating conditions. Therefore, numerous studies had been done
about: application, construction, design, and modeling of this kind of collector integrated within

CSP plants, and some of those studies are listed below.

Solgr Field
Piping

Fig.2.5 Typical view of parabolic trough collector (Lupfert et al., (2000)
Garcia et al., (2010) studied parabolic trough collectors and their application briefly; also
presented a survey of systems that incorporate parabolic trough collectors could supply thermal
energy up to 400 °C, especially steam power cycles for electricity generation, including
examples of each application. According to the study, there are currently several commercial
collectors used for direct steam generation applications that have been successfully tested under
real operating conditions. Nowadays typical aperture widths about 6 m, total lengths from 100
to 150 m, geometrical concentrating ratios between 20 and 30, and temperatures from 300 to
400 °C parabolic trough collectors were connected to steam power cycles both directly and

indirectly.

Hachicha et al., (2013) presented a mathematical formulation based on the finite volume
method for parabolic trough collector a temperature ranges up to 400 °C to analyze a detailed
numerical heat transfer model. Different elements of the receiver are discretized into several

segments in both axial and azimuthal directions and energy balances were applied for each

28



control volume. In the model and a set of algebraic equations are solved simultaneously using
direct solvers. An optical model was also developed for calculating the non-uniform solar flux
distribution around the receiver. Finally, determined the solar heat flux as a pre-processing task
and coupled to the energy balance model as a boundary condition for the outer surface of the

receiver.

Odeh et al., (1998) determined the efficiency of parabolic trough collectors for the steam
energy generation system. The developed model to study the thermal performance of a
parabolic trough collector and the thermal losses from the collector is by using synthetic oil as
the working fluid. Developed an efficiency equation for trough collectors used in a simulation
model and evaluated the performance of direct steam generation collectors for different
radiation conditions and different absorber tube sizes. Finally, conclude that the thermal losses
from the trough collector were described in terms of absorber emissivity, absorber wall

temperature, radiation level, and wind speed.

Theses et al., (2011) performed a detailed one-dimensional numerical heat transfer analysis of
a PTC by divided the receiver and envelope into several segments by applied mass and energy
balance in each segment. Performed the partial differential equations in the discretized segment
and the nonlinear algebraic equations were solved simultaneously. It also presented
improvements either in the heat transfer correlations or irradiative heat transfer analysis as well.
Validated the numerical model results compared with experimental data and also compared
from other one-dimensional heat transfer models, finally, the result obtained that a better

agreement in both cases.

Behar et al., (2015) modeled the development, validation, and heat transfer of parabolic trough
collector (PTC) implemented in Engineering Equation Solver to determine the performance of
a parabolic trough solar collector’s linear receiver. Studied briefly in all heat transfer and
thermodynamic equations, optical properties, and parameters used in the model. The design and
parameter study includes numerous charts showing a parabolic trough solar collector’s linear
receiver or heat collector element performance trends based on different design and parameter
inputs. The model compared with experimental results and obtained a good agreement, finally
suggested for further study about the heat collector element and trough improvements based on

the design and parameter study.

29



Alguacil et al., (2014) studied on parabolic trough collectors for direct steam generation
applications with thermal oil as an HTF. The study developed temperatures higher than 400 °C
due to operating by the second generation of parabolic troughs at, Abengoa solar power plant
IS assessing, it is the use of direct steam generation (DSG) inside parabolic troughs to achieve
higher temperatures; the first stage heating up to 450 °C and the second stage heating up to 550
°C.

» From the above literature survey due to the application of temperature range and simplicity
of operation, flat plate collector, and parabolic trough collector are the most attractive type
of solar collector. Therefore, the present study is taken those solar collectors used as solar
energy collecting component to feed heat energy on TES systems for low temperature and

high-temperature applications, respectively.

2.4 Storage media and heat transfer fluid (HTF)
This section contains the storage media and types of heat transfer fluid applicable for thermal
energy storage systems. In the thermal energy storage system, especially sensible heat thermal
energy storage heat will be stored in either solid or liquid media.

I Storage media
There are two storage media is applicable in thermal energy storage system especially for
sensible storage system used to store heat energy, which is solid and liquid storage media
described as follows.

a. Solid Media
Solid media is one of the storage media in the storage system; usually it requires a heat transfer
fluid (HTF) to exchange heat in TES systems. When very low heat capacity HTF used in the
system like air, solid is the only storage material in that system. However, when the fluid is a
liquid, its capacity is not negligible, and the system is called a dual storage system. An
advantage of a dual storage system is the use of inexpensive solids such as rock, sand, or
concrete for storage materials in conjunction with more expensive HTFs.

b. Liquid Media
Liquid media is another storage media used in TES systems, which maintain a natural thermal
stratification (thermocline) because of density differences between hot and cold fluid. Due to

the nature of density difference the hot fluid be supplied to the upper part of a storage system
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during charging and the cold fluid be extracted from the bottom part during discharging or using
another mechanism to ensure that the fluid enters the storage at the appropriate level by its
temperature (density) to avoid mixing this phenomenon is known as the thermocline.
ii. Heat transfer fluids (HTF)

Heat transfer fluids (HTF) is used to transfer thermal energy from the solar field collecting by
the solar collector into the thermal energy storage system and a water storage tank for the water
heating system or the heat exchanger for steam generation in CSP plants. The type and
characteristics of HTF dictate the amount and the quality of energy that can be supplied to load
and it must be compatible with the containment materials, storage media and be able to operate
in the required temperature range. Thermal energy storage that operates at low and high-
temperatures can use mainly water, thermal oil, molten salts, steam, air, etc., as heat transfer

fluids (HTFs), and some of these are illustrated below.

Thermal oil: synthetic oil, most widely known as Therminol VP-1 brand name is used as an
HTF in most CSP plants to avoid the high-pressure requirement and phase
transition. It is highly flammable, hazardous to the environment if it should leak out of the
system and this synthetic organic HTF can operate at high-temperature which is 400 °C used to
collect and transport heat energy in most CSP plants.

Molten salt: it is non-toxic, non-flammable, has a low vapor pressure, and it is one of the most
prominent heat transfer fluid as well as thermal energy storage mediums today. Different molten
salt mixtures are available but they generally have similar heat transfer characteristics are solar
salt, it is the most prominent type of molten salt for high-temperature application. It is a eutectic
mixture of sodium nitrate (60% by weight) and potassium nitrate (40% by weight). It has a

melting point of 238 °C and an operative temperature range of between 260 and 567°C.

Direct steam: it is another heat transfer fluid and that allows higher operational temperatures
than possible with either molten salt or thermal oil. Theoretically, it is possible to achieve
superheated temperatures, but the high operating pressures are a limiting factor why this is not

always used as a heat transfer fluid.

Generally, the desirable properties of heat transfer fluids (HTFs) are listed below:
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High thermal conductivity

High volumetric heat transfer capacity
High boiling point

Low viscosity for lowering pumping power
Low price and easily available

Low freezing point to reduce freezing problem which may clog the pipe

AN N N N N

Non-flammable and non-corrosiveness.

It is difficult to get HTF material that satisfies all of the above properties. Therefore, select the
best-suited HTF in the present investigation by studying its effect on the system.

» Both the solid and liquid (during phase change) storage media are used in the present
study in addition to this water and thermal oil are also selected as an HTF used for low
and high-temperature thermal energy storage systems respectively. This is mainly due

to the applicability of its working temperature range.

2.5 Thermal enhancement mechanism in the TES system

The development of proper thermal performance enhancement techniques must be required to
design a cost-effective thermal energy storage system. Liu et al., (2012) reviewed on thermal
performance enhancement techniques for high-temperature phase-change thermal energy
storage systems in CSP plants that were currently operating and under construction. During the
study, various techniques employed to enhance the thermal performance of high-temperature
phase-change thermal storage systems with melting temperatures above 300 °C had been

reviewed and discussed.

Some of these various techniques were; by adding high conductive materials like graphite,
extending heat transfer surface by fins and capsules, packing the phase change thermal storage
system with multiple PCMs of different melting temperatures. Finally, the study concludes that
sandwich configuration with graphite foil fins (up to 250 °C) or aluminum fins (330 °C) has
proven to be promising to construct high-temperature phase-change thermal storage systems.
There are a lot of studies were included in this section to enhance the thermal performance of
thermal energy storage systems and from those enhancement techniques were listed as follows:

A. Enhancement using of extended heat transfer surfaces
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Extension of heat transfer surface is one of the improvement techniques of the heat transfer rate
because of reduces the distance for heat transport within the PCM in the form of using either
capsules or finned tubes. Flexible capsules, usually plastic, are used for low-temperature PCM
applications and fins usually graphite foil, aluminum, steel, and copper are arranged orthogonal
to the axis of the heat transfer fluid pipes, namely sandwich design, are generally used to

improve the heat transfer in the high-temperature storage system.

Jegadheeswaran & Pohekar, (2009) were great work on different performance enhancement
techniques both experimentally and theoretically. According to the investigation, fins were a
very promising heat transfer enhancing techniques focusing on lower temperature PCM
materials (namely, paraffin), and they can be employed on either the PCM or HTF side and also

studied on common fin arrangements in a latent heat storage system.

Bugaje, (1997) showed the effectiveness of fins in improving heat transfer rates, with fins
performing better than star-shaped matrices and improving phase change times for both melting

and freezing, with the effect more pronounced during solidification.

Agyenim et al., (2009) worked on a comparison of heat transfer enhancement in medium-
temperature thermal energy storage with a horizontal concentric tube exchanger using fins.
Three experimental configurations, a control system with no heat transfer enhancement and
systems augmented with circular and longitudinal fins have been studied. The experimental
study also compared two practical heat transfer enhancement methods; circular finned and
longitudinal finned systems with a control system with no heat transfer enhancement. The
results presented to compare the system heat transfer characteristics using isotherm plots and
temperature-time curves and satisfying longitudinal finned system.
B. Enhancement using highly conductive materials

Enhancement of thermal conductivity of thermal energy storage is a direct route of heat transfer
improvement and focused on saturating high conductivity porous materials with PCM or
dispersing highly conductive particles in the PCM. The heat transfer enhancement technique
takes place within a PCM storage system by composing high thermal conducting material
(sensible heat phase) into the PCM (latent heat phase). Graphite, aluminum, and copper are the
most common materials used in such enhancement techniques incorporated with paraffin wax

PCM latent heat storage systems.
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Gunjo et al., (2018) recently investigated on latent heat storage thermal conductivity
enhancement mechanism by dispersed Cu, CuO, and Al,Oz nanoparticles in paraffin wax for
solar thermal application. During the investigation addition of 5% of Cu, 5% of Al>Oz and 5%
of CuO nanoparticles improved the melting rate by 10 times, 3.46 times and 2.25 times and the
discharged rate by 8 times, 3 times and 1.7 times, respectively compared to the pure paraffin

filled latent heat storage system.

Wu & Zhao, (2011) carried out both experimental and two-dimensional numerical analysis
investigations on the solid/liquid phase change in which paraffin wax embedded in high
porosity copper metal foams to enhance the heat transfer. The result compared to that of pure
PCM sample, the effect of metal foam on solid/liquid phase change heat transfer is very
significant and it can increase the overall heat transfer rate by 3-10 times (depending on the
metal foam structures and materials) during the melting process. The result also showed that
the use of metal foams can make the sample solidified much faster than pure PCM samples,
evidenced by the solidification time being reduced by more than half.

C. Enhancement using multiple PCMs
Another heat transfer enhancement technique in thermal energy storage systems is by using
multiple PCMs with different melting temperatures. In this type of enhancement technique,
different PCMs containing different melting temperatures and those are connected in series.
When employing multiple PCMs to enhance the thermal performance of latent heat storage
systems, it is important to select the appropriate PCMs and relative proportions of the PCMs.
The multiple PCMs in shell and tube units should be in the flow direction that the melting
temperature decreases in the charging process and increases in the discharging process.

D. Enhancement using inserting of heat pipes
Embedding of the heat pipe is another thermal performance enhancement technique that can be
used in thermal storage systems to serve as HTF tubes between the HTF and the thermal energy
storage material.
Shabgard et al., (2010) developed a thermal network model used to analyze heat transfer in a
high-temperature latent heat thermal energy storage unit for solar thermal electricity generation.
The impact of the number of heat pipes as well as their orientation relative to the HTF flow
direction and the gravity vector in two distinct system configurations also investigated. Two

storage configurations are considered; one with PCM surrounding a tube that conveys the heat
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transfer fluid, and the second with the PCM contained within a tube over which the heat transfer
fluid flows. Both melting and solidification are simulated. Finally, it was demonstrated that
adding heat pipes enhances thermal performance, which was quantified in terms of
dimensionless heat pipe effectiveness.

Agyenim et al., (2010) experimentally investigated heat transfer enhancement techniques in a
medium temperature thermal energy storage system using a multi-tube heat transfer array
energy storage system. The study analyzed the thermal characteristics in the systems using
isothermal contour plots and temperature-time curves. The temperature gradients recorded in
the axial direction for the control and multi-tube systems during the change of phase were
respectively 2.5 and 3.5% that of the radial direction, indicating essentially a two-dimensional
heat transfer in the PCM. The result showed that the multi-tube system improved the heat

transfer rate during charging and produced a high output temperature.

» From the above section finally, conclude that there are various thermal performance
enhancement techniques were given. However, those techniques have their side effects;
for example, enhance by using extended heat transfer surface was reduces storage
volume from PCM in a container. This affected the thermal storage capacity and those
also more impact on improving the solidification rate than the melting rate. The second
technique was enhancement by using multi-PCM, and this needs different phase change
material then it leads to economic impact.

» To solve the above problem, enhance the heat transfer rate by using embedding of multi-
HTF tubes or pipes between the HTF and the storage material is the best thermal
performance enhancement technique apply in the thermal energy storage system.
Similarly, inserting highly conductive material in the HTF tube also enhances the heat
transfer rate especially for low thermal conductivity storage material. Due to this fact,
the present study also applies this heat transfer enhancement technique in both

developed TES storage model

2.6 Local researches on the thermal energy storage system
There are a few numbers of local research works investigated regarding thermal energy storage

systems because of fewer policy decisions are applied to promote and implement solar
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renewable energy for different solar thermal applications. However, the present study included

among some of these few related research works given below.

Tesfay et al., (2014) investigated on solar-powered heat storage for injera baking application
in Ethiopia. During the investigation heat storage is developed and tested by integrated with
injera baking application at different places. Direct steam-based injera baking prototype
developed and tested in Mekele University (Ethiopia) and the other baking mechanism heat
storage with PCM based prototype was developed and tested at NTNU. Finally, the paper
concludes that there is a possibility of injera baking in both cases, but included latent heat
storage is used to increase sustainability for the injera baking mechanism.

Tesfay & Venkatesan, (2013) worked on CFD analysis of sensible thermal energy storage
systems in solar thermal power plants. The material used during the investigation was concrete
and solid NaCl sensible thermal energy storage material as a solid medium and parabolic trough
solar collector. The design TES system produced 1MWe and the result showed by Gambit and
fluent software simulation and finally, the study concluded that integrating sensible thermal
energy storage can be used in a solar thermal power plant.

Yayeh, (2013) studied thermal energy storage systems by designing a solar thermal powered
Injera baking system to made cooking indoor convenient and avoid the problems caused due to
carbon inhalation and deforestation. The system consists of the primary concentrator
(Scheffler), secondary reflector, and thermal energy storage system with the cooking (pan)
assembly. The storage device involves a sensible heat storage mechanism with Hitec heat
transfer salt as a storage medium. During the investigation, the study also determined the heat
retention capacity of the thermal energy storage system from heating and cooling curves

generated during modeling and simulation by ANSYS software.

Asefa, (2019) studied the performance analysis of PCMs (Erythritol) encapsulated by spherical
capsules integrated into the solar vapor absorption refrigeration system for industrial
application. The study developed a Python coding to solve a one-dimensional unsteady heat
transfer phenomenon. The coupled partial differential equations of the spherical PCM and the
heat transfer fluid were numerically solved using the finite difference method and the enthalpy

approach. Finally, the study demonstrated that the time required to charge the PCM is lower
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than the discharging time mainly due to the natural convection inside the spherical capsule at
the phase transition state. The liquid part creates natural convection on the interface of the

sphere, which is directly related to the amount of liquid phase inside the capsule.

Kefa, (2019) performance analysis of concrete based thermal energy storage system by
integrated a linear Fresnel collector for heat generation at the industrial process. A one-
dimensional transient numerical model is developed for concrete thermal energy storage and
solved using a finite difference scheme. Finally, the investigation concludes that the thermal
energy storage can serve as a thermal battery for smoothing the output from the collector field
and buffer storage in cloudy hours of the day.

2.7 Literature summary

In this chapter presented a detailed literature survey regarding the investigation of various TES
systems for low and high-temperature applications with both sensible and latent heat storage.
Extensive studies on types of solar collectors (flat plate solar collectors and parabolic trough
solar collectors) and various thermal performance enhancement techniques implemented in the
TES systems are also reviewed. The TES materials, storage concept, storage media, and heat
transfer fluid (HTF) used in both low and high-temperature applications are briefly studied and
included local studies relevant to TES systems. It is usually required to specify the major area
of studies and its finding; therefore, Table 2.1 has summarized some literature major findings.
Finally, it is observed from the literature review that thermal energy storage systems have been
proved; it is reliable, economically viable, environmentally friendly, and generally useful to
develop and promote strong solar thermal energy. Considering these facts, the present study
targets an investigation of TES systems for low and high-temperature applications by
developing a three-dimensional TES model with sensible and latent heat as a storage

mechanism.

Table 2.1 Literature summary

Year Authors Major finding
2007 Vyshak & Jilani Study the effect of the shape of the LHS system.
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2009 Agyenim et al.

2011 Pinel et al.
2011 Wu & Zhao
2012 Liu et al.
2013 Wang et al.
2013 M. Tesfay &
Venkatesan

2014  Rathod & Banerjee

2016 Tehrani et al.

2017 Singh & Sgrensen

2018 Alva et al.

2018 Wei et al.

Fins were a very promising heat transfer enhancing
techniques focusing on lower-temperature PCM materials.
Water is the best sensible TES material for residential
applications.

Carried out experimental analysis in the LHTES system to
enhance heat transfer rate by embedding copper foams into a
paraffin wax storage bed.

Reviewed on thermal performance enhancement techniques
for high-temperature LHTES systems.

Study the effect of the inlet temperature of HTF on the
thermal performance of the shell-tube LHS system.

A local paper worked on CFD analysis of concrete STES
systems in solar thermal power plants and produced 1MWe.
Paraffin wax can be widely used LHTES material for low
temperature solar thermal applications.

The highest amount of stored/delivered energy is achieved by
a proper design method of the storage configuration.

Carried out a numerical investigation on a concrete based
TES system for steam generation.

Grouped TES systems based on the operating temperature
range.

Evaluated the selection principles of PCMs on high-

temperature thermal energy storage systems.

Additionally, the following concepts are briefly depicted in this study and used as a by-product

during the investigation:

v' Flat plate collectors and parabolic trough solar collectors are used as solar radiation

collecting elements for low and high-temperature applications respectively.

v’ Paraffin wax, water, concrete, and nitrate salt (KNO3) is selected as a storage material

to use in the developed TES model.
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v' Embedding of a multi-HTF tube between the storage material and the heat transfer
fluid was used as a thermal enhancement technique.

v Water and thermal oil used as a heat transfer fluid.

v A passive storage concept with a shell-tube regenerative heat exchanger type storage

configuration is used during the investigation.

2.8 Research gaps

The literature reviewed still has a wide range of gaps that are to be addressed in the upcoming
years with a focused dedication to enhancing the concept of the TES system to bridge a gap
between the present and past research. Although a lot of efforts made to develop the TES
systems integrated for different thermal applications, the following areas still demand the

attention of the researchers.

» Several researchers developed a lot of storage models to study the performance
characteristics of the TES system. However, the majority of the developed TES models
were based on a single shell and tube heat exchanger type TES model. Enhancing of
TES system using embedding of multi-HTF tubes between the HTF and the storage
material rarely investigated.

» It is understood from the literature survey that most of the research work on the TES
model is concerned with either sensible heat storage systems or latent heat storage
systems with a specific temperature range.

» The other is time take to reach phase transition temperature for a latent heat thermal
energy storage system. But up to the phase change transition temperature; it is the
sensible heat storage system. Therefore, a system must design which will work as both

a sensible and latent heat storage unit, called a multi-functional storage unit.

Considering these facts, the present work aims to fill the above-mentioned gaps by developed
efficient thermal energy storage systems integrated for low and high-temperature applications,

with enhancing the thermal performance of the developed TES system.
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CHAPTER THREE
METHODOLOGY

This chapter introduces the method employed and details numerical expressions of the overall
modeled TES system considered, to achieve the objective of the research which is mentioned
in chapter one. Sources of data and methods of gathering those data, research design method,
and calculation of the available solar radiation thought the year using the given metrological

data also presented in this chapter.

3.1 Proposed methodology

The schematic diagram of the conceptual framework of the applied methodologies so-called

proposed methodology is as shown in Fig. 3.1.

Identifying constraints of the TES systems
3

Selecting TES components

¥
Sizing of the TES systems

¥

Modeling the TES systems

¥

Numerical investigation

L 2

Identifying the main limits and improvements of the TES systems

1

Validating the result

Fig.3.1 A proposed methodology for the present study
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3.2 Data collection and data analysis

Data has been collected from both primary and secondary sources in the present study. The
primary data sources would be taken by direct measure temperature, charging, and discharging
time from previous thermal energy storage systems developed by local researchers for different
applications. Secondary sources of data include; reference books, journals, kinds of literature,
internet, etc., and Ethiopian energy status from the Ethiopian energy sector was being collected
in this investigation. Reviewed some literature papers or previous patented work regarding the
TES system also performed for this study to gathering brief information about thermal energy
storage materials on its classification, applications, and performance enhancement mechanism
from those papers. The appropriate storage material for a given sensible and latent heat thermal
energy storage system for both low and high-temperature range is identifying from the

literature.

3.3 Research design

The method uses to do this thesis is theoretically as well as numerical approaches. The software
that has been used for the present study was COMSOL Multi-physics 4.3a commercial
software, and M.S office 2019. Mathematical modeling implemented to study the TES
performance parameters such as charging and discharging time, liquid fraction, stored/released
energy numerically. A 2D model is developed to optimize the number of HTF tubes with a
theoretical approach. The result of TES systems obtained from the simulation is also validated
with the previous experimental as well as numerical study. Related literature obtained from
academic literature, articles, websites, etc., were studied to gain brief information about the
study and used as a bridge to achieve the objective of the present research. The study would
also do based on hypothesis and hypothesis testing and both qualitative and quantitative

research design techniques will be used.

3.4 Estimation of available solar radiation within the climatic condition

Solar radiation data is necessary for any solar energy conversion device design and to determine
the level of solar radiation for the given location and the amount of energy available at the
collector surface. So, in this investigation also solar radiation data collected from Meteorology
are required for evaluating the available amount of heat energy used as an input in the TES

system. The present investigation is performed on one of the tropical characterized climatic
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conditions which are located at Adama within a monthly average temperature range of 20.1°C
(December) and 24.1°C (March) as shown in Table 3.1; it has a high intensity of solar radiation.
So, in this paper five years of average climatic conditions of Adama are used to analyze different

parameters.

Table 3.1 Monthly average annual climatic condition of Adama (Ethiopia National
Meteorology Agency)

Temperature Month
) Jan | Feb | Mar | Apr | May | Jun [Jul | Aug | Sep | Oct | Nov | Dec
Min 133|157 (172 170|172 |17.1|16.7 |16.6 | 159 | 15.6 | 149 | 13.6
Max 276 1293 31.1|30.7|30.2 298|292 |27.1|28.2|28.8|27.8|26.6
Average 204 1225|241 |239|23.7 235|229 (219|220 222 |21.3]|20.1
Windspeed |35 |27 (32 |35 |31 |28 |31 |27 |28 (34 |43 |35
(m/s)

This data can be derived from satellite imagery, where models of surface and cloud reflectivity
allow the solar radiation at ground level to be estimated with reasonable accuracy. The solar
thermal energy system requires accurate estimates of direct beam irradiation data to perform
numerical simulation and succeeding economic evaluation tasks for the different solar
collectors. The purpose of study this section is therefore to use the available sources of solar
irradiation data, which is found from National Meteorological Agency to arrive at a good
estimate of the solar resource at Adama city, in such a way that subsequent modeling can predict
the solar collector system output with some confidence. in the present study, an empirical model
is used to predict and estimate solar radiation. Because there is a scarcity of trustworthy solar
radiation data in the given location and also these models use climatological parameters of the
location under study. Among which sunshine hours are the most widely and commonly used

climatological parameters for this study.
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3.4.1 Calculation of extraterrestrial solar radiation

Extraterrestrial solar radiation (I,) is simply the solar radiation outside of the earth’s
atmosphere which is found from the sun’s position in the sky as seen from the earth as a function
of the day of the year and of the time of the day. Calculating each day of the year, the day time
duration, global daily solar radiation (I;) on a horizontal surface and, global daily solar
irradiance received by a horizontal surface at the upper limit of earth atmosphere (I,), which is
known as extraterrestrial. The main thing in the calculation of extraterrestrial solar radiation is
determining of incident solar radiation; initially by finding out solar hour angle (ws,) from the
solar time equation. Solar time is a time based on the apparent angular motion of the sun across
the sky with solar noon which the sun crosses the meridian of the observer and it is given by
(Duffie and Beckman, 2013):

Solar time = Standard time + 4(Ly; — L;,c) + E 3.1

where: Lg;- represents standard meridian for the local time zone, in degrees (0° < Ly < 360°)
L,,c- represents longitude of the location in the equation, in degrees (0° < L;,. < 360°) and E-

is the equation of time (in minutes), and is given by:

E =229.2 (0.000075+ 0.001868 cos B — 0.032077 sin B — 0.014615 cos 2B — 0.014615
sin 2B) 3.2

B=(n-1)*=> 33
365
where: n- is the n" day of the year, thus 1 <n <365

The position of a location on the earth’s surface is defined by the coordinate’s latitude and
meridian or longitude angles. Depending on the orientation of the inclined surface, the

the expression for the basic sun-earth Angles is obtained as:

Hour angle, w (%): it is the angular displacement of the sun towards east or west of the local
meridian due to rotation of the earth on its axis at 15° per hour. The value is negative in the

morning and positive in the afternoon, and it is given by (Duffie and Beckman, 2013):

w = (Solar time - 12)*15 34
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Declination angle, & (°): is the angular position of the sun at solar noon (i.e., when the sun is
on the local meridian) concerning the plane of the equator, north positive; -23.45° < § < 23.45°

and is given by (Duffie and Beckman, 2013):
. 360
6= 23.45*51n(% (284 +n)) 3.5

Representative Day of each month in the year and the value of the declination angle on its day
can be obtained by Table 3.1.

The zenith angle, 8, (°): is the angle between the vertical and the line to the sun that is the

angle of incidence of beam radiation on a horizontal surface, which is given by the equation:
cos 8, = cos ¢ cosd cosw + sing sin 3.6
where: ¢ is the latitude angle and it is equal to 8.557° for Adama location.

The angle of incidence, 6; (°): it is the angle between the sun’s ray incident on the plane
surface (collector) and normal to that surface. The relationship between the angle of incidence

6; and the other angles is given by (Duffie and Beckman, 2013):

cosf; = sindsin¢ cosf —sind cos ¢ sinf cosy + cos b cos ¢ cos S cosw +

cos § sin ¢ sin § cos y cos w + cos § sin S siny sin w 3.7

where: B is the slope or tilt angle which is defined as the angle between the inclined plane
surface and the horizontal, and y is surface azimuth angle which is the angle in the horizontal
plane, between the line due south and the horizontal projection of the normal to the inclined
plane surface. At sunrise, the sun’s ray is parallel to the horizontal surface, hence ;= 6= 90°

the solar hour angle magnitude, ws, is calculated as follows:

wgr = cos~1(—tan ¢ tan §) 3.8
Since 15° of hour angle is equivalent to one-hour duration, so the duration of the day time, Ny
(hr.) is given by:

2

Ny, =—
H ™ 45

Wgy 3.9
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Table 3.2 Recommended average days for months in the year (Duffie and Beckman, 2013)

Month n for i" Day For the average Day of the Month
of the Month Date n, Day of the | ¢, Declination
Year

January i 17 17 -20.9
February 31+i 16 47 -13.0
March 59 +1i 16 75 -2.4
April 90 +i 15 105 9.4
May 120 + i 15 135 18.8
June 151 +1i 11 162 23.1
July 181 +1i 17 198 21.2
August 212 +i 16 228 13.5
September 243 +1i 15 258 2.2
October 273 +i 15 288 -9.6
November 304 +i 14 318 -18.9
December 334 +i 10 344 -23.0

The global daily solar irradiance received by a horizontal surface at the upper limit of earth

atmosphere (expressed in J/m2day), is calculated as follows (Duffie and Beckman, 2013):

Iy = 243600 Isc [1 + 0.033 cos (%)] * [cos ¢ cos & sin wg, + n%sin ¢ sind| 3.10

A

where: Is. is the solar constant, which is equal to 1367 W/m?

3.4.2 Calculation of monthly average daily global radiation on a horizontal surface

Global solar radiation (I;) is the sum of the beam and the diffuse solar radiation on a surface,
or simply it is the most common measurements of total solar radiation on a horizontal surface,
often referred to as global solar radiation on the surface. The solar energy reaching on the earth's
surface is reduced while crossing the atmosphere because of absorption, reflection, and
scattering by liquid and solid aerosols, etc., especially in the case where a cloud cover is present.
The monthly average daily global radiation on a horizontal surface may be estimated from

sunshine records by the Angstrom correlation, as (Tiwari, 2018):
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I s
i = a, +b, (1’;—5 3.11

where: ng is the daily bright sunshine hours as shown in the Fig.3.2 and N, is the maximum
possible daily bright sunshine hours and a and b are regression constants, the values are

determined by Angstrom correlation as follows:

a, =-0.110 + 0.235cos ¢ + 0.323(;—2 3.12
b, = 1.449 - 0.533 cos ¢ — 0.694 (Z—z 3.13
12
10

Sunshine hours
D

= Present study === ..C.Venkatachalam et al.,2019...

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
Fig.3.2 Bright sunshine hours for the representative days of each month in Adama (Ethiopia

National Meteorology Agency)

Therefore, from Fig.3.2 we obtained a maximum bright sunshine hour in December and a
minimum bright sunshine hour in July whose values are 9.54 and 7.1 hours respectively in the
present location. Similarly, it also a good agreement after validated with (Venkatachalam et
al., 2019) published work.
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3.4.3 Calculation of the beam and diffuse daily solar irradiation on a horizontal surface
The monthly average daily beam, Iz and diffuse radiation, I, (kWh/m?/day) on a horizontal
surface, can be determined from the monthly average daily global radiation on a horizontal

surface and the number of bright sunshine hours (Duffie and Beckman, 2013):

2 =0.931-0.814 (= 3.14

IG_

The average daily beam solar radiation hitting on a horizontal surface at ground level, I, is can

be found by simple deduction:
Ig=1;-1p 3.15

The monthly average global, diffuse and beam radiation on a horizontal surface in Adama for

an average climatic condition of five years is given in Fig 3.3.

Radiation(kWh/m?/day)
N

31 - am oy
------ ” ‘
---/" \\\
1 .
—¢— Global Beam === Diffuse
0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig.3.3 Monthly for daily average global, diffuse and beam radiation on a horizontal surface
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3.4.4 Calculation of monthly average hourly solar incidence on a horizontal surface

The monthly average hourly beam (I;) and diffused (I;) solar irradiances (KW/m?) on
a horizontal surface as a function of the time of the day can be calculated from a relationship
with the above equation of the monthly average daily global radiation on a horizontal surface
by using the expression proposed by Collares-Pereira correlation (Duffie and Beckman,
2013). In this study, a one-second resolution of solar radiation is taken for transient analysis in

the subsequent sections. During day time, I; and I, are given by:

T COS W—COS Wgr

Ip = Sarse00 la + b cos w] * SN Wsr— 05 Cos gy * Ip 3.16

* T COS W—COS Wgr
b = garzeon (¢ F D cos o+ o o * 18 3.17
where: a = 0.409 + 0.502 sin(wg, — 60) 318
b =0.661 — 0.477 sin(ws, — 60) 3.19
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Fig.3.4 Hourly global, beam and diffused radiation on a horizontal surface for the

representative day of each season of the first month

The monthly average hourly global solar radiation is the sum of the average hourly beam and
the diffuse solar radiation on a surface, (I;) and it can be found by simple summation and the

radiation for the representative day of each season of the first month is as shown in Fig 3.4.
I =1+ 15 3.20

3.4.5 Estimation of hourly variation of ambient temperature
Estimation of hourly variation of ambient temperature can be approximated from the daily mean
maximum and the daily mean minimum temperature because it is difficult to get data for hourly

variation of ambient temperature in this location. A sinusoidal variation of the ambient
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temperature throughout the day and the maximum temperature at 15:00 h sun time is assumed

as shown in Fig 3.5. The hourly variation of temperature, T(h) at any time t is given by
(Reicosky et al., 1989):

T + T T —Tmin _.. (Mh—9m)
T(h) — maxz mln+ maxz anSln -

3.21

where: Ty, IS mean daily maximum temperature at 15:00 h sun time and T,,;,, is mean daily

minimum temperature and ‘h’ is time in hours.
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Fig.3.5 Diurnal ambient temperature variation of Adama for the representative day of each

season of the first month

In the present investigation, it can take the ambient temperature is 25 °C as illustrated in Fig.3.5.
This value is bounded within the range, during estimation of hourly variation of ambient
temperature for the representative day of each season of the first month at the present location
as shown in the above figure.
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3.4.6 Useful energy gained by HTF in the solar collector

There is a rough estimation has been done in this section to find out the mass flow rate of the
HTF by applying the energy balance in the solar collector. The TES system is worked by
integrated two types of solar collectors as theoretically described in the preceding chapter which
is; flat plate solar collector integrated for low-temperature TES system and parabolic trough for
high-temperature TES system. The value of different parameters of the two collectors is taken
from specifications that have listed out by different manufacturers. In steady-state, the
performance of a solar collector is described by applying an energy balance that indicates the
distribution of incident solar energy into useful energy gain, thermal losses, and optical losses.
The solar radiation absorbed by a tilted collector per unit area of the absorber (S) is equal to the
difference between the incident solar radiation, which is determined by the relationship (Duffie
and Beckman, 2013).

S =rtal; 3.22

where: 7, a, and I are the transmissivity of the glass cover, the absorptivity of the absorber,

and the incident solar radiation on the collector respectively.

The incident solar irradiant energy on the solar collector surface, which is inclined at an angle
of (B,) to the horizontal surface is defined in terms of a global, diffuse, beam, and reflected
radiation as shown in Fig.3.6. Total solar radiation incident on a surface can be evaluated by
taking arbitrary orientation from the previous result of a beam, diffuse, and global radiation on
a horizontal surface (Duffie and Beckman, 2013).

Iy = IgRg + I (Z8) 4 I pg (—22F) 3.23

B, = ¢+ 15° 3.24

where: pg is the ground reflectivity factor whose value is 0.2 for ordinary ground and R (beam
radiation factor) is the ratio of beam solar radiation on the inclined surface to that on a horizontal

surface, which is given by:

Ry = <2% 3.25

cos 6,
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As shown in Fig.3.6 the average hourly solar irradiance on a tilted collector surface is varies
from 873 W/m? in August to 961 W/m? on March.
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Fig.3.6 Monthly average hourly incidence of solar radiation on a tilted collector surface

For the present investigation the average hourly solar irradiance on a tilted collector surface is
on the first months of the summer season which is June 15 detected from 8AM up to 5PM of
the day as shown in Fig.3.7. Assume three sunshine hours starting from 10AM up to 13PM can
achieve the required amount of temperature enable to charge the thermal energy storage
material, so to determine the useful energy from collector outlet. So, the average hourly solar
irradiance on a tilted collector 730 W/m? at 10AM is taken for low temperature TES system.
The amount of solar radiation received by the collector (Q;), the useful energy output (Q,,) from
the collector with a collector area (A.) express in terms of the inlet (7;) and outlet (T,)
temperature of the HTF is given by Eq. (3.27) and Eq. (3.28). A measure of collector
performance known as thermal efficiency (n) of the collector is also determined by Eqg. (3.29)
(Duffie and Beckman 2013).
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Fig.3.7 Estimated hourly variation of solar radiation of Adama on June 15

Q =S5*A4, 3.26
Q, = mCp(T, —T)) 3.27
useful energy output (Qy) mCp(To—T;)
Nrpc = the absorbed solar ener 5D 3.28
9y (Qy) SxAc

Flat plate collector systems can be operated with different flow rates, at the same collector
output, whenever the flow rate is higher, a lower temperature will be obtained and higher
efficiency in the collector circuit. On the other hand, a lower flow rate results in a higher
temperature output but lower efficiency. According to (Gunjo et al., 2017), the total heat loss
from the commercial flat plate solar collector is (33-50 %), that means the efficiency of FPC
have been obtained from 50 to 67 %, so for the present study select the minimum heat loss or
the maximum efficiency i.e., (n = 67%) for flat plate solar collectors. The mass flow rate of the
system can be estimated from the efficiency of the collector and the required outlet temperature
of HTF using Eqg. (3.28). The collector outlet temperature that has taken for low-temperature

TES model varies from 70 to 80 °C and the required outlet temperature from the collector to
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heated the low temperature TES is 75 °C and the average ambient temperature of Adama city
are 25°C. Then, the mass flow rate of HTF in the system form total estimated average solar

radiation collected within the given aperture area is found to be 0.0041kg/sec.
Similarly, the efficiency (npr¢) of parabolic trough collectors can be expressed as follows:

Qu — mCP(TO_Ti) 3 30
Ig*Aap Ip*Aap )

Nprc =

According to (Kalogirou, 1996) the parabolic trough collector is applicable in many solar
power plants with operate at temperatures up to 400 °C and synthetic oil is used as a heat transfer
fluid. The optical efficiency of PTC is within the range of 53-71% and similar to the preceding
selection criteria for the present collector takes the maximum efficiency of PTC (71%) (Huang
et al., 2012). The additional specification of parabolic trough collector that have used in the
present study is given in Table B1 in the ANNEX B. Similar to the flat plate collector, to
determine the useful energy from parabolic trough collector outlet, the average hourly solar
incidence that have taken is the average hourly beam radiation on June 15 at noon, which is 528
W/m?. Finally, substituting the values in Eq. (3.30), the mass flow rate of the HTF working on
the PTC is 0.01 kg/s.

The other thing is the temperature of the HTF from the collector outlet is 5-20 K exceeds than
the melting or fully charging temperature of storage material (Wang et al., 2013) and (El
Qarnia, 2009). So, the collector outlet temperature that has taken for low-temperature TES
model varies from 70 to 80 °C and also for high-temperature TES model it varies from 380 to
390 °C temperatures range. Those values are used as a prerequisite to finding out the mass flow
rate of the HTF and it can be calculated from Eq.3.29 and Eq. (3.30). Then the obtained results
that can be found in both collectors (FPC and PTC) are 0.0041 kg/s and 0.01 kg/s respectively.
The detail specification of the solar collectors that have selected for the present investigation is
given in APPENDEX-A and APPENDEX- B
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CHAPTER FOUR
PERFORMANCE ANALYSIS OF TES SYSTEM FOR LOW-
TEMPERATURE APPLICATION

The aim of this chapter is to presents the performance analysis of the thermal energy storage
(TES) system for low-temperature applications (used in domestic water heating purposes). It
contains system description, sizing the physical model of the thermal energy storage system,
and the developed mathematical modeling of the TES system. The theoretical assumption,
governing equation, initial and boundary condition, mesh generation, and numerical simulation

are also included to study the thermal performance parameters in this chapter.

4.1 System description

One of the proposed systems in the present study has to build a low-temperature thermal energy
storage system integrated for domestic solar water heating purposes as illustrated in Fig 4.1.
The system has three main components; a solar collector element (flat plate collector), shell-
tube type thermal energy storage bed, and water storage tank with well-insulated. However, the
main objective of the present investigation is concerned with the performance analysis of the
thermal energy storage (TES) component and studied numerically in-depth. The working
principle is shown in Fig.4.1 and Fig. 4.2, which is during the charging cycle the cold heat
transfer fluid (HTF) is pumped into the solar collector to be heated up and then goes through
the thermal energy storage (TES) material to store the heated energy. As the HTF flows through
the TES material, heat is transferred from the HTF to the TES material and the process is

continued until the TES material attains its inlet temperature of the HTF.

During the discharging cycle, the hot HTF flows from the storage material into the water storage
tank to use for domestic heating purposes, while the cold HTF is pumped back into the TES
material through the bottom. This process also controlled by a regulator or control valves to
open and closed the piping system. The HTF coming from the solar collector is used to supply
heated water for domestic applications, so the aim of building thermal energy storage for this
application is to store the heat energy collected from the flat plate collector during the sunshine
hour and released during the absence of solar radiation. The selection of TES material is based
on the temperature range of the present application and tested both sensible and latent heat
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storage material with the same model and the same size, then compare which one can perform
to fulfill the energy demand. The TES material for low-temperature application (domestic water
heating purpose) that was select from the literature is based on the thermo-physical properties,
cost-effectiveness, easily availability, and flexibility, and also it can be easily compatible with
a different application. Which is a technical grade paraffin wax and water (Ukrainczyk et al.,
2010), (Sharma et al., 2004) and (Alva et al., 2017) are selected as latent and sensible heat
TES material respectively in the developed TES model. The thermo-physical properties of
selected storage materials are given in Table 4.1.

Table 4.1 Thermo-physical properties of low-temperature TES material

TES Melting Latent heat Density (kg/m®)  Specific heat Thermal
material  Point (K)  of fusion capacity conductivity
(kJ/kg) (kJ/kgK) (W/mK)

Solid  Liquid Solid Liquid Solid Liquid
Phase Phase Phase Phase Phase Phase
Paraffin 327 238 912 769 1.8 24 021 0.15

Water ~ 273-373 - e 1000 - G J— 0.58

4.2 Sizing of sensible TES system water used as a storage material

The water storage tank can be sized according to the daily heating load requirements. The
schematic diagram of the system under study of water storage tank, which is shown in Fig. 4.2, consisted
of an insulated cylindrical TES tank containing water as a storage material and a flat plate collector. The
water thermal energy storage that builds for low-temperature applications is responsible to
fulfill the energy demand of 66 L/day hot water at 50°C. The hot water needed for one person
was 11 liters per day, then in one family average 6 persons are live, then the total hot water
needed in that family was 66 L/day at 50 °C (Nallusamy et al., 2006) and (Ledesma, 2010)
take as a reference for the present investigation to achieve objectives. The loads (g, ) to be met

by water heating systems as shown in Fig. 4.1 are calculated by (Duffie and Beckman, 2013):
QL = (mcp)f(Ts —Tg) 4.1
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The rate of energy of a water storage unit (Q,) can be found out by applying the first law of

thermodynamics over the control volume gives as the energy balance of the storage tank.
Energy of the system = input energy - output energy 4.2
Qs = Qu - QL 4.3

where: Q,,is the rate of useful energy gain from the collector, @, is the rate of heat removal by

load and T, is the ambient temperature.

The energy storage capacity of a water storage unit at a three charging hour time (t) with factor

of safety taken as 1.5 is also given by:

Qs = 1.5%t* Q, 4.4
Then, the volume of the storage tank is calculated from Eq. (4.) as follows:

Qs = psVsCps * (Ts — Ta) 4.5

The solar water storage tanks usually used in domestic systems are within the range of aspect
ratios H/D = 1.5 to 3.5. Assume, the geometry of the reservoir tanks are a right cylinder with

height to diameter ratio of 2. So, the height of storage tank is given H = 2 = D, .

The diameter and height of water storage tank is calculated from volume of the storage tank is

given as:

2
D}
4

Then, the diameter of the storage tank is given by:

D; = 3/% 4.7

Finally, after substituting the values Q= 6940.89kJ, Vs= 0.066 m?, the diameter of the tank (D;)
and height of the tank (H) is obtained 0.347 m and 0.695 m respectively.
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4.3 Energy analysis for water used as a storage material
A typical storage system using water storage tank, with water is also used as a HTF (un-
stratified type) which is circulated through collector to gain heat energy and flow through the

load to remove energy.

T, to load

Water
storage
tank at T

T; Return from load

/

Fig.4.1 A typical water thermal energy storage system (Duffie and Beckman, 2013)

The energy balance performed in this un-stratified type water storage system is the help of the
above schematic diagram as shown in Fig.4.2 and flow rates into and out of the tanks, to
collector and load, can also be determined. Energy delivery to the load could be across a shell
and tube type heat exchanger. An initial thermal analysis was performed to determine the
transient energy analysis of the solar water heater and aid in decisions regarding design

modifications. So, the assumptions used in the governing equations are includes:

i Theoretical assumptions with initial and boundary conditions
v Inlet temperature of the system is an ambient temperature (T,) then the cold supply of
water temperature at ambient is 25°C for Adama weather climate.
v' The inlet water temperature to the collector would be the same as the mean storage tank
water temperature.
v' The temperature of the water entering the tank would be the same as the outlet water
temperature of the collector.
ii. Governing Equation
The thermal energy analysis assumes a lumped capacitance model for fluid in the tank. Then
the energy balance on the system yields the net energy stored in the water is equal to the net
solar irradiation (insolation) minus the heat loss from the tank the flow of water out of the

storage tank to load and that is refilled at the same rate by cooler water supplied to the storage
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tank. Then, to determine the transient energy analysis and also to solve for the temperature
distribution of the water storage tank without stratified is given as (Duffie and Beckman,
2013):

(mcp)s% = Qu - QL - (UA)S(TS —Ta) 4.8

To determine the long-term performance of the storage unit Eq. (4.8) is to be integrated over
time using Euler integration approach because, long-term analytical solutions are not possible
due to the complex time dependence of some of the terms.

At . .
Tsnew = Tsnew + —— [Qu — QL — (UA)s(Ts — T,)] 4.9
(mCp)s
Similarly, the transient energy analysis in a finite difference scheme with set of N first-order,
ordinary differential equations resulting from each node’s energy balance is assembled, and
energy balance written about the i*" tank node is given by:

ary _ TEHAC_T!

p” v 4.10

A . .
T = s [0nGy) (T = T8) = (1Gy) (Toy = &) = WANS(TY = TDI+ T8 411

Eq. (4.9) and Eq. (4.11) can be used for the estimation of hourly storage water temperature for
a known hourly heat addition and withdrawal. The furthermost time period for this
estimation is an hour because the solar radiation data are available on an hourly basis. For a
known time variation of @, and, @, the new storage water temperature T+t or Ty e, , Can

be determined as a function of time.

4.4 Sizing of paraffin TES systems

The paraffin heat storage is a shell and tube heat exchanger. The HTF passes through the tubes
and the shell is filled with paraffin wax. Heat is transferred from the hot water to the paraffin
wax through the tubes during the charging process and the process is reversed during the
discharging time. The heat was stored during the day time when the solar radiation was
available to heat the water in the solar collector and this stored heat will then be supplied to the

water storage tank as shown in Fig.4.2. The paraffin thermal energy storage system was
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designed for storing the heat needed in the water heating process. Assuming the storage will
store the heat for 3 off-sunshine hours per day, the quantity of heat needed to be stored in the
paraffin heat thermal energy storage system can be estimated by considering a safety factor of

1.5 for the change in temperature AT =T, — T, (Niyas et al., 2017).

Qs = myCprt(1.5AT) 4.12

X

Storage Water
material
storage
tank

1 ] [
0 I

e

o

Fig.4.2 Low-temperature TES systems for domestic water heating purpose
The storage capacity of a paraffin storage material heated from T,,; to T, if it undergoes a
phase transition at T, is the sum of the sensible heat change of the solid (the lower temperature
phase) from T,,; to T,;, the latent heat at T, and the sensible heat of the liquid (the melt, or

higher temperature phase) from T,,, to Tj,»:

Qs = mS[Cp,S(Tm —Tpy) + Ly + Cp,l(Tmz —T)] 4.13
where: mg and L are the mass and latent heat of fusion of paraffin wax in kg and kJ/kg.
The volume of the paraffin wax can be calculated from:

Vs =22 4.14
Pp
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The volume of the tank is the sum of the volume of the PCM and the volume of the tubes.
VT = VS + Vt 415

The volume of the tubes is obtained based on the design of the shell and tube latent heat thermal
energy storage system procedure proposed by (Shamsundar et al., 1992) which is given in the
ANNEX C:

V, = mn.R,%L 4.16

where: n; is number of tubes and R,outer radius of the tube which is obtained n,=5, R,=9mm
in the ANNEX C. The length of the storage bed is obtained according to authors the ratio of

length to diameter was taken 5 up to 9, consequently in the present case length to diameter ratio

is taken to be 5 (Di = 5) to improve the convective heat transfer in axial direction compared to
radial direction (Velraj et al., 1997) and (Sharma et al., 2005)

Vy =%DZL 417

Finally, substituting the values of m; =0.0041 kg/s, C,,s= 4.18 kl/kg. K, T; =50°C, T, = 25
°Cand t =3 hinto Eqgn. (4.12) gives Q, = 6940.89 kJ and also substituting the values of Q, =
6940.89 kJ and Lr =238 klJ/kg into Eqn. (4.13) gives m, =27.69 kg. From equation (4.14),
(4.15) and (4.16), V; = 0.032 m?, V,=0.0012 m® and V=0.033 m® and from Eqn. (4.17), D =0.2

mandL=1m.

4.5 Energy analysis for paraffin wax used as a storage material

The developed a model applicable to paraffin heat storage in containers, where the length in
flow direction is L, the cross-sectional area of the material is A, and the wetted perimeter is P
as shown in Fig.4.3 The heat transfer fluid passes through the storage unit in the x direction at
the rate n; " and with inlet temperature (T¢;). A developed model for paraffin TES can be based
on three assumptions: (a) Neglect the axial conduction in the fluid during flow process; (b)
Neglect the Biot number which is low enough that temperature gradients normal to the flow;
and (c) Neglect heat losses from the bed. Then the energy balance on the HTF is given as
(Morrison, 1978):
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6Tf mf an _ UP
at PrAf ox PrAfCpr

(T —Tp) 4.18

where: p¢, Ag, and C,f are the density, flow area, and specific heat of the heat transfer fluid.

L
PCM
— —
. PCM
Mmoo S
Tfi PCM Tto
S S
PCM
> —
PCM

% X
Fig.4.3 Schematic of paraffin heat storage unit model (Morrison, 1978)

The energy balance on the paraffin storage material is given as (Morrison, 1978):

ou _ kot

UP
= Lot M=) 4.19

where: u, k,, p, and T are the specific internal energy, thermal conductivity, density and
temperature of paraffin wax storage material; U and Trare overall heat transfer coefficient

between the fluid and phase change material and the circulating fluid temperature with a rate
of time (t). The specific internal energy is related to temperature T, liquid fraction (1), and the

specific heats of the liquid and solid phases C,s and C,,; by (Morrison, 1978):

Cps(T — Tre) if T <Ty
U =1 Cps(Trn — Trep) + ALp if T =Ty, 4.20
Cps(Trn = Tref) + A+ Cpi(T — Tr) if T> T,

where: T;,,-is the melting temperature of paraffin wax and T... is the reference temperature at

which the internal energy is taken as zero.
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The boundary conditions for the above equations are:

atx=0,a—T=O,atx=L a—T=O 4.21
dx ox

Tr(0,8) = f(t) 4.22

Eq. (4.22), tells the inlet fluid temperature is as a function of time, f(t) to be determined by
simultaneously solving the governing equations of the different system components. It has
been shown that axial conduction during flow is negligible, and if the fluid capacitance is

small, Equations 4.18 and 4.19 becomes (Morrison, 1978):

aTy _ UP _

o = ey, Tp) 4.23
Ju UP

=T =1 4.24

These two equations can be rewritten in terms of NTU as:

an

s6 = NTU(T = Tp) 4.25
ou
=5 =NTU(Ty = T) 4.26

where: 6 = t(me)f/ppAL and NTU = UPL/(m 4.27

Cp)f
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4.6 3-D simulation of TES system by COMSOL Multiphysics

The procedure that has taken in COMSOL Multiphysics 4.3a simulation software in the
developed all TES model is as shown in Fig.4.4.

—  Global definition

Parameter
Model )
Variables
Definition Analvtic function
Material selection ——  Heat transfer in solids
Thermal insulations
Conjugate heat transfer —
Wall
I— Mesh Initial value
Study Fluid
Inlet
Results
Outlet
Temperature
— Outflow

Fig.4.4 Flow chart integrated with COMSOL Multiphysics 4.3a simulation software

4.6.1 Physical modeling of thermal energy storage

The shell and tube type TES geometric configuration is used in the present study because shell
and tube type geometry have minimal heat loss from the system, relatively smaller volume and
higher efficiency (Mao, 2016). One-fourth of thermal energy storage bed has been selected for

the present study to minimize the computational time and cost. In this geometric configuration
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the storage material fills in the annular shell space around the tube and the HTF flows through
the tube. Thermal energy storage is modeled and analyzed by using COMSOL Multi-physics
4.3a simulation software during the investigation. The 3D isometric and sectional view of shell-
tube type thermal energy storage bed is illustrated respectively as shown in Fig. 4.5.

ok )

y'\t,x
xS
Adiabatic
surface
Storage
material
Tube
Tube
outlet
2
y\t/"

Fig.4.5 3-D Isometric and sectional view of TES bed

4.6.2 Mathematical modeling of TES systems

This section presents the theoretical assumption, governing equation, initial, and boundary
condition of the TES system. A 3D transient numerical model is developed to study the
performance characteristics of the shell-tube TES bed using COMSOL Multi-physics software.
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When in the case of the LHS material both liquid and solid phases are present and they are
separated by a moving interface between them, so there have been several numerical methods
developed to solve such phenomenon but the most attractive and common ones are the enthalpy
methods. This method simplifies such phase change problems since the governing equations
are the same for the two phases which means the method does not require explicit treatment of

conditions on phase change boundary (Zivkovic & Fujii, 2001).

i Theoretical assumptions
To simplify the developed thermal energy storage model theoretical assumptions were made
without affecting the end outcomes. Those assumptions are:
v The tank and all pipes in the thermal energy storage system were fully insulated
The thermal energy storage material homogeneous and isotropic
Neglect the viscous dissipation of the HTF and laminar HTF flow regime
Uniform initial temperature of the storage material (T;,;= 298 K)

Melting and solidification can occur only within the melting temperature range

AN NN

The thickness of the tube wall is negligible, thus the HTF is directly in contact with the
storage material and neglected the contact resistance of the HTF tubes.

v The radiant heat transfer in the storage is neglected

v’ The effect of volume change associated with phase change is neglected

ii. Governing equation
The conservation of mass, momentum, and energy have been used in this work to study the
performance of the TES system, and also three physical processes; such as fluid flow, heat
transfer by conduction and convection, and the phase transition of the storage material (LHS
case) have been simulated.

Continuity equation: the law of conservation of mass is applied to the given model by

considering a fluid passing through an infinitesimally small element that leads to the continuity

equation given in Eq. (4.28):
V=0 4.28

Similarly, it is expressed as:
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du  dv  ow _
I 5 32 0 4.29

Momentum equation: Newton 2" law of motion is applied to the given LHTES model by a

fluid passing through an infinitesimally small element that leads to the momentum equation
given in Eq. (4.30) (Jad, 2018):

- -

pZ + p(B.V)F = —VP + uV?5 + F +3§ 4.30

where: F is the buoyancy effect term and S is the momentum source term known as Darcy’s

law source term and it is given by:

F =pgB(T—T,) 431
2 _ (1-2)? >
S = o ¥ Apmush * U 4.32

The buoyance effect (ﬁ) term is included in the general momentum equation to simplify the
complexity of the Navier-stokes equation. Similarly, the momentum source term included the
governing momentum equation to nullify the velocity field in the solid region of the phase
change storage material. Finally, after substituting Eq. (4.31) and (4.32) into Eq. (4.30), the
momentum equation used to simulate latent heat storage is given by:

(1-? %
(A3+¢€)

P2+ p(B.V)5 = VP + pV25 + pgB(T — Tyy) + Apan * ¥ 4.33

where: g is thermal expansion of the phase change storage material. A,,,s, 1S mushy zone
constant which is defined as how steeply the velocity is reduced to zero when the material
solidifies, this input parameter has an impact on the result because usually, it has a very large
number, ranging between 102 to 108. Colella et al., (2012), suggested the value of this constant
taken as a small value to reduce the fluctuation of the result in liquid volume fraction due to
these for the present case taken as 10°. The liquid fraction (1) is given in Eq. (4.37) and e isa

small number typically around 10~ to avoid the division by zero.

Energy equation: the energy equation is applicable in the HTF, the storage bed and between

the HTF and storage bed, then applied 1% law of thermodynamics yields the energy equation

given in in the following expression.
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kV2T = pH 2L 4.34
Dt

Similarly, the energy equation expressed as:

T
dx

oT

k[aZT 9%T  9%T x 435

aT aT
92 a—yz+§]—p*H*[E+u +U£+W
By using the enthalpy method (H(T)) it is easy to handle the latent heat storage material with

its range and it introduces as follows (Tehrani et al., 2016):

C,sT T < Ty,
H(T) ={ C,uT + %;Tm) Ty <T < Ty 4.36
CouT + L T>T,,

where: AT,,, = Ty2 — T, L 1S the latent heat of fusion and, T,,; and T,,, are the solidus and

liquidus temperatures respectively.

iii. Initial and boundary condition

As mention in the assumption, the temperature of the boundary (HTF, storage material, and
HTF tubes) is initially constant and the velocity of the HTF is set to zero initially (no flow
condition). The control volume is fixed (i.e. both the TES material and HTF tubes are
stationary) and the HTF is flow domain. The outer surface of the storage bed is adiabatically
insulated and at t > 0 a constant inlet temperature given into inlet HTF tubes with constant fluid
velocity. The same governing equations are used during charging and discharging processes.
However, during the discharging process when the heat transfer rate is changed, and the storage
unit starts discharged. It should also be noted that in the LHS material phase transition does not
occur isothermally, but it occurs over a certain range of temperatures, which is called the phase
transition range (Rathod & Banerjee, 2014). As a result, the phase transition of paraffin wax

storage material that has used in the present study is 324-330 K as shown in Table 4.1

4.6.3 Solution of the 3-D governing formulation

The three-dimensional governing formulation involved in the given TES model is solved by
using a special type of FEM based solver COMSOL Multiphysics 4.3a software. PARDISO
solver is used during the study. To handle the time-stepping a backward difference formula is

taken with the minimum time steps 0.01 s and the maximum time step is not set (to set
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automatically maximize the time stepping). The solution of the developed numerical model
diverges based on the convergence criterion (between 1072 and,10~3) and for the present study

set to be, 1073 this is due to the non-linear nature of the problem.

4.6.4 Mesh generation

Mesh generation is a second step next to geometry formation to solve the developed thermal
model described by the above governing equation. A free tetrahedral and triangular
unstructured mesh is generated as shown in Fig.4.6 with the help of a special meshing feature
of COMSOL Multiphysics 4.3a software. The free tetrahedral mesh is important for discretize
smaller geometries like HTF tubes with a sufficient number of element similarly, the domains
are meshed by a free tetrahedral element which is best to mesh curved geometry with little
distortion of mesh (Prasad & Muthukumar, 2013). All domains; HTF domain and storage
material domain have meshed with different mesh quality parameters and also domain
decomposition techniques are used in those domains. The generated mesh has been used to get
a numerical solution of the developed model that means the numerical solution of the TES

model depends on the number of mesh size elements.

Fig.4.6 A 3D meshed model of the thermal energy storage bed
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4.7 Performance parameters of TES systems

This section contains the overall performance parameters of TES systems such as:

v' Charging and discharging time,
v A liquid fraction in case of latent heat TES model and

v’ Energy stored/released

4.7.1 Charging and discharging time

Charging/discharging time is one of the basic performance parameters in TES systems and it is
defined as concerning the temperature rise and temperature decrease of the storage material
respectively. When in the case of sensible storage material, the storage bed is said to be fully
charged at the volume average temperature of the storage reaches the inlet HTF temperature
and also fully discharged when the volume average temperature of sensible storage reaches its
initial condition. Similarly, in the case of latent heat storage, the storage system is fully charged
when the storage material is completely melted; similarly, the storage system is fully discharged

when the storage material is completely solidified.

4.7.2 Liquid fraction for latent heat TES model

The liquid fraction is a fraction that happens for the case of latent heat thermal energy storage
model, the storage material exists in two-phase forms. It is a non-dimensional parameter that
quantifies the percentage of the liquid phase in the mushy region operating between the highest
temperature at which, the material is completely in the solid-state and the lowest temperature
at which, the material is completely in the liquid state. Liquid fraction (1) of the PCM can be
calculated based on the given equation (Seddegh et al., 2017):

0 T < T, (Solid),
A= % Ty < T < Ty (Mushy zone), 4.37
m2— Imi1
1 T > Ty, (Liquid).

4.7.3 Energy stored/released of the storage material
This also other main performance parameters used to study the TES system that has developed
in the present investigation. The total heat stored (Qr ¢) is a combination of both energies stored

in the form of sensible heat (Qs ) and latent heat (Q, ¢) form in the LHTES model. While, in
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the case of sensible heat thermal energy storage system, the energy stored/released (Qrs) is
only in the form of sensible heat and it can be calculated by Eq. (19). The total heat stored

during the charging process can be obtained from the (Stutz et al., 2017) relationship as follows.

Tm T

QS,C = fTini m. Cps dT + me m. Cy; dT = m. CpS(Tm - Tini) + m. Cpl(T - Tm) 4.38
Qrc =m.LgA 4.39
Qrc = M.cps(Ty — Tini) + M. Lpd + m.cp, (T — Tpy,) 4.40

The total heat released (Qrp) from the latent heat thermal energy storage system during the

discharging period can be obtained from the (Stutz et al., 2017) relationship.

Tm Tini
Qsp = J," m.cp dT + me M. Cps AT = M. Cpy (T = T) + M. Cps(Tin; — Trm) 4.41
QL,D = mLF(]. - /1) 442
Qrp = M.Cp (T = T) + m.Lp(1 = ) + m. cpys(Tiny; — Tpy) 4.43

To demonstrate which one is preferable storage material to store the required amount of heat
energy integrated for low-temperature application is simply to compare the amount of stored
energy. Which means if sensible (water) storage material is taken to be a heat storage material

within the same storage volume size of paraffin wax, the stored energy is:
Qrs = ps * Vs * Cp,s * AT 4.44
rs =1000 * 0.033 * 4.18 * 30 = 3.45 MJ

Therefore, the value indicates that the stored energy by using sensible storage material used as
a TES bed is 3.45 MJ. However, in the previous paraffin used as a TES material, it could achieve

to store 7 MJ amount of heat energy with the same storage volume size.
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CHAPTER FIVE
PERFORMANCE ANALYSIS OF TES SYSTEM FOR HIGH-
TEMPERATURE APPLICATION

The aim of this chapter is to presents the performance analysis of the thermal energy storage
system that integrated for high-temperature applications (i.e., integrated for a concentrated solar
power plant to generate steam). It contains system description, sizing of the storage model, and
mathematical modeling of the developed TES model such as; theoretical assumption, governing
equation, initial and boundary condition and enhancement technique also included in this

chapter.

5.1. System description

The proposed system presented in this section has to build a high-temperature thermal energy
storage system used for steam generation in the CSP plant as shown in Fig.5.1. It has two parts
in this system; the solar cycle such as a solar collector element (parabolic trough collector),
shell and tube type thermal energy storage and heat exchanger to accomplish harnessing of solar
irradiation and convert into heat energy by a solar collector. The collected heat energy is stored
into the TES system and finally, the outlet of this stored energy is used to generate saturated
steam in the heat exchanger (generator). The other part is a power block cycle that accomplishes

power production using steam generated previously in the solar cycle.

However, the present investigation, concerned mainly on the former one, which is studying the
performance analysis of the TES system integrated with concentrated solar power (CSP) plants
to generate saturated steam during the intermittent solar irradiation. The process as illustrated
in Fig.5.1 is the parabolic solar collector collects radiant energy and transferred to the HTF that
circulates in the solar cycle by converting into heat energy. Then the HTF flows into the TES
material, the heat stored in TES material which is transferred from the HTF, and finally, the
HTF generates steam in the heat exchanger then the HTF again back to the solar collector. The
generated steam circulates in the power block cycle to produce power in the turbine. This
process also controlled by the control valves to open and closed the piping system. Likewise of
the preceding chapter, the aim of building thermal energy storage for the present application is

to store the heat energy collected from the parabolic trough collector during the sunshine hour
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and released the stored energy during the absence of solar radiation. So, this system tested both
sensible and latent heat storage material with the same model and the same volume size, then

compare which one can perform to fulfill the energy demand in a steam power plant.
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Fig.5.1 High-temperature TES systems for steam generation purpose in CSP plants
The thermal energy storage material used for the high-temperature application is selected from
the literature. Which are concrete used as a sensible TES material (Tian & Zhao, 2013) and
nitrate salt (KNOs) (Shabgard et al., 2010) is used as a latent heat thermal energy storage
material based on the temperature range. Mainly due to the cost-effectiveness and easily
availability those materials are selected for the present study. The HTF in both cases is selected
thermal oil due to the applicability for high-temperature range. The thermo-physical properties

of concrete storage and HTF are given in Table 5.1.

5.2 Sizing of concrete TES model for high-temperature application
The sizing of concrete and nitrate salt thermal energy storage for the high-temperature
application also depending on considered environmental impacts, cost-effectiveness, and
technical properties similar to the preceding chapter. Because high thermal energy storage
capacity and excellent heat transfer rate can significantly reduce the system volume and the
storage cost. Likewise, the selection criteria for sizing of shell and tube type thermal energy
storage model such as; diameter of the shell, length, and a number of charging tubes in the
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storage used for high- temperature applications is the same concept from the previous TES

model shown in Fig 4.2.

Table 5.1 Thermo-physical properties of concrete storage and HTF (Tian & Zhao, 2013)

Property Concrete HTF(Therminol VP-1)
Density (kg/m?®) 2200 815

Thermal conductivity (W/mK) 2 0.11

Specific heat capacity (kJ/kgK) 1.5 2.32
Temperature range (°C) 300 - 380 300 — 380

The physical model of concrete and nitrate salt TES is taken with similar to the figure presented
as shown in Fig.4.5. Assuming the concrete storage will store the heat for one and half hours
per day, the quantity of heat needed to be stored in the concrete thermal energy storage system
can be estimated by Eq. (5.1) with considering a safety factor of 1.5 for the change in
temperature of the storage material AT (Niyas et al., 2017). Fixing the temperature change
which is 80 °C due to the working temperature range of the storage material as shown the
thermo-physical properties in Table 5.1 and also fix the diameter of HTF tube and its thickness
is 0.015m, 0.002 m respectively. Then, the capacity of the concrete thermal energy storage is

calculated by:

Similarly, the capacity of the storage material is also expressed by Eq. 5.2, and also the volume

of the concrete storage bed (V5) can be calculated using the following relation:
Qs = psVsCpsAT 5.2

The volume of the cylinder is the sum of the volume of the concrete bed and the volume of the
HTF tubes.

VT = VS + Vt 53

The volume of the HTF tubes is obtained based on the design of the shell and tube thermal

energy storage system as follow:
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V, = mn.R,%L 5.5
Similarly, the volume of the concrete storage cylinder is expressed as:
Vp = %DOZL 5.6

The length of the storage bed is obtained according to authors the ratio of length to diameter

was taken 5 up to 9, consequently in the present case length to diameter ratio is taken to be 5

(Di = 5) to improve the convective heat transfer in axial direction compared to radial direction

(Velraj et al., 1997) and (Sharma et al., 2005).

where: D, is the outer diameter of the storage cylinder, n; is number of tubes and R ,outer radius
of the tube which is obtained n,=13, R,= 10 mm with the same procedure taken in the ANNEX
C.

Substitute the value in Eq. (5.1), the capacity of the concrete thermal energy storage is obtained
15MJ, the value D, and length of the storage bed is 0.27 m and 1.35 m respectively and there
is a need of 0.061 m? total volume of storage cylinder used to store heat energy of 15 MJ for

high-temperature TES system.

5.3 Energy analysis for concrete used as a storage material

A concrete storage unit as the one considered here is composed of a tube register embedded
within concrete for allowing fluid flow through it. The HTF tube parallel one to the other; have
axes. For the definition of the physical model, the same conditions have been assumed for each
parallel channel, so that the storage module is considered to be composed by sub-units, named
elements, put in parallel (Jian et al., 2015). One element is made by a concrete drilled cylinder
with radius (r;), in contact with a tube with internal radius (r;). By having this in mind, the
problem of analyzing the storage system moves from the study of the module to that of the
single channel for which the initial section is the one of the incoming HTF during charge,
whereas the final section is the outgoing one during the same phase. Even if the storage material
outside the cylindrical elements is neglected, such a simplification is necessary for

implementing an efficient model (Salomoni et al., 2014).
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Fig.5.2 Sectional view of cylindrical bed TES model for one unit (Jian et al., 2015)

i Theoretical assumptions of the concrete storage model

To simplify the developed concrete thermal energy storage model the following theoretical
assumptions were made without affecting the end outcomes. Thus assumptions are: (a) The
geometry is axis-symmetric, (b) the HTF is assumed to be in direct contact with the concrete
storage material, due to the small thickness of the tube, (c) The outer surface of the storage is
perfectly insulated, (d) The storage material is homogeneous and isotropic, (e) Storage material
and HTF contained initially at a constant temperature on the whole domain, that is conditions
of first heating (T;,; = 573K), (c) The implemented algorithm for analyzing the discharging
phase assumes as initial temperature fields, both for HTF and concrete, those calculated at the
end of the charging phase.

The energy balance for solid thermal energy storage material (concrete) uses the same control
volume (fixed). In addition to the above theoretical assumptions, the lumped capacitance

method with some modifications applies to the thermal conduction of solid media in the radial
direction; thus, % = 0. The two-dimensional transient models for the solid storage unit can be

simplified to a one-dimensional model. So, the governing energy equation after simplification

of the model with the theoretical assumption is given by (Jian et al., 2015):

ii. Governing equations
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Assuming that the mass flow rate of the HTF (1), in the tubes is constant, so, the energy

balance for the fluid in the differential control volume, dx in the concrete storage is given by:
aT :
pfAfdxa—tf = thX(TS — Tf) + (me)f(Tf’x - Tf,x+Ax) 5.7

where: h represents the convective heat transfer coefficient in the tube, the heat transfer surface

2
perimeter (P = 2mr;) and the wetted area in the HTF tube (4; = ”chi). The average fluid

velocity in the concrete heat storage unit is also given by:

m
u=—L 5.8
PrAf

Substituting Eqg. (5.8) into Eq. (5.7) the HTF energy balance is becomes:

an _ an _ hP _
at ax PrAfCpr (TS Tf) 5.9

Similarly, the energy balance for the concrete storage material uses the same control volume,
can be given by (Salomoni et al., 2014):

Ts

hPdx(Ts — Tr) = —(pCp)sAs = 5.10

where: A, is the cross-sectional of solid material can be calculated m(r2 — 7). After
rearranging Eq.5.4 is written as:

0T _  hPdx
ot (PCp)s As

(Ts — Tf) 5.11

After a forward finite difference formulation for temporal variation and backward finite

difference formulation for spatial variation is described by:

For HTF:

TL+AE_gt Tt ._Tt.. np

A7 S R t t
: +u—— = (Ts; — T¢ ) 5.12

t x PrAfCof

For concrete storage:

rt+At_pt hP

( s, s,z) - _ (TsFl _ Tftl) 5.13
At (Pcp)s As ’ ’

77



Some rearrangement for simplification:

TEH = (1 - DT + AT, 5.14
where: 1 = At —2 5.15
(pCp), As

iii. Initial and boundary condition
The heat transfer fluid and the concrete element are assumed to be at the same initial
temperature. The HTF from the solar field is fed into the storage system as a boundary

condition. However, for parametric study, a constant heat transfer fluid temperature is taken.

5.4 Energy analysis for nitrate salt (KNOs) used as a storage material

The present study also developed a 2-D mathematical model of the nitrate salt TES system to
study the energy analysis for the HTF and the storage material, the sizing procedure also the
same, the storage consists of an inner tube (7;) to transfer the HTF and an outer tube (7;,) located

the storage material as a shell to exchange heat from HTF as shown in Fig.5.2.

Table 5.2 Thermo-physical properties of nitrate salt (KNOz) and Therminol VP-1 (HTF)
(Shabgard et al., 2010)

Property Nitrate salt (KNOg) HTF(Therminol VP-1)
Density (kg/m?®) 2109 (solid) 815

Thermal conductivity (W/mK) 0.5 (liquid), 0.42 (solid)  0.11

Specific heat capacity (kJ/kgK)  0.95 2.32

Melting temperature (°C) 335 370-400

Latent heat of fusion (kJ/kg) 266 e

I Governing equation
Similar to concrete storage material, to simplify the developed nitrate salt thermal energy
storage model the following theoretical assumptions were made without affecting the end
outcomes. Thus assumptions are: (a) The HTF is assumed to be in direct contact with the PCM
storage material, due to the small thickness of the tube, (b) The outer surface of the storage is

perfectly insulated, (c) The thermal energy storage material is homogeneous and isotropic, (d)
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Storage material and HTF contained initially at a constant temperature on the whole domain,
that is conditions of first heating (T;,; = 573K). Then, The 2-dimensional energy balance
equation for both the HTF and the nitrite storage material is expressed as follows (Adine &
Qarnia, 2009):

HTE:

2 an _ m de
(pCp) prr; - = (ﬁ Cp)f —+ h2mnr; (Tr=rl. — Tf) 5.16
where: N is the number of HTF tubes embedding on the TES bed.

Nitrate storage material:

(p Cp),5; = div(ks grad T) 5.17

Similarly, the energy equation of the storage bed in differential form is given by:

(05) + g (arsy) =5 av o

where: a is thermal diffusivity (m?/s), H is enthalpy as a function of temperature it expressed
by Eq. (5.19) and r is a radial coordinate (m), it is easy to handle the latent heat storage material

with its range and it introduces as follows (Tehrani et al., 2016):

C ST T < Tml
H(T) =1 C,,T + %f“ Tor <T < Tz 5.19
Cp'lT + LF T > TmZ

ii. Initial and boundary condition
For the 2D numerical formulation, the following initial and boundary conditions are used.

t>0:T(x=0,7) = Tinter 5.20 (b)

aT oT

a(x—O,r)—O, a(x—L,r)—O 5.20 (c)
oT

koo (or=n) = h(Ty=r, — Tr) 5.20 (d)
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Zr=1)=0 5.20 (¢)

The governing equation between the two processes (charging and discharging) is the same.
However, during the discharging process when the heat transfer rate is changed and the storage

unit starts discharged.

iii. Numerical solution
The first order backward finite difference method is formulated for the developed 2D

mathematical model to discretization in the axial-direction (x) and the (x, r) plane respectively

as follows.
HTF:

b 4 1lrn-1
T , — aTr=ri+A_fo’l_1+Atval 5 21
f'l - +£+i ’

AT axTat
where: a and b is given by the following expression;

2h m
a=—— b=—_ 5.22
(pCp)fri Npfmr;

The convective heat transfer coefficient (h) depends on the fact that the flow is laminar or
turbulent, and it expressed in terms of Reynolds number and Nusselt number as follows (Esen
& Ayhan, 1996):

me
e = 5.23
TN UfT|
p = D 5.24
kg
For laminar flow, the Nusselt number is: Nuy = 3.66
The Gnielinski correlation is applied for the turbulent flow as follows:
Z(Ref—1000)Pr
Nu, = 8 3000 < Re; <5 x 10° 5.25

1+12.7(f/8)0-5(Pr2/3—1)’

where: f- is Darcy friction factor given by ;
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(0.79In Re; — 1.64) 2 5.26

Nitrate salt storage material:

The heat transfer equation in the storage material is found by applying the conservation of
energy principle on a fixed control volume element (i, j) as shown in Fig.5.2, which the inner

radius is rj_; and the outer radius is rj as follows (Esen & Ayhan, 1996):

aT 0H

aT
Ai——k A, A sAj_ = oV . — 2
where:
B_T _ Tlﬁ-l] TZT; oT Tn _Ttn1] 5.27
dx; Ax ' dxi_1 Ax '
a_T _ TLY;+1 TLTE oT _ Tn _Tlrs 1 5 28
or; Ar ’ orj_q Ar ’
n n—1
oM Ay 5.29
ot j At '
Substituting the discretized spatial and temporal equations into, the following equation:
2 2 Tiﬁ-l] l] l] l 1,j l]+1 Tlrb
ksn(r]- — rj_l) T k n(r 1) ——=+ k2nrydx ———= o
n n n n-—1
j~Tij-1 2 _ .2 Hij—Hi;
ks2mr;_qdx T = pn(rj —rj_l)de 5.30

The algebraic equation should be solved with the boundary condition which was mentioned
previously and also solved using the Tri-Diagonal Matrix Algorithm in the following

computational procedure, which is given in Fig.5.3.
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Fig.5.3 Flow chart
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5.5 3-D simulation of concrete and nitrate salt TES model

Similar procedure that has taken low-temperature TES model as shown in Fig.4.4 is applied in
the present two model by COMSOL Multiphysics 4.3a simulation software. This section also
presents the theoretical assumption, governing equation, initial and boundary conditions, and
also a 3D numerical model formulation is applied for high-temperature TES systems like that
of the presiding chapter. The conservation of mass, momentum, and energy have been used in
this work to study the performance of the TES system, and also three physical processes; such
as fluid flow, heat transfer by conduction and convection, and the phase transition of the storage

material have been simulated with a 3D model (Jad, 2018).

Fluid flow: the law of conservation of mass is applied to the developed concrete and nitrate
salt based TES model by considering a fluid passing through an infinitesimally small element
that leads to the continuity equation given in Eq. (4.28):

Momentum equation: Newton 2" law of motion is applied to in the given concrete TES model

by a fluid passing through an infinitesimally small element that leads to the momentum equation
given in Eq. (5.31) (Jad, 2018), similarly the momentum equation taken for nitrate salt latent

heat storage is expressed using Eq. (4.33):
2+ p(B.V)F = —VP + uv?p 5.31

Energy equation: the energy equation is applicable in the HTF, the storage bed, and between

the HTF and storage bed, which is convection on the HTF side and conduction on the sensible

storage material given in Eq. (5.4) and (5.5).
DT
arT
ps * Cp s * P V. (k,VTy) 5.33

Eqg. (4.35) and Eq. (4.36) is applicable for the energy equation in the nitrate salt storage bed,
and between the HTF and storage bed.
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5.5.1 Energy stored/released of in the high-temperature TES model

The quantity of heat, Q, stored/released in an elemental volume of the TES for high-temperature
application both sensible and latent heat storage material is calculated by Eq. (4.44), (4.40) and
Eq. (4.43) respectively. The thermal energy storage material used for a high-temperature
application that selected from the literature is concrete as a sensible storage material and nitrate
salt (KNOs3) are also selected as a latent heat storage material based on the thermo-physical
properties, cost-effectiveness and easily availability (Tian & Zhao, 2013) and (Shabgard et
al., 2010). The thermo-physical properties of those storage materials are presented in Table 5.1
and Table 5.2.

Finally, to demonstrate which one is a preferred storage material used for high-temperature
application with the same volume size, simply compare the amount of stored energy is given
below. If the storage material is a latent heat (KNOz) then the stored/released energy is given
by Eq. (4.40) and Eq. (4.43) similar to Eq. (5.34):

Qr,c = ps * Vs * Cps * (Tinget — Tini) + ps * Vs * Lp x A 5.34

Qrc = 2109 * 0.057 * 0.95 * (80) + 2109 = 0.057 * 266 = 41.1M]
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CHAPTER SIX
RESULTS AND DISCUSSIONS

6.1 Introduction

This chapter presents results obtained from the developed TES model such as; optimization of
the number of HTF tubes, the effect of geometric configuration, storage orientation (horizontal
and vertical), grid independence test, temperature variation on TES bed. The performance
parameters such as; charging/discharging time, amount of energy stored/released, and heat
transfer enhancement is discussed in detail with an illustrated figure. Validation of the model

with both experimental and numerical previous published work is also done in this chapter.

6.2 Optimization of the number of HTF tubes in the TES bed

The result of charging and discharging time is to be influenced by the number of HTF, so in
this section, it is performed optimization of the number of HTF tubes. Different authors
implemented various techniques to enhance the heat transfer rate as explained in the preceding
chapter such as; pouring highly conductive material, extended surface, and using-multiple
PCM. However, in the present study implemented using embedded multi-HTF tubes, to
increase the overall heat transfer surface area of the TES system and also improves the thermal

conductivity of the storage material especially for PCM.

Consequently, to decide the number of HTF tubes embedded in the developed TES model,
optimization technique has been done by developing a 2D numerical model. The number of
charging/discharging tubes taken for the present investigation is 13, 17, 21, 25, and 29 in both
the TES model as shown in Fig.6.1. As illustrated in Table 6.1 and 6.2 the optimization is done
based on charging time for low-temperature TES model and discharging time for high-
temperature TES model due to computational time considered into account. When in the case
of paraffin wax TES model there is a marginal reduction in the charging time (5.6%) with 25
tubes when compared to 21 tubes, but when 17 HTF tubes compared to 13 and 25 compared to
29 tubes there is massive % reduction in time. Similarly, in the case of the concrete TES model,
there is a marginal reduction in the discharging time (7.7%) with 28 tubes when compared to
25 HTF tubes, but when 21 HTF tubes compared to 17 and 25 compared to 21 tubes there is

massive % reduction in time.
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800G

Fig.6.1 Number of HTF tubes taken for optimization

Table 6.1 Optimization of the number of HTF tubes for low-temperature TES bed

No of HTF tubes Charging time (sec) % reduction in time
13 13,000

17 11,600 10.8

21 10,800 6.9

25 10,200 5.6

29 9,800 4.0

Table 6.2 Optimization of the number of HTF tubes for high-temperature TES bed

No of HTF tubes Discharging time (sec) % reduction in time
17 8800

21 7800 11.3

25 7200 1.7

29 6800 5.5

86



14000

12000 -

10000 H

8000

6000

T,;=298K
T, = 348K

inlet ~

4000 -

Charging time (sec)

2000

0 5 10 15 20 25 30 35
Number of HTF tubes
(a)

10000

9000 H T,; = 653K
8000 | |Tiniet=573K
F40]0[0 I
6000 -
5000 -
4000
3000 -
2000 -
1000 -

O T T 1 1 1 T
0 5 10 15 20 25 30 35

Number of HTF tubes

Discharging time (sec)

(b)

Fig.6.2 Optimization of number of HTF for (a) paraffin wax (b) concrete storage model
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In both cases when further increasing the HTF tubes above 21 and 25 tubes the % reduction in
time is not vary significantly as shown in Fig.6.2, but it leads to additional cost and also reduces
the effective storage volume. As a result, in the present study select 21 and 25 HTF tubes for
low and high—temperature TES models respectively.

6.3 Grid independence test

Grid independence test is performed to check which the numerical result of a developed
mathematical model is weather depending or not on the number of mesh element size because
the variation of mesh element size has a major controller in the numerical results of all nodes.
So, in the present study simulation with different mesh sizes is generating for both TES models
during the charging/discharging processes respectively. Comparisons are made for results
obtained from different mesh densities for both the TES model to make sure that the results are
mesh independent. The range of the densities is varied from 125,165 to 369,561 elements for
low-temperature TES bed and varied from 99,034 to 326,602 elements for concrete TES model

with three different mesh profiles at the predefined temperatures as shown in Fig. 6.3.

The three grid profiles are coarse (125,165 elements), normal (221,624 elements) and fine
(369,561 elements) for paraffin storage bed and coarse (99,034 elements), normal (199,528
elements) and fine (326,602 elements) for concrete storage model. For all the cases of the grid-
independent test, the developed two models are initially at 298/573 during the charging process
and 348/653 during the discharging process. The results obtained from the mesh element sizes
of 221,624 and 369,561 in the first model and 199,528 and 326,602 in the second model are
matched closely as shown in the Fig.6.3. That means the % reduction in element size between
369,561 and 221,624 is 40% however, between 221,624 and 125,165 is 43.5% in the first model
and similar method used in the second model. It is also noted that increasing the mesh elements
leads to an increase in the computational time above 10 hr. The developed TES models are
converged with mesh elements less than 369,561 and 326,602. Therefore, to save the
computational time, mesh size of 221,624 for the paraffin TES model and 199,528 for concrete

TES model has been chosen in the present two models for further analysis.
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Fig.6.3 Grid independent test for both TES model during the charging/discharging processes
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6.4 Effect of TES bed configuration, orientation and tube arrangement
Cylinder orientation, storage bed geometrical configuration and tube arrangement have an

impact on the charging/discharging rate of the TES system for both temperature ranges.

6.4.1 Geometrical configurations

This section examines the effect of different geometrical configurations of TES bed with
maintained constant storage volume and heat transfer area, such as; rectangular (square) and
cylindrical configurations of TES bed as shown in the Fig.6.4. The geometric configuration
effect is tasted based on a concrete based TES model, mainly due to low computational time

takes than the paraffin wax TES model by using developed a 2D numerical model.

Fig.6.4 Cross-sectional view of cylindrical and rectangular (square) geometries

The effect is tested based on charging time as shown in the Fig.6.5, which is the charging time
of cylindrical configuration is 5400 sec. However, in the rectangular configuration, it takes
6800 sec, which is more time required for fully charging the rectangular shape bed relatively
compared to cylindrical configurations. Similarly, the % reduction in charging time is 20.58 %
between them. The reason behind this is the outer surface of the cylindrical bed is smooth and
curved but in the case of rectangular geometry there is a sharp corner and edges in the lateral
face, this leads to a limitation of symmetric heat transfer. Similarly, there is an increase of
charging time as increasing the number of corners and edges in the outer periphery of a
rectangular bed, so due to this fact, a cylindrical configuration is chosen for the present study.
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Fig.6.5 Comparison of the charging time between cylindrical and square geometries

6.4.2 Storage bed orientation

A 3D shell-tube TES model which is LHTES and SHTES model are considered to study the
effect of cylinder orientation on charging time. As illustrated in Fig.6.6 (a) and (b) comparison
between the two different orientations is made during the charging process. As depicted in
Fig.6.6a, selected the shortest time take to complete the charging process in the LHTES model.
That means the charging time for horizontal orientation is takes 10800 sec but it takes 11800
sec in the case of vertical orientation. The horizontal orientation is approximately 8.5% faster
than the vertical orientation. The main reason for the discrepancy of this orientation on the
charging time is the effect of buoyancy upon the recirculation of melted LHTES material that
creates a strong convective heat transfer rate. But in the case of vertical orientation, the liquid
storage material is highly sediments at the bottom due to the effect of gravity. A similar result
was reported by (Gunjo et al., 2018) on the effect of cylinder orientation. However, in the case
of concrete TES bed, there is no effect between the two orientations as shown in Fig.6.6b. Due
to this fact, the horizontal orientation is better than vertical orientation and it is also selected for

the present investigation.
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6.4.3 Tube arrangement
Fig.6.7 (a)-(c) illustrated the effect of tube arrangement in the developed paraffin TES model
after optimization of number of HTF tubes during charging process.

(@) (b) (©)

Fig.6.7 The effect of tube arrangement
The temperature of the paraffin wax bounded in the shell is 298 K initially and 348 K HTF is
flow in the inlet HTF tube during charging process. As shown in Fig.6.7 (a) the melting rate of
9 tubes at the center bounded with 12 tubes at the outer is faster than the other two arrangements,
the entire temperature of the paraffin wax reaches the inlet temperature of the HTF. Therefore,
9 tubes at the center bounded with 12 tubes at the outer is achieve the required tube arrangement

of the TES model in the present investigation

6.5 Performance parameters
This section presents the main performance parameters such as; charging and discharging time,
amount of energy stored/released and a liquid fraction (in case of LHTES bed) for both low and

high-temperature TES models (sensible and latent) with an illustrated figure.

6.5.1 Charging time

The charging time is tested in two TES model that has developed in the present study i.e., water
with paraffin wax and concrete with nitrate salt as shown in Fig.6.8 (a) and (b) respectively.
The storage bed is said to be fully charged when its volume average temperature reaches the
HTF temperature. That means the storage bed is said to be fully charged when its volume

average temperature reaches to 348 K for paraffin and 653 K for concrete storage material.
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The charging time for SHTES storage material is taken 4600/5400 sec for water and concrete

storage model, but it takes 10800/18000 sec for paraffin and KNO3z salt LHTES model. It is
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observed in the figure that the time required to fully charging the sensible storage material is
relatively less compared to latent heat storage material. This is due to the fact that sensible
storage material has less energy density than latent heat storage material with the same storage
volume.

6.5.2 Discharging time

Similarly, the discharging time takes to released heat energy from the developed low and high-
temperature TES model i.e. water with paraffin wax and concrete with nitrate salt are shown in
Fig.6.9 (a) and (b) respectively. The storage bed is said to be fully discharged when its volume
average temperature reaches the initial temperature. That means the TES storage bed is said to
be fully discharged when its volume average temperature reaches 302 K for paraffin and 573 K
for the concrete storage model. The discharging time for SHTES storage material is taken
5400/7200 sec for water and concrete storage model, but it takes 12000/19800 sec for paraffin
and KNOgzsalt LHTES model. Similar to the charging time the discharging time as observed in
the figure that the time required for fully discharging for sensible storage material is a short
time duration compared to LHS material. This is because PCMs have a higher energy density

than sensible storage material.
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Fig.6.9 Comparison between discharging time of SHTES material and LHTES material

6.5.3 Liquid fraction

Another performance parameter is the average liquid fraction that has done only in the LHTES
model (paraffin wax) to determine the storage is whether fully charged or fully discharged as
illustrated in Fig. 6.10 (a) and (b). It can be seen from the figure at the beginning of the
charging/discharging processes, the average liquid fraction of the paraffin wax is 0/1, and
similarly, the paraffin wax is fully charged/discharged at 10800/12000 sec. At time t = 10800
sec, it can be noted that the storage bed is almost fully charged during the charging process. But
during the discharging process at the same time, the storage bed is discharged to a limited extent

only and not fully as in the case of charging.

As illustrated in Fig.6.10 the liquid fraction curve indicates the charging process is faster than
the discharging process. This is mainly due to the presence of additional heat transfer by natural
convection in the charging process. Additionally, the liquid fraction variation is a conduction
dominated process during the discharging process. The average liquid fraction variation can be

steadily increasing or decreasing at the initial period during both charging and discharging
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processes, which is mainly due to the higher heat transfer potential availability at the entrance
than the exit of the TES model.

6.5.4 Energy stored/released

This section presents the stored/released of heat energy from both low and high-temperature
TES beds with an illustrated figure as shown in Fig.6.11 and Fig.6.12 (a) and (b). When in the
case of low-temperature TES bed the storage material is used paraffin wax so, initially heat gets
stored or released in the form of sensible heat only. Once again the storage bed temperature
reaches nearly the phase change temperature (327 K); heat gets stored or released in the form
of latent heat and then again above 327 K also stored/released in the form of sensible heat. The
amount of sensible, latent, and total energy stored for low-temperature TES bed during the
charging process is 2.9, 6.9, and 9.8 MJ respectively at the average temperature of PCM reaches
inlet HTF temperature (348 K) within 10,800 sec. The amount of sensible, latent, and total
energy stored for low-temperature TES bed during the discharging process is 2.7, 6.9, and 9.6
MJ respectively at the average temperature of PCM reaches 302 K within 12,000 sec. The
temperature range at which the PCM stored 2.9 and 2.7 MJ amount of sensible heat are 50 and

46 K during the charging and discharging process respectively.

1.2

1.0 -

0.8 -

0.6 -

0.4

Average liquid fraction (1)

0.2 1

0.0 . . . . :
0 2000 4000 6000 8000 10000 12000

Time (sec)

(@)

97



=
[N

a b
c T, =348 K
=08 Tiner = 298 K
< 0.6
>
=)
© 0.4 -
(@)
s
£02

0 . . . . :

0 2000 4000 6000 8000 10000 12000 14000
Time (sec)
(b)

Fig.6.10 Average liquid fraction curve for low-temperature LHTES model during the

charging/discharging process

12

| =—Sensible ——Latent ——Total |

10 -

Energy stored (MJ)
[op]

0 2000 4000 6000 8000 10000 12000
Time (sec)

()



[ERN
N

[uny
o
|

Energy released (MJ)
(o]

Energy stored (MJ)

oo

o

| =Sensible ——Latent ——Total |

0 2000 4000 6000 8000 10000 12000 14000
Time (sec)
(b)
Fig.6.11 Amount of energy stored/released for low-temperature TES model
16
14 -
T, =573 K
12 Tinet = 653 K
10 1
8 |
6 |
4
2
O T T T T T T
0 1000 2000 3000 4000 5000 6000
Time (sec)
(a)

99



T,; = 653K
T =573 K

[EEY
N
1

[EEN
o

Energy released (MJ)
(o¢]

6 |
4 -
2
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (sec)
(b)

Fig.6.12 Amount of energy stored/released for high-temperature TES model

However, in the case of high-temperature TES bed, the storage material that has used is
concrete, so the stored/released heat energy is in the form of sensible heat only during the
charging/discharging processes as shown in Fig.6.12 (a) and (b). The amount of sensible energy
stored for high-temperature TES bed during the charging process is 15.06 MJ at 573-653 K
average temperature range of concrete within 5,400 sec. Similarly, the amount of sensible
energy released from this TES bed is 15 MJ at 573-653 K average temperature range of concrete
within 7,200 sec.

6.6 The TES model contour plots

The contour plots of both low and high-temperature thermal energy storage models are as
shown in Fig.6.13 (a) - (c). The first plot shows the average liquid fraction contour plot of
paraffin wax during the charging/discharging processes with time in Fig.6.13 (a) and (b). At the
beginning of the charging/discharging processes (at t = 0 sec), the average liquid fraction is 0
and 1. The paraffin wax completely charged at t = 10800 sec, but not fully discharged at this
time duration, it takes 12000 sec to fully discharged. As a result, charging is a faster process

than the discharging process mainly due to charging is convection heat transfer dominated
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process, and discharging is a conduction dominated process. The second contour plot shows the
average temperature distribution of high- temperature TES model (concrete) during the
charging process. Fig.6.13 c illustrated the temperature distribution inside the concrete at a
different time interval which is 0 sec, 1200 sec... 5400 sec. There is no heat transfer between
HTF and the concrete storage bed initially or at t = 0 sec. It is noticed from the contour plot that
the left end of the storage bed first charged then followed to the right end as a result there is a
temperature drop at the end of the storage bed, however, at t = 5400 sec the storage bed fully
charged during the charging process.

6.7 Average temperature variation of TES bed

This section discusses the average temperature variation of the thermal energy storage bed in
both low and high-temperature ranges during charging and discharging processes, which is the
volumetric average temperature of all mesh elements of the numerical model. Initially, the TES
bed is at 298/348 and 573/653 K for paraffin and concrete respectively during the charging and
discharging processes. When the HTF at 298/348 and 573/653 K are passed through the HTF
tubes, the heat transfer takes place between the heat transfer fluid and TES material. During
this process, there is a temperature distribution as shown in Fig.6.14. It is observed from the
Fig.6.14 (a) — (d) that the average temperature variation curve shows a steady increase or
decrease of temperature during charging and discharging at the beginning of the process. This

indicates that there is a higher heat transfer potential available at the initial period of the process.

When in the case of low-temperature TES bed, after 2000 sec the slope of the average
temperature variation curve started decreasing. The temperature of the storage material reaches
approximately 348/302 K during the charging and discharging process in time of 10800/12000
sec, this implies that the process of charging is faster than the discharging process. This is the
reason due to the additional convective heat transfer that increases the overall heat transfer rate

of the paraffin wax during the charging process.
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Fig.6.13 Contour plots of low and high-temperature TES model during (a) and (c) are
charging and (b) are discharging process.
Similarly in the case of high-temperature TES as shown Fig .6.14 (c) and (d) the rate of
temperature rises is up to 600 sec during charging processes, and the average temperature
variation curve decreasing up to 800 sec during discharging temperature. This is mainly due to
higher heat transfer potential happen during the initial period and then decreasing above this
time interval. The rising of the average temperature of the storage bed during this initial period

leads to the decreasing of in the HTF temperature gradient.
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6.7.1 Temperature variation of outlet HTF

This sub-section presents the outlet HTF temperature variation of both TES models during
charging processes as illustrated in Fig.6.15 (a) and (b). This is the outlet HTF temperature
variation and the temperature variation difference of inlet and outlet of the TES bed during the
charging processes. The outlet HTF temperature variation mainly depends on the thermo-
physical property of storage material and the heat transfer potential between the HTF and
storage material. There is a steady increase/decrease of the outlet HTF temperature at the
beginning of the charging process and after a certain period, reduced the steady
increase/decrease of outlet HTF temperature variation as shown in Fig.6.15. This is mainly due
to the higher heat transfer potential available between the HTF and storage material at the
beginning of the processes and the decline of this heat transfer potential after a certain period.
The inlet-outlet HTF temperature variation difference reaches near about zero at 10800/5400
sec for LHTES and SHTES model respectively during the charging process. This indicates that
the average temperature of the storage material reaches approximately the inlet temperature of

the heat transfer fluid.

6.7.2 Effect of inlet temperature of the HTF

In this section, a numerical simulation was conducted to illustrate the effect of inlet HTF
temperature during the charging rate of the paraffin wax. Inlet heat transfer fluid temperature
is the main controller in the performance of the TES system. As shown in Fig.6.16 three
different inlet temperature (343, 348 and 353 K) are taken for investigation in this section with
the constant initial temperature at T;,; = 298 K during the charging process. The result gives
when an increase in the inlet HTF, decreases the charging time this is due to the addition of
extra heat transfer potential between the HTF and the paraffin wax. Consequently, the varying

inlet HTF temperature has a great impact on charging time reduction.
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6.8 Heat transfer enhancement technique

This section presents the comparison study between single shell-tube (double pipe) type TES
model and embedding of multi-HTF tubes between the storage materials for the paraffin wax
model to enhance the heat transfer rate. Similarly, in the case of concrete storage model
inserting copper tube between the HTF and concrete storage bed is another enhancement
technique applied in this paper. From the obtained result the single shell-tube storage model is
not attainable the required temperature as illustrated in Fig.6.17a. At charging time takes (t =
10800 sec) the average temperature is attained at 327 K but in the case of multi-HTF tubes
storage model attain the average temperature of 348 K with similar charging time. That means
the time needed to complete charging for a single shell-tube TES model is considerably large

as compared to the multi-HTF tube model.
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This is mainly due to centrally located inner HTF tubes in the double pipe model but an
increasing number of HTF tubes inserting between the storage materials is decreasing the
complete charging time because the bottom region of the shell is influenced by the extra
effective heat transfer surface. The second enhancement technique that applies in a concrete
storage model is the comparison between embedding of the copper tube between the concrete,
and the HTF and without this tube. As shown in the Fig.6.17b, the time to fully charged concrete
with copper tube storage model it takes 5400 sec, but it requires 6200 sec to completely charge
the concrete storage model without inserting the copper tube. As a result mainly due to copper
metal increase the heat transfer rate of the storage, the embedding of a copper tube between the

HTF and concrete is reducing the charging time by 13%.

6.9 Validation of the present TES model

The developed numerical TES model integrated for both low and high-temperature applications
is validated with similar work that was done experimentally and numerically by different
authors to prove the reliability. The low-temperature TES model is validated with both
experimental and numerical data reported by (Gunjo et al., 2018), which is the same storage
material (paraffin wax) was used as a storage material. The comparison is held based on
charging time as illustrated in Fig.6.18a; the figure indicates that the two numerical
investigation result curves have similar shape. However, there is a little variation between the
two curves due to the difference in size of the geometry and some thermo-physical properties
of the TES model.

The second TES model (concrete) is validated with experimentally reported by (Tamme et al.,
2003) and also numerically reported by (Singh & Sgrensen, 2017). Charging time is the
parameter used for validation and also the same concept or the same boundary conditions, the
thermo-physical property of the concrete TES model are selected during validation. However,
the charging time of the two studies is short as compared to the present study, mainly due to
different initial and inlet HTF temperature values are taken in the validation as shown in
Fig.6.18b. That means the inlet HTF temperature for the two studies was taken 663 K, but in
this study, it is 653 K. Finally, it is understood from the validation result is obtained a good
agreement between the present TES model developed numerically and other experimental and
numerical developed works reported by different authors.

110



350

340

330

w
N
o

—Present study
—Gunjo et al., (2018)

Temperature (K)
w
[N
o

w
o
o

290

0 2000 4000 6000 8000 10000 12000
Charging time (sec)

(@)
670
660
650
. 640
X 630
L
S 620
©
o 610
g- 600
& — Present study
590 Tamme et al., (2004)
/04 | Singh & Sgrensen, (2017)
570
560 - - ' ' '
0 1000 2000 3000 4000 5000 6000
Charging time (sec)
(b)

Fig.6.18 Model validation (a) for the LHTES model and (b) for SHTES model during the

charging process

111



6.10 Summary

A numerical investigation is carried out by developing a 3-D TES model for both low and high-

temperature TES systems to study the characteristics of the TES system during the charging

and discharging process. Optimization of the number of HTF tubes is done by developing a 2-

D model, the effect of geometric configuration and cylinder orientations are also carried out

during the study. Additionally, performance parameters like charging and discharging time,

liquid fraction, and energy stored/released rate was estimated. The results of the present

numerical study are briefly summarized as follows:

v

v

During the number of HTF tube optimization, 21 and 25 HTF tubes are selected for low
and high-temperature TES models respectively.

Cylindrical geometry with horizontal orientation is selected for the present study.

The charging/discharging time takes 10800/12000 sec for paraffin wax and 5400/7200
sec for the concrete TES model for charging/discharging the TES bed completely.

The charging/discharging time of sensible storage material is very less compared to
LHTES material and also it stored/released a small amount of heat energy.

The developed model is grid-independent.

The total amount of energy stored/released was 9.8/9.6 MJ from the paraffin wax TES
model and 15.06/15 MJ from the concrete TES model and finally achieved the required
amount of heat energy.

The developed thermal energy storage models are validated with previous patented
experimental and numerical work reported by different authors.

The study also applies the heat transfer enhancement technique.

Generally, the simulation result of the present developed TES model is useful in the design and

development of TES system integrated for both low and high-temperature application with

sensible and latent heat storage material
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CHAPTER SEVEN
CONCLUSIONS AND RECOMMENDATIONS

The major conclusions drawn from the developed numerical TES model integrated for low and
high-temperature solar thermal applications are presented in this chapter. A summary of the key
outcomes arrived from the developed TES model are listed. Some of the recommendations for
future work to study further are also presented in this chapter.

7.1 Conclusions

Build thermal energy storage (TES) system in any solar thermal energy application is a robust
technology to tackle intermittent and fluctuating nature of solar radiation. In the present study,
the performance analysis of the TES system for low and high-temperature applications is
investigated. A 3D numerical TES model had been developed for low and high-temperature
ranges by optimizing the number of HTF tubes initially. The sizing of the developed TES model
was based on the amount of stored energy for the required application.

The developed 3D numerical model simultaneously solved the behavior of both heat transfer
fluid flow and heat transfer of sensible (concrete) and latent (paraffin wax) storage material,
which is known as based on conjugate heat transfer problem. COMSOL Multiphysics 4.3a
commercial software had been used to solve the governing equation of the developed TES
model. The results of a developed numerical model are validated with previous numerical and
experimental patented work and finally, it was obtained a good agreement between them. The
performance parameters such as; charging/discharging time, liquid fraction, and energy
stored/released were evaluated in both developed models. Heat transfer enhancement technique
which is embedding of multi-HTF tubes between HTF and paraffin wax and inserting copper
tube between concrete storage bed was implemented to decrease the charging time. The overall

conclusions summarized from the numerical investigations are as follows:

v" It can be achieved by stored 7 MJ heat energy used for low-temperature application
(domestic water heating purpose) by using paraffin wax and 15 MJ heat energy for high-
temperature application (steam generated purpose in CSP plants) by using concrete as

a storage material.
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Optimize to be 21 and 25 HTF tubes for paraffin and concrete TES model respectively
after an implemented number of HTF tube optimization techniques.

The charging/discharging time takes for the low-temperature TES model is
10800/12000 sec respectively, similarly, it takes also 5400/7200 sec for the concrete
TES model.

Discharging is a slower process than the charging process, this is mainly due to
discharging is conduction dominated process but charging is a convective dominated
process.

The inlet HTF is highly impacted on both the charging and discharging time.
Embedding of highly conductive metal (copper) with a multi-HTF tube in the storage
bed is the best choice to enhance heat transfer rate with decrease charging time, i.e.,
apply in concrete storage model is decreases charging time by 13%.

7.2 Recommendations for future works

The present study was carried out the performance evaluation of the TES system at various

performance parameters. However, this study area offers several opportunities to broaden other

investigations, some of such future works are given below.

» This study was presented the performance analysis of the TES system for only low and

high-temperature applications. Numerical investigations could be carried out for the
intermediate temperature range.

The laminar flow regime is considered in the present numerical study with a
significantly low HTF flow rate. However, if the study is extended to a turbulent flow
regime in the future it may be several advantages achieved to enhance the heat transfer

rate.

Additionally, the TES system is a robust technology to efficiently utilize the harvested solar

energy during the absence of solar radiation in any kind of solar thermal application. Therefore,

different companies, governmental, and NGOs should build this technology during the

promotion and development of solar renewable energy.
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APPENDICES

ANNEX A: Specification of flat plate collector

According to SUNRAIN Company the detailed specification of flat plate collector (FPC1200A)
model product used in this study are given in Table Al:

Table Al Specification of flat plate collector

Description Specification
Collector type Sheet- and- tube type
Housing Aluminum - alloy
Surface Aluminum - alloy
Black plate Steel plate
Absorber plate Cu/Al
Glass Woven ultra-white toughened
Insulation Glass wool
HTF Water
Length of the collector (m) 2.005
Width of the collector (m) 1.005
Length of the absorber plate (m) 1.9
Width of the absorber plate (m) 0.92
Overall area (m?) 2.02
Absorber area (m?) 1.745
Aperture area (m?) 1.96
Plate thickness (m) 0.001
Tube center to center distance (m) 0.092
Number of glass 1
Air gap between glass and the plate (m) 0.025
Thickness of the glass (m) 0.003
Diameter of header plate (mm) @ 22x0.75
Diameter of the riser plate (mm) ®10x0.5
Thickness of the insulation material (m) 0.05

Thermal conductivity of the insulation material (W/mK)  0.044
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Thermal conductivity of absorber plate (W/mK)
Density of the insulation material (kg/m?)
Density of absorber plate (kg/m?)

Max. Stagnation temperature (°C)

Max. Operating pressure (MPa)

Rated operating pressure (MPa)

Emittance of absorber plate

Emittance of glass

Transmittance of glass (%)

Absorption of the absorber (%)

ANNEX-B: Specification of parabolic trough collectors (PTC)

386
200
8954
250
1.2
0.8
0.95
0.86
> 91
94

The detailed specification of parabolic trough collectors (PTC) used for steam power plant is

given below Table B1(Kalogirou, 1996):

Table B1 Specification of parabolic trough collectors (PTC)
Description

Collector type

Aperture area (m?)

Collector aperture (m)

Aperture — to — length ratio

Glass - to- receiver diameter ratio
Rim angle (°)

Receiver diameter (mm)
Geometric concentration ratio

Peak optical efficiency

Specification

PTC

7
1.46
0.64
2.17
90
22
21.2
0.71
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ANNEX C: Design procedure of shell and tube heat storage

The design of the shell and tube heat thermal energy storage system was done based on the
procedure proposed by (Shamsundar et al., 1992). The first step in the design process is
selecting the storage material with the required melting temperature. The effectiveness is then
estimated at the start of the discharging period since the outlet temperature of the storage is
higher at this stage than at any other time whereas at the latter instant of time there will be a
buildup of solid which impedes heat transfer. For a shell and tube thermal energy storage,
effectiveness is defined as the ratio of the actual heat transfer to the heat transfer corresponding
to not only infinite area but also infinite conductance in the storage material.

T¢—T;
=1Lt C.1
Tm_Ti

where: Ty and T; are the outlet and inlet temperatures of air, respectively.
The number of transfer units (NTU) was expressed as:
Emax = 1 —exp (—NTU) C.2

Take the minimum and maximum temperatures required for fulfilling energy demand of hot
water are 45°C and 50°C, respectively. Substituting the values Of Tynax = 50°C, Tymin=45°C,
T;=25°C and T,,,=54°C into Eqn. B.1 giVes &,,4,=0.76, &,i»= 0.61 and NTU = 1.43.

Parameter y and Biot number B; as a function of the inner and outer radius of the heat exchanger

tubes, respectively, was determined as:

hR;
'y = m C-3
Bi = ZRO C4
m

where: h is convective heat transfer coefficient, R, and R; are outer and inner radius of the heat
exchanger tubes, respectively,k, is thermal conductivity of the storage material.

To estimate parameter (y), the Nusselt number (Nu) should be first estimated depending upon
the type of flow regime in the tube being either laminar or turbulent. If the fluid flow inside the

tubes is considered as laminar and fully developed, the recommended assumption for Nu is
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1.84. Nusselt number (Nu) is the ratio of convective to conductive heat transfer across the

boundary.
hR,
N, = o C5

where: k; is the thermal conductivity of HTF.

Parameter y can be writtenas y = N, (Z—f) (%) C.6
Substituting the values of ky= 0.58W/m. K, k; = 0.21W/m. K and N,, = 1.84 into Egn. C.6
gives y = 0.37.

The outer radius of the tubes was determined as:

0.5
R, = (M) C7

ToPplF

where: 7, is the nondimensional time variable which was expressed as:

T, = (ZF—ﬁ) +1[A+F)In(L + F) — Fy] c8

F, is the amount of PCM solidified at the tube inlet at the end of the discharge period and its
value is usually between 0 and 10 for latent heat storage case. Substituting the values of F, =
5.9 and y = 0.37 into Eqn. E.8 gives 7, = 9.83 and R, = 9mm and, taking the ratio of the inner

and outer radius of the tubes as 1.2, R; = 7.5mm.

The number of tubes was determined from the length of the pipe as:
_ NTUTthpf
Ne = ( 2mhR;L ) C.9

kfNu

h is the heat transfer coefficient of the air: h = C.10

o

Substituting the values of Nu = 1.84, k=0.58W/m.K, 1,=0.0041kg/s, C,r=4.18kJ/kg.K, R;=
7.5mm and R,=9mm into Eqgn. C.9 and C.10 gives n;=5.
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