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ABSTRACT

The purposes of this research were to design and fabricate a thermal energy
storage prototype by using local materials, and to evaluate the performance and
economics of the thermal energy storage prototype. This research was carried out in
four parts. Firstly, thermophysical properties test of concrete materials. Secondly,
design of a thermal energy storage prototype. Thirdly, performance test of the thermal
energy storage prototype. Fourthly, cost of energy analysis.

The investigations of the thermophysical properties test of concrete materials
for sample 1 in which the volumetric ratios are water(1): cement(1): sand (1.5): rock(3)
with a density of 1820 kg/m3, specific heat of 1538 J/kgK, thermal conductivity of 1.03
W/mK and coefficient thermal expansion of 8.21 micron/K is suitable for use for the
thermal energy storage prototype because the specific heat and volumetric heat capacity
of concrete aggregates is higher than other samples.

The research was performed on thermal energy storage prototype in Thailand.
Concrete was used as the solid media sensible heat material in order to fulfill local
material utilization which is easy to handle and low cost. Saturated steam was used for
heat transfer fluid. The thermal energy storage prototype was composed of pipes
embedded in a concrete storage block. The embedded pipes were used for transporting
and distributing the heat transfer medium while sustaining the pressure. The heat

exchanger was composed of 16 pipes with an inner diameter of 12 mm and wall



thickness of 7 mm. They were distributed in a square arrangement of 4 by 4 pipes with
a separation of 80 mm. The storage prototype had the dimensions of 0.5 x 0.5 x 4 m.
The charging temperature was maintained at 180°C with the flow rates of 0.009, 0.0012
and 0.014 kg/s whereas the inlet temperature of the discharge was maintained at 110°C.

The performance evaluation of a thermal energy storage prototype was
investigated in the part of charging/discharging. The experiment found that the increase
or decrease in storage temperature depends on the heat transfer fluid temperature, flow
rates, and initial temperature. The energy efficiency of the thermal energy storage
prototype at the flow rate of 0.012 kg/s was the best because it dramatically increased
and gave 41% of energy efficiency in the first 45 minutes after which it continued to rise
yet only gradually. Over 180 minutes of operation time, the energy efficiency was 53%.
and the exergy efficiency was 38%.

From the cost of energy analysis, it is found that the capital cost structure of
the thermal energy storage by using concrete material resulted that the cost of heat
exchanger is more than 50% of total cost. The storage medium (concrete) in Thailand
is inexpensive while the insulation and foundation cost is quite expensive. The
investment cost of the thermal energy storage prototype in this research was 1,096

baht/kWh.
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CHAPTER 1

INTRODUCTION

Background

Currently, Carbon dioxide is deemed responsible for more than 50% of
manmade climate change, making it the most critical contributor. It is released mainly
by the burning of fossil fuels. Because of the time lapse between emission and their
effects, the full consequences of the developing climate change have still to emerge
over the coming decade, bringing increased danger to the stability of the world’s
economy and lifestyle. Solar thermal power emissions involve hardly any of the
polluting emissions or environmental safety concerns associated with conventional,
fossil or nuclear-based power generation. There is very little pollution in form of
exhaust gases, dust or fumes. Most importantly, in terms of the global environment,
there are no emissions of carbon dioxide in a purely solar operation of a solar thermal
power plant, the main gas responsible for global climate change. Mainly, four
clements or components are required in these plants: receiver, concentrator,
transport/storage media system and power conversion device. At the current
development level, thermal energy storage is a key component [1]. Thermal Energy
storage (TES) are critical in enhancing the applicability, performance, and reliability
of a wide range of energy systems as the discrepancy between energy supply and
demand can be eliminated or reduced by the use of proper thermal energy storage
methods [2]. The availability of storage systems is key for the increased market
penetration of solar thermal power plants. The main advantages of integrated storage
capacity are the extended utilization of power block, improved efficiency and
extended life expectancy of components due to a reduction in thermal transients.
Storage systems also facilitate the integration of solar thermal power plants into
electrical grids by smoothing fluctuations caused by variations in solar radiation, thus
avoiding grid instability problems and reducing the requirements for fossil peak load
backup capacity [3]. Thermal energy storage in general has been one of the important

topics of research for the last three decades, but most of the researchers still feel that



one of the weak points of this technology is the development of effective storage
material. Concrete is sometime chosen for storage material because of its low cost,
availability throughout the world, and easy processing. Inexpensive aggregates to the
concrete are widely available [41. Basically, there are three methods to store thermal
energy: sensible heat storage, latent heat storage and thermo-chemical. For a sensible
heat storage unit, thermal energy is stored by changing the temperature of the storage
medium which can be a solid or liquid. The ability of a given material to stored
sensible heat strongly depends on the value of its energy density, which is the heat
capacity per unit volume. The sensible heat storage material must also be inexpensive
and have good conductivity. Until now, solid materials such as cast steel, stone, rock,
sand, concrete and ceramic have been selected as sensible heat storage media
depending on the temperature range and application [5]. The TES system using
concrete as the sensible heat storage media is usually implemented by embedding the
pipes heat exchanger in concrete to transfer thermal energy to or from the heat transfer
fluid, air, and synthetic oil. The advantages of concrete system include low cost of
thermal storage media, high heat transfer rates into and out of concrete, ease of
handling of the material, available in worldwide and uncomplicated processing.
As a result, the application of concrete system is an attractive option regarding
investment and maintenance costs in parabolic trough power plant. The feasibility of
such systems has been already been proven in Refs. [3, 6, 7]. In a concrete system, the
embedded heat exchanger accounts for most of the investment cost, and thus the tube
diameter and number of metal pipes should be well designed.

Khare, et al. [8] studied the candidate materials for high temperature sensible
heat storage(SHS) systems. The main difficulty in using solid media for SHS is the
large size of storage bed. However, this can be minimized by using high heat capacity
storage material and allowing high temperature swing. Tamme, et al. [9] suggested that
castable ceramic and concrete could be used as sensible heat storage medium for high
temperature heat storage applications. Laing, et al. [3] investigated ceramic and high
temperature concrete for maximum storage temperature of 663 K and storage capacity
of 350 kW and concluded that concrete was the more preferable storage material

although ceramic is having 20 % higher storage capacity and 35 % more conductive.
g g g pacity



Nandi et al. [10] reported concrete and castable ceramic as low cost (25-30 § kWh)
and durable SHS systems. It has been observed that heating the concrete at elevated
temperatures causes certain reactions and transformations occur due to presence of
voids which influence their thermo physical properties. The compressive strength
decreases by about 20 % on heating the concrete to 673 K [1]. However, such
problems can be minimized by the addition of filler materials like steel needles and
reinforcement to improve the mechanical and thermal strength. John et al. found that
after exposure to 10 thermal cycles from ambient temperature to 723 K, concrete bed
has maintained more than 50 % of their mechanical properties [11].

Therefore concrete storage for parabolic trough in power plant is potential
because the cost is low. It is also world wide availability and uncomplicated
processing. Although inexpensive aggregates to the concrete are widely available, the
concrete storage has not been developed easily as expecting. To develop the large
scale thermal concrete storage for parabolic trough power plant is very interesting.
Especially, the development by using the local material materials could be beneficial
for Thailand. Hence, in the present research focuses on the design and fabrication of
the thermal concrete storage by using local materials and also evaluate the

performance and economics.

Statement of the problem

Solar energy available to Solar Thermal Power Plants is limited by diurnal,
seasonal and climate changes. In order to cope with these fluctuations, the energy
source to these needs to be backed up by a buffering storage system.

A buffering storage system can provide:

1. Stability

Storage smooths out transients in the solar input caused by passing clouds,

which can significantly affect operations of a solar electric generating plant. The
efficiency of electrical production will degrade with intermittent insulation, largely
because the turbine-generator will frequently operate at partial load and in a transient
mode. If regular and substantial cloudiness occurs over a short period, turbine steam

conditions and/or flow can degrade enough to force turbine trips if there is no



supplementary thermal source to "ride through" the disturbance. Buffer TES systems
would typically require small storage capacities.
2. Energy management
Storage for the purpose of delivery period displacement requires the use of
a larger storage capacity. The storage shifts some or all of the energy collected during
periods with sunshine to a later period with higher electricity demand or tariffs
(electricity tariffs can be a function of hour of the day, day of the week, and the
season). This type of TES does not necessarily increase either the solar fraction or the
required collection area. The typical size ranges from 3 to 6 hours of full load
operation. The size of a TES for delivery period extension will be of similar size (3 to
12 hours of full load). However, the purpose is to extend the period of power plant
operation with solar energy.
3. Suitable storage media
Definitive selection of storage capacity is site and system dependent.
Therefore, detailed statistical analysis of system electrical demand and weather
patterns at a given site, along with a comprehensive economic tradeoff analysis, are
desirable in any feasibility study to select the best storage capacity for a specific

application.

Objectives of the study
1. To design and fabricate a thermal energy storage prototype by using local
materials,

2. To evaluate the performance and cost of energy analysis for the thermal

energy storage prototype.

Scopes of the study

1. The thermal energy storage prototype was made by concrete material.
2. The thermal property of the prototype was investigated in terms of specific

heat capacity, thermal conductivity and coefficient thermal expansion.



3. The appropriate concrete mixing proportion is investigated by varying of
aggregate materials.

4. The prototype is applicable for Solar Parabolic Trough Power Plant.

Benefit of the study

The results from this research will provide many benefits, especially
providing proven guidelines for thermal storage system design for Solar Thermal
Power Plants, in the following ways:

1. More operating up-time to produce electricity. Power generation can
operate during nighttime hours by using energy from the thermal energy storage.

2. It can compensate for loss of solar energy and maintain power production
during periods of cloud, by discharging the stored thermal energy.

3. It can provide stability of the electricity supply to the grid. The thermal
energy storage system is a backup energy source allowing continuous power supply to
the grid.

4. Load management can be supported, resulting in higher revenues. Excess
generation available during low-demand periods can be used to charge the TES to

increase generation capacity during high-demand periods.



CHAPTER 11

PRINCIPLE AND RELATED LITERATURE

Introduction

Energy in its various forms; electrical energy, magnetic energy, mechanical
energy, chemical energy, Thermal Energy etc. can be stored in a variety of ways.
Energy can be converted from one form into another, but cannot be created or
destroyed [12]. Developing efficient and inexpensive energy storage devices is as
important as developing new sources of energy. Energy storage is not a new concept,
and has been used for centuries. Energy storage can reduce the time or rate of
mismatching between energy supply and energy demand, and plays an important role
in energy conservation. As shown in Figure 1, there are a large variety of energy
storage systems under development. Energy storage improves the performance of
energy systems by smoothing supply and increasing reliability, by loading leveling.
Higher efficiency leads to energy conservation and improved cost effectiveness. Some
types of renewable energy, such as solar, can be intermittent and fluctuating. The use
of energy storage systems can result in significant benefits such as the reduction of the
costs power production, and consequently reduction of costs to the power consumer.
Increased flexibility of power production operations, and reduction of initial and on-

going maintenance costs are also benefits.

Energy storage methods

g e

Alechanical Chemical energy Biological Magnetic Thermal Energy
energy storage storage storage storage storage
- Hydro storage - Electrochemical - Sensible heat
(pumped storage) batteries storage
- Compressed - Organic - Latent heat
air storage molecular storage
- Flywheels storage

Figure 1 A classification of energy storage systems [13]



One of the important characteristics of a storage system is the length of time
that the energy can be stored with acceptable losses. If solar energy is converted into a
fuel such as hydrogen, there will be no such a time limit. Storage in the form of
thermal energy may quickly diminish due to losses by radiation, convection and
conduction, or amount of energy stored per unit volume. The smaller of the volume is
the better of the storage system. Therefore, a good system should have a long storage
time and small volume per unit storage energy. Figure 2 shows a typical pattern of

weekly energy use.
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Figure 2 Hour data on electric load during a full week, showing the possible use

of a storage system [12]

Solar Thermal Power

Solar thermal power technologies shown in Figure 3 and Table 1 are based on
the concept of concentrating solar radiation to be used for electricity generation within
conventional power cycles using steam turbines, gas turbines or Stirling engines. For
concentration of the solar energy, most systems use glass mirrors that continuously
track the position of the sun. The concentrated sunlight is absorbed on a receiver that
is specially designed to reduce heat losses. A fluid flowing through the receiver
transfers the heat away into the power cycle, where high pressure, high temperature
steam is generated to drive a turbine. Air, water, oil and molten salt are variously used
as heat transfer fluids. Parabolic troughs, linear Fresnel systems and power towers can

be coupled to steam cycles of 5 to 200 MW of electric capacity, with thermal cycle



officiencies of 30-40 %. Dish-Stirling engines are used to increase power generation in
the 10 kW range. Parabolic troughs have been demonstrated to achieve annual solar to
electricity efficiencies of about 10-15 % and about 17-18% projected to be achieved in

the future, as shown in Table 2

parabolic trough(PSA) solar tower (SNL)

reflector

Linear Fresnel(Solarmundo)  parabolic dish (SBP)

Figure 3 Principle of concentrating solar direct radiation and the

four CSP technologies [14]

Table 1 The four solar thermal power technology families [15]

Point focus
Line focus
Collectors track the sun
Collectors track the sun X
c : . along two axis and
Receiver along a single axis and focus .
Focus type o . focus irmadiance on a
type imadiance on a linear i i )
: . ) single point receiver.
receiver. This makes .
i . This allows for higher
tracking the sun simpler.
temperatures.

Fixed  Fixed receivers are stationary devices that
remain in dependent of the plant’s focusing Linear Fresnel Towers(CRS)
device. This eases the transport of collected hear Reflectors

to the power block.

Mobile  Mobile reccivers move together with the
focusing device. In bath line focus designs, Parabolic Troughs Parabolic Dishes

mobile receivers collect more energy




Table 2 Performance data of various concentrating solar power (CSP)

technologies [14]

Capacity  Concen- Peak Annual Thermal Capacity Land
Unit tration solar solar cycle factor use
MW efficiency  efficiency efficiency (solar) m*MWh/y
Parabolic 10-200 70-80 21% (d) 10-15% (d)  30-40% ST 24%(d) 6-8
trough 17-18% (p) 25-90%(p)
Fresnel 10-200  25-100 20%(d)  9-11%(d) 30-40% ST~ 25-90%(p) 4-6
Power tower  10-150 300-1000 20% (d) 8-10% (d) 30-40% ST  25-90%(p) 8-12
35%(p) 15-25% (p)  45-55% CC
Dish-stirling  0.01-0.4  1000-3000  29% (d) 16-18% (d)  30-40% Stir 25%(p) 8-12

18-23%(p)  20-30% GT

Note: (d) = demonstrated, (p) = projected, ST = steam twbine, GT= Gas
Turbine CC = Combined Cycle, Solar efficiency = net power generation /
incident direct radiation Capacity factor = solar operating hours per year/8760

hours per year

Solar thermal power plant in Thailand

Annual direct normal irradiation in Thailand is highest in the northeast and
central parts of the country, measured at 1,350-1,400 kWh/m?-yr. The yearly average
direct normal irradiation, over the entire country is 1,200 kWh/mz-yr. This indicates
that Thailand has moderate potential of direct solar radiation, when compared to direct
radiation in other parts of the world [16].

The sole solar thermal energy power plant in Thailand is based on direct steam
generation (DSG) in parabolic trough collectors. The practical feasibility of this
technology has been proven in recent years. Direct steam generation (DSG) uses water
inside the collectors as the heat transfer medium. Of the four plant types shown in
Table 2, DSG technology demonstrates the best advantages:

1. Smaller environmental risks because oil is replaced by water.
2. The overall plant configuration is simpler.

3. Lower investment and O&M costs and also higher plant efficiency.
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Thermal Energy Storage System

Thermal energy storage (TES) deals with the storage of energy by heating,
cooling, melting, solidifying, or vaporizing a material; the thermal energy becomes
available when the process is reversed [13]. The technologies of thermal energy
storage have been developed to the point where they can be properly acknowledged as
a new energy technology. The major nontechnical use of thermal storage is to maintain
a constant temperature in residences, for warmth during cold winter nights. Large
stones, blocks of cast iron, and ceramics have been used to store heat from an evening
fire for the whole night. With industrialization of the economy, thermal energy storage
materials which were produced as a by-product of some industrial processes could be
applied to energy production. A variety of new techniques of thermal energy storage
became possible.

Heat storage at power plants is now typically in the form of steam or hot
water, but usually for a short retention time. Recently, other materials, such as oils,
which have a very high boiling point have been suggested as heat storage substances
for the electricity utilities. Other materials that have a high heat of fusion at high
temperatures have also been suggested for this application.

Generally, there are three basic methods for thermal energy storage:

1. Heating a liquid or a solid, without phase change: This method is called
sensible heat storage. The amount of energy store depends on the temperature change

of the material and can be expressed in the form
E=m/.2C,dT (1)
n.

Where m is the mass and C, is the specific heat at constant pressure. T1 and
T2 represent the lower and upper temperature levels between which the storage

operates.

The difference (T2 - T1) is referred to the temperature swing.
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2. Heating a material which undergoes a phase change (usually melting):
This is called latent heat storage. The amount of energy stored (E) in this case depends

upon the mass (1) and latent beat of fusion (1) of the material. Thus,

E=mi (2)

3. Using heat to produce certain physiochemical products. Absorbing and
adsorbing are two examples of chemical reactions. The heat is released when the
reverse reaction occurs. Also, in this case, the storage operates essentially isothermal
during the reactions. However, the temperature at which heat flows from the heat

supply varies, depending on the storage material.

Table 3 Overview of thermal energy storage methods

Type of thermal Functional Phase Examples
Energy Storage Principle
Sensible Temperature change of Liquid Hot water, organic liquids,
Heat medium with highest molten salts, liquid metals

possible heat capacity

Solid Metals, minerals, ceramics
Latent Essentially heat of Liquid-Solid  Nitrids, clorides, hydroxides,
Heat phase change Carbonates, fluorides,

Solid-Solid  entectics
Hydroxides
Chemical Large amount of Solid-Gas  CaO/H,0,MgO/H,0,FeCl,/NH;

Energy chemical energy is
absorbed and released Gas-Gas CH4/H,0
due to shifting of
equilibrium by Liquid-Gas  LiBi/H,0,NaOH/H,0,H,SO4/
changing pressure H,O

and temperature
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In terms of reducing the cost of a solar thermal power plant integrated with a
storage system, direct steam generation is an attractive option. However, such solar
thermal power plants experience major challenges with two-phase fluid water/steam,
therefore optimized storage concepts are needed. A three-part storage system
consisting of preheater) evaporator and super heater is proposed for the two phase fluid
water/steam [17]. The left diagram of Figure 4, shows the temperature-enthalpy
relationship for a solar thermal power plant for a single phase fluid (e.g. thermal oil). It
indicates that the sensible heat storage system is employed for preheating, evaporating
and superheating. The heat is stored as the temperature of the storage is increased. The
diagram on the right indicates the system with direct steam generation using combined
PCM and sensible heat storage system, PCM is used in an evaporator for
evaporation/condensation, whereas sensible storage systems are used for preheating
and superheating. The maximum amount of energy is stored in a PCM evaporator with
a small temperature difference between the storage material and the working fluid.
Therefore the direct steam generation concept with combined sensible and PCM

storage concept is considered to be the most efficient for thermal energy storage.

Solarfield

- Selar fie

0 Sensible heat - pprrishi /
[ C - / -
é i = @ = Combined sensible
g E | and PCM storage // ©)
3 / =

]
g A ' /7
= = /
2 - = ——— e ———
9 - o) -~
g =

g ®
@ Power block

o ok

Enthalpy Enthalpy

Power block

v
v

Figure 4 Temperature-enthalpy characteristics for sensible heat storage system
with sensible heat transfer fluid in absorbers (left) and combined
sensible/PCM storage for direct steam generation in absorbers (right).
Sections in power block steam cycle: 1-2 preheating, 2-3 evaporation,

3-4 superheating [18]
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Sensible Heat Storage

In case of sensible heat storage systems, energy is stored or extracted by
heating or cooling a liquid or a solid, which does not change its phase during the
process. A variety of substances have been used in these systems. These include
liquids such as water, heat transfer oils and certain inorganic molten salts and solids
like rocks, pebbles and refractory materials. In the case of solids, the material is
invariably in porous form and heat is stored or extracted by the flow of a gas or a
liquid through the voids. The choice of the material used depends largely on the
temperature level of the application, water being used for the temperature below
100°C and refractory bricks being used for temperatures about 1,000°C. Sensible heat
storage systems are simpler in design than latent heat or chemical storage systems.
However, the disadvantage of them is size; they are bigger than other configurations.
An important criterion in materials selection for sensible heat storage systems is the
(pCp) value. A second disadvantage associated with sensible heat systems is that they
can’t store or deliver energy at a constant temperature. Performance of thermal
storage system is determined by storage capacity, heat input and output rates while
charging and discharging, and storage efficiency. The storage capacity of sensible heat

storage with a solid or liquid storage medium is given by

Qs = mcyAT = pc, VAT (3)

Where m is mass, V is volume, ¢ is specific heat, p is density and AT = Tyax -
T,.x is the maximum temperature difference between the maximum and minimum
temperatures of the medium. This expression can be used to calculate the mass and
volume of storage material required to store a given quantity of energy.

Sensible Heat Storage Media

Sensible heat storages have 2 bases of the heat storage media as liquid media
storage and solid media storage.

Liquid media storage

Water is a common used medium in heat storage system because of its high

specific heat. Most solar water heating and space heating systems use hot water
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storage tanks located either inside or outside the buildings or underground. The sizes
of the tanks used vary from a hundred liters to a few thousand cubic meters. Water
storage tanks are made from a variety of materials like steel, concrete and fiberglass.
The tanks are suitably insulated with glass wool, mineral wool or polyurethane. The
thickness of insulation used is large and ranges from 10 to 20 cm. Because of this, the
cost of the insulation represents a significant part of the total cost and means to reduce
this cost needs to be explored. Heat transfer oils are used in sensible heat storage
systems for intermediate temperatures ranging from 100 to 300°C. The problem
associated with the use of heat transfer oils is that they tend to degrade with time.
The degradation is particularly serious if they are used above their recommended
temperature limit. The use of oils also presents safety problems since there is a
possibility of ignition above their flash point. For this reason, it is recommended that
they be used in systems with an inert gas cover. A further limitation to the use of heat
transfer oils is their cost. For this reason, they can be seriously considered for use only
in small storage systems. A few molten inorganic salts have been considered for high
temperatures (300°C and above). One is an eutectic mixture of 40 percent NaNO,,
7 percent NaNO3; and 53 percent KNO, (by weight). It has a low melting point of
145°C and can be used up to a temperature of 425°C. Above this temperature;
decomposition and oxidation begins to take place. Another molten salt being
considered for high temperature storage is sodium hydroxide, which has a melting
point of 320°C and could be used for temperatures up to 800°C. However, it is highly
corrosive and there is difficulty in containing it at higher temperatures. Freezing and
corrosion problems can be met by using chemical additives. Water sometimes remains
economically competitive at higher temperatures despite the need for pressure
containment especially so when it is stored in aquifers. Organic oils, molten salts, and
liquid metals circumvent the problems of vapor pressure, but have other limitations in
handling, containment, cost, storage capacities, and useful temperature range, etc. In
spite of the fact that these fluids have been used in commercial operations, the lifetime
and cost requirements for solar thermal storage limit their use in applications such as
space heating. However, oils and molten salts have been utilized in solar thermal

power plants.



Solid media storage
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The difficulties of the high vapor pressure of water and the limitations of

other liquids can be avoided by storing thermal energy as sensible heat in solids. For

parabolic trough power plants using liquid as the heat transfer medium, the application

of solid media sensible heat storage is an attractive option regarding investment and

maintenance costs. Cost effective systems demand the utilization of inexpensive

storage materials, which usually exhibit a low thermal conductivity. Essential for the

successful development of a storage system is the sufficient heat transfer between the

heat transfer fluid and the storage materials. The thermal capacity of the thermal

energy storage media now in use or proposed for parabolic trough power plants

present in Table 4.

Table 4 Thermo-physical Properties of Sensible Storage Material [19]

Volume
Average Average Specific
Storage Temperature  Average Heat Heat Heat Media Media
medium °C) Density ~ Conductivity —Capacity  Capacity Cost Cost
(kg/m*) (W/mK) (kl/keK)  (kWh/m®) ($kg) ($/kWh,)
Cold Hot
Solid
media
Sand-Rock- 200 300 1,700 1.0 L3 60 0.15 4.2
mineral oil
Reinforced 200 400 2,200 1.5 0.85 100 0.05 1.0
Concrete
Solid 200 500 2,160 7.0 0.85 150 0.15 1.5
NaCl 200 400 7,200 37.0 0.56 160 1.00 320
Cast iron 200 700 7,800 40.0 0.60 450 5.00 60.0
Cast steel 200 700 1,820 1.5 1.00 150 1.00 7.0
Silica fire
Bricks
Magnesia 200 1,200 3,000 5.0 1.15 600 2.00 6.0

fire bricks
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Table 4 (cont.)
Volume
Average Average Specific
Storage Temperature Average Heat Heat Heat Media Media
medium (°C) Density Conductivity Capacity Capacity Cost Cost
(kg/m%) (W/mK) (KIkgK)  (KWh/m") (5/kg) ($/KWh,)
Cold Hot
Liquid media
Mineral oil 200 300 770 0.12 26 55 0.30 42
Synthetic oil 250 350 900 0.1 23 57 3.00 43.0
Silicone oil 300 400 900 0.10 2.1 52 5.00 80.0
Nitrite salts 250 450 1,850 0.57 1.5 152 1.00 12.0
Nitrite salts 265 565 1,870 0.52 1.6 250 0.70 52
Carbonate 450 850 2,100 20 1.8 430 2.40 11.0
Salts
Liquid 270 530 850 71.0 1.3 80 2.00 21.0
Sodium

The following table provides a summary of the main advantages and

disadvantages of the various storage concepts

Table 5 Analysis of sensible heat storage [20]

Concept Advantages Disadvantages
Two-Tank - Provides heat at constant - risk of irreversible freezing
(molten salt) temperature during - complex initial filling procedure

discharge - limited potential for further cost
- Good behavior at partial reductions resulting from

charge technical improvements

- Option for using storage - total costs strongly dependent on
medium costs of storage medium

as working fluid in the solar - tank volume approx. two times

field as well the volume of the storage material




Table S (cont.)

Concept Advantages Disadvantages
Thermocline - Cost reduction due to partial - risk of irreversible freezing
(molten salt) substitution of molten salt by - complex initial filling procedure

low cost filler material - filler material must be compatible
- Only single tank needed with molten salt

- about 30 % of the storage volume
cannot be used due to thermal

boundary layer

Solid media - Cost reduction due to low - Temperature decreases during
with embedded  cost discharge
heat exchanger storage material - Repair or maintenance of
- No risk of freezing embedded heat exchangers difficult
- Pressurized working fluid - Thermo mechanical stress between
can be heat exchanger and storage
used directly without medium must be considered

intermediate heat exchanger

Steam - Low response time - Temperature not constant during
accumulator - High volume-specific power discharge process
- Substantial operating - Only for small pressures cost
experience attractive
in process industry - Large pressurized vessels
necessary

- Storage capacity limited

Packed bed with - No heat exchanger necessary - Pressure losses might be critical

air as heat - Suitable for high - Combination with solar absorbers
transfer fluid temperatures using quuid. heat transfer fluids

- Low risk potential difficult

- Substantial operating - Distances between solar receiver

experience in process industry  and storage must be limited
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Reinforce concrete

Concrete is a nonhomogeneous manufactured stone composed of graded,
granular, inert materials which are held together by the action of cementations
materials and water. The inert materials usually consist of gravel or large particles of
crushed stone and sand or pulverized stone. The inert materials are called aggregates.
The large particles are called coarse aggregates and the small particles are called fine
aggregates [21].

Concrete behaves very well when subjected to compressive forces, but
ruptures suddenly when small tension forces are applied. Therefore in order to utilize
this material effectively, steel reinforcement is placed in the areas subjected to tension.
Reinforced concrete is a composite material which utilizes the concrete in resisting
compression forces, and some other material, usually steel bars or wires, to resist the
tension forces. Steel is also often used to assist the concrete in resisting compression
forces. Concrete is always assumed to be incapable of resisting tension, even though it

actually can resist a small amount of tension.

Table 6 Thermal Characteristics of concrete aggregate material [22, 24]

Material Density Conductivity Specific heat
(kg/m?) (W/m K) capacity
(J/kg K)
Cement', Portland 1,505 0.29 840
Water (32.22 °C) 994.9 0.623 4,174
Sand 1,520 0.61 800
Stone:
Granite 2,640 1.73-3.98 820
[Limestone(100-300 °C) 2,500 1.26-1.33 900
Marble 2,500-2,700 2.07-2.94 800
Sandstone (40 °C) 2,160-2,300 1.83 710

Concrete, cinder stone,1-2-4 mix 1,900-2,300 1.37 880
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Concrete is sometimes chosen because of its low cost, availability throughout
the world, and easy processing. Inexpensive aggregates to the concrete are widely
available. Concrete has the following characteristics as a storage medium:

1. High specific heat

2. Good mechanical properties (e.g., compressive strength)

3. A thermal expansion coefficient near that of steel (pipe material) and

4. High mechanical resistance to cyclic thermal loading.

When concrete is heated, a number of transformations and reactions take
place which influence its strength and other physical properties. When concrete is
heated to about 100 °C, water is expelled (up to 130 kg of water per m’ of concrete).
The remaining water (50 to 60 kg of water per m°® concrete), either physically bound in
smaller pores or held by chemisorption, is expelled as temperatures rise from 120 to
600 °C. Most dehydration occurs between 30 and 300 °C. This water loss reduces the
weight of concrete by 2-4%. The specific heat decreases in the temperature range
between 20 and 120 °C, and the thermal conductivity decreases between 20 and 280
°C, The mechanical properties are also slightly influenced by the loss of water;
compressive strength decreases by about 20% at 400 °C compared to that at ambient
temperature. Resistance to thermal cycling depends on the thermal expansion
coefficients of the materials used in the conerete. To minimize such problems, a basalt
concrete is sometimes used. Steel needles and reinforcement are sometimes added to
the concrete to impede cracking. By doing so, the thermal conductivity is increased by
about 15% at 100 °C and 10% at 250 °C. Such concrete storage can be supplied as
prefabricated plates. Alternatively, the concrete maybe poured on-site into large
blocks, leading to easier and more economic construction. Whether prefabricated

plates or on-site pouring is advantageous depends on local conditions.

Heat transfer for Thermal Energy Storage System
There are a variety of ways in which energy can be transported from one
region to another, but from the continuum point of view all mechanisms can be

satisfactorily categorized in terms of conduction, convection, and radiation.
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The mechanisms are listed in order of increasing complexity and we will study them in
that order.

Thermal Conduction

The temperature distribution existing within a material can at most depend on
three space variables and on time. If indeed the temperature is a function of time, the
problem is called unsteady and the temperature distribution is referred to as being
transient. If the temperature is not a function of time, the problem is referred to as
steady or the temperature distribution as being in a steady state. If temperature
depends only on a single space coordinate, the problem, or the temperature
distribution, is referred to as one dimensional. When temperature depends on two or
three space variables, the problem is referred to as a two or three dimensional problem,
respectively. In a one-dimensional, unsteady problem, temperature is a function of one
space variable and of time. In this thermal analysis will assume that thermal
conductivity is constant even though thermal conductivity for most materials does
vary with temperature, the dependence in a majority of cases is not a strong one.

A material in which thermal conductivity does not vary with direction is call isotropic.

r
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Figure 5 A one-dimensional system in rectangular coordinates [25]

Figure 5 shows a one-dimensional coordinate system. The system consists of
a plane wall on which we impose between the T and x axis. A slice of the material dx
thick is selected for study. The fact energy can be generated within the material is
taken into account by the term q"'. Typically, internal heat generation within a solid

passing through the material, or by a nuclear reaction. Some of the energy passing
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through the control volume may be stored, thus increasing the internal energy of the

material, which is sensed physically as an increase in the temperature of the material.

This is the case for an unsteady problem.

Any geometry can be written as follows:

Rate of energy

conducted into

Rate of energy

generated inside

Rate of energy

conducted out of

Rate of energy

generated inside

control volume control volume control volume control volume
From Figure 5, the equation becomes
]
Gx + 4" AdX = Qyiax + pAdX )

Where A is the cross-section area, Adx is the volume of the element, q™ is the
; . . ; ; a
internal heat generated per unit volume, p is density, pAdx is mass, and a—l: represents

the rate of change in internal energy per unit mass of the control volume. The rate of
energy conducted into the control volume is qx.

The rate of energy conduced out of control volume becomes
Oxsdx = Gx T dax ()
where denote a change as dqy . Alternatively, could write
= dax 4 6
q)(+dx - qx + dx X ( )
to denote more generally that the change is a function of the x coordinate. If it
is anticipated that g, will be a function of more than one variable, the following partial

derivation notation is appropriate:

dqgy
dx+dx — Ux +T‘1—dx (7
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Another way of obtaining this expression is to expand qy+qx in a Taylor series
and write only the first two terms. Of the various expressions written above for qy+dx,

Equation (7) is form to be used here. Combining with Equation (1) gives

"r dqyx a
qx + q"'Adx = qy +%dx + pAdxa—Ltl
so that
dqx0x " - du
i + q'"'Adx = pAdx St (8)

This is the general energy equation for unsteady heat conduction in one
dimension with internal heat generation. It is desirable to substitute something more
easily measured for the various terms in this equation. Fourier's Equation is used for

the heat conducted:

- A
ax = —kAZ ©)

where k is thermal conductivity, T is temperature, and because we anticipate
that temperature will be a function of more than one variable, the partial derivative
notation is used.

Conduction is the principal mode of energy transfer in solids; the above

equation reduces to

du = dh (10)

Substituting from the definition of specific heat, obtain

cydT = ¢, dT

or Cy=¢C=2¢ (11)
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where ¢ _is the specific heat at constant volume and c, is the specific heat at

constant pressure. They are equal in a solid. So the internal energy change can be

written as

du aT
ks C—G_t (12)

combining equation 9 and 10 with 11 yields

__0gxdx " — du
o T4 Adx = pAdx Bt

Dividing by Adx and simplifying, we obtain

2 (k35) +q" = pe3; (13)

For constant thermal conductivity the above becomes

Zr 1 aT 19T
O 4 pedT 107 (14)

ax2 ' Kk oktdt  «dt

which is the general energy equation for unsteady heat conduction in one

dimension with internal heat generation, written in terms of temperature. The term

o =;’—C is introduced as the thermal diffusivity of the material, with dimensions of
LY,

Thermal Convection

Convection is the mode of heat transfer associated with fluid motion. If the
fluid motion is due to an external motive source such as a fan or pump, the term forced
convection applies. On the other hand, if fluid motion is due predominantly to the
presence of a thermally induced density gradient; then the term natural convection is

appropriate.
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Consider a plate immersed in a uniform flow as shown in Figure 6. The plate
is heated and has a uniform wall temperature of Ty. The uniform flow velocity is U,
and the fluid temperature far from the plate is T... At any location we sketch the
velocity distribution on the axes labeled V vs y. The velocity at the wall is zero due to
the nonslip condition; that is, fluid adheres to the wall due to friction or viscous
effects. The velocity increases with increasing y from zero at the wall to nearly the
free-stream value at some vertical distance away, known as the hydrodynamic
boundary layer. Also sketch a temperature distribution, T vs y, which is seen to

decrease from Ty, at the wall to T.at some distance from the wall (assuming Te,< Ty).

> dar |
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surface at T,

Figure 6 Uniform flow past a heated plate [25]

Heat is transferred from the wall to the fluid. Within the fluid the mechanism
of heat transfer at the wall is conduction because the fluid velocity at the wall is zero.
However, the rate of heat transfer depends on the slope of the T vs y curve at the wall
dT/dy at y = 0. A steeper slope is indicative of a greater temperature difference and is
highly dependent on the flow velocity. The flow velocity will influence the distance
from the wall that we must travel before we sense that the temperature is T...

The heat transferred by convection is found to be proportional to the

temperature difference. In the case of Figure 6

e
XOCT'.V_TOG

Introducing proportionality constant, get
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qc = ECA(TW ~Tw) (15)

In which h, is called the average convection heat transfer coefficient or the
film conductance. This coefficient accounts for the overall effects embodied in the
process of convection heat transfer.

The Overall Heat Transfer Coefficient [25]

In many problems having a polar cylindrical geometry, heat transfer by
convection is quite common. Examples include steam flowing through an insulated
pipe, cold Freon flowing through a copper tube, and heated crude oil flowing up from
underground at an oil well. It is therefore convenient to include convective effects in
the one-dimensional conduction problem for cylinders.

Figure 7 is a sketch of a pipe or tube containing a fluid at temperature T.,. Heat
is transferred to the pipe by convection, through the pipe wall by conduction, then to the
fluid outside, which is at temperature T.p. Also shown in the figure is the thermal circuit.

From previous discussions equations can be written for each resistance as

Figure 7 Heat flow through a cylinder with convection

1
o = fm (16)
_ In(R2/R1)
Ry = 2mkL a7
1
Ro =7 (18)
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In these equations the convection coefficient, assumed constant, on the inside
and outside surfaces are hyq and he,, respectively. The areas for heat transfer on the

inside and outside surfaces are

Ay =2nR4L and Ay = 2ZmR,L (19)

The heat flow from fluid to fluid, based on the overall temperature difference, is

ot To-ol - Tooz
Or = —1  @e/rRp 1 (20)
i‘ICIZHRiL ' 2nkL Tilczz‘.l'[RzL
or
< 2Ter—"Tod)
Qr =71  nmz/RD__ 1 (21)
hde q k ] heaRa

In some problem it is desirable to express this equation in terms of an overall
heat transfer coefficient that accounts for the combined effects of convection at both

surfaces and conduction:

4y = UA(To1 — Tow2) (22)

Where U is an overall heat transfer coefficient and A is some area on which
to base U. The question arises as to which area to select. It is customary practice to
select either the outside surface area or the inside surface area of the cylinder. Based

on A,, U, can be determined by equations 21 and 22
21L(Too1 — Teo2)

U, (2R2L) (Too1 — Tooz) = —7 IRZ/RD) 1 (23)
17'1'1RI k I—1c2RZ
Solving,
1
U; = R, Rp WMRZ/RD 1 (24)

hgRy k hez
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1
Ui =7 R; MRZ/RD) 1 (25)
he ™ k ; ECZRZ

As seen in equations 24 and 25 the overall coefficient is independent of

length.
Radial Systems of Cylinders [26]

Consider a long cylinder of inside radius r,, outside radius 1, and length L such

as the one shown in Figure 8.
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Figure 8 One-dimensional heat flow through a hollow cylinder and

electrical analog [20]

It exposes this cylinder to a temperature differential Tj-T, and proposes what
the heat flow will be. For a cylinder with length very large compared to diameter, it
may be assumed that the heat flows only in a radial direction, so that the only space
coordinate needed to specify the system is r. Again, Fourier's law is used by inserting

the proper area relation. The area for heat flow in the cylindrical system is
A, = 2mrL

So that Fourier's law is written

dT
qr = —kA, 3 (26)
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or

iy = —Zm‘L%% 27)

with the boundary conditions

T=T; at r=r1;
T=To at-1r=u,

The solution to Equation 27

_ 2mrL(Ti—To)

In(ro/ry) (28)
and the thermal resistance in this case is
Ry, = ") (29)

2nkL

Woy/r) i)ty
Ink,L kgl kel

Figure 9 One-dimensional heat flow through multiple cylindrical

section and electrical analog [26]

The thermal-resistance concept may be used for multiple-layer cylindrical
walls just as it was used for plane walls. For the three-layer system shown in Figure 9

the solution is
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_ 2mrL(T1—Ty)
4 = Tn@a/r/katIn(rs/r2)/ke+in(re/r3)/ke S

Laminar and turbulent flow in tubes

The flow in the tube can be laminar or turbulent. Depending on the flow
conditions. Fluid flow is streamline and thus laminar at low velocities, but turns
turbulent as the velocity is increased beyond a critical value. Transition from laminar
to turbulent flow does not occur suddenly; rather, it occurs over some range of
velocity where the flow fluctuates between laminar and turbulent flows before it
becomes fully turbulent. Most pipe flows encountered in practice are turbulent.
Laminar flow is encountered when highly viscous fluids such as oils flow in small
diameter tubes or narrow passages. The hydrodynamic entry length is usually taken to
be the distance from the tube entrance where the friction coefficient reaches within
about 2% of the fully developed value. In laminar flow, the hydrodynamic and thermal

entry lengths are given approximately as the following:

LH = (.05 ReD
Ly =0.05 RePr 3D

In the entrance region the flow in tubes is not developed, Nusselt

recommended the following equation

For 10 <L /d <400
Nu = 0.036Re*8Pr/3(5)0055 (32)

Where L is the length of the tube and d is the tube diameter.

; 41
Re is the Reynolds number (Re = FW)

Pr is the Prandtl number (Pr = E}-C(E)
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The properties in Equation 31 are evaluated as the mean bulk temperature the
above equations offer simplicity in computation, but errors on the order of +25% are
not uncommon. Petukhov has developed a more accurate, although more complicated,

expression for fully developed turbulent flow in smooth tubes.

_ (f /8)RePr Hbyn
Nu = 1.07+12.7./T /8 (Pr2/3-1) (llw) (33)

where n = 0.11 for Ty> Tb, n =025 for Ty< Tp and n= 0 for constant heat

flux or for gases. All properties are evaluated at T, (Ty + Tp)/2 except for pp and py.

The friction may be obtained from the following equation for smooth tubes.
f=(1.82logRe —1.64)% (34)
Equation 32 is applicable for the following ranges.

0.5 <Pr<200 for 6% accuracy and 0.5 <Pr<2000 for 10% accuracy

4 6
10 <Re <5x1 0 , and 0.08 <py/ py <40

To obtain agreement with data for smaller Reynolds number, Gnielinski

modified the correlation and proposed an expression of the form

(f /8)(Re=1000)Pr

N = 1+12.7,/f /8 (Pr2/3-1)

35)

6
The correlation is valid for 0.5 <Pr< 200 and 2300 <Re < 5x1 0 . It notes that,

4
unless specifically developed for the transition region. (2300 <Re <10 )
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Finite Element Method for Thermal Energy Storage

Unsteady heat conduction problems can be solved numerically by
transforming the partial differential equation of heat conduction fo finite-difference
equations in both space and time domains. Various schemes have been developed for
the finite-difference representation of the time-dependent heat conduction equation
[26].

Two-Dimensional Heat Conduction

The finite-difference procedure is represented of the following two-

dimensional, time-dependent heat conduction equation:

oT air = aiT
5 B {@ + ayz} (39)

. g dlk k
a is thermaldiffusivity,m?/s, a = oep

It is supposed that this equation is to be solved over a finite region subject to
a prescribed temperature at all boundary surfaces.

The regional area is divided into square sub regions by a network of mesh
size Ax = Ay, and the time domain is divided into small time steps At. Then the

temperature T(x,y,t) at any location (x,y) and at any time 7 can be denoted by
T(x,y,t) = T(mAx,nAy,idt) = Ty, (37)

Using this notation to write the finite-difference form of the partial

derivatives for Ax = Ay, as

F . oY . Thint Tavint Taa—at Thn+1 =~ 4Tmn
—_— 4 — = (37a)

axz  oy2ly, i (4x)?

The partial derivative with respect to the time variable can be written as



|s]
o

~ Trﬁﬁ "Trgt,n ( 3 7b)

BT]
at mn,i At

Introducing equation 7 into equation 5 can find that the finite-difference form

of the two-dimensional, time-dependent heat conduction equation is

T = Fo[Th, 1, + Thsin + Thine1 + Thns] + (1 —4F0)TL,,  (38)

m-1n

Where

o alt
02’

Fo Ax = by (39)

F, is Fourier number

Equation 39 is the explicit finite-difference formulation of the heat conduction
Equation 36. This equation provides a simple expression for calculating the
temperature T,S,Tnl at a node (m,n) at the time step i+1 if the temperatures at the node
(m,n) and at its neighboring nodes are known for the previous time step i. Therefore,
by starting with the initial condition i = 0, the node temperature at the subsequent time
steps are calculated.

The procedure is simple, but there is a restriction on the permissible maximum
value of the parameter F,,.

Restriction on F, by following an argument similar to that described for the
one-dimensional equation, It conclude that to obtain physically meaningful results, the
coefficient 1-4 F, of T}, in Equation 38 should not be negative. This requirement

leads to the following stability criterion:

0 <Fo

IA
N

(40)

This condition implies that for given values of @ and Ax, the time step At
cannot exceed the upper limit imposed by the stability criterion given by Equations 39,

40; otherwise, the numerical calculations become unstable.
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Equation 39 may also be derived by applying the energy balance method to a
control volume about the interior node. Accounting for changes in thermal energy

storage, a general form of the energy balance equation may be expressed as [26]
Enl'I'Eg =Eg (41)
E;, is rate of energy transfer into a control volume, W
E, is rate of energy generation, W
E, is rate of increase of energy stored within a control volume, W
In the interest of adopting a consistent methodology, it is again assumed that
all heat flow is into the node.

To illustrate application of Equation 41, consider the surface node of the one

dimensional system shown in Figure 10.

T)e T:e T,e

e~ AV

qconr

Figure 10 Surface nodes with convectional and one-dimensional transient

conduction

To more accurately determine thermal conditions near the surface, this node
has been assigned a thickness that is one-half that of the interior nodes. Assuming
convection transfer from an adjoining fluid and no generation, if follows from

Equation 41 that
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p+l_p
AxTy Ty

pY 4 kA (mp -
hA(To —Th) +- (T} — Tg) = peA =, (42)
or, solving for the surface temperature at 7 + At,
p+1l _ 2hAt p 2aht p P P
y sl E(Tm —-Th) + —[;2—(1"1 —Th) +Th (43)

Recognizing that (2 hAt/pcbx) = 2(hAx/k)(aAt/Ax?) = 2BiFo and

grouping terms involving TP, it follows that.
T8*1 = 2Fo(T? + BiT.,) + (1 — 2Fo — 2BiFo)Ty (44)
The finite-difference form of the Biot number is
Bi 5 — (45)

Recalling the procedure for determining the stability criterion, we require that

the coefficient for T, be grater than or equal to zero. Hence

1—2Fo—2BiFo =0
or

Fo(1+ Bi) <

N

(46)

h is convection heat transfer coefficient, W/m?
k is thermal conductivity, W/m K

¢ is specific heat, J/kg K

p is mass density, kg/m’

A is area of surface, m’

Bi is Biot number
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Since the complete finite-difference solution requires the use of Equation 38
for the interior nodes, as well as Equation 44 for the surface node. Equation 46 must
be put in contrast with Equation 40 to determine which requirement is more stringent.
Since B; > 0, it is apparent that the limiting value of F, for Equation 46 is less than that
for Equation 40.

Forms of the explicit finite-difference equation for several common
geometries are presented in Table 7. Each equation may be derived by applying the
energy balance method to a control volume about the corresponding node. To develop
confidence in your ability to apply this method, you should attempt to verify at least

one of these equations.

Table 7 Summary of transient, two-dimensional finite-difference equation

(Ax=Ay) [26]

Physical situation Nodal Equation for (Ax=Ay) Stability

Criterion

(A) Interior node

mn=1
— 1
p+1 _ P
e AT)‘ Tm.n g, FO(TJ.z—l,n & Tg,ﬂ‘fl T T:g+1.n + Tm,n—l) Fo = Z
m-1lnl :m n mvli. n % ) 4([.‘0)]'11&’”1
1 |
(L ) Ay T »
B, ¥ _;_ Ton = FO(Trﬁ—l,n T T+ T:'::H,n 7 7'1::1—1
I‘F ‘3‘"*|"‘5-"-'| 7 4'T1g,n) + Tlg.n
T e (B) Convection boundary node
Ay ==
. m—l.nbh y = i
T > } .
J’_ [__r/ Trﬁn = FO[ZTrﬂ—l + r?fl,t1+l + Tr?l,n—l + Z(BI)T:;] 1
= i1 + [1 = 4(Fo) — 2(Fo)(Bi)ITE . Fo(2+Bi) =5

Trﬁj;tl = FO[ZBf(?ﬁ - T:ﬁ.n) + 27‘1?1“1,11 +5,

mn+1

1

mn-1

- 4Trﬁ.n] i Trﬁ,n




Table 7 (cont.)

Physical situation Nodal Equation for (Ax=Ay) Stability

Criterion

——~h T.- (C)Exterior corner with convection boundary

T2 = 2(Fo)[Th_y, + Ty + 2(BOTE]

mun—

- Fo(1+ Bi) S'}?
=} [1 — 4(Fo) — 4(FO)(BI)Tm,n

ptl p r , P
Tan = 2Fo [Tm—i,n + Tm,n—l 2'Tm,n

+ ZBi(T£ X Trﬁn)] hy T:':Jt.n

(D) Interior corner with convection boundary

m. a1
2
+1
By e B Ton = §(F0)[2T;ﬂ,n+x + 2T 10+ 2Tt Fo(3 + Bi) < 3

B4 +TP . +2(B)TS !
Ay 3 h T~ mmn—1 ( [) 0'3]
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4 .
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Economy perspective

For large, state-of-the-art Parabolic trough power plants, current investment
costs are 4.2-8.4 USD/W depending on labor and land costs, technologies, the amount
and distribution of DNI and, above all, the amount of storage and the size of the solar
field. Plants without storage that benefit from excellent DNI are on the low side of the
investment cost range; plants with large storage and a higher load factor but at
locations with lower DNI (about 2000 kWh/m?/year) are on the high side. Figure 1
shown break down investment costs of a trough plant with storage under Spanish
skies. These investments costs are slightly higher than those of PV devices, but CSP

plants have a greater energy output per MW capacity [27].

) Grid access 3% Misc. 2%
Project development 3%

Project finance 6% &
Heat transfer fluid 5% 7\ {i

Power block 5% N
.‘\‘
Civil works 7% ' ‘

Balance of plant 8%

Solar field
30%

Allowances

. 0/
Project managment 8% 14%

Storage 9%

Figure 11 Investment costs of a 50 MW trough plant with 7-hour storage

The state of art commercial scale thermal energy storages for CSP plants use
the two-tank molten salt system which is very sensitive to fluctuations of the market
price of Nitrate salts, as almost 50 % of the costs are covered by the salt, as is shown

in the capital cost structure for the two-tank molten salt concept in Figure 12.
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Salt Tanks
16%

Foundation
7%

Insulation
4%

Storage

Miscellaneouse
Costs
14%

Heat Exchangers
10%

Figure 12 Capital cost structure for two-tank molten salt storage concept

according to [28]

The concrete storage technology is in a pre-commercial state with investment
costs in the range of 30-35 €/kWh, which is approx. 25 % lower than for a
corresponding molten salt storage. Figure 13 shows the cost structure of a concrete
storage system; while the costs of the storage material can be reduced considerably,
the costs of the heat exchanger become dominant at about 57 % of the total costs.

Here, only little further cost reduction is expected.

Heat Transfer Storage Media

Medium (Concrete)
7% 13%

Foundation
5%

Insulation

8%

Miscellaneouse
Costs
10%

Heat Exchangers
57%

Figure 13 Capital cost structure for concrete storage concept [29]
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Review of related research

Mortar and cement paste were used to test the effect of the sand and silica
fume. The results indicated that thermal conductivity of mortar was higher than the
cement paste. But specific heat of cement paste is higher than mortar. By adding sand,
there is an increase of thermal conductivity and specific heat is decreased. Sand
addition had the opposite effects of the silica fume addition. By adding silica fume,
thermal conductivity decreased and specific heat increased [30]

This survey of thermal energy storage for parabolic trough power plants
reviews that the most two-tank storage system with the heat transfer fluid (HTF)
serves itself as the storage medium was successfully established in a commercial
power plant. However, the power plant that uses HTF as the storage medium is very
expensive. At that time, other storage systems using concrete, phase change materials
and chemical storage were under progress. It was also found that an interesting option
for cost-effective power plants was the use of indirect two-tank storage where liquid
medium storage like molten salt was used [31].

Storage capacity is the important point for the economic point of view of
solar thermal power plants. Most of today's parabolic trough power plants use the
sensible heat storage system with operating temperatures between 300°C to 390°C.
A simulation model is implemented in the performance of the solid sensible heat
storage system of the parabolic trough power plant at PSA, Spain. The simulation
results showed that many parameters that have great influence on the storage system.
Storage material properties are also important for the storage system. The capacity of
the system depends on the not only storage unit but also the whole system of power
plant. The operational strategy of the storage unit is critical for economic optimization
[9].

Two step procedures were used for developing thermal energy storage
concrete (TESC). The first step is absorbing phase changing materials(PCM) using the
thermal energy storage aggregates (TESAs) and in the second step, TESC was made
by mixing Portland cement, and other raw materials of normal concrete and using
TESAs. For the phase change material, butyl stearate (BS), a type of organic PCM is

used. In porous aggregate includes one kind of shale and two kinds of clay that
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provide PCM material. Mercury intrusion porosimetry (MIP) and image analysis (IA)
methods were used for showing characteristics of porous structure of the materials.
It was found that TESC with PCM was commercially comparable according to the
result. Therefore, this two-step process of TESC is a reasonable application in the field
of energy conservation [32]. Solid media sensible heat storage is popular in case of
investment and maintenance costs. Two solid media sensible heat storage systems with
the capacity of around 350 kWh and maximum temperature around 390°C have been
investigated in the WESPE project in Spain for parabolic trough power plants.
Synthetic oil is used as the heat transfer fluid. Two different storage materials, castable
ceramic and high temperature concrete, were tested at the nominal temperature 390°C
in order to know the characteristics of storage materials for long term behavior. The
maximum thermal power is 480 kW in the operation. The castable ceramic is based on
a binder containing ALOs. Blast furnace cement is used as a binder for high
temperature concrete. Thermo physical properties such as density, specific heat
capacity, thermal conductivity, coefficient of thermal expansion and material strength
and crack initiation were tested. A tubular heat exchanger with 36 steel tubes was
combined with storage materials. Material properties of storage materials are, for
castable ceramic, the density is 3500 kgm'3, specific heat capacity is 866 Jkg 'K,
thermal conductivity is 1.35 Wm™'K'', coefficient of thermal expansion is 11.8 10K
material strength is low and no cracks and for high temperature concrete, density is
2750 kgm>, specific heat capacity is 916 Jkg’lK'], thermal conductivity is 1.00 Wm’
K, coefficient of thermal expansion is 9.3 10°K!, material strength is medium and
many crack at operating temperature 350°C. Although castable ceramics have a 20%
higher storage capacity and 35% higher thermal conductivity, high temperature
concrete seems to be the more favorable material due to lower cost, higher strength
material and easier handling of the pre-mixed material. Both materials are suitable for
solid media heat storage system [3].

A cost effective integrated storage system is the major factor for the
commercial power plants. Moreover, the benefits of a storage system are improved
output efficiency and a smooth process to the electrical orids. The storage system

using synthetic oil as the heat transfer fluid is an attractive option for the parabolic
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trough power plant because of the low investment and maintenance costs. This project
focuses on the cost reduction of the heat exchanger and the energetic and exergetic
analysis of modular storage operation including cost assessment. The analysis result of
this project shows that there are many ways to improve the storage performance by
technically but it is not sufficient economically. So, the tubes were embedded straight
and parallel without any additional material to increase heat transfer is the best way for
economic point of view. And the results of energetic and exergetic analysis of modular
storage concept was also significant for economic optimization. In accordance with the
techno economic view, high temperature resistant concrete became as an appropriate
solid storage material for the parabolic trough power plants [33].

The improvement of thermal conductivity of stearic acid (SA) was tested as
PCM using expanded graphite (EG) and carbon fiber (CF) for energy storage
applications. The hot-wire method is used to measure thermal conductivity of SA/EG
and SA/CF by putting different mass fraction (2%, 4%, 7% and 10%) of EG and CF.
Thermal conductivity of SA improves by putting 10% of mass fraction of EG and CF.
Therefore, EG and CF should be considered for the latent heat energy storage
application to improve thermal conductivity of SA without reducing heat storage
capacity [34].

The mechanical properties like compressive strength, flexural strength,
modulus of elasticity, and weight loss were studied at high temperatures up to 900°C
to know the characteristics of high temperature resistance of normal strength and
autoclaved high strength mortars incorporated with polypropylene and steel fibers.
Test results showed that the compressive strength of all types of samples increased
with rising temperature up to 300°C. But temperature exceeds 300°C all specimens
broke down to pieces except normal strength mortars, and high strength mortars with
polypropylene fibers. It means that the adding polypropylene fiber has more strength
than steel fiber. To prevent spoiling, minimum polypropylene dosage for autoclave
and water cured high strength mortars has been determined as 0.2% and 0.1 %

respectively [35].



42

The thermal cycling operation of the concrete storage test module was proven
that concrete storage technology is a suitable option for storing sensible heat. The
technology is applicable for solar trough plants, industrial waste heat and combined
heat and power systems. Due to the modular design concrete storage is scalable from
the kWh to GWh range. So far, the thermal storage in concrete has been tested and
proven in the temperature range up to 400 °C. Currently the development is being
carried on towards 500 °C. The expected storage capacity has been approved by the
experimental results. The developed simulation tool allows up-scaling of the system
and the design of concrete storage systems for commercial application [36].

The energy storage system is a key for both the economic and technical point
of view for industrial process waste heat and solar thermal power plant. Liquid
sensible heat storage using water is for the low temperature (below 100°C) storage
system. For temperature above 100°C, pressurized water is needed for the storage
application. And other liquid media storage such as molten salt and oil also can be
used but they have some disadvantages like a high freezing point and degradation
problems. So, solid sensible heat storage such as concrete is the most attractive option
for high temperature storage. Concrete storage media was developed by DLR for
parabolic trough power plants and concrete is also suitable for the regarding the costs.
A 20 m’concrete solid sensible heat storage medium was tested with the storage
capacity of 400 kWh in Stuttgart for 16 months with the operating temperature 300°C
to 400°C and thermal cycle is about 270 cycles. The simulation result of this project
shows that this plant with a 1,100 MWh thermal storage operate for approximately
4,550 hours annually with 3,500 full load hours [37].

Concrete storage materials testing the mathematical modeling of concrete
storage system and experiment of the concrete storage model were studied in the
concrete storage system for solar thermal power plant research in Thailand. Local
materials were used for mixing concrete: water, cement, sand and rock. Four different
compositions of samples were investigated. The compositions of concrete were sample
1 is 1:1:1.5: rock 3, sample 2 is 1:1:2:4, sample 3 is 1:1:2.5:4, sample 4 is 1:1:3:5.
Thermo-physical properties such as density, specific heat capacity, volumetric heat

capacity and thermal conductivity, the amount of energy stored were tested. According
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to the experiment, sample 1 is the most suitable for investment because thermal
conductivity, volumetric heat capacity and the amount of energy stored is higher than
others. For temperature distribution, sample 1 is also better than others in both
experiment and simulation. The price is also more suitable than other samples.
Therefore, sample 1 is suitable for using concrete storage system for solar thermal
power plant in Thailand [38].

In the model of predicting the specific heat capacity of fly-ash concrete, the
specific heat of fly-ash cement pastes and motors were tested experimentally. Motors
were organized differently the sand type and content. The result showed that the
specific heat depends of the amount of water such as specific heat decreases as the
amount of free water decreases. When cement is replaced by fly ash, the specific heat
is high at young age but decrease in the long term due to the pozzolanic reaction.
Cement pastes had higher specific heat than motor. The model for predicting the
specific heat of concrete depended on the time, material and mix proportion. The
model was verified with many experimental results and stimulated results [39].

In the model for predicting thermal conductivity of concrete, experiments
were doing in order to know the thermal conductivity of fly ash using mortars and
cement paste. Mortar specimens were arranged in order to study the effect of
aggregates and pastes were arranged for studying the effect of fly ash. The
experiments showed replacing fly ash instead of cement has low thermal conductivity.
So, thermal conductivity of cement paste is lower than the mortar. A model for
predicting the thermal conductivity of fly ash concrete based on time, material, and
mix proportion. Thermal conductivity of concrete was calculated by multiplying the
volumetric fractions and respective thermal conductivity values of each ingredient that
are compo sited in the concrete. The model was acceptably proved by various
experimental results for pastes, mortars and concretes [40].

Coefficient of thermal expansion (CTE) of cementations paste depends on the
ages of paste. Pastes were made with different ratios of fly ash in the binder and water
to binder. Especially at the early age, coefficient of thermal expansion of pastes rises
with age, and is reduced with fly ash content. The model of coefficient of thermal

expansion of paste is developed based on the time, material, and mix proportion. The
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effect of water weight on CTE of paste is not significant. The CTE of cement-fly ash
paste was rising day by day because of the long term continuing pozzolanic reaction.
In this paper, it indicated that experiment and predicted results of CTE of the past are
not too different. The model was acceptably proven by various experimental results [41].

Efficient energy storage is important to get the achievement of solar thermal
power generation and industrial waste heat recovery. In the German Aerospace Center
(DLR), sensible heat storage systems like concrete storage system have been
developed to describe the design of the test module and results focusing the cost
reduction in the heat exchanger using the high temperature concrete storage material.
A 20 m’solid media storage test module is connected to an electrically heated thermal
oil loop was built for testing and further improvements. That concrete block is
successfully tested five months of operation in the temperature range between 300°C
and 400°C and almost 100 thermal cycles with a temperature difference of 40K. With
the successful start-up and thermal cycling. operations of the concrete storage test
module, it is proven that concrete storage technology is a suitable option for storing
sensible heat storage for solar thermal power plants [4].

A three-dimensional finite element analysis is used for computing the
temperature effect and restrained strain in mass concrete. The model was calculated
based on the time, material properties, and mix proportion of concrete. Different size
of mass concrete was analyzed; especially thickness and the casting method in order to
know temperature effect and restrained strain effect in mass concrete. Continuous and
discontinuous castings are used for casting methods. Layer casting and block casting
were made for the discontinuous casting. For studying restrained strain in mass
concrete and the effect of thermal properties of aggregate on temperature, different
types of aggregate were using in the analysis process. Different conditions of curing;
insulation and normal curing were also studied and compared. It was found from the
analysis that the maximum temperature increases with the increase of the thickness of
the structure. The use of layer casting is more effective for thermal cracking control of
mass concrete. The insulation curing method is preferable for mass concrete.
Aggregate with low coefficient of thermal expansion is beneficial to reduce the

restrained strain [42].
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For solar thermal power plants, a new type of heat storage material is
developed by using basalt, bauxite, calcium aluminate cement, graphite, silica micro
powder and steel fiber. The result showed that adding graphite increased the thermal
conductivity, but decreased compressive strength and flexural strength of high
temperature concrete storage material. The value of thermal conductivity is nearly
2 34 W/mK which showed that it has excellent properties. Therefore, it is the proper
storage material for solar thermal power plants [43].

For thermal energy storage, experimental analysis of thermo-physical of
concrete is done to determine suitable concrete composition for thermal energy
storage. Thermal conductivity, resistivity, thermal diffusivity, compressive strength
and thermal storage capacity are tested with different composition of concretes. They
found that concrete mix of ratio 1:2:0 (cement: sand: gravel) has the highest
compressive strength of 2.74 N mm™, lowest thermal conductivity of 0.51 W/m°C,
thermal storage capacity of 2.74 | m~K. And another mix of ratio 1:1.2:1.1 has the
highest thermal storage capacity of 3.22 J m>K. The next mix of ratio 1: 1.9:1.7 has
the highest thermal conductivity of 1.7 W/m°C [44].

Sensible and latent heat storage is combined as the storage unit of the total
storage capacity. IMWh storage system was studied using two-phase heat transfer
fluid: PCM storage unit and concrete storage unit. That system contains three-part
storage systems: preheating, evaporation and superheating. PCM storage is for
evaporating and concrete storage is for preheating water and superheating steam. PCM
storage unit use 140 kg sodium nitrate (NaOH3) with a melting temperature of
306°C.Concrete was made by mineral aggregates and hardened cement paste. After
testing the concrete for several hours in the oven, the mass loss of the aggregates and
concrete stabilizes at 500°C. This storage system was successfully tested in the
laboratory for direct steam generation power plant [36].

Thermal and mechanical properties of iron and steel-fiber-reinforced concrete
were researched for thermal energy storage application. Thermal conductivity, thermal
resistivity, thermal diffusivity, density and compressive strength were tested and
calculated the energy storage capacity. The linear heat source theory was used as the

testing method. Three different sizes of concrete with same amount of steel fiber were
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used for experimentation. The results indicated that the properties of concrete
increased by adding both steel fibers and iron. Therefore, concrete with iron or steel
fibers is more effective than plain concrete [45].

Concrete is used for the high-temperature heat storage state and steam
accumulator is used for low temperature heat storage state in the two-stage thermal
energy storage system. A numerical simulation model is used to analyze the thermal
characteristics of the two-stage thermal storage system. The result indicated that
thermal conductivity and the distance between the neighboring steel tubes are main
parameters for the high-temperature concrete storage unit. The steam discharging
speed of steam accumulator directly affects the heat behavior inside the concrete block [5].

Concrete mechanical properties are tested in the laboratory in order to know
the mechanical properties of different environmental conditions. Temperature and
humidity is controlled when curing. The air temperature is at 20 and 22°C and
humidity is between 40 % and 60 %. Modulus of elasticity, compressive strength, and
split tensile strength of concrete were tested. The experiment result showed that
moisture content, modulus of elasticity and strength of concrete is conversely related
to the temperature and modulus of elasticity was directly related to the compressive
strength of concrete in both testing of moisture and temperature [46].

A three component thermal storage system combining sensible and latent heat
storage is a promising option for application in DSG power plants. Both storage
principles have been proven suitable for the relevant temperature level. A latent heat
storage test module with 140 kg NaNOshas demonstrated the sandwich concept for
enhancement of heat transfer as a possibility to achieve high discharge power even at
elevated temperatures in spite of the low heat conductivity of PCMs. After 172 cycles
about the melting temperature of 306°C, no degradation was detected. Investigations
of concrete aggregates and oven experiments carried out on concrete cubes followed
by strength measurements support the hypothesis that high-temperature concrete could
serve as sensible heat storage up to 500°C. A storage system was designed with a total
storage capacity of approximately 1 MW h combining a PCM storage module for
evaporating water and a concrete storage module for superheating steam. Both storage

modules were prefabricated and only the storage material (concrete and sodium
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nitrate) was poured/filled on site. The system underwent a comprehensive testing in a
test-loop specially erected at the power plant Litoral of Endesa in Carboneras, Spain;
the commission started in May 2010, where the concrete storage module was
successfully heated over 350°C for the first time, expelling the excess water of the
concrete. For large scale implementation of such a storage system, the single storage
modules will be increased to a feasible module size. Then, the required storage
capacity for the evaporation section will be built by connecting PCM modules in
parallel. For the superheating section, the required number of concrete modules can be
set up in series and in parallel. This modular set up makes it easy to deliver any
required storage capacity [47].

The environmental impact was compared among the three different thermal
energy storage (TES) systems for the comparative life cycle assessment of thermal
energy storage systems for solar power plants research. Sensible heat storage both in
solid (high temperature concrete) and liquid (molten salts) thermal storage media, and
latent heat storage which uses a phase change material (PCM) were developed using
the life cycle assessment (LCA) methodology. This research focused on the analyzing
the global environmental impact produced during the manufacturing and operation
phase of each storage system. Some hypothetical scenarios are studied to point out the
differences between each TES system using the LCA methodology. The system based
on solid media storage shows the lowest environmental impact per kWh stored on all
three systems compared because of the simplicity design. In addition, the two tank
molten salt storage system (liquid media) shows the highest environmental impact per
kWh stored because it needs more material and complex equipment [48].

The effect of different water/cement (w/c) ratio and graphite content were
investigated by testing compressive strength and thermo physical properties of
hardened aluminate cement pastes and calculate the volume heat capacity. It was
found that thermal conductivity and volume heat capacity were improved with the
decrease of w/c and the increase of graphite content. Water/cement ratio (w/c) is a key
factor affecting thermal properties of pastes. After the pure aluminate cement pastes
and graphite composite pastes is heated treatment at 350°C for 6 h, compressive

strength and thermal properties descended in a certain extent. At the German
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Aerospace Center in Spain, high temperature concrete storage was tested at the
temperature 200°C, 350°C and 370°C respectively. At 200°C, volume heat capacity is
2457 kJ/m°K, thermal conductivity isl W/m K and coefficient of thermal expansion is
9.3x10°%/K. At 350°C, volume heat capacity is 2519 kJ/m°K, thermal conductivity is 1
W/m K and coefficient of thermal expansion is 9.3x10°/K. And at 370°C, volume heat
capacity is 2475 kJ/m’K, thermal conductivity is 1.3 W/m K and coefficient of thermal
expansion is 11.6x 10°%/K [49].

In the experimental study on the thermal conductivity of concrete research,
moisture content and aggregate volume fraction affected greatly on the thermal
conductivity of concrete. Thermal conductivity decreases when the samples'
temperature increases. And also water/cement ratio and types of admixture strongly
affected thermal conductivity of motor and cement paste. Morabito [40] also found
that thermal conductivity decline linearly with temperature [50].

Al-Ostaz studied the effect of moisture content on the coefficient of thermal
expansion of concrete. The results show that humidity and accumulated moisture
content did not have a great impact on the coefficient of thermal expansion. The major
control element is the aggregate type because concrete: has approximately 70 % of
aggregate in the mixture [51]. McHale also found the same concept by the study of
the measurement and significance of the coefficient of thermal expansion of concrete
in Rigid Pavement Design. Besides, he reported that related humidity, degree of paste,
water-cement ratio, porosity and cement content are related function of the coefficient
of thermal expansion [52]. Rein also found that the coefficient of thermal expansion of
concrete depends on the concrete mix proportion and the degree of saturation [53].

The impact of concrete structure on the thermal performance of the dual-
media thermocline thermal energy storage (TES) tank which is very promising to be
applied in concentrating solar power (CSP) systems is investigated. The lumped
capacitance method is used since the introduction of corrected heat transfer
coefficients between solid and fluid extends the validity of this method to large Biot
numbers. The discharging performance of four typical concrete structures including
the channel-embedded structure, the parallel-plate structure, the rod-buddle structure

and the packed-bed structure is studied. The thermocline behaviors during the
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discharging process for the four structures with the influences of feature size and fluid
inlet velocity are analyzed, and the corresponding effective discharging efficiency and
discharging time are reported. The results show that the concrete TES tanks with four
different structures show different thermocline behaviors during the discharging
process. The packed-bed structure gives the best discharging performance, followed
by the rod-bundle structure, the parallel-plate structure and the channel-embedded
structure sequentially. The discharging performance is also found to be influenced to
some extent by the feature size and the fluid inlet velocity for all four different
structures [54]. The research program economical concrete mixtures were developed
that resisted temperatures up to 600°C. This temperature level represents a 50%
increase over the operating temperature of current systems, which is approximately
400 °C. However, long-term testing of concrete is required to validate its use. At this
temperature, the unit cost of energy stored in concrete (the thermal energy storage
medium) is estimated at 0.88 - 1.00 $/kW h thermal. These concrete mixtures, used as
a thermal energy storage medium, can potentially change solar electric power output
allowing production through periods of low to no insolation at lower unit costs [55].
The first concrete storage system was successfully tested by the Germen
Aerospace Center (DLR) in Spain. But the cost of the storage system is still expensive.
It is not suitable for Thailand. Therefore, Watchara Wongpanyo [38] studied concrete
storage system for a parabolic trough power plant in Thailand. But the main
parameters of storage system such as thermal conductivity and volume heat capacity
were 160 low. For that reason, this research has been investigated the properties of
concrete composition in order to improve the properties of the concrete storage which
made of the local materials in Thailand. In addition, steel fiber or iron filling was
significant included as the special material because especially, it improves the
mechanical properties such as cracking. And it is also relatively influence on the
thermal properties. Hence, it is expected to be valuable for the concrete thermal

storage media.
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This literature review argues that concrete storage for parabolic trough in
power plant has potential because the cost is low. It is also available worldwide and is
uncomplicated to process. Although inexpensive aggregates to the concrete are widely
available, the concrete storage has not been developed easily as expected. To develop
the large scale thermal concrete storage for parabolic trough power plant is very
interesting. Especially, the development by using the local material materials could be
beneficial for Thailand. So, this research focuses on the design and fabrication of the
thermal concrete storage by using local materials and also evaluates the performance

and cost of energy analysis.



CHAPTER III

RESEARCH METHODOLOGY

There are four main parts in the methodology of this research. Firstly, tests of
the thermophysical properties of the concrete materials. Secondly, design of a thermal
energy storage prototype. Thirdly, the experimental setup and testing of the thermal
energy storage prototype. Finally, performance evaluation of the prototype, and cost of

energy analysis. The detail of each topic is described as follows.

Thermophysical properties of concrete materials test

The thermo-physical properties of the material are important elements in the
performance of concrete medium and its use for energy storage. These properties
include density (p), specific heat capacity (Cp), thermal conductivity (k) and the
coefficient of thermal expansion (CTE) [3]. The mechanical properties of the concrete
n'laterial, such as compressive strength and permeability, must also be considered to
ensure the long life time of the concrete storage unit. Overall, the primary feature of
importance in the storage medium is the volumetric heat capacity [56]. A high
volumetric heat capacity (pxCp) reduces the required volume of the storage system
and the number of metallic pipes inside the storage system. High thermal conductivity
reduces the cost of the heat exchanger and insulation requirements and increases the
dynamics in the system [45, 57]. Material with low thermal diffusivity will have a
slow heat transfer rate and can store a larger amount of heat [54]. Accordingly, low
thermal diffusivity is a necessary factor to achieve the high quality operation of the
storage unit. CTE of the metallic pipes embedded in the storage system should match
the CTE of the storage material and the value should not be too high. High CTE
encourages cracking inside the concrete. Consequently, permeability testing was done

as an indicator of the propensity for cracking inside the concrete.
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Materials selection

The concrete mixture used in this research was composed of water, sand,
Portland cement, granite and iron filings. While there are many types of cement
available, such as Portland cement, blended cement and expansive cement, Portland
cement type I was used because it is commonly available cement with the compound
composition rage of C3S 45-55%, CaS 20-30%, C;A 8-12% and C4AF 6-10%. It is
therefore readily available in the market at a reasonable price. There are many types of
coarse aggregate used in concrete, as illustrated in Table 4. Among them, granite was
selected because it has highest heat conductivity. Iron filings were included as a
special material, for the purpose of decreasing the permeability of the concrete [35, 45,
58]. Adding iron filings has a considerable impact on the mechanical properties of
concrete by reducing expansion and confracting of the concrete, reducing the
propensity for cracking [55]. Iron filings also increase the thermal conductivity of the
concrete. The water/cement ratio is also an essential factor affecting both the thermal
and mechanical properties of concrete. By including the granite, and the iron filings,
and carefully calculating the water/cement ratio, the optimum concrete composition
was attained. This was essential for testing the efficiency and effectiveness of the
thermal energy storage media. The quality of concrete is decided according to the
strength of concrete, which is directly related to the structure of the hydrated cement
paste.

The predicted thermal conductivity (k) of concrete is assumed to be derivable
based on the volumetric ratio and the thermal conductivity (k) of the ingredients

included in the hydrated product [40, 42]. The calculation function for & is:

k(t) = n.ky + neks +ngpkgp +n (Ol + ne (ke + (O kpy 47)

k = Thermal conductivity of concrete (W/m °C)

k. = Thermal conductivity of coarse aggregate (W/m °C)
k, = Thermal conductivity of sand (W/m °C)

ky= Thermal conductivity of steel fiber (W/m °C)

k,= Thermal conductivity of water (W/m °C)



k. = Thermal conductivity of cement (W/m °C)

ki,=  Thermal conductivity of hydrated product (W/m °C)

n = volumetric of concrete
n, = volumetric ratio of coarse aggregate
ns = volumetric ratio of sand

ngy=  volumetric ratio of steel fiber
nm,= volumetric ratio of water
n. = volumetric ratio of cement

np=  volumetric ratio of hydrated product
The prediction of specific heat (Cp) of concrete is assumed to be derivable
based on the mass ratio and specific heat (Cp) of the ingredients included in the

hydrated product [39, 42]. The calculation function for Cp is:

Cp(t) = myc, + mcs + mgpcsp +my, (e, + me(Hc. + My, (E)cpy,  (48)

&y Y Specific heat of concrete (J/kg °C)

K% = Specific heat of coarse aggregate (J/kg °C)
& 3 Specific heat of sand (J/kg °C)

Cf = Specific heat of steel fiber (J/kg °C)

Ciy = Specific heat of water (I/kg °C)

& = Specific heat of cement (J/kg °C)

Epp = Specific heat of hydrated product (I/kg °C)
m = mass of concrete (kg)

n, = mass ratio of coarse aggregate (kg/kg of concrete)
M = mass ratio of sand (kg/kg of concrete)

my = mass ratio of steel fiber (kg/kg of concrete)
nm, = mass ratio of water (kg/kg of concrete)

e = mass ratio of cement (kg/kg of concrete)

My = mass ratio of hydrated product (kg/kg of concrete)
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The prediction of the coefficient of thermal expansion (CTE) of concrete is

assumed to be derivable based on the volumetric ratio, modulus of elasticity and

coefficient of thermal

expansion (CTE) of ingredients including the hydrated product

[41, 42]. The calculation function for CTE is:

CTE(t) =

CTE®) =
CTES=
e, [
T \%
CTEy =
1p =
e -
N =
sf =
B -
E; 2
E, =

npCTE, (D) Ep(£)+1,-CTE () Er+nsCTE (O)Es+ngCTEf(£)Ess
nyEp(t)+n,EptngEstngEgp

(49)

coefficient of thermal expansion of concrete (micron/°C)
coefficient of thermal expansion of paste (micron/ °C)
coefficient of thermal expansion of coarse aggregate (micron/°C)
coefficient of thermal expansion of sand (micron/°C)
cocfficient of thermal expansion of steel fiber (micron/°C)
volumetric ratios of paste (m*/ m® of concrete)

volumetric ratios of coarse aggregate (m*/ m’ of concrete)
volumetric ratios of sand (m* m’ of concrete)

volumetric ratios of steel fiber (m*/ m® of concrete)
modulus of elasticity of paste (MPa)

modulus of elasticity of coarse aggregate (MPa)

modulus of elasticity of sand (MPa)

modulus of elasticity of steel fiber (MPa)

As mentioned before, sand and rock are two of the parameters most influencing

the concrete properties. For the composition of the concrete used in the prototype, four

different compositions

were selected based on the sand/rock ratio. These four different

compositions of concrete by mass are shown in Table 8. Ratio 1,2 and 3,4 is same

amount of sand. While ratio 2 is higher of rock than ratio 1 and ratio 4 is higher of rock

than ratio 3.
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Table 8 Four different compositions of concrete

Ratio Water/cement Cement Sand Rock Iron filing
1 0.6 1 14§ 2 0.05
2 0.6 1 1.5 3 0.05
3 0.6 1 2 3 0.05
4 0.6 1 2 4 0.05

Table 9 Prediction of thermal properties of concrete

Ratio  Thermal Conductivity Specific heat Coefficient of thermal
(W/m °C) (J’kg °C) expansion (micron/°C)

1 2. ¥ 1,097 9.695

2 2.34 1,041 9.207

3 203 1,027 9.207

4 wA* 994 8.937

The prediction show in Table 9, indicate that the best thermal properties were
achieved using Ratio 2. This is due to the high thermal conductivity and good specific
heat capacity achieved by this combination of materials.

Test of concrete properties

Concrete was being mixed for the samples to test the properties by the
following steps.

1. Sand, water, cement, granite and iron fillings were mixed with related
mass ratio inside the concrete mixture bowl, as illustrated in Figure 14.

2. Samples of the concrete mixture were then placed into molds of different
sizes.

3. The concrete samples were dried at room temperature.

4, After drying, samples of the concrete in the blocks were cured, immersed

in water at room temperature for 28 days.
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5. The dried, cured concrete samples were then tested for their thermo-

physical characteristics.

Figure 14 Concrete aggregates

The samples of concrete cubes were selected for testing. The sample concrete
cubes were 0.03 m x 0.005 m x 0.005 m rectangular shape, 0.02 m x 0.02 mx 0.02 m
cubic shape in Figure 15 were prepared for the coefficient of thermal expansion,
thermal conductivity, specific heat, thermal diffusivity, and density testing. And
volume heat capacity is calculated. After curing for 28 days, concrete samples were
taken out from the water and put immediately into the plastic bags in order to send to

the testing laboratory.
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Figure 15 Configuration of tested samples of concrete

Thermal conductivity, specific heat and thermal diffusivity were tested by
Hot Disk Thermal Constant Analyzer (Hot disk AB) at the National Metal and
Materials Technology Center (MTEC), National Science and Technology
Development Agency, Thailand. Two pieces of one ratio were used for testing per
time. A 2.00 mm radius probe was used and a power of 0.15 W was applied to the
specimens for 2 second.

Coefficient of thermal expansion was tested by Dilatometer (Netzsch: DIL
402) and at density was tested by bulk density method (ASTM C373-88) at Thailand
Institute of Scientific and Technological Research (TISTR), Thailand. Two pieces of

one ratio were used for testing per time.

Design of thermal energy storage prototype

Several facets have to be considered when deciding on the type and design of
any thermal storage system. A key issue in the design of a thermal energy storage
system is its thermal capacity. However, selection of the appropriate system also
depends on many cost-benefit considerations, technical criteria and environmental
criteria. When considering a TES with an embedded pipe, the cost of a system depends
mainly on the following items: the storage material itself, the embedded pipes (heat
exchanger) for charging and discharging the system and the cost of the space and/or

enclosure for the TES. [13]
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From a technical point of view, the most important requirements are: high
energy density in the storage material (storage capacity), good heat transfer between
heat transfer fluid (HTF) and storage medium (efficiency), mechanical and chemical
stability of the storage material (must support several charging/discharging cycles),
compatibility between HTF, heat exchanger and/or storage medium (safety), complete
reversibility of a number of charging/ discharging cycles (lifetime), low thermal
losses, and ease of control. And finally, the most important design criteria from the
point of view of technology are: operation strategy, maximum load, nominal
temperatures and specific enthalpy drop in loads, and integration into the power plant.
All these criteria have to be considered when deciding on the type and design of
thermal storage [1].

A thermal energy storage is composed of parallel pipes for the heat transfer
fluid (HTF) passing through the unit. The pipes are separated and surrounded by the
storage material. For the physical model, identical conditions in all pipes are assumed.
For the model, the storage unit is composed of so called storage pipes. A storage tube
is a hollow cylinder of storage material with diameter Da, in contact with a tube of
outer diameter da. The storage material is characterized by the thermal conductivity,
the mass specific heat capacity and the density. Steel pipes are used for carrying the
heat transfer fluid, transmission and distribution of heat and to withstand the pressure.
In the model, the pipe is discretized in the axial direction in pipe elements. The pipe
element is surrounded by the storage material in the form of a hollow cylinder. This
hollow cylinder is also discretized in the radial direction.

The modeling design of concrete storage system will calculate the heat
transfer by using finite element procedure of two-dimensional, time-dependent heat

conduction in Equation 36

aT 92T  3%T
rrial {az‘ t+ ﬁ} (36)

; —— k
Where a is thermaldiffusivity, ms, a = oy



39

To find the solution for equation 36, the finite element method will be applied
for the temperature node as in Figure 17, there are the nodes of the temperature

distribution of thermal energy storage and the nodes of constant at heat transfer fluid

temperature.
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Figure 16 Two-dimensional model networks of unknown temperatures

within the concrete storage system

From figure 16, there are 28 equations to find the temperature distribution of

concrete storage with describes as follow.

The interior nodes are T9, T11, T15, T16, T17, T20 and T24

The insulate boundary nodes are T2, T3, T4, T5 and T6

The convection boundary nodes are T13, T18, T22, T25 and T27

The condition boundary nodes are T1, T28, T14, T23 and T7

The steam inlet nodes are T8, T10, T12, T19, T21, T26 and which are
considered to be constant at steam temperature.

The solution can be accomplished by 28 equations solving step by step as

showing in the Figure 17.
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Figure 17 The modeling design flow chart

The simulation tool Matlab® was used to solve the numerical integration
method and intensive differential equation for the development of the storage model

(Appendix D). Beginning at the initial time and with initial conditions, they stepped
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through the time interval and computed a solution at each time step. The user-friendly
interface is developed in Matlab® using a tool called the Graphical User Interface
Development Environment-GUIDE. This graphical user interface environment
provides a reliable link between the user and the program itself. The Graphical User

Interface (GUI) in this work call “NSimulation”.

Experimental setup and procedures

The thermal energy storage prototype was composed of pipes embedded in a
concrete storage block, The embedded pipes are used for transporting and distributing
the heat transfer medium while sustaining the pressure. The concrete storage stores the
thermal energy as sensible heat. A special interface material was installed to reduce
the friction between the concrete and the pipes due to the mismatch of thermal
expansion.

The heat exchanger was composed of 16 pipes of high-temperature steel with
the inner diameter of 12 mm and wall thickness of 7 mm. They were distributed in a
square arrangement of 4 by 4 pipes with a separation of 80 mm. The storage prototype
had the dimensions of 0.5 x 0.5 x 4 m. The heat exchanger structure of thermal energy
storage prototype is shown in Figure 18 and the drawing is shown in Appendix F.

The construction began with the foundation settled as shown in Figure 19 and
followed by putting up the piping system as shown in Figure 20. In order to record
data for energy balances, the piping system was equipped with numerous of sensors.
The mass flow as well as the saturated steam temperature and pressure were measured.
The prototype was equipped with 56 thermocouples distributed within the storage
material, on the embedded pipes and the header pipe. After the installation of
additional reinforcement and measuring equipment, a formwork was installed and the
storage space was filled with the thermal storage concrete as shown in Figure 22. The
storage prototype was then covered by insulation on all sides and top and bottom as in

Figure 23. The P&ID diagram of the process is shown in Figure 24.



Figure 20 Piping system
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Figure 22 Thermal Energy Storage Prototype with insulation

The experimental investigation was conducted at the Energy Park of the
School of Renewable Energy Technology (SERT) at Naresuan University,
Phitsanulok, Thailand. As the startup procedure, prior to the experimental processes
proper, most of the water contained in the concrete was expelled by heating the
concrete storage prototype from ambient temperature to 180 °C. During the process,
the water evaporates and there was a buildup of vapor pressure within the concrete.
During this process there was a buildup of vapor pressure within the concrete which

needed to be carefully monitored to avoid damage to the concrete.
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The subsequent operating conditions of the concrete storage prototype were:
1. Heat transfer fluid (Saturated steam)
2. Maximum internal pressure (10 bar)

3. Maximum temperature: up to 180 °C

4, Test temperature range between 110-180 °C
5. Mass flow rate: 0.009, 0.012 and 0.014 kg/s

Figure 23 Data collecting of Thermal Energy Storage Prototype

Data collecting

A thermal energy storage unit is used to store the heat energy. There are two
processes of thermal energy storage; the charging process is to store heat in a storage
prototype that supplies the heat source and the discharging process is to extract heat
from storage prototype.

The saturated steam from the boiler will work as the heat transfer fluid and
will move through the pipes immersed in the storage prototype. The saturated steam
inlet temperature was maintained about 180 °C. The storage prototype was covered all
side by insulation. The K type thermocouples were embedded in the concrete to
measure the temperature distribution. The recorder was collected data from all

instruments as well as pressure and flow rate.
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Performance evaluation

Performance of thermal energy storage can be evaluated by energy and
exergy analysis.

Energy analysis is based on the first law of thermodynamics, which is related
to the conservation of energy. It can explain very well in quantity of energy. But
exergy analysis under the second of thermodynamic can explain clearly in quality of
energy. Second law analysis is a method that uses the conservation of mass and
conservation of energy principles together with the entropy for the analysis, design
and improvement of energy systems. Second law analysis is a useful method; to
complement not to replace energy analysis [56].

For the first law and the second law of thermodynamics, the efficiencies

based on energy and exergy can be defined for charging and discharging periods.

- -

3'-"—"% Q4 Q; 5 ] gé Q5
L ‘Z/"’ ,V"' C - 'V"

(@) (b) ()

Figure 25 The three stage in a simple heat storage process: charging period (a),
Storage period (b), and discharging period (c) [13]

1. Conceptual Balance Equations of Energy and Exergy

An energy balance for the overall storage process can be written as [13]

Energy input — (Energy recovered + Energy loss) = Energy accumulation (50)
or (H,—Hp)~[(Hy - H)+0)]=AE

dEuse ul

Ein—[Egpy+0Q;] = i

\

When Ey, Zn (i —Mpi)
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where 71, ,, h.and 1 are the total enthalpies of the flows at states a, b, &,

and d, respectively; and Q; denotes the heat losses during the process and AE the

accumulation of energy in the TES. (h, —h, ) represents the net heat delivered to the

TES and (4, — h, ) the net heat recovered from the TES.

An overall exergy balance can be written as

Exergy input — (Exergy recovered + Exergy loss) = Exergy accumulation (51)

or [(€a—eb)—[(ed—ec)+ XI]=AE
: ' - d €50t
€in—legu+ X1].= —;;e-i
When Eiy = Zmi(ea,i —€p)
i=1
. A
Cout = D2 Me(Ed,e —€c.e)
e=1
w3 TR 3 7f=3 T
X,:Z(l—T—O)Q,.J -y I 0-Dyag,
i 2 Pl )

where €4, €5,€ cand €« are the exergies of the flows at states a, b, ¢, and
d, respectively; and X; denotes the exergy loss associated with Oy, and AZis the exergy

accumulation. (€.—€») represents the net exergy input and (€s—€c) is the net
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exergy recovered. The exergy content of the flow at the states k = @, b, ¢, d is

evaluated as

ek=[(H, - Hy)—T0o(s; —So)] (52)

where €, N, and s; denote the exergy, enthalpy, and entropy of state £,
respectively, and h,and ssthe enthalpy and the entropy at the temperature Zoand

pressure Pyof the reference environment.

Y-—i1—i - 53
1 F ( T')th (53)
=1 J

where T; represents a mean temperature with in the storage prototype for
period j and X; denotes the exergy loss associate with Q [8].
2. Charging

An energy balance for the charging period can be written as follows [13]

Energy input — Energy loss = Energy accumulation (54)
Or(Hy ~ Hp) - Q1] = AE, (54a)
AE, =Epy—Ej (55)

E;; and Eg; denote the initial and the final energy of the TES for the
charging period and Q;; denotes the heat losses during the period. /1, and /1, denote the

enthalpy of state a and b.

An exergy balance for the charging period can be written as

Exergy input — Exergy loss = Exergy accumulation (56)
(e, —€,)- X, =45 (56a)
AE; =8  —E (57)

ot



69

And =, and gy are the initial and the final exergy of the TES for the
charging period.

3. Discharging

An energy balance for the discharging period can be written as [7]

- (Energy recovered+Energy loss) = Energy accumulation

(58)
-[(H, -H )+Q,,]1=AE; (58a)
AE;=E ,-E, (59)

E;3(= Er») and Eg;3 denote the initial and final energies of the store for the

discharging period. The quantity in square brackets represents the energy output
during discharging.

An exergy balance for the discharging period can be written as follows:

- (Exergyrecovered+Exergy loss) = Exergy accumulation  (60)
~l(e, —€,)+X,,1=4%; (60a)

AR, =

[1]

£33

(61)

and E;3(=Zp) and Eg3 denote the initial and final exergies of the store for
the discharging period.

4. Energy and Exergy Efficiency

Energy efficiency is the ratio of energy recovered from the thermal energy

storage during discharging to the total energy input during charging. The energy
efficiency (1)) can be defined as [7];

_ Energy recovered fromTES during discharging
B Energy input to TES during charing
- h(i _hc =1- Qn’
h,—h, h,—h,

(62)
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Exergy efficiency is the ratio of exergy recovered from the thermal energy
storage during discharging to the total exergy input during charging. The exergy

efficiency (1) can be present as;

_ Exergy recovered from TES during discharging
- Exergy input to TES during charing

Ed—ec — X.’

=S e — -

€, & €~

(63)

Cost of Energy

The economics of thermal energy storage system of solar thermal power plant
are particularly complex with much inevitable uncertainty due to several factors. The
principal reason for using solar energy for heating is to reduce the energy cost.
Therefore, an economic analysis must be carried out to determine whether a particular
system is economically advantageous for a particular project. In order to decide the
acceptability of this thesis, the economic analysis as a cost of energy is considered.

The cost of thermal energy (typically baht/kWh;, Euro/kWh;, or $/MWh) is a
calculation of the cost of thermal energy production. It includes the initial capital,
discount rate, as well as the costs of continuous operation and maintenance. This type

of calculation assists policy makers, researchers and others to guide discussions and

decision making.



CHAPTER 1V

RESULTS AND DISCUSSION

In this chapter, the results will be mentioned in four main parts. Firstly,
properties of concrete. Secondly, design of thermal energy storage prototype. Thirdly,
performance evaluation of the thermal energy storage prototype. Finally, cost of

energy analysis. The detail of each topic is described as follows.

Properties of conerete

The thermophysical properties of the concrete samples have shown in Table

10.

Table 10 The thermo-physical properties of the tested concrete materials in this

research and the concrete storage materials developed by other

researcher
properties Sample Sample Nhine Watchara DLR
1 2 (2014) (2009) (2008)
57] 138] 37]
Density(kg/m’) 1820.00 1870.00 2557.00 1798.70 2750.00
Specific heat capacity (J/kg K) 1538.00 1430.00 1062.00 1015.00 916.00
Volume heat capacity (kJ/m’K) 2799.16 2674.10 2715.53 1825.68 2519.00
Thermal conductivity (W/m K) 1.03 0.97 1.93 0.40 1.00
CTE (1/K,10®) 8.21 10.39 6.67 N/A N/A

Regarding the volumetric ratio of concrete mix materials, the proportion of
cements and water are the same for all samples while the proportion of sand and rock
are different, this affects the thermal properties, mass, and density of each sample. Due
to the different proportion of sand and rock this has an effect on the mass of the
concrete., This also affects inconstant density of the concrete. The testing result of
the thermal conductivity, specific heat and thermal diffusivity of the concrete at

National Metal and Materials Technology Center (MTEC), National Science and
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Technology Development Agency, Thailand is shown in Appendix B. Testing result of
the coefficient of thermal expansion and density of concrete at Thailand Institute of
Scientific and Technological Research (TISTR), Thailand is shown in Appendix C.
The result displayed in Table 10 shows the thermo-physical properties of two
concrete samples tested in this work, the concrete tested by Nhine (2014), the concrete
tested by Watchara (2009) and the concrete tested by DLR Laboratory (2008). The
interesting properties are the density, the specific heat capacity, the thermal
conductivity and the volumetric heat capacity which is the product of the density and
the specific heat. It is seen that although the density and thermal conductivity of both
tested samples are not significantly different, the specific heat of sample 1 are clearly
higher than that of the remaining samples. Especially its volumetric heat capacity
which is the important parameter of solid thermal energy storage is also distinctly
higher. When sample 1 is compared with the tested concrete from other researchers,
the results show that the specific heat and the volumetric heat capacity are higher than
other researchers, the density of both samples is lower than the concrete from Nhine
and DLR Laboratory, and the thermal conductivity is similar with the concrete of DLR
Laboratory but lower than the concrete from Nhine. Consequently, we used the result

of sample 1 to design a thermal energy storage prototype.

Design of thermal energy storage prototype

The simulation results are based on a variation of pipe spacing for the rough
evaluation of the storage size.

Amount of Stored Energy

Sensible heat storage systems use the heat capacity and the change in
temperature of material during the process of charging and discharging. The
temperature of the storage material rises when energy is absorbed and drops when
energy is withdrawn. Sensible heat, Q is stored in material of mass () and specific
heat (C,) by raising the temperature of the storage material from T1 to T2 and is

expressed by Equation 1:
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E=mf;;26pdT
E=v [ pC,dT

Where pand v are density and a volume of the storage material.

Table 11 The amount of energy stored in thermal energy storage material

30 min 60 min 90 min 120 min 150 min 180 min
(W) (0%0)) MDD (M) (MI) (M)

Distance

8 cm 36,900 50,100 56,600 60,650 63,450 65,550

10 em 27,456 41,872 49,408 54,176 574582 60,096

12 cm 16,002 27,900 34,560 38,916 42,030 44,406

Table 11 shows the result of energy stored in the thermal energy storage with
variable of distance between centerline of flow channels (d,) of 8 cm, 10 cm and 12
cm. The sample model 8 cm has the highest energy storage with is slightly more than
the energy storage by the sample with 10 cm and 12 cm. All samples display this trend
in variables of time. However, the storage system with 10 cm requires the number of
HTF pipes less than the unit with 8 em so the price of storage system with 10 cm will
be significantly cheaper than with 8 cm. The storage system with 12 cm is lower than
others because the distance is a little far so the heat can’t have proper distribution.
Therefore, the sample model with the distance between centerline of 10 cm is the
appropriate option for the Thermal Energy Storage Prototype in this work.

Temperature distribution in thermal energy storage material of the
distance between centerline of 10 cm

Figure 26 shows the prediction of the mathematic model of the temperature
distribution in all nodes (except HTF nodes) of the thermal energy storage when the
HTF inlet temperature for charging was 180 °C and initial temperature was 90 °C with

variable of time.
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Performance test of the thermal energy storage prototype
Temperature profile charging and discharging
1. Charging time

At the first time for startup, the concrete storage prototype is heat from the
initial temperature to 180° C, some of water contain in the concrete is expelled. During
this process, water evaporates and builds up a vapor pressure within the concrete. If
the vapor pressure exceeds a critical value, serious damage may occur. The experiment
of storage prototype was therefore closely monitored during initial heating up.

Having completed the startup procedure, the first charging experiment was
commenced. As shown in Figure 27, the HTF inlet temperature and the storage
prototype temperature were plotted for comparison of the HTF temperature and the
average temperature of the storage prototype during this first charging experiment.

During the tests, HTF inlet mass flow rates were 0.009, 0.012 and 0.014
kg/s. The HTF inlet temperature to the storage prototype was manually increased very
quickly to about 180 °C and then maintained at an almost constant level at about 180
°C for most of the charging process. Also, as shown in Figure 27, the storage
prototype temperature slightly increased. This is shown at the different flow rates in
Figure 27. Initially the volume average temperature of the storage bed rose rapidly and
then rose slowly over the subsequent time of up to 180 minutes. This is due to the
initial potential for heat conduction in the concrete. The heat conduction potential

decreases with time as the storage bed gains heat of the HTF.



76

170 4 w— HTF temperatre
165 m— i rate 0009 ka's
160 m— Floarats 0012 kg's

. 1854 m—Flow rate 0014 kg's

O

g

[

]

bt

=]

2

©

t

@

o

£

(0]

e

Time {min)

Figure 27 Temperature of HTF inlet and storage prototype in charging
experiment at 0.009, 0.012 and 0.014 kg/s.

2. Discharging time
During the discharge process, various thermocouples were fixed inside the
storage material in order to measure the temperature distribution. Figure 28 presents
that the average temperature of the storage material inside the thermal storage
prototype decreased over time. The decrease of storage bed temperature is due to the

release of heat stored in storage prototype.

— Eiow rats 0009 k3%
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— Flow rats 0014 bkg's

Temperature (°C)

Time (min)

Figure 28 Temperature of concrete storage prototype in discharging period

at 0.009, 0.012 and 0.014 kg/s.
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Temperature Distribution in Radius

Temperature distribution on charging time

The radiant temperature distribution for thermal energy storage over charging
time is shown in Figure 29 (a-c). Increasing the HTF flow rate increases the overall
heat transfer coefficient enabling a faster exchange of heat which reduces the charging
time. At higher HTF flow rates the time required to achieve a certain temperature
decreased. At the HTF flow rate of 0.014 kg/s the temperature increase over time was
greatest, followed by the flow rate of 0.012 kg/s with the flow rate of 0.009 kg/s being
the slowest. Figure 29 (a-c) shows the comparisons of thermal distribution of temperature

by thermal radiation for the three flow rates through the 1 em, 2 em and 3 cm from HTF

pipe respectively.

= {low rate 0.009 kg/s
= flow rate 0.012 kg/s
s flowy rate 0.014 kg/s

Temperature (°C)

95 T T T T T T X T Y T 1 1
0 30 60 90 120 150 180
Time (min)

(a) Sensor is at 1 cm from HTF pipe

Figure 29 Temperature distribution and flow rate on charging time of storage bed
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Temperature distribution on discharging time

Heat discharge of the charged storage bed was initiated by passing HTF at a
lower temperature (Tiyer); The HTF receives the heat from the charged storage bed
which decreases the storage bed temperature and also causes a rise in the HTF
temperature along the bed. The radiant thermal distribution for thermal energy storage
on discharging time is shown in Figure 31 (a-c), which shows the comparison of the
thermal distribution of temperature of thermal radiation for the 1 ¢cm, 2 cm and 3 cm
HTF pipes. It can be seen that the decrease in discharging time of the storage bed with
HTF at the flow rate of 0.014 kg/s was faster than that of 0.012 kg/s with 0.009 kg/s

being the lowest value.

140 4 = flow, rale 0.009 kg/s
= flow rate 0,012 kg/s
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<
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=
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(a) Sensor is at 1 cm from HTF pipe

Figure 30 Temperature distribution and flow rate on discharging time of storage bed
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Energy input

The thermal energy rates at the storage bed of the storage prototype are
shown in Figure 31. The amount of thermal energy input in the storage materials at
their respective charging times was calculated using Equation 54. The flow rate of
0.012 kg/s resulted in the fastest heat transfer from the pipe to the concrete, followed
by the flow rate of 0.009 kg/s with 0.014 kg/s the lowest heat transfer value. The
energy input at the various flow rates were 0.012 kg/s, 31,119 MJ, 0.009 kg/s, 26,891
MIJ and 0.014 kg/s, 16,840 MJ

36000 o =Ereigy irpiBfowratz 0009 kg's
s Er gy inp @ Tow 1ate 0012 kg

33000 Erergy irpt@iowrate 0014 ka's

30000
27000 H
24000
21000 +
16000
15000 -

Energy Input (MJ)

12000 S
2000 -4
8000
3000 -

v T T T T L]
0 30 60 20 120 150 180
Time (min)

Figure 31 Energy input during charging process at 0.009, 0.012 and 0.014 kg/s.

Energy recovered

The thermal energy recovery rates of the storage bed are shown in Figure 32.
The amount of thermal energy recovered was calculated using Equation 58. The
calculations showed that at the flow rate of 0.014 kg/s the heat transfer from the
concrete into the pipe was faster than at the flow rates of 0.012 and 0.009 kg/s. The
energy recovered at each flow rate was, at 0.014 kg/s, 18,796 MJ, at 0.012 kg/s,
14,363 MJ and at 0.009 kg/s, 12,173 MJ.
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Figure 32 Energy recovered during discharging period at 0.009, 0.012
and 0.014 kg/s

Exergy input

The exergy rates at the storage bed of the storage prototype were shown in
Figure 33. The amount of exergy input in the storage materials at their respective
charging times was calculated using Equation 56. The flow rate of 0.012 kg/s resulted
in the fastest heat transfer from the pipe to the concrete, followed by the flow rate of
0.009 kg/s with 0.014 kg/s the lowest heat transfer value. The exergy input at the
various flow rates were 0.012 kg/s, 12,244 MJ, 0.009 kg/s, 10,892 MJ and 0.014 kg/s,
6,882 M1J.
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Figure 33 Exergy input during charging process at 0.009, 0.012 and 0.014 kg/s.

Exergy recovered

The exergy recovery rates of the storage bed are shown in Figure 34. The

amount of exergy recovered was calculated using Equation 60. The calculations

showed that at the flow rate of 0.014 kg/s the heat transfer from the concrete into the

pipe was faster than at the flow rates of 0.012 and 0.009 kg/s. The energy recovered at
each flow rate was, at 0.014 kg/s, 5,342 MJ, at 0.012 kg/s, 4,071 MJ and at 0.009 kg/s,

3,462 MJ.

Exergy Recovered (MJ)

6000 -
5250
4500

3750

—= Flow rate 0.009 kg/s
e Flow rate 0.012 kg/s
= Flow rate 0.014 ka/s

120
Time (min)

Figure 34 Exergy recovered during discharging period at 0.009, 0.012
and 0.014 kg/s
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Energy efficiency of Thermal Energy Storage prototype

The energy was degraded in the process of storage since it was extracted at a
temperature lower than that at which it was previously stored. The energy efficiency of
the storage bed was evaluated using Equation 62. Figure 35 shows the energy
efficiency of the thermal energy storage prototype. The flow rate of 0.012 kgfs
dramatically increased in the first 45 minute after which time it increased gradually
while the efficiency at the flow rate of 0.014 kg/s increased sharply and at the flow
rate of 0.009 kg/s increased slightly, while seeming to stabilize at a later time.

For 135 minutes of operation, the energy efficiency was 52% at the flow rate
of 0.012 kg/s while the flow rate of 0.014 gave 47% energy efficiency. The flow rate
of 0.009 kg/s gave 37% for 150 minutes operational time.
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Figure 35 Energy efficiency of Thermal Energy Storage Prototype
at 0.009, 0.012 and 0.014 kg/s.

Exergy efficiency of Thermal Energy Storage prototype

The exergy efficiency of the storage bed was evaluated using Equation 63.
Figure 36 shows the exergy efficiency of the thermal energy storage prototype. The
flow rate of 0.012 kg/s dramatically increased in the first 45 minute after which time it
increased gradually while the efficiency at the flow rate of 0.014 kg/s increased

sharply and at the flow rate of 0.009 kg/s increased slightly, while seeming to stabilize
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at a later time. For 120 minutes of operation, the exergy efficiency was 35% at the
flow rate of 0.012 kg/s while the flow rate of 0.014 gave 32% exergy efficiency. The
flow rate of 0.009 kg/s gave 27% for 135 minutes operational time.
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Figure 36 Exergy efficiency of Thermal Energy Storage Prototype
at 0.009, 0.012 and 0.014 kg/s.

Cost of Energy

Table represents the comparisons of the capital cost structure of the thermal
energy storage by using concrete material. The results show that the cost of the heat
exchanger is more than 50% of total cost. The storage medium (concrete) in Thailand
is inexpensive while the insulation and foundation is quite more expensive than the
DLR cost.

The concrete storage technology is in a pre-commercial state from DLR with
investment costs about 1,645 baht/kWh while the thermal energy storage prototype in

this research with investment costs about 1,096 baht/kWh.
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Table 12 The Capital cost structure of thermal energy storage system

Capital cost structure TES prototype (%) DLR (%)

Heat exchanger 51.68 57
storage media (concrete) 3.85 13
Miscellaneous cost 10.71 10
Insulation 15.77 8
Foundation 1517 5
heat transfer medium 2.82 I
*Investment Cost (Baht/kWh) 1,096 1,645

Note: *Exchange rate year 2007 (1 Euro = 47 Baht)

Heat Transfer
Medium
3%

Storage Media
(Concrete)
4%

Foundation
15%

Insulation
16%
Heat Exchangers
51%

Miscellancouse
Costs
11%

Figure 37 Capital cost structure for Thermal Energy storage prototype



CHAPTER V

CONCLUSION AND RECOMMENDATION

Conclusion

The conclusions are as follow

1. The investigations of the thermophysical properties of concrete aggregates
of sample 1 in which the volumetric ratios are water(1): cement(1): sand(1.5): rock(3)
with a density of 1,820 kg/m’, specific heat of 1,538 J/kg K, thermal conductivity of
1.03 W/m K and coefficient thermal expansion of 8.21 micron/K is suitable for use in
the thermal energy storage prototype because the specific heat and volumetric heat
capacity are clearly higher than other samples investigated in this research. In
comparison with the tested concrete from other researchers, the results show that the
specific heat and the volumetric heat capacity are higher than Nhine, Watchara and
DLR; the density is lower than the concrete from Nhine and DLR; and the thermal
conductivity is similar with the concrete of DLR but lower than the concrete from
Nhine,

2. The thermal energy storage was composed of 16 pipes of high-temperature
steel with the inner diameter of 12 mm and wall thickness of 7 mm. They were
distributed in a square arrangement of 4 by 4 pipes with a separation of 80 mm. The
storage prototype had the dimensions of 0.5 x 0.5 x 4 m. The design of thermal energy
storage varies the distance between centerline of flow channels (d). The sample with
d, 8 cm has the highest energy storage which is slightly more than the energy storage
by the sample with d, 10 cm and d, 12 cm. Although the storage system with 10 cm
requires the number of HTF pipes less than the unit with 8 cm but the price of storage
system with 10 ¢cm will be certainly cheaper than with 8 cm. The storage system with
12 c¢cm is lower than others because the distance is too far so that the heat can’t be
distributed properly.

3. The performance evaluation of a thermal energy storage prototype is
investigated in the part of charging/discharging. The experiment found that the

increase or decrease in storage temperature depends on the HTF temperature, flow
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rates, and initial temperature. The results showed that increasing the HTF flow rate
increases the overall heat transfer coefficient, thereby enabling faster exchange of heat
and reduces charging time. In charging period, the flow rate of 0.012 kg/s was the
fastest heat transfer rate, the energy input to the concrete storage medium was 31,119
MI and the exergy input was 12,244 MI. In discharging period, the flow rate of 0.014
kg/s was the fastest heat transfer rate, the energy recovered over the discharging period
was 18,796 MJ and the exergy recovered was 5,342 MJ. The energy efficiency of the
thermal energy storage prototype at the flow rate of 0.012 kg/s was the best because it
dramatically increased and gave 41% of energy efficiency in the first 45 minutes after
which it continued to rise yet only gradually. Over 180 minutes of operation, the
energy efficiency was 53% and the exergy efficiency was 38%.

4, From the cost of energy analysis, it is found that the capital cost structure
of the thermal energy storage by using concrete material resulted that the cost of heat
exchanger is more than 50% of total cost. The storage medium (concrete) in Thailand
is inexpensive while the insulation and foundation is quite more expensive than the
DLR cost. The concrete storage technology is in a pre-commercial state from DLR
with investment costs about 1,645 baht/kWh while the thermal energy storage

prototype in this research is cheaper with investment costs about 1,096 baht/kWh

Recommendation

1. Since the concrete thermal storage system depends on the thermophysical
properties, the significant points that should be considered are replacing cement with
fly ash to improve workability, adding ratio of iron filling to improve thermal
conductivity, putting silica fume to increase specific heat capacity.

2. The thermal cycles should be investigated more, when the thermal energy
storage is operated for long period as the thermophysical properties of concrete may

charge.
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3. The thermal energy storage prototype should be tested with the parabolic
trough plant in the experiment.
4. The results from this research can be a guideline for thermal storage system

design for Commercial Solar Thermal Power Plant in Thailand.
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APPENDIX B THERMAL CONDUCTIVITY, SPECIFIC HEAT CAPACITY
AND THERMAL CONDUCTIVITY WERE TESTED AT
NATIONAL METAL AND MATERIALS TECHNOLOGY
CENTER (MTEC), THAILAND

MTEC No. 0732756
Report of Sample Analysis
Issued Date : 11 December 2012
Customer : Mz Rungradee Boonsu
Sehool of Renewable Energy Technelogy, Naresuan Usuversity
Thepo, Muang, Phifsanulok 43000
Serviced by : Physical Characterizalion Laboratoay,
Materials Chearacierization Unit.
National Metal and Materials Technology Center
Date received : 3 December 2012
Date analvzed 5 11 December 2012
Sampie : Concrete Sample as specified by customer
._,‘-!;‘ : n Testing area
45 =8 i 4
Sample identification 3 NIA
Olbjective : To detennine the thermal corkluctivity of the sample.
Tistrument used J Hot Disk Thetmal Censtant Amalyser (Hot Disk AB)
Teclucal used 4 Thermal Constant Analysis (TCA)
Conditicn : Reont temperature
Disk type Kapton Insulation (Sensor No. C7577, Radins =2.001 mm)
MIEC No 073236 1:3
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Results and Interprefation:

Thennal conductivities of he sample are reported in the fable below

Condition Used
Sample Out Put of | Measuring Thermal Measurement
Average S.D.
Power Time Properlies Results
W) (s}
“Conerete Sample 0.06 5 Thermal 1.0370
(Testh)” Conductivity 1.0350 1.0353 (L0015
(W/mK) 1.0340
Thermal 0.6810
Dillusivity 0.6719 0.6734 0.0070
(' fs) 0.6672
1.5230
Specific Heat
= 15410 1.5380 0.0137
A LJm K)
1.5500
Remarks:

1. Thermal conductivity is a measure of the ability to transmit heat through the material.

2. Thermal dilTusivity is a measure of transient heat flow and is defined as the thermal conductivity divided by
the product of specific heat times density.

3. Specific heat is the quantity of hieat needed to raise the temperatute of a unit mass of the substance 1 degree
of femperature,

4, Hot Disk Thermal Constant Analyser (Het Disk AB)
Reproducibility - Thermal Conductivity 2%

- Thermal Diffusivity +5%

- Specific Heat +7%

AT EC No.i732:56 273

cmsmber of NSTDA
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i
oy

Work perfored by: ¢

(Miss Utaiwan Watcharosin

Approved by: .

&

{Ms.Piyawan Panitanta)

Remarks:
4. MTEC does not allow any alteration or madification of this report, or any part of this report, without
prior formal written penmission from MTEC.
5, MTEC will not accept liability for any damage whatsoever, resulting directly, from using dala, results,
conclusions or recommendations in this report for the purpose of designing, manufacturing or for other
purpos2

6. Experimental results are only valid for the specimens tested.

at

MIEC Noy732/56 kY




TA 0035/56

Issued Date

Customer

Serviced by

Date received
Date analyzed

Sample

Sample identification
Objective

[nstmment used
Technical used

Condition

TA DO35/50

Report of Sample Analysis

10 January 2013

AMs. Rungrudee Boonsu

School of Renewable Energy Technology, Naresuan University
‘Thapo, Muang, Phitsanulok 450600

Physical Characterization Laboratory,

NMaterials Charactenzation Unit,

National Metal and Materials Technelogy Center

10 January 2013

10 January 2013

Concrefe Sample as specified by customer

Testing arca

N/A
To determine the thermal conduclivity of the sample.

Hot Disk Themmal Constant Analyser (Het Disk ABY

Thermal Constant Analysis {TCA)

Rocm temperature

Disk type: Kapton Insulation (Sensor No, C7577, Radius =2.001 nun)
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Results and Interpretation:

‘Thermal conductivities of the sample are reported in the table below

Condition Used
Sample Qut Put of | Measuring Thermal Measurement
Average S.D.
Power Time Properties Results
(W) (s)
“Cancrete Sample 0.06 5 Thermal 0.9744
(Testd)” Conductivity 0.9741 0.9741 0.0003
(W /mK) 0.9738
Thermal 0.6815
Diffusivity 0.6857 0.6811 0.0048
(mmz fs) 0.6761
14300
Specific Heal
N 1.4210 1.4303 0.0005
(M K)
1.4400

Remarks:

1. Thermal conductivity is a measure of the ability to transmit heat through the matcrial.

)

Thermal diffusivity is a measure of transient heat flow and is defined as the thennal conductivity divided by
the product of specific heat times density.

3. Specific heat is the quantity of heat needed to rise the temperature of a unit mass of the substance | degree
of lemperature.

4. Hot Disk Therral Constant Analyser (Hot Disk AB}

Reproducibility - Thermal Conduetivity 2%
- Thermal Diffusivity  £5%
- Specific Heat 7%

TA 003556 273



~

¢ AR e
! “'(_.l’r*;‘(\' J]il.-n]_l-b_
Work perfored by: qn e !

(Miss Utaiwan Watcharosin)

Approved by: boned s/?a’},.,nf;_,y
{\s Piyawan Panitanta)
Remarks:

1. MTEC does not allow any alteration or madification of this report, er any part of this report, without
prior formal written pennission frem MTEC.

2. MTEC will not aceept liability for any damage whatsoaver, resulting direcily, from using data, results,
conclusions or reconunendations in this report for the purpose of designing, manufacturing er for other
purpese

3. Experimental results are only valid for the specimens fested.

e

TA B)35/36 M
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APPENDIX C COEFFICIENT OF THERMAL EXPANSION AND DENSITY
WERE THAILAND INSTITUTE OF SCIENTIFIC AND
TECHNOLOGICAL RESEARCH (TISTR), THAILAND

s
TIST

Reguest No 15756 MATERIAL INNOVATION DEPARTMENT (MID) lab N, [836
Date Seprember 1. 2012 Page tof 2
REPORT ON TESTING AND ANALYSIS
FOR
NARESUAN UNIVERSITY

99, Thapo, Mucang. Phitsanulok 65000

Name Code of Squnple = Conerete sumple

Characteristic of Sample = Rectangular and Cubic

Methed of testing/anulysis = CoefTicient of expansion (COE by Dilatometer
(Netzsch:DIL 4023 and Density

Resubtof testing‘analysis

‘The coefiicient of expansion (COE and density of Congrete sample | e

<hown on page 2.

Festedanalyvzed by Approved by

- ey | _j_lﬁ. 3
Material Jnsovaiion Pepariment

: l.—-
“ b Bt WO B2 5

isiriporn Larpkisttaword, Phadd)
EALMID-GEN 0702 Rey 2

R

St
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=
TISTR
Request No.15/56 MATERIAL INNOVATION DEPARTMENT (MID) Lab No. 18/56
Date September 1, 2012 Page 2ol 2
g ! coefTicient of expansion (25-300°C) Density
ample name ) (17K, 10%) (wem’)
1 2
“onerele s 1.8
Concrete sample ] 759 821 2
s ~ Lva-".r?‘ &
2t E /J
/"/ 3
,’/‘
e
i 8 .
o
: =
o5 '/ L
1 -’./
P «
=
(2 ,/ 2
=
Soah -~ W g I

Fig 1. coefTicient of expansion of Concrete sample 1 (No.1)




TISTR

Date December 3. 2012 Page Lol 2
REPORT ON TESTING AND ANALYSIS
FOR
NARESUAN UNIVERSITY
99, Thapo. Mucang. Phitsanulok 63000
Name Code of Sample - Conerete sample
{hasaeteristic of Sample = Rectangular and Cubie

Sethod of testingnalysis = Coeflicient of expansion (COEs by Dilatometer
(Netzseh:DIL 402) and Bulk density (ASTM C375-88)

Resuli ol testingranalysis =
4

s )

Thermal expansion caefficient and bulk density of Conerete sumple are shown on page

Testedionanhyzed by Approved by
..,¥:as>.»;s:-:ns=.bﬁz...Fir‘f.‘z*:z:a.m‘k...

(Miss Kanungnuch Keawsupsak)

cting D

"f‘. o
Material I

- 5 -y 7
Teal da o apz{iteioan

s, Panida Thaveethav T Ty
(Ms, Panida Thaveethavern) ENT RS

Examined by

PAAHD-GEN G2-00 R

srevabnd osclusn gy fie

oy resting ard gl

Reguest No 4436 MATERIAL INNOVATION DEPARTMENT (MID) [ab N, 33

S6

2

Thailand Institule of Scientific and Technological Research

23, Tes 3 sl

i dr e
E-mal  tislr@tistrorth
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TISTR

Request No.44/56 MATERIAL INNOVATION DEPARTMENT (MID) Lab No. 33/56
Date December 3, 2012 Page 20f 2
] . COE (25-300°C) Bulk density
Samiple name ( O’G,K") i _;)
Conerete samplel 9.79 1.87

ES U

26

o § 9\

o

Fig . Thermal expansion graph of Concrete sample
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APPENDIX D PROGRAM AND FUNCTION OF NSIMULATION
PROGRAM

Table 13 The program list of NSimulation

Progr

am

Work

Memovie, RunMovie

Create and display movie of the distribution of heat in 1 unit

cell at different time. The schedule is less than 2 seconds.

HeatPower, HeatEnergy

Calculate and display of heat (Q) at different times of 1 unit

cell.

HeatTrans, GHeat

Calculate and display the temperature (T) at different stages.

LTSolution, LTG

Calculate and display the spread of heat at any time
displaying in 2 different styles: 1 unit cell and multi-cell.

(Which shows a 3x3cells only).

MainProgram,

NumericallHeat

Calculate and display the spread of heat in less than or equal

to 10 seconds.

NSimulation

A Graphic User Interface (GUI) of all applications, there are
two files are the extensions. M is a source code file that

interacts with the GUI. Fig file layout of the GUI.

Table 14 The function list of the NSimulation

Function Input Parameter Output Work
Merotate (a, time, size per unit Array 2D of Create 1 unit cell with the
cell, room temperature,  temperature temperature distribution of the
pipe temperature). parameter set.
defindB (Row, column, the size  boundaries (B) Find out what kind of scope

of the Array).

for Rows and columns
entered. The return value is

the number Which have the




Table 14 (cont.)
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Function

Input Parameter

Output

Work

following meanings:] inside
21 On the edge

22 The right edge

23 The lower edge

24 The left edge

31 The upper left corner

32 The top right corner

33 The bottom right corner

34 The bottom left corner

diffu

(T1,T2,T3,T4,Tmn)

0/1

T1 to T4 and T(m,n) are any
number. If T(m,n) is the most,

it will return 0 but the rest is 1

gendata

(Length, temperature,
tube, dx, room

temperature)

Array 2D

temperature

Create a 1/4 unit cell with pipe
temperature but does not
include the distribution of heat

in which a distance dx is step.

Meboundary

(Row, column, Array

2D temperature, FO, B)

Array 2D

temperature

Calculate the temperature at the
edge of the row and column in
which F0 is Fourier and B is the
number of edges which have

the function defind B.

Mecorner

(Row, column, Array 2D

temperature, F0, B)

Array 2D

temperature

Calculate the temperature over
the row and column in which
FO is the Fourier number and B
is a function of the angle of

defind B.

Meinterior

(Row, column, Array 2D

temperature, F0)

Array 2D

temperature

Calculate the temperature inside
the cell, the row and column in

which FO is the Fourier number.
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The operation of each program in NSimulation

Memovie (Runmovie)

The determinable value for Memovie program show in Table 15. Before
running this program, the users need to be configured to run as in Figure 39. When
running, the show on the first round will be much slower than the latter. The program
must compute and complete storage. In this graph, the display will include the title,
which is at the top. This will tell you the size of the unit cell and time. The right-hand
column of the chart is to show the temperature in degrees Celsius (C) (the type of

color stripe is ‘jet').

Table 15 The determinable value for Memovie program

Determinable value Note
Start time Unit in seconds (sec)
end time Unit in seconds (sec)
One unit cell size Unit in centimeters (cm)
room temperature Unit in degree Celsius (°C)
pipe temperature Unit in degree Celsius (°C)
number of cycles Unit in round(N)
pla.yback speed Unit in frames per second (fps)
Thermal Diffusivity (o) Unit in square meter per second (m” / s)

)]

—— r =i )
[ LT et

fese iae T b Jesh Pulzp Wvden Hep i -
Dgddih si0daA- A 00i0E |
Stretabon PErmsiens ~ — . ’ = uUnit cell size(L) 10x10cm.

@Time = 128 sec Temp. (C)
Stait Time 2 sec g B

Stop Time 200 sec | Run

Unit cell size 10 .

. Room Tewp. 27 ¢ ) S aof

! ~ GridoN G E
Tube Temp. 2% C HE =

2 HER 1]

i Loop AN 1 Condtiza :

1 T St2n Tave »2 sec f

4 . Speed 50 fps Gutcelluiza>2 | %
Themmal 0675205 mA2fs e

Diffusivity i i 100

X{mm.)

Figure 39 The user interface of Memovie program



HeatPower (HeatEnergy)
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The determinable value for HeatPower program show in Table 16. Before

running this program, users need to be configured to run as in Figure 40.

Table 16 The determinable value for HeatPower program

Determinable value

Note

One unit cell size (width = length)

Unit in Centimeters (cm.)

depth

Unit in Centimeters (cm.)

pipe temperature

Unit in Degree Celsius (°C)

room temperature

Unit in Degree Celsius (°C)

Start time

Unit in Seconds (sec)

end time

Unit in Seconds (sec)

Thermal Diffusivity (o)

Unit in square meters per second (m’/s)

Mass density (rho)

Unit in kilograms per cubic meter (kg / m’)

Specific Heat (Cp)

Unitin kilojoules per kilogram kelvin (kJ / kg

Szt Paarsles =

Unit celi size 10 cm.
Deep 300 cm. Run
Tube Temp. T 2ncC
! : Room Temp. 27 C =
Start Time (>2 sec} 2 sec
Stop Time 2460 sec

Thermal Diffu. (Alpha) (673288 mA2fs

Nass density (rho) 1620 kg'm*3

Specific heat (Cp) £45 kikgK

i) (f e o 7 = T o =)
| e Vs poe Test Desice Py A A—— = ¥
HOS d iR RARBR -G080
] =X 10 Unit cell size 10x10x300 cm
4
ot
ozes
S -2
L E
BiE O ]
5 | 1
o : (
| 0 1000 2000 3000 4000
== it time (sec} SR

Figure 40 The user interface of HeatPower program
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HeatTrans (GHeat)

The determinable value for HeatTrans program is shown in table 17. Before
running this program, users need to be configured to run as in Figure 41. The program
can be displayed in two different types: graph temperature with distance at any given

time and the movie in which it changes from time to time in the defining moment.

Table 17 The determinable value for HeatTrans program

Determining value Note
Distance Unit in meters (m.)
pipe temperature Unitin degree Celsius (°C)
room temperature Unitin degrees Celsius(°C)
Thermal Diffusivity (o) Unit in square meters per second (m*/ s)
Time Unit in seconds (sec)
Start time Unit in seconds (sec)
End time Unit in seconds (sec)
Step size Unit in seconds (sec)

;
;
i

1 seutwan Paacetes SHRRE - ——
i
i
i

l Length A 1 m
I Room Temp. i C
I 1
| ; Tube Temp. 240 C I RUN
i Time 2300 sec % i
| : e f
Thermal Diffu. 0 6734c6 m*2s - i E i
[Alpha) ' s !
a2 ¥
- E
o
— Ti=2 Seedp === — — |
Star Time 2 sec f
Stop Time 2600 sec RUN ;:
Step size 2 sec ; mead b OB o . . ‘ ;
o o - i Q 0.2 0.4 0.5 0.8 1
Dislance {m) q
i s [ — e,

Figure 41 The user interface of HeatTrans program
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The determinable value for LTSolution program is shown in Table 18. Before

running this program, users need to be configured to run as in Figure 42. There are two

types of result in running the program: the first represents just one unit cell and

second is to show several unit cells.

Table 18 The determinable value for LTSolution program

the

Determinable value Note
One unit cell size Measured in Centimeters (cm.)
pipe temperature Measured in Degrees (C)
room temperature Measured in Degrees (C)
time Measured in seconds (sec)
Thermal Diffusivity (o) Measured in square meters per second (m*/s)

g
: -~ Seaddien Faamels 4
| Unit cell size y 13\::41

| TubeTemp, | wc
L ReeTemp. ae

| Tew 60 sec

Thermal DY - JgiMes m'2s
¢ [Apha) ;

1 U2 cell 1ire Jdant call
@Tiee = 60 5ec Tema. (€]
- 49
210
o
" ¥ ,"D
i
g 160
g l
H "
H
E 120
3l
15
()
4

Figure 42 The user interface of LTSolution program
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MainProgram

The determinable value for MainProgram is shown in Table 19. Before
running this program, the users need to configure to run as in Figure 43. The program
will show in two different types of result: one unit cell and multi-cell in which the

program will determine the distance dx is 0.5 cm. automatically.

Table 19 The determinable value for MainProgram

Determinable value

Note

Mass density (p)

Unit in kilograms per cubic meter (kg / m”)

Thermal conductivity (k)

Unit in watts per meter Kelvin (W /m K).

Thermal Diffusivity (o)

Unit in square meters per second (m2 / s)

Specific Heat (Cp)

Unit in kilojoules per kilogram kelvin (kJ / kg K)

Time step (max 10 sec)

Unit in seconds (sec)

Pipe temperature

Unit in Degree Celsius (°C)

Room temperature

Unit in Degree Celsius (°C)

One unit cell size

Unit in Centimeters (cm.)
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Figure 43 The user interface of Main Program



APPENDIX E SOURCE CODE PROGRAM AND FUNCTION OF
MATHEMATIC DESIGNING MODEL

E.l: Calculation and display movie of the distribution of heat in 1 unit cell

at the different time

Memovie

clc
clear
Alpha = 0.6734e-6;
te=5%60;
ts=2;
YL=10; * 3Desire length (cm)
tm=ts:2:te;
Tr=27;
YT=240;
ntime=3;
Fps=50;
Line=0; %zeros mean not have grid
$Fl=nan*zeros(l, length (tm));
2scrsz = get (0, 'ScreenSize');
$figure ('Position', [col row width high]) left button is origin
$figure('Position', [200 100 800 500])
h=figure;
for m=1:1:length (tm)
Tl=Merotate (Alpha, tm(m), YL, Tx,YT);
image (T1);
colormap (jet (YT) ) ;
title({['Unit cell size(L) ' num2str(YL) 'x' num2str(YL) 'em.']);...
['@Time = ' numZstr(tm(m)) ' sec']}, 'FontSize',14, 'fontweight', 'b');
xlabel ('X (mm.)','FontSize', 14, 'fontweight','b'});
ylabel ('X (mm.) ', 'FontSize', 14, 'fontweight', 'b'};
ht=colorbar;
title (ht, 'Temp. (C)', 'FontSize',14, 'fontweight', 'b');
if (Line>0)
grid on
end
set (gca, 'FontSize',14, 'fontweight', 'b');
Fl(m)=getframe;

end
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movie (Fl,ntime-1, Fps);

$save figure to image file with true color display
¢h=figure

¢image (T1) ;

2colormap (jet (240))

¢colorbar

$print (h, '-djpeg ', 'metest')

Runmovie

function varargout = RunMovie (varargin)

% RUNMOVIE MATLABR code for RunMovie.fig

% RUNMOVIE, by itself, creates a new RUNMOVIE or raises the existing

% singleton*.

%

% 4 = RUNMOVIE returns the handle to a new RUNMOVIE or the handle to

% the existing singleton*.

%

% RUNMOVIE ('CALLBACK', hObject, eventData, handles, ...) calls the local

% function named CALLBACK in RUNMOVIE.M with the given input arguments.
%

% RUNMOVIE ('Property', 'Value',...) creates a new RUNMOVIE or raises the
% existing singleton*. Starting from the left, property value pairs are
5 applied to the GUI before RunMovie OpeningFcn gets called. An

% unrecognized property name or invalid value makes property application
% stop. All inputs are passed to RunMovie OpeningFen via varargin.

%

% *See GUT Options on GUIDE's Tools menu. Choose "GUI allows only one

% instance tb run (singleton)".

oo

o2

See also: GUIDE, GUIDATA, GUIHANDLES

2 Edit the above text to modify the response to help RunMovie

o

Last Modified by GUIDE v2.5 29-Jul-2013 16:05:58

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gui State = struct('gui_Name', mfilename,
'gui_Singleton', gui_Singleton,

'gui OpeningFecn', @RunMovie OpeningFcn,



'gui OutputFen', E@RunMovie OutputFen,
'gui LayoutFen', [] ,
'gui Callback', [1):
if nargin && ischar(varargin{l})
gui State.gui_Callback = str2func(varargin{l});

end

if nargout

[varargout{l:nargout}] = gui mainfcn(gui_State, varargin{:}):

I

else
gui mainfcn(gui State, varargin{:});
end

2 End initialization code - DO NOT EDIT

g —--— Executes just before RunMovie is made visible.

function RunMovie OpeningFcn(hObject, eventdata, handles, varargin)
% This function has no output args, see OutputFcn.

% hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB

oo

% handles structure with handles and user data (see GUIDATA)

% varargin command line arguments to RunMovie (see VARARGIN)

2 Choose default command line output for RunMovie

handles,output = hObject;

% Update handles structure

guidata (hObject, handles);

¢ UIWAIT makes RunMovie wait for user response (see UIRESUME)

¢ uiwait (handles.figurel);

§ -—— Outputs from this function are returned to the command line.
function varargout = RunMovie OutputFcn(hObject, eventdata, handles)

varargout cell array for returning output args (see VARARGOUT) ;

e

P

hObject handle to figure
¢ eventdata reserved — to be defined in a future version of MATLAB

handles structure with handles'and user data (see GUIDATA)

oe

% Get default command line output from handles structure

varargout{1l} handles.output;

118
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s ——— Executes on button press in cbGrid.

function chrid_Callback(hObject, eventdata, handles)

o

hObject handle to cbGrid (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

e

% Hint: get(hObject, 'Value') returns toggle state of cbGrid

¢ ——- Executes on button press in btRun.
function btRun_Callback(hObject, eventdata, handles)
% hObject handle to btRun (see GCEO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
Alpha = str2double (get (handles.tbAlpha, 'string'));
te=str2double (get (handles.tbTe, 'string'));
ts=str2double (get (handles.tbTs, 'string')};
yYL=str2double (get (handles.tbSize, 'string')}; 3Desire length
(cm)
tm=ts:2:te;
Tr=str2double(get(handles.thr,'string‘));
YT=str2double(get(handles.thT,'string'));
ntime=str2double (get (handles.tbLoop, 'string'));
Fps=str2double(get(handles.tbSpeed,'string‘));
Line=get (handles.cbGrid, 'value'); %zeros mean not have grid
2Fl=nan*zeros (1, length(tm));
sscrsz = get (0, 'ScreenSize');
sfigure('Position', [col row width high]) left button is origin
sfigure('Position', [200 100 800 5001)
h=figure;
for m=1:1:length (tm)

T1=Merotate (Alpha, tm(m), YL, Tr,YT);

image (T1);

colormap (jet (YT))

title({['Unit cell size(L) ' num2str(YL) 'x' num2str(YL) ‘cm.'];...

['@Time = ' num2str(tm(m)) ' sec']}, 'FontSize',14, 'fontweight','b');

xlabel ('X (mm.)','Fontsize',14,'fontweight','b‘};

ylabel ('Y (mm.)', 'FontSize', 14, 'fontweight', 'b"};

ht=colorbar;

title (ht, 'Temp. (C)',‘FontSize',ld,‘fontweight','b');

if (Line>0)

grid on

end
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set (gca, 'FontSize', 14, 'fontweight', 'b');
Fl (m)=getframe;

end

movie (F1,ntime-1, Fps);

clear all

function tbTs Callback(hObject, eventdata, handles)
% hObject handle to tbTs (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o

handles structure with handles and user data (see GUIDATA)

o

% Hints: get (hObject,'String') returns contents of tbTs as text

% str2double (get (hObject, 'String')) returns contents of tbTs as a
double
% —-- Executes during object creation, after setting all properties.

function thsﬁCreatchn(hObject, eventdata, handles)

el

: hObject handle to tbTs (see GCBO)

op

eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

$ Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispe && isegual (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function the_Callback(hObject, eventdata, handles)
% hObject handle to tbTe (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject,'String') returns contents of tbhTe as text

% str2double (get (hObject, 'String')) returns contents of tbTe as a
double
% --- Executes during object creation, after setting all properties.

function theﬁCreatchn(hObject, eventdata, handles)

% hObject handle to tbTe (see GCBO)
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o

: eventdata reserved - to be defined in a future version of HMATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'),
get(O,'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor’', 'white');

end

function tbSize Callback(hObject, eventdata, handles)

% hObject handle to tbSize (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject,'String') returns contents of tbSize as text

% str2double (get (hObject, 'String')) returns contents of tbSize as a
double
s ——— Executes during object creation, after setting all properties.

function tbSize_Creatchn(hObject, eventdata, handles)
% hObject handle to tbSize (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get(G,'defaultUicontrolBackgroundColor‘))

set (hObject, 'BackgroundColor', 'white') ;

end

function tbTr Callback (hObject, eventdata, handles)
% hObject handle to tbTr (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

¢ Hints: get (hObject, 'String') returns contents of thTr as text
% str2double (get (hObject, 'String')) returns contents of tbTr as a

double
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3 -—- Executes during object creation, after setting all properties.
function thr_Creatchn{hObject, eventdata, handles)
%2 hObject handle to tbTr (see GCBO)

A0

> oventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

Hint: edit controls usually have a white background on Windows.

o

See ISPC and COMPUTER.

oo

if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function tbYT Callback(hObject, eventdata, handles)

% hObject handle to tbYT (see GCBO)
2 eventdata reserved — to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

o

Hints: get (hObject, 'String') returns contents of tbhb¥YT as text

% str2double (get (hObject, 'String')) returns contents of tb¥T as a
double
§ --—— Executes during object creation, after setting all properties.

function tbYT CreateFcn (hObject, eventdata, handles)
¢ hObject handle to tbYT (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o

% handles empty - handles not created until after all CreateFcns called

2 Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColor'})
set (hObject, 'BackgroundColor', 'white')
end
function tbLoop Callback(hObject, eventdata, handles)
% hObject handle to tbLoop (see GCEBO)

eventdata reserved - to be defined in a future version of MATLAB

o

% handles structure with handles and user data (see GUIDATA)

Hints: get(hCbject,'String') returns contents of tbLeop as text

o

% str2double (get (hObject, 'String')) returns contents of tbLoop as a
double



3 --- Executes during object creation, after setting all properties.

function tbLoomereatchn(hobject, eventdata, handles)

an

hObject handle to tbLoop (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

a2

handles empty - handles not created until after all CreateFcns called

e Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColoxr', 'white');

end

function tbSpeed Callback(hObject, eventdata, handles)
% hObject handle to tbSpeed (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject,'String') returns contents of tbSpeed as text

% str2double (get {(hObject, 'String')) returns contents of tbSpeed as a
double
% —-— Executes during object creation, after setting all properties.

function tbSpeed CreateFcn(hObject, eventdata, handles)
% hObject handle to tbSpeed (see GCBO)

o@

eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

@

Hint: edit controls usually have a white background on Windows.

See ISPC and COMPUTER.

o0

if ispc && isequal (get(hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor’', 'white');

end

function tbAlpha Callback(hObject, eventdata, handles)

o

hObject handle to tbAlpha (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o

handles structure with handles and user data (see GUIDATA)

o\
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$ Hints: get (hObject, 'String') returns contents of tbAlpha as text

% str2double (get (hObject, 'String')) returns contents of tbAlpha as a
double
% —-— Executes during object creation, after setting all properties.

function tbAlpha CreateFcn(hObject, eventdata, handles)
hObject handle to tbAlpha (see GCRO)

o0

2 eventdata reserved - to be defined in a future version of MATLAB

handles empty - handles not created until after all CreateFcns called

o0

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

E.2 : Calculate and display of heat (Q) at different times of 1 unit cell.

HeatPower

clec

clear

YL=6; gunit cell size (cm)

YZ=300; $Desire Deep (cm)

YT=240; ¢Desire Temperature (c)

Ytime=900; ¢Watch on this rang of time (min)
Tr=27; $Room temperature (c)

Ts=2;

V=YL*YL*YZ*0.,01;
rho:lgzo; %************‘*********k

mass=rho*V;

k=1.0353;
Alpha = 0.6734e-6; B*¥*#xkkkkxiikhhrrresis
Cp = k/(rho*RAlpha); $**kkkksssedrrrrsshkihis

t=Ts:2:Ytime;
R=(YL*0.01) /2; %in meter
$Temperature at distance YL/2
T=YT+ (Tr—-YT) .*erf (R./(2.*sqrt (Alpha.*t))):
QO=cnes (1, length(t));
for m=1:1:1length(t)
Q(1l,m)=mass*Cp* (T(1l,m)-Tr):
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end

figure
plot(t,Q./1076, 'linewidth', 3)
xlabel {'time (sec)', 'FontSize', 14, 'fontweight','b');
ylabel ('Q (MJ) ', 'FontSize', 14, 'fontweight', 'b');
title(['Unit cell size ' num2str(YL) 'x' numZstr(YL) 'x' num2str(Yz) '
cm']...
, "FontSize',14, 'fontweight','b');

set (gca, 'FontSize',14, 'fontweight', 'b');

HeatEnergy

function varargout = HeatEnergy(varargin)

% HEATENERGY MATLAB code for HeatEnergy.fig

2 HEATENERGY, by itself, creates a new HEATENERGY or raises the existing

% singleton*.

oo

o

H = HEATENERGY returns the handle to a new HEATENERGY or the handle to

the existing singleton*.

oe

% HEATENERGY ( 'CALLBACK', hObject, eventData,handles, ...) calls the local

% function named CALLBACK in HEATENERGY.M with the given input
arguments.

g

% HEATENERGY ('Property', 'Value',...) creates a new HEATENERGY or raises
the

% existing singleton*. Starting from the left, property value pairs are
$ applied to the GUI before HeatEnergy OpeningFcn gets called. An

% unrecognized property name or invalid value makes property application
% stop. All inputs are passed to HeatEnergy OpeningFcn via varargin.

%

% *See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one

o

instance to run (singleton)".

@

o9

See also: GUIDE, GUIDATA, GUIHANDLES

)

. Edit the above text to modify the response to help HeatEnergy

1o

3 Last Modified by GUIDE v2.5 29-Jul-2013 17:22:46

$ Begin initialization code - DO NOT EDIT

gui_Singleton = 1;



gui State = struct('gui_Name', mfilename,
'gui Singleton', gui_Singleton,
'gui_ OpeningFcn', @HeatEnergy_ OpeningFcn,
'gui_ OutputFen', @HeatEnergy OutputFcn,
'gui LayoutFcn', [ .
'gui_Callback', [1):

if nargin && ischar(varargin{l})

gui State.gui Callback = str2func(varargin{l});

end

if nargout
[varargout{l:nargout}] = gui mainfcn(gui_State, varargin{:});
else
"gui _mainfen(gui_State, varargin{:});
end

% End initialization code - DO NOT EDIT

s —-— Executes just before HeatEnergy is made visible.

function HeatEnergy OpeningFcn(hObject, eventdata, handles, varargin)
% This function has no output args, see OutputFcn.

% hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB

e

handles structure with handles and user data (see GUIDATA)

o

% varargin command line arguments to HeatEnergy (see VARARGIN)

% Choose default command line output for HeatEnergy

handles.output = hObject;

% Update handles structure

guidata (hObject, handles);

2 UIWAIT makes HeatEnergy wait for user respcnse (see UIRESUME)

% uiwait (handles.figurel);

o

——— Outputs from this function are returned to the command line.
function varargout = HeatEnergyﬁOutputhn(hobject, eventdata, handles)
% varargout cell array for returning output args (see VARARGOUT) ;

% hObject handle to figure

2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)
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% Get default command line output from handles structure

varargout{l} = handles.output;

function tbYL Callback(hObject, eventdata, handles)
% hObject handle to tbYL (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of tbYL as text

% str2double (get (hObject, 'String')) returns centents of tbYL
double
% —-— Executes during cbject creation, after setting all properties.

function tbYL CreateFecn (hObject, eventdata, handles)
% hObject handle to tbYL (see GCBO)
¢ aventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns

¢ Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function tbYZ Callback (hObject, eventdata, handles)
% hObject handle to tbYZ (see GCBO)

el

> eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

2 Hints: get (hObject, 'String') returns contents of tbYZ as text

% str2double (get (hObject, 'String')) returns contents of thbYZ
double
$ ——- Executes during object creation, after setting all properties.

function thZ_CIeatchn(hObject, eventdata, handles)
% hObject handle to tbYZ (see GCBO)

o2

eventdata reserved - to be defined in a future version of MATLAB

o

handles empty - handles not created until after all CreateFcns

on

Hint: edit controls usually have a white background on Windows.

o

See ISPC and COMPUTER.

as 4a

called

as a

called
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if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function tbYT Callback(hObject, eventdata, handles)
% hObject handle to tbYT (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

o

Hints: get (hObject, 'String') returns contents of tbhYT as text

% str2double (get (hObject, 'String')) returns contents of tbYT
double
2 -—- Executes during object creation, after setting all properties.

function tbYT CreateFcn(hObject, eventdata, handles)
% hObject handle to tbYT (see GCBO)

2 eventdata reserved - to be defined in a future version of MATLAB

P

handles empty - handles not created until after all CreateFcns

S Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BankgroundColor', 'white');

end

function tbTr Callback(hObject, eventdata, handles)
% hObject handle to tbTr (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject, 'String') returns contents of tbTr as text

% str2double (get (hObject, 'String')) returns contents of tbTr
double
§ —-—- Executes during object creation, after setting all properties.

function tbTr CreateFcn(hObject, eventdata, handles)
% hObject handle to tbTr (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o

o

handles empty - handles not created until after all CreateFcns

as a

called

ds5 a

called
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2 Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispec && isequal {(get (hObject, 'BackgroundColor'),
get(O,'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

end

function tbTs_Callback(hObject, eventdata, handles)
% hObject handle to tbTs (see GCBO)

eventdata reserved — to be defined in a future version of MATLAB

oe

]

handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject, 'String') returns contents of tbTs as text

% str2double (get (hObject, 'String')) returns contents of tbTs as a
double
% —--- Executes during object creation, after setting all properties.

function ths_Creatchn(hObject, eventdata, handles)
% hObject handle to tbTs (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, "defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColoxr', 'white');
end

function thtimeﬁCallback(hObject, eventdata, handles)

oL

hObject handle to tbYtime (see GCBO)

o

eventdata reserved - to be defined in a future version of MATLAB

o

handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject, 'String') returns contents of thYtime as text

% str2double (get (hObject, 'String')) returns contents of tbYtime as a
double
% —-- Executes during object creation, after setting all properties.

function thtime_Creatchn(hObject, eventdata, handles)

e

hCbject handle to tbYtime (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles empty — handles not created until after all CreateFcns called

¢ Hint: edit controls usually have a white background on Windows.



See ISPC and COMPUTER.

e

if ispc && isegual (get(hObject, 'BackgroundColer'),
get(O,‘defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function tbAlpha Callback (hObject, eventdata, handles)
% hObject handle to tbAlpha (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject,'String') returns contents of tbAlpha as text

% str2double (get (hObject, 'String")) returns contents of tbAlpha as a
double
2 --- Executes during object creation, after setting all properties.

function tbAlpha CreateFcn(hObject, eventdata, handles)
% hObject handle to tbAlpha (see GCBO)
2 eventdata reserved — to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

¢ Hint: edit controls usually have a white background on Windows.

a@

See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, "defaultUicontrolBackgroundColor'))

set (hObject, "BackgroundColor', 'white');

end

function tbRho Callback (hObject, eventdata, handles)
% hObject handle to tbRho (see GCBO)
s eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

2 Hints: get (hObject, 'String') returns contents of tbRho as text

5 str2double (get (hObject, 'String')) returns contents of tbRho as a
double
% --— Executes during object creation, after setting all properties.

function ttho)Creatchn(hObject, eventdata, handles)
hObject handle to tbRho (see GCBO)

o

eventdata reserved - to be defined in a future version of MATLAB

a0

% handles empty - handles not created until after all CreatefFcns called



2 Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.

if ispc && isequal (get (hCbject, 'BackgroundCelor’),

get (0, '"defaultUicontrolBackgroundColor’))

set (hObject, 'BackgroundColor’', 'white');

end

function tbCpﬁCallback(hObject, eventdata, handles)
% hObject handle to tbCp (see GCBO)

2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject, 'String') returns contents of tbhCp as text

% str2double (get (hObject, 'String')) returns contents of tbCp as a
double
¢ ——- Executes during cbject creation, after setting all properties.

function tbCp CreateFcn (hObject, eventdata, handles)
% hObject handle to tbCp (see GCBO)

¢ eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

% --- Executes on button press in btRun.
function btRun Callback (hObject, eventdata, handles)
$ hObject handle to btRun (see GCRO)

2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

Yl=str2double (get (handles.tbYL, 'string')); $unit cell size
YZ=str2double (get (handles.tbYZ, 'string')); ¢Desire Deep (cm)
YT=str2double (get (handles.tbYT, 'string')); %Desire Temperature
Ytime=str2double (get (handles.tbYtime, 'string')}); $Watch on this

time (min)
Tr=str2double (get (handles.tbTr, 'string')); $Room temperature

Ts=str2double (get (handles.tbTs, 'string'));

(cm)

(c)

rang

(c)

of
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V=YL*YL*YZ*0.01;

rho=str2double (get (handles. tbRho, 'string'));

mass=xrho*V;

Blpha = str2double(get (handles.tbAlpha, 'string'));

Cp = str2double(get (handles.tbCp, 'string')}; 2k F R LRk kkdhkd ke kakkek

t=Ts:2:Ytime;

R=(YL*0.01)/2;
$Temperature at distance YL/2

T=YT+ (Tr-¥YT) . *erf (R./ (2. *sgrt (Alpha.*t)));

Q=ones(1l, length(t));

for m=1:1:1length(t)

Q(1l,m)=mass*Cp*(T(1,m)-Tx)

end

figure

plot(t,Q./1076, 'linewidth', 3)
xlabel ('time (sec)','FontSize',14, 'fontweight',6 'b');

ylabel ('Q

title(['Unit cell size '

e {1 .

set (gca, 'FontSize', 14, 'fontweight', 'b');

E.3: Calculate and display the temperature (T) at different stages.

, 'FontSize',14, "fontweight','b"');

HeatTrans

clc

clear

Alpha = 0.6734e-6;

Ls=1; ¢meter
YT=240;

Tr=27;

t=3600; % lmin

X1=0.001:0.001:Ls;

%

w0 o0 aP o

o

L=

X2=zeros (1,10);
Xk=[X2 X1];:
X=zeros (1, length(X1));
for u=l:1:length(X1)

X(1,u)=Xk(1l,u);
end

length (X1);

Xp=0.005:0.005:0.005*L;

%i****'k*********i*t*i**

%in meter

(MJ) "', 'FontSize',14, 'fontweight', 'b');

numZ2str (YL) num2str (YL) num2str (YZ)

Zmeter

132
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T1=YT+ (Tx-¥YT) *erf (X1./(2*sqrt (Alpha*t)));

figure

plot (Xp, T1, 'linewidth', 3)

title(['Heat transfer @Time = ' num2str(t) '

sec'], 'FontSize', 14, 'fontweight', 'b")

ylabel ('Temperature (C)','FontSize', 14, 'fontweight','b"')
sxlabel ('Distance (m)','FontSize',14,'fontweight','b")
axis ([0 Ls 0 YT])

set(gca, 'FontSize',14, 'fontweight', 'b');

Ts=10;
Te=10000;
step=10;
figure
for t=Ts:step:iTe
T1=YT+ (Tr-YT) *erf (X1./ (2*sgrt (Alpha*t)));
plot (Xp, T1, 'linewidth', 3)
title(['Heat transfer @Time = ' num2str(t) '
sec'], 'FontSize',14, 'fontweight', 'b')
ylabel ('Temperature (C)', 'FontSize',14, 'fontweight', 'b"')
xlabel ('Distance (m)', 'FontSize', 14, 'fontweight','b"')
axis ([0 Ls 0 YT])
set (gca, "FontSize', 14, 'fontweight', 'b"});
Fl (t)=getframe;

end

o

movie(Fl,loop-1, fps)

Numerical Solution max 10 sec
t=10;

2 T7(:,1)=27.*ones (length(X),1);
x=1:1:10;

T7(x,1)=240;
FO=Alpha*t/(0.005"2);

for m=10:1:length(X)-1

o@

o of o o

o@

% T7 (m, 1)=T7 (m, 1) +FO* (T7 (m+1,1)+T7 (m-1,1)-2*T7(m, 1)) ;

end

o9 o

@

figure

o

plot (Xp, T7)

o0

title(['FO = ' num2str(F0) ' time = ' num2str(t) 'sec'])



GHeat

function varargout = GHeat (varargin)

% GHEAT MATLAB code for GHeat.fig

134

2 GHEAT, by itself, creates a new GHEAT or raises the existing
% singleton*,

%

% H = GHEAT returns the handle to a new GHEAT or the handle to

the existing singleton*.

o @

o\

GHEAT(‘CALLBACK',hObject,eventData,handles,...) calls the local

% function named CALLBACK in GHEAT.M with the given input arguments.

o o

oo

% applied to the GUI before GHeat OpeningFcn gets called.

P dP  of

o

instance to run (singleton)".

oo of

oe

See also: GUIDE, GUIDATA, GUIHANDLES

d@

Edit the above text to modify the response to help GHeat

% Last Modified by GUIDE v2.5 29-Jul-2013 19:00:22

%2 Begin initialization code - DO NOT EDIT

gui Singleton = 1;

gui State = struct ('qui Name', mfilename,
'gui Singleton', gui_Singleton,
'gui OpeningFcn', @GHeat OpeningFcn,
'gui_ OutputFcn', @GHeat OutputFcn,
‘gui_ LayoutFen', 1 .
'gui Callback’, [1):

if nargin && ischar(varargin{l})

gui State.gui_Callback = str2func (varargin{1l}):

end

if nargout

[varargout{l:nargout}] = gui mainfcn(gui_state, varargin{:

else

GHEAT ('Property', 'Value',...) creates a new GHEAT or raises the

existing singleton®. Starting from the left, property value pairs are

An

unrecognized property name cor invalid value makes property application

stop. All inputs are passed to GHeat_ OpeningFcn via varargin,

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
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gui mainfen(gui_ State, varargin{:});
end

¢ End initialization code - DO NOT EDIT

% --- Executes just before GHeat is made visible.

function GHeat OpeningFcn(hObject, eventdata, handles, varargin)

% This function has no output args, see QutputFcn.

% hObject handle to figure

2 eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% varargin command line arguments to GHeat (see VARARGIN)

e}

> Choose default command line output for GHeat

handles.output = hObject;

% Update handles structure

guidata (hObject, handles);

2 UIWAIT makes GHeat wait for user response (see UIRESUME)

% uiwait (handles.figurel);

o@

—-— Outputs from this function are returned to the command line.
function varargout = GHeat OutputFcn(hObject, eventdata, handles)

varargout cell array for returning output args (see VARARGOUT) ;

e

o

hobject handle to figure

Mo

> eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% GCet default command line output from handles structure
varargout{1l} = handles.output;

function tbTs Callback(hObject, eventdata, handles)
hObject handle to tbhTs (see GCBO)

ae

o?

eventdata reserved — to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o

o

Hints: get (hObject, 'String') returns contents of tbTs as text

ol

str2double (get (hObject, 'String')) returns contents of tbTs as a
double

% ——— Executes during object creation, after setting all properties.
function thsyCreatchn(hObject, eventdata, handles)

% hObject handle to tbTs (see GCBO)
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s eventdata reserved — to be defined in a future version of MATLAB

¢ handles empty - handles not created until after all CreateFcns called

)

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get(O,'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

end

function tbTe Callback(hObject, eventdata, handles)
% hObject handle to tbTe (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of tbTe as text

% str2double (get (hObject, 'String')) returns contents of tbTe as a
double
§ --- Executes during object creation, after setting all properties.

function the_Creatchn(hObject, eventdata, handles)
hObject handle to tbTe (see GCBO)

el

¢ eventdata reserved - to be defined in a future version of MATLAB
%

handles empty — handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISEC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor’', 'white');

end

function tbStep_Callback(hObject, eventdata, handles)
% hObject handle to tbStep (see GCBO)
s eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject,'String') returns contents of tbStep as text

o

str2double {(get (hObject, 'String')) returns contents of tbStep as a

double
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% ——- Executes during object creation, after setting all properties.

function tbStep_Creatchn(hObject, eventdata, handles)

a0

hObject handle to tbStep (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

]

o

handles empty - handles not created until after all CreateFcns called

¢ Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isegual (get (hObject, 'BackgroundColor’'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

2 ——— Executes on button press in btRunMovie.

function btRunMoviegCallback(hObject, eventdata, handles)

% hObject handle to btRunMovie (see GCBO)

2 eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o

Alpha = str2double (get (handles. tbAlpha, 'string'));
Ls=str2double (get (handles.tbLs, 'string')); gmeter
YT=str2double (get (handles.tbYT, 'string'));
Tr=str2double (get (handles.tbTr, 'string'));
¥1=0.001204001:5;0 Fmeter
L=length (X1) ;
¥Xp=0.005:0.005:0.005*L;
Ts=str2double (get (handles.tbTs, 'string')}:
Te=str2double (get (handles. tbTe, 'string'));
step=str2double (get (handles.tbStep, 'string'));
figure
try
for t=Ts:step:Te
T1=YT+ (Tr-YT)*erf (X1./(2*sqrt (Alpha*t))):
plot (Xp,T1, 'linewidth', 3)
title(['Heat transfer @Time = ' num2str(t) ' sec']...
, 'FontSize', 14, 'fontweight', 'b")
ylabel ('Temperature (C)','FontSize', 14, 'fontweight', 'b")
xlabel ('Distance (m)', 'FontSize',14,'fontweight','b")
axis ([0 Ls 0 YT])
set(gca,'Fontsize‘,ld,‘fontweight‘,'b');
Fl(t)=getframe;
end
catch

[user,sys] = memory;



txt=user.MemAvailableAllArrays;

msgbox ([ 'Available Memory ' num2str (txt) ' byte'], 'Memory');
A='Out of memory';

B='Please decrease stop time';

c='or';

D='Increase step size';

errordlg ({A;B;C;D}, 'Exror Report')

end

clear all;

function tbLs Callback(hObject, eventdata, handles)

@

o\

hObject handle to tbLs (see GCBO)
eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

Hints: get (hObject, 'String') returns contents of tbLs as text

str2double (get (hObject, 'String')) returns contents of tbLs as a

double

Q

]

——— Executes during object creation, after setting all properties.

function,tbLsﬁCreatchn(hObject, eventdata, handles)

%

%

%

2
2]

%

hObject handle to tbLs (see GCEO)
eventdata reserved - to be defined in a future version of MATLAB

handles empty - handles not created until after all CreateFcns called

Hint: edit controls usually have a white background on Windows.

See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),

get (0, 'defaultUicontrolBackgroundColoxr'))

set (hObject, 'BackgroundColor’, 'white');

end

function thrﬁCallback(hObject, eventdata, handles)

o ae

o0

2
°

%

hObject handle to tbTr (see GCBO)
eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

Hints: get (hObject, 'String') returns contents of tbTr as text

str2double (get (hObject, 'String')) returns contents of thTr as a

double

138
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$ —-- Executes during object creation, after setting all properties.

function tbTr CreateFcn(hObject, eventdata, handles)

% hObject handle to tbTr (see GCBO)
% esventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

$ Hint: edit controls usually have a white background on Windows.
3 See 1SPC and COMPUTER.
if ispec && isequal (get (hObject, 'BackgroundColor’),
get(O,'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');
end
function tbYT Callback(hObject, eventdata, handles)
% hObject handle to tbYT (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

$ handles structure with handles and user data (see GUIDATA)

$ Hints: get (hObject, 'String') returns contents of tb¥YT as text

% str2double (get (hObject, 'String')) returns contents of tbYT as a
double
¢ ——— Executes during object creation, after setting all properties.

function tbYT CreateFcn (hObject, eventdata, handles)
% hObject handle to tbYT (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', "white');

end

function tbTime Callback(hObject, eventdata, handles)

o

hObject handle to tbTime (see GCBO)

o

eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o

% Hints: get (hObject, 'String') returns contents of tbTime as text

str2double (get (hObject, 'String')) returns contents of tbTime as a

oo

double
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3 —--- Executes during object creation, after setting all properties.

function thimekCreatchn(hObject, eventdata, handles)

op

hObject handle to tbTime (see GCBO)

¢ eventdata reserved - to be defined in a future version of MATLAB

o°

handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isegual (get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function tbAlpha Callback(hObject, eventdata, handles)

% hObject handle to tbAlpha (see GCBO)

2 eventdata reserved - to be defined in a future version of MATLAB
%

handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject, 'String') returns contents of tbAlpha as text

% str2double (get (hObject, 'String')) returns contents of tbAlpha as a
double
§ —-— Executes during object creation, after setting all properties.

function tbAlpha CreateFcn(hObject, eventdata, handles)
% hObject handle to tbAlpha (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

o

% handles empty - handles not created until after all CreateFens called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get(hObject, 'BackgroundColor'),
get (0, '"defaultUicontrolBackgroundColoxr'))
set (hObject, 'BackgroundColor', 'white"');

end

¢ —--— Executes on button press in btRun.

function btRun_Callback(hObject, eventdata, handles)

% hObject handle to btRun (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

e

Alpha = str2double(get (handles.tbAlpha, 'string'));
Ls=str2double (get (handles. tbls, 'string')); tmeter
YT=str2double (get (handles.tbYT, 'string'));
Tr=str2double (get (handles. tbTr, 'string'));



t=str2double (get (handles.tbTime, 'string')); & 1lmin

X1=0.001:0.001:Ls; %meter
¢ ¥X2=zeros(1l,10):

% Xk=[X2 X1];

¢ ¥X=zeros (1, length(X1));

% for u=1:1:length(X1)

% X(l,u)=Xk(1l,u);

% end

L=length(X1);
Xp=0.005:0.005:0.005*L;

T1=YT+ (Tr-¥T) *erf (X1./(2*sqrt (Alpha*t)));

figure

plot (Xp,T1, 'linewidth', 3)

title(['Heat transfer @Time = ' num2str(t) '
sec'],'FontSize',14, 'fontweight', 'b")

ylabel ('Temperature (C)','FontSize',14, 'fontweight', 'b')
xlabel ('Distance (m)','FontSize',14,'fontweight', 'b")
axis ([0 Ls 0 YT])

set (gca, 'FontSize',14, "fontweight', 'b'};

E.4: Calculate and display the spread of heat at any time displaying in 2

different styles: 1 unit cell and multi-cell.

LTSolution

cle

clear

Alpha = 0.6734e-6;

t=10;

YL=10; $Desire length (cm)
Tr=27;

YT=240;

figure

Tl=Merotate (Alpha, t, YL, Txr,YT);

surf (T1) ;
title(['Unit Cell size(L) = ' num2str(YL) 'x' numZstr(YL)...
' cm @Time = ' num2str(t) ' sec'], 'FontSize', 14, 'fontweight', 'b");

colormap(jet):
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xlabel ('X (mm.)','FontSize',14,'fontweight','b');

ylabel ('Y (mm, ) ', 'FontSize',14, "fontweight','b");

zlabel ('Temperature (C)','FontSize',614,'fontweight','b');
colorbar

set (gca, "FontSize', 14, 'fontweight', 'b');

figure
Ta={T1,TL, T1:T1, T1,TL; T, T1;T17];
surf(Ta);
title(['Multi Unit cell size 3x3 unit cell "...
' @Time = ' num2str(t) ' sec'],'FontSize',14,'fontweight',6'b');
colormap (jet) ;
xlabel('X (mm.)','FontSize',14,'fontweight','b');
ylabel ('Y (mm.) ', 'FontSize', 14, 'fontweight', 'b');
zlabel ('Temperature (C)', 'FontSize', 14, 'fontweight', 'b');
colorbar

set (gca, 'FontSize', 14, 'fontweight’, 'b');

LTG

function varargout = LTG(varargin)

$ LTG MATLAB code for LTG.fig

% LTG, by itself, creates a new LTG or raises the existing
% singleton®.

%

% H = LTG returns the handle to a new LTG or the handle to

o

the existing singleton*.

%

% LTG('CALLBACK', hObject,eventData,handles,...) calls the local

% function named CALLBACK in LTG.M with the given input arguments.

%

% LTG('Property', 'Value',...) creates a new LTG or raises the

% existing singleton*. Starting from the left, property value pairs are
% applied to the GUI before LTG OpeningFcn gets called. An

% unrecognized property name or invalid value makes property application
% stop. All inputs are passed to LTG_OpeningFcn via varargin.

%

% *See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one

% instance to run (singleton)".

%

e

See also: GUIDE, GUIDATA, GUIHANDLES

Edit the above text to modify the response to help LTG

oo



=3

°

2

]

Last Mecdified by GUIDE v2.5 29-Jul-2013 21:55:56

Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gul State = struct ('gui Name', mfilename,

'gui_Singleton', gui_Singleton,
'gui OpeningFcn', @LTG_OpeningFcn,
'gui_ CutputFen', @LTG OutputFcn,
'gui LayoutFen', [l .,

'gui_ Callback', o

if nargin && ischar(varargin{l})

gui State.gui Callback = str2func(varargin{l});

end

if nargout

[varargout{l:nargout}] = gui_mainfcn(gui_ State, varargin{:}):

else

gui mainfen(gui_State, varargin{:}):

end

%

)
°

End initialization code - DO NOT EDIT

--— Executes just before LTG is made visible.

function LTG OpeningFcn(hObject, eventdata, handles, varargin)

o2
]

5

a0

%

This function has no output args, see OutputFcn.

hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB
handles structure with handles and user data (see GUIDATA)

varargin command line arguments to LTG (see VARARGIN)

Choose default command line output for LTG

handles.output = hObject;

%

Update handles structure

guidata(hObject, handles);

o

=]

&0

UIWAIT makes LTG wait for user response (see UIRESUME)

uiwait (handles.figurel);

--- Outputs from this function are returned to the command line.

function varargout = LTG_Outputhn(hObject, eventdata, handles)

H0

G

varargout cell array for returning output args (see VARARGOUT) ;
hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB
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% handles structure with handles and user data (see GUIDATA)

¢ Get default command line output from handles structure

varargout{l} = handles.output;

¢ —--- Executes on button press in btRun.

function btRun_ Callback (hObject, eventdata, handles)

% hObject handle to btRun (see GCBO)

2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

Alpha =str2double (get(handles.tbAlpha, 'string'));
t=str2double (get (handles.tbTime, 'string'));

YL=str2double (get (handles.tb¥L, 'string')); $Desire length (cm)
Tr=str2double (get (handles. tbTr, 'string'));
YT=str2double (get (handles.tb¥YT, 'string'));

figure

Tl=Merotate (Alpha,t,YL,Tx,YT);

surf (T1) ;
title({['Unit Cell size(L) = ' num2str(YL) 'x' num2str(YL)...
' cm']; ['@Time = ' num2str(t) ' sec']},'FontSize', 14, 'fontweight','b');

colormap (jet);

xlabel ('X (mm.)','FontSize',14, "fontweight', 'b');

ylabel ('Y (mm.) ', 'FontSize', 14, 'fontweight', 'b");

zlabel ('Temperature (C)','FontSize',14,'fontweight','b');
ht=colorbar;

title(ht, '"Temp. (C)','FontSize',14, 'fontweight','b');

set (gyca, 'FontSize',14, 'fontweight', 'b');

figure
Ta=[T1,TL,T1;T1,T1,T1; Tl TI SN
surf (Ta);
title({'Multi Unit cell size 3x3 unit cell ';...
["@Time = ' num2str(t) ' sec'l}, 'FontSize', 14, "fontweight', 'b");
colormap (jet) ;
»label ('X (mm.)','FontSize',6 14, 'fontweight','b");
ylabel ('Y (mm.) ', 'FontSize',14, 'fontweight', 'b');
zlabel (' Temperature (C)', 'FontSize',14, 'fontweight','b');
ht=colorbar;
title(ht, 'Temp. (C)','FontSize', 14, 'fontweight','b');
set (gca, 'FontSize', 14, 'fontweight', 'b");



function tbYL Callback (hObject, eventdata, handles)

oR

hObject handle to tbYL (see GCRO)

eventdata reserved - to be defined in a future version of MATLAB

o

o

handles structure with handles and user data (see GUIDATA)

%2 Hints: get(hObject, 'String') returns contents of tb¥YL as text

% str2double (get (hObject, 'String')) returns contents of thYL
double
% --- Executes during object creation, after setting all properties.

function thL_Creatchn(hObject, eventdata, handles)
hObject handle to tbYL (see GCBO)

oe

eventdata reserved - to be defined in a future version of MATLAB

handles empty - handles not created until after all CreateFcns

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal(get (hObject, 'BackgroundColor'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', 'white');

end

function tb¥T Callback (hObject, eventdata, handles)
hObject handle to tbYT (see GCBO)
eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o0

oe

Hints: get(hObject, 'String') returns contents of tbYT as text

% str2double (get (hObject, 'String')) returns contents of tbYT
double
2 ——— Executes during object creation, after setting all properties.

function thT_Creatchn(hObject, eventdata, handles)

oe

hObject handle to tbYT (see GCEO)

o

eventdata reserved - to be defined in a future version of MATLAB

o2

handles empty - handles not created until after all CreateFcns

Hint: edit controls usually have a white background on Windows.

Pl

o

See ISPC and COMPUTER.

if ispc &é& isequal (get (hObject, 'BackgroundColoxr'),
get(O,‘defaultUicontrolBackgroundColor‘))

set (hObject, 'BackgroundColor’', 'white');

end

as a

called

as a

called
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function thrﬁCallback(hObject, eventdata, handles)
% hObject handle to tbhTr (see GCEO)
: eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o

$ Hints: get (hObject,'String') returns contents of tbTr as text

% str2double (get (hObject, 'String')) returns contents of tbTr as a
double
8 --- Executes during object creation, after setting all properties.

function thr_Creatchn(hObject, eventdata, handles)
% hObject handle to tbTr (see GCBO)
% eventdata reserved — to be defined in a future version of MATLAB

¢ handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and CCMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),

get (0, "defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundCclor','white');

end

function tbTime Callback(hObject, eventdata, handles)
% hObject handle to tbTime (see GCBO)
3 eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o\?

% Hints: get (hObject,'String') returns contents of thTime as text

% str2double (get (hObject, 'String')) returns contents of tbTime as a
double
s --- Executes during object creation, after setting all properties.

function tbTime CreateFcn(hObject, eventdata, handles)

hObject handle to tbTime (see GCBO)

o

2 eoventdata reserved - to be defined in a future version of MATLAB

o

handles empty - handles not created until after all CreateFcns called

e

Hint: edit controls usually have a white background on Windows.

o

See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor'),
get(O,'defaultUicontrolBacquoundColor'))

set (hObject, 'BackgroundColor', 'white');

end
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function tbAlpha Callback(hObject, eventdata, handles)
hObject handle to tbAlpha (see GCBO)

o

W

2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of tbAlpha as text

% str2double (get (hObject, 'String')) returns contents of tbAlpha as a
double
% --- Executes during object creation, after setting all properties.

function tbAlpha CreateFcn (hObject, eventdata, handles)

o\e

hObject handle to tbAlpha (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

oR

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor’'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, "BackgroundColor', 'white');

end

E.5: Calculate and display the spread of heat in less than or equal to 10 seconds.

MainProgram

cle

clear

$Constance paramters

rho=1820; $mass density (kg/m"3)

k=1.0353; $thermal Conductivity (W/m K)
$Alpha from measurement = 0.6734

Alpha = 0.6734e-6; %Thermal diffusivity (m"2/s)
Cp = k/(rho*Alpha); %specific heat (kj/kg k)
2Am=Alpha*60; $Thermal diffusivity (m~2/min)

$Heat Egquation

$Force Temperture at this point

Tr=27; ZRoom temperature
1=10; zunit cell size in cm
YT=240; $True temperature
dt=10; $time max 1.5 sec
dx=0.005; tmeter

FO=Alpha*dt/ (dx"2) ;



¢unit cell plot

T=gendata (L, YT,dx,Tr); %output of gendata is unit cell

[ST,~]=size(T);
m=1;
n=1;
B=0;
while (m<=ST)
while (n<=ST)
B=defindB(m,n, ST) ;
¢disp(B)
if (B>=30)
T=Mecorner (m,n, T, F0,B);
end
if (B>=20&&B<30)
T=Meboundary (m,n, T, F0,B) ;
end
if (B==1)
T=Meinterior (m,n,T,FQ);
end
n=n+1;
end
m=m+1;
n=1;
end
T2=fliplr(T):
T3=[T2 T17
T4=Fflipud (T3);
T1=[T4;T3];

figure ('name', 'Single Unit Cell', 'NumberTitle', 'off');
surf (T1);

title(['time = ' numZstr(dt) ' sec FO = ' num2str(F0) ' L = ' num2str(L).

' cm dx = ' num2str(dx*100) ' cm'], 'FontSize',14, 'fontweight’','b');
colormap(jet) ;
xlabel ('X (L/dx)"','FontSize',6 14, 'fontweight', 'b');
ylabel ('Y (L/dx) "', 'FontSize', 14, 'fontweight', 'b');
zlabel ('Temperature (C)','FontSize',14, 'fontweight', 'b');
colorbar

set (gca, 'FontSize',14, 'fontweight', 'b'");

tMultiple Unit Cells

£3x3 unit cells

148
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TeEel =171 ,P1, 71501 71, P13 TL B, T ;

figure ('name', 'Multiple Unit Cells', 'NumberTitle', 'off');

surf (Tcell);

title(['time = ' num2str(dt) ' sec FO = ' num2str(F0) ' L = ' num2str(L*3)...

' cm dx = ' num2str (dx*100) ' cm'],'FontSize', 14, 'fontweight','b');

colormap (jet) ;

xlabel ('X (L/dx)','FontSize', 14, 'fontweight','b'):

ylabel ('Y (L/dx)','FontSize',14, 'fontweight','b');

zlabel ('Temperature (C)','FontSize',14, 'fontweight’','b");

colorbar

set (gca, 'FontSize',14, 'fontweight','b'};

NumericalHeat

function varargout = NumericalHeat (varargin)

o

©

o9

NUMERICALHEAT MATLAB code for NumericalHeat.fig
NUMERICALHEAT, by itself, creates a new NUMERICALHEAT or raises the

existing

% singleton*.

%

% H = NUMERICALHEAT returns the handle to a new NUMERICALHEAT or the
handle to

% the existing singleton*,

%

% NUMERICALHEAT ('CALLBACK', hObject, eventData, handles,...) calls the
local

% function named CALLBACK in NUMERICALHEAT.M with the given input
arguments.

%

a
]

NUMERICALHEAT (' Property', 'Value',...) creates a new NUMERICALHEAT or

raises the

ar o a2 aP o oe o oe

o

ol

existing singleton*. Starting from the left, property value pairs are
applied to the GUI before NumericalHeat OpeningFcn gets called. An
unrecognized property name or invalid value makes property application

stop. All inputs are passed to NumericalHeat OpeningFen via varargin.

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one

instance to run (singleton)".

See also: GUIDE, GUIDATA, GUIHANDLES

Edit the above text to modify the response to help NumericalHeat



% Last Modified by GUIDE v2.5 28-Jul-2013 22:39:14

% Begin initialization code - DO NOT EDIT

gui Singleton = 1;

gui State = struct('gui_ Name', mfilename,
'gui Singleton', gui_Singleton,
'gui_OpeningFcn', @NumericalHeat _OpeningFcn,
'gui OutputFcn', E@Numericalleat OutputFcn,
'gui LayoutFcn', El &
'gui Callback', fodidai

if nargin && ischar(varargin{l})

gui State.gui_Callback = str2func(varargin{l});
end

if nargout

[varargout{l:nargout}] = gui mainfcn(gui_ State, varargin{:});
else

gui mainfen(gui_sState, varargin{:});
end

% End initialization code - DO NOT EDIT

% —--- Executes just before NumericalHeat is made visible.

function NumericalHeat OpeningFcn (hObject, eventdata, handles, varargin)

a@

This function has no output args, see OutputFcn.
% hObject handle to figure

eventdata reserved - to be defined in a future version of MATLAB

oo

% handles structure with handles and user data (see GUIDATA)

aR

varargin command line arguments to NumericalHeat (see VARARGIN)

%2 Choose default command line output for NumericalHeat

handles.output = hObject:;

% Update handles structure

guidata (hObject, handles);

o

UIWAIT makes NumericalHeat wait for user response (see UIRESUME)

oe

uiwait (handles. figurel);

o

~—— Qutputs from this function are returned to the command line.

function varargout = NumericalHeat OutputFcn(hObject, eventdata, handles)

oo

varargout cell array for returning output args (see VARARGOUT);

hobject handle to figure

Go

eventdata reserved - to be defined in a future version of MATLAB

e

ae

handles structure with handles and user data (see GUIDATA)

150
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% Get default command line output from handles structure

varargout{l} = handles.output;

$ --- Executes on button press in btRun.

function btRun_Callback (hObject, eventdata, handles)

o0

hObject handle to btRun (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

@

% handles structure with handles and user data (see GUIDATA)
rho=str2double (get (handles.rholn, 'string’')); gmass density (kg/m"3)
k=str2double (get (handles.kIn, 'string')); 2thermal Conductivity (W/m K)

%Alpha from measurement = 0.6734

Alpha = str2double(get (handles.alphaln, 'string')); %Thermal diffusivity
(m~2/s)

Cp = str2double (get (handles.cplIn, 'string')); %specific heat (kj/kg k)
$Am=Alpha*60; $Thermal diffusivity (m”*2/min)

%Heat Equation

%Force Temperture at this point

Tr=str2double (get (handles.TrIn, 'string')); $Room temperature
L=str2double (get (handles.LIn, 'string’')); gunit cell size in cm
YT=str2double (get (handles.¥TIn, 'string')); ¢True temperature
dt=str2double (get (handles.dtIn, 'string')); $time max 1.5 sec
dx=0.005; tmeter

FO=Alpha*dt/ (dx"2);
gunit cell plot
T=gendata (L, YT,dx,Tr); %output of gendata is unit cell

[ST,~]=size(T):;
m=1;
n=1;
B=0;
while (m<=8T)
while (n<=5T)
B=defindB (m,n, ST) ;
¢disp(B)
if (B>=30)
T=lMecorner (m,n, T, F0,B);
end
if (B>=20&&B<30)
T=Meboundary (m,n,T, F0,B) ;

end
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T=Meinterior (m,n,T,F0);
end
n=n+1;

end
m=m+1;
n=1;
end
T2=f1liplr(T);
T3=[T2 T];
T4=flipud (T3);
T1=[T4;T3];

figure ('name', 'Single Unit Cell', 'NumberTitle', 'off');
surf (T1) ;
title ({['time = ' num2str(dt) ' sec FO = ' num2str(F0)1;[' L ="'
num2str (L) ...
' em dx = ' num2str(dx*100) ' cm']}, 'FontSize',14, 'fontweight', 'b');
colormap (jet) :
xlabel ('X (L/dx)','Fontsize‘,14,'fontweight','b');
ylabel ('Y (L/dx)', 'FontSize',14, 'fontweight', 'b");
zlabel (' Temperature (C)','FontSize',14, 'fontweight', 'b");
ht=colorbar;
title (ht, 'Temp. (C)‘,'FontSize‘,ld,'fontweight','b');

set(gca,'FontSize',lA,'fontweight','b');

sMultiple Unit Cells

%$3x3 unit cells

Toell=[Ti, TI AR T1TT, 71 ; T1 04, F19%

figure('name', 'Multiple Unit Cells', 'NumberTitle','off');

surf (Tcell);

title({['time = ' num2str(dt) ' sec FO ="' num2str(FO)J; [" L = '

num2str (L*3) ...

cm dx ' num2str (dx*100) ' cmF]},‘FontSize',14,'fontweight‘,‘b');

colormap (jet) ;
xlabel ('X (L/dx)', 'FontSize', 14, 'fontweight','b');

ylabel ('Y (L/dx)', 'FontSize', 14, 'fontweight', 'b');

zlabel ('Temperature (C)','FontSize', 14, 'fontweight', 'D');
ht=colorbar;

title (ht, 'Temp. (C)', 'FontSize',14, 'fontweight’, 'd');

set (gca, 'FontSize',14, 'fontweight', 'b');

function dtIn Callback(hObject, eventdata, handles)
% hObject handle to dtIn (see GCBO)



¢ eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

3 Hints: get (hCbject,'String') returns contents of dtlIn as text

% str2double (get (hObject, 'String')) returns contents of dtln
double
$ --- Executes during object creation, after setting all properties.

function dtIn_Creatchn(hObject, eventdata, handles)
% hObject handle to dtIn (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns

2 Hint: edit controls usually have a white background on Windows.

o

See ISPC and COMPUTER.
if ispc && isegqual (get (hObject, 'BackgroundColor’'},
get (0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end
function YTIn Callback(hObject, eventdata, handles)
hObject handle to YTIn (see GCBO)

o2

2 eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

oe

$ Hints: get (hObject, 'String') returns contents of YTIn as text

3 str2double (get (hObject, "String')) returns contents of YTIn
double
% —-— Executes during object creation, after setting all properties.

function YTInﬁCreatchn(hObject, eventdata, handles)
% hObject handle to YTIn (see GCBO)

e

eventdata reserved - to be defined in a future version of MATLAB

o

handles empty - handles not created until after all CreateFcns

oe

Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && iseqgual (get (hObject, 'BackgroundColor’),

get (0, 'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor',‘white');

end

function TrInﬁCallback{thject, eventdata, handles)

% hObject handle to TrIn (see GCBO)

2 eventdata reserved - to be defined in a future version of MATLAB

as a

called

as 4a

called

153
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% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject, 'String') returns contents of TrIn as text

% str2double (get (hObject, 'String')) returns contents of TrIn as a
double
¢ --- Executes during object creation, after setting all properties.

function TrIn_Creatchn(hObject, eventdata, handles)

% hObject handle to TrIn (see GCBO)

o

eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

¢ Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hobject,'BackgroundColor'),

get(O,'defaultUicontrolBackgroundColor'})
set(hobject,'BackgroundColor','white');

end

function LIn Callback(hObject, eventdata, handles)
hObject handle to LIn (see GCBO)

ae

$ eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

o]

s Hints: get (hObject,'String') returns contents of LIn as text

% str2double(get(h0bject,'String')) returns contents of LIn as a
double
2 -—_ Executes during object creation, after setting all properties.

function LInﬁCreatchn(hObject, eventdata, handles)
¢ hObject handle to LIn (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

: Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor'),

get(O,'defaultUicontrolBackgroundColor'))
set(hObject,'BackgroundColor','white‘);

end

function den_Callback(hObject, eventdata, handles)

% hObject handle to dxIn (see GCBO)

¢ eventdata reserved - to be defined in a future version of MATLAB
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% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject,'String') returns contents of dxIn as text

% str2double (get (hObject, 'String')) returns contents of dxIn as a
double
5 —--- Executes during object creation, after setting all properties.

funcfion den_Creatchn(hObject, eventdata, handles)

oP

hObject handle to dxIn (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

oo

¢ handles empty — handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get(O,'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

end

function rholIn Callback(hObject, eventdata, handles)
% hObject handle to rhoIn (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject, 'String') returns contents of rholIn as text

2 str2double (get (hObject, 'String')) returns contents of rhoIn as a
double
% ——- Executes during object creation, after setting all properties.

function rholn7Creatchn{hObject, eventdata, handles)
% hObject handle to rhoIn (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

o@

Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.

if ispc && isegual (get (hObject, 'BackgroundColor'),
get(O,'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');

end
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function kIn_Callback(hObject, eventdata, handles)
% hObject handle to kIn (see GCBO)

eventdata reserved - to be defined in a future version of MATLAB

on

handles structure with handles and user data (see GUIDATA)

=]

% Hints: get (hObject, 'String') returns contents of kIn as text

o

str2double (get (hObject, 'String')) returns contents of kIn as a
double

% ——- Executes during object creation, after setting all properties.

function kIn_Creatchn(hObject, eventdata, handles)

% hObject handle to kIn (see GCBO)
% eventdata reserved — to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

2 Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, "defaultUicontrolBackgroundColor'))
set (hObject, '"BackgroundColor', 'white');

end

function alphaIn_Callback(hObject, eventdata, handles)
% hObject handle to alphaln (see GCBO)
¢ eventdata reserved - to be defined in a future version of MATLAB

handles structure with handles and user data (see GUIDATA)

]

% Hints: get (hObject,'String') returns contents of alphaln as text

% str2double (get (hObject, 'String')) returns contents of alphaln as a
double
s ——- Executes during object creation, after setting all properties.

function alphaln_Creatchn(hObject, eventdata, handles)

hObject handle to alphaln (see GCBO)

o

2 eventdata reserved — to be defined in a future version of MATLAB

o

handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColox’'),
get (0, 'defaultUicontrolBackgroundColor'))
set (hObject, "BackgroundColor', 'white');

end
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function cpIn Callback(hObject, eventdata, handles)
% hObject handle to cpIn (see GCBO)
2 eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

¢ Hints: get (hObject, 'String') returns contents of cpIn as text

% str2double (get (hObject, 'String')) returns contents of cpIn as a
double
$ --—- Executes during object creation, after setting all properties.

function cpIn_Creatchn(hObject, eventdata, handles)
% hObject handle to cpln (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB

% handles empty — handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'),

get(O,'defau1tUicontrolBackgroundColor'))
set(hObject,'BackgroundCclor','white');

end

E.6: Function

Merotate

function [T11=Merotate(Alpha,t,YL,Tr,YT)
Alpha = 0.6734e-6;

t=1.5*60*60;

o

YL=6; %Desire length (cm)
¥=0.001:0.001:0.01*YL/2; %meter

Pl

L=length (X) ;

T=Tr.*ones (L, L) ;
for m=1:1:L
for n=1:1:L
C=sqrt (X(m)~2+X(n)"2);
if(C<=0.0101)
T(m,n)=YT;
Cold=C;
else
T(m,n}:YT+(Tr—YT)*erf((C~Cold)/(2*sqrt(Alpha*t)));

end



end

end

T2=fliplr(T);
T3=[T2 T];
T4=flipud(T3);
T1=[T4;T3];

% figure
% surf (T1)

end

surf (T1);

oae  gv

title(['Unit Cell size(L) ="' num2str (YL) 'x' num2str(YL)...

e

colormap (jet);

oP  of

stlabel ('X (mm.)','FontSize',14,'fontweight', 'b');

o

ylabel ('Y (mm.) ', 'FontSize',14, 'fontweight', 'b");
zlabel ('Temperature (C)', 'FontSize',14, 'fontweight', 'b');

ae

% colorbar

set(gca,'Fontsize',14,‘fontweight',‘b');

aP

Tas[T1 o, Tl ™aQr] 8 ; P1,T1, TYY ) ;

oe ae

surf (Ta);

¢ title(['Multi Unit cell size 3x3 unit cell '...

e

oe

colormap(jet);
% xlabel ('X ({(mm.)','FontSize',14,'fontweight', 'b'};
ylabel ('Y (mm.)', 'FontSize', 14, 'fontweight', 'b');

oo

o

zlabel ('Temperature (C)','FontSize', 14, 'fontweight','b');

colorbar

o

o

set(gca,'FontSize',l4,'fontweiqht','b');

defindB

function [B]=defindB (m,n,ST)

2interior B=1x;

$Boundary B=2x;

Scorner B=3x;

38T = size of T

B=0;

%Ccrner k*******ki*itik*ktt**k************i**********

if (m==1&&n==1)

' @Time = ' num2str(t(m)) ' sec'], 'FontSize',14, 'fontweight', 'b');
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' cm @Time = ' num2str(tm(m)) ' sec'], 'FontSize',14, 'fontweight', 'b');



B=31; zC1
end
if (m==1&&n==5T)
B=32; iCc2
end
if (m==8T&&n==5T)
B=33; %C3
end
if (m==ST&&n==1)
B=34; 3C4

end

%Boundary ******ti*********************i************

if (m==1&&B==0)
B=21; £B1

end

if (n==5T&&B==0)
B=22; B2

end

if (m==ST&&B==0)
B=23; 2B3

end

if (n==1&&B==0)
B=24; 3B4

end

%Interlor iirir'.k*‘k******************k*:‘r*‘k******‘k****i‘

if (B==0)
B=1;

end

end

diffu

function [out]l=diffu(T1,T2,T3,T4,Tmn)

A=[T1 T2 T3 T4];
B=max (A) ;
if (Tmn<B)
out=1;
else
out=0;
end

end

159
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gendata

function [T]=gendata(L,YT,dx,Tr)
Lm=L*0.01; 2in meter
S=0:dx:Lm; %S in meter

Sa=length(S)-1;
T=Tr.*ones (Sa/2,8a/2);
for m=1:1:8a/2
for n=1:1:8a/2
A=S(m); %in metex
B=S(n); %in meter

C=sqgrt (A"2+B"2) ;

if(C<=0.01)
2disp(['C=' num2str(C) ' m= ' num2str(m) ' n= ' num2str(n)])
T (m,n)=YT;
end
end
end
Meboundary
function [T)=Meboundary (m,n,T,F0,B)
3Top
if (B==21)

T1=T (m,n-1);
T2=T(m+l,1) 7
T3=T (m, n+l) ;
T4=0;

end

¢right

if (B==22)
T1=T (m-1,n);
T2=T{m,n—-1) ;
T3=T (m+1,n);
T4=0;

end

$button

if (B==23)
T1=T (m,n+1);
T2=T(m-1,n);
T3=T (m,n-1);
T4=0;

end

$left
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if (B==24)
T1=T(m+1l,n);
T2=T (m,n+1);
T3=T (m-1,n);
T4=0;

end

Tmn=T (m,n) ;
R=diffu(T1l,T2,T3,T4,Tmn);
if (R>0)
T(m,n)=F0% (2*T2+T1+T3) + (1-4*F0) *Tmn;
end

end

Mecornor
function [T]=Mecorner (m,n,T,FO0,B)
$top left
if (B==31)
T1=T (m,n+1);
P2=T{m+l,n};
end
$top right
if (B==32)
T1=T (m,n-1);
T2=T (m+1,n) ;
end
$button right
if (B==33)
T1=T (m-1,n);
T2=T (m,n-1) ;
end

¢button left

if (B==34)
T1=T(m-1,n);
T2=T (m,n+1) ;
end

Tmn=T (m, n) ;
R=diffu(T1,T2,0,0,Tmn);
if (R>0)
T(m,n)=2*F0* (T1+T2)+ (1-4*F0) *Tmn;
end

end



Meinterior
function [T)=Meinterior (m,n,T,FO0)
T1=T(m,n-1);
T2=T(m-1,n);
T3=T (m,n+1);
T4=T (m+1,n);
Tmn=T (m, n) ;
R=diffu(T1,T2,T3,T4,Tmn);
if (R>0)
T (m,n)=F0* (T (m-1,n)+T (m, n+1) +T (m+l,n)+T(m,n-1))+(1-4*F0)*T(m,n);

end

end
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APPENDIX G SOLVING FOR ENERGY INPUT, ENERGY RECOVERED,
EXERGY INPUT, EXERGY RECOVERED, ENERGY
EFFICIENCY AND EXERGY EFFICIENCY

The calculation of Energy and Exergy.

For charging period

At time = 0 minute ~ m = 0.009 kg/s,

Temperature input ~ =183.2°C Temperature output = 169.7 °C
Enthalpy input (s,) =2782.4800 ki/kg  Enthalpy output (/1) = 2236.0800 kl/kg

Entropy input (S,) =6.5645 kl/kg K Entropy output (Sp ) =5.4673kl/kgK

1. Energyinput = ni(h, —hy)

0.009 kg/s x (2782.4800 kJ/kg —2236.0800 ki/kg ) x 10's

Il

Il

49.18 J

2. Exergy input = m[(h, —hp) —To(55—5p) ]
= [0.009 kg/s x (2782.4800 kJ/kg —2236.0800 kl/kg )] - [298.15K

(6.5645 ki/kg K — 5.4673 kI/kg K )] x 10’5
=19.73]

For discharging period

At time = 0 minute s = 0.009 kg/s,

Temperature input = 112.2°C Temperature output = 118.9 °C
Enthalpy input (/2,) = 824.8109 kl’kg Enthalpy output (/1) = 930.2050 kl/kg

Entropy input (S.) =2.3619kl/kg K Entropy output (S;) =2.6156 kl/kg K
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1. Energy recovered = m(h, —h.)

Il

0.009 kg/s x (930.2050 ki/kg — 824.8109 kJ/kg ) x 10s

9.491]

2. Exergy recovered =i, =€)

= it[(hg —Nh.)—To(sq — )
[0.009 kg/s x (930.2050 kl/kg —824.8109 kl/kg )]
—[298.15K x (2.6156 kl/kg K —2.3619 kJ/kg K )| x 10 s
2.6817

Il

Energy Efficiency;

__ Energy recovered from TES during discharging
3 Energy input to TES during charing
_ il - B - O

ni(h, —hp) h,—hy

= 19.29 %
Exergy Efficiency ;
__ Exergy recovered from TES during discharging
- Exergy input to TES during charing
- Al

IiJ(Eu —€p) B, €

(e, —€.)

=13.57T%

The results of all calculation have shown in the following table
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Table 20 The results of all calculation at flow rate 0.009 kg/s

Times Energy Energy Exery Exergy Energy Exergy
input recovered input recovered Efficiency Efficiency
(min) Q) ) ( () (%) (")

0 49.18 9.49 19.73 2.68 19.29 13.57
3 538.97 184.76 218.64 52.22 34.28 23.88
6 911.29 355.09 369.86 100.46 38.97 27.16
9 1270.91 520.32 515.82 147.26 40.94 28.55
12 1624.30 683.41 659.28 193.49 42.07 29.35
15 1974.09 844.76 801.16 239.25 42.79 29.86
18 2327.01 1012.63 944.21 286.90 43.52 3038
21 2726.02 1183.20 1106.22 335.34 43.40 30.31
24 3130.40 1350.33 1270.45 382.83 43.14 30.13
27 3539.44 1515.61 1436.52 429.83 42.82 29.92
30 3957.54 1698.36 1606.25 481.97 4291 30.01
33 4356.36 1896.90 1768.02 538.78 43.54 30.47
36 4783.74 2101.74 1941.21 597.50 43.94 30.78
3% 5238.86 2308.91 2125.44 656.98 44.07 3091
42 5700.23 26)2.75 2311.59 715.48 44.08 30.95
45 6142.44 2714.05 2490.12 773.23 44.19 31.05
48 6577.28 2913.47 2666.24 830.40 44.30 31.15
51 7029.18 3114.66 2849.60 888.08 4431 31.17
54 7464.67 383129 3026.37 950.38 44.63 31.40
57 7887.71 3526.63 3198.00 1006.39 44.71 31.47
60 8310.41 3677.66 3369.40 1049.38 44.25 31.14
63 8730.07 3857.45 3539.47 1100.75 44.19 31.10
66 9145.23 4047.65 3707.63 1155.16 44.26 31.16
69 9577.46 4240.32 3882.75 1210.29 44.27 31.17
72 10019.55 4430.69 4061.76 1264.71 4422 31.14

75 10469.87 4617.08 4244.07 1317.91 44.10 31.05




Table 20 (cont.)
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Times Energy Energy Exery Exergy Energy Exergy
input recovered input recovered Efficiency Efficiency
(min) e ) Q) c) (%) (%)

78 10930.82 4805.94 4430.58 1371.79 43.97 30.96
81 11379.19 4996.15 4611.86 1426.09 43.91 30.92
84 11746.05 5183.70 4760.35 1479.58 44.13 31.08
87 12060.44 5365.29 4887.68 1531.36 44.49 3133
90 12397.55 5549.92 5024.28 1584.00 44.77 31.53
93 12748.82 5742.12 5166.73 1638.91 45.04 31.72
96 13116.81 5939.34 5315.82 1695.44 45.28 31.89
99 13502.26 6141.34 5471.95 1753.46 45.48 32.04
102 13842.37 6366.99 5609.76 1818.17 46.00 32.41
105 14136.12 6597.59 5728.66 1884.23 46.67 32.89
108 14411.45 6832.91 5839.99 1951.58 4741 33.42
111 14730.93 7072.03 5969.26 2019.99 48.01 33.84
114 15126.51 7309.70 6129.58 2087.92 48.32 34.06
117 15610.25 7541.98 6325.89 2154.23 48.31 34.05
120 16092.76 7777.36 6521.71 2221.35 48.33 34.06
123 16554.35 8013.30 6708.83 2288.59 48.41 34.11
126 17025.49 8249.79 6899.70 2355.91 48.46 34.15
129 17500.18 8487.87 7091.90 2423.65 48.50 34.17
132 17971.50 8727.40 7282.52 2491.79 48.56 3422
135 18474.92 8967.30 7485.84 2559.96 48.54 34.20
138 19075.15 9203.35 7728.66 2626.94 48.25 33.99
141 19728.41 0434.83 7992.98 2692.53 47.82 33.69
144 20338.69 9663.44 8239.96 2757.21 4751 33.46
147 20833.33 9889.54 8440.54 2821.06 47.47 33.42
150 2127045  10114.36 8617.94 2884.48 47.55 33.47
153 21769.79  10337.87 8820.42 2947.46 47.49 33.42
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Times  Energy Energy Exery Exergy Energy Exergy
input recovered input recovered  Efficiency Efficiency
(min) (0)) o) ) o) (%) (%)
174 30523.33 13911.89  11999.98 45.58 32.88 38.56
177 30853.34 14138.76  12135.32 45.83 33.04 38.60
180 31119.98 14363.05  12244.63 46.15 33.25 38.65
Table 22 The results of all calculation at flow rate 0.014 kg/s
Times  Energy Energy Exery Exergy Energy Exergy
input recovered input recovered Efficiency  Efficiency
(min) &) ) &) Q) (%) (")
0 68.63 9.15 27:51 0.61 13.33 10.57
3 526.78 76.79 213.69 12.44 14.58 11.51
6 831.91 131.95% 338.22 26.12 15.86 12.49
9 1066.83 183.02 434.15 41.74 17.16 13.47
12 1323.18 243.68 539.16 5913/ 18.42 14.43
15 1623.87 318.39 662.33 78.44 19.61 15.33
18 1958.67 404.79 799.27 97.85 20.67 16.12
21 2296.00 493.86 937:22 115,21 21.51 16.74
24 2647.65 592.25  1080.71 134.33 22.37 17.37
27 2950.52 685.73  1204.39 154.53 23.24 18.02
30 3141.27 759.46  1282.58 176.11 24.18 18.72
33 3334.65 836.98  1361.61 198.78 25.10 19.41
36 3528.57 917.45  1440.67 22231 26.00 20.08
39 3744.86 1005.95  1529.07 246.48 26.86 20.72
42 3943.92 1093.30  1610.70 211,55 21.72 21.36
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Times  Energy Energy Exery Exergy Energy Exergy
input recovered input recovered Efficiency  Efficiency
(min) @ @ @ @ (%) (%)

45 4184.63 1192.52  1709.40 296.31 28.50 21.93
48 4456.12 1300.83  1820.69 320.36 29.19 22.44
51 4699.19 1397.41 1920.30 340.42 29.74 22.83
54 4889.01 1480.05  1998.12 359.84 30.27 23.22
57 5162.24 1584.59  2109.63 37783 30.70 23.51
60 5565.88 1720.70  2273.89 392.59 30.92 23.65
63 6008.92 1872.76  2453.92 409.35 SR17 23.80
66 6490.69 2039.74  2649.51 427.55 31.43 23.96
69 6918.19 2197.13\\ | | 2823.23 447.57 31.76 24,18
72 7241.07 2336.23  2954.59 472.01 32.26 24.54
75 7434.52 2449.10  3033.64 500.78 32.94 25.03
78 7560.92 2549.52 3085.44 93277 33.72 25.61
81 7689.14 2653.65  3137.99 566.45 34.51 26.19
84 7900.18 2781.37  3224.44 599.43 35.21 26.70
87 8148.48 2919.95  3325.82 631.64 35.83 27.15
90 8451.65 307270  3449.34 661.83 36.36 27.53
93 8672.52 3208.98  3539.56 695.93 37.00 27.99
96 8765.42 3317.98  3577.63 736.56 37.85 28.62
99 8836.05 3422.68  3606.57 779.16 38.74 29.28
102 8910.64 3530.98  3637.13 823.53 39.63 29.94
105 9146.30 3696.66  3733.44 869.69 40.42 30.51
108 9401.45 3878.73  3837.95 920.66 41.26 31.13
111 9665.67 4073.77  3946.31 976.40 42.15 31.78
114 9915.02 4272.58  4048.53 1036.55 43.09 32.47
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{luid. The present work secks to remedy this perceived lack
by investigating the thermal storage performance of solid
state SHS systems. using local concrete material. in
Thailand, under the various climatic conditions to be found
in Thailand.

II. THECRY OF THERMAL ENERGY STORAGE
PERFORMANCE

The overall storage process of the thermal energy storage
process is shown inFig 1.

R - i W i AR C R, + S5
A= e s e

Fig 1. The three stage in a simple heat storage; charging period (@),
Storage peried (b), and discharging period (c) [8].

A. Storage Equation

The storage system is the sensible heat in solid storage
medium. An encrgy balance for the overall storage process
can be wrilten as [§]

Enerzy input — ( Energy recovered + Enetgyloss ) =

Energy accumulation m
or wih, — ) [m(h, —h)+ Q= AE (1a)

where Ji,. /i, Jiand /i, are the total enthalpies of the
flows at states a, b, e, and d, respectively, and O denoles the
heat loss during the process and AZ is the accumulation of
energy in the TES. (/1, —/i,) represents the net heat
delivered to the TES and (', — /i J the net heat recovered
from the TES.

B. Charging peviod

Charging time is the time taken for the stored bed’s
volume average temperature to reach a specified rise in
temperature AT. An energy balance for the charging period
can be written as follows: [8]
Engey input - Energy loss = Encrgy accumulation  (2)
or g —hp)—0p) = AE]

AEL=Ef;-5jy (3)

(2a)

E;y and E g denote the initial and the final energy of the
TES for the charging period and Qp j denotes the heat loss
during the period. %, and /iy denote the enthalpy of state o and
b

C. Discharging period

Discharging time is the time taken for the storage bed to
attain a volume average temperature of T An energy
balance for the discharging period can be wrilten as [8]

~ (Enerzy input + Encrgy loss)= Enagy accwnulation ()
- [fiz(h.i. -h =0, 1] =AF, (4a)

AB=F . ~F, (5)

3

E.s(= Exx) and Fyy denote the initial and final energies of
the storage for the discharging period. The quantity in square
brackets represents the energy output during discharging.

D. Energy efficiency

Energy efficiency is the ratio of energy recovered from the
thermal energy storage during discharging to the total energy
input during charging. The energy efficiency (n) can be
delined as [8]

_ Enegy recoverad fom TESduring discharging,

1 . (©)
Enerpy input toTESduning charging
g —h,
= od e (6a}
By =y,

[II. EXPERIMENTAL PROCESS

A. Experimental instrunients

The conerete storage prototype was composed of pipes
embedded in a concrete sterage block. The embedded pipes
are used for transporting and distributing the heat transfer
medium while sustaining the pressure. The concrete storage
stores the thermal energy as sensible heat. A special
interface material was installed to reduce the friction
between the conerete and the pipes due to the mismatch of
thermal expansion.

The heat exchanger was composed of 16 pipes of
high-temperature steel with the inner diameter of 12 mm and
wall thickness of 7 mm. They were distributed in a square
arrangement of 4 by 4 pipes with a separation of 82 mm. The
storage prototype had the dimensions of 0.3 x 0.5 x4 m.

In order to record data for energy balances, the piping
system was equipped with numerous of sensors. The mass
flow as well as the water/steam temperature and pressure
were measured. The prototype was equipped with 56
thermocouples distributed within the storage material, on the
embedded pipes and the header pipe. After the installation of
additional reinforcement and measuring equipment, a
formwork was installed and the storage space was [illed with
the thermal storage concrete. The storage prototype was then
covered by insulation onall sides and top and bottom.

inlet
;I outlet
%

Fig 2. Schematic of thennal storage
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Fig 3. Thennal storage prololype

TABLE I: THERMOPHYSICAL PROFERTIES OF STORAGE PROTOTVFE

FroM THE LABORATORY
Parameler Values Unit
Density of the conercle 1820 kgm®
Specific heat capacity of the concrete 1538 kg K
Thermal cenductivity of the concrde 1.0352 WmK
Coefficient thenmal expansion of ther concrete8.21 10°K
Coefficient thermal expansion of the tubes 12,3 109K
Density of the HTF 5.14 kgim®
Specific heat capacity of the IITF 2556 JkegK
Thenmal conductivity of the HTF 6.61x10° WK

B. Experimental procedure

The experimental investigation was carried out at the
Energy Park of the Schaol of Renewable Energy Technology
(SERT) at Narcsuan University, Phitsanulok, Thailand.

As the startup procedure, prior to the experimental
processes proper, most of the water contained in the concrete
was expelled by heating the concrete storage prototype from
ambient temperature to 180°C. During the process the water
evaporates and there is a buildup of vapor pressure within the
concrete. During this process there was a buildup of vapor
pressure within the concrete which needed to be carefully
monitered to avoid damage to the concrete.

The subsequent operating conditions of the concrete
storage prototype were:
o Heat transfer {luid (water/steam)
¢ Maximum interna) pressure (10 bar)
+ Maximum temperature: up to 180°C
o Test temperature range between 110-180 C

¢ Nlass flow rate: 0.009, 0,012 and 0.014 kg's

1V. RESULT AND DISCUSSION

A Churging line

Having completed the startup procedure, the first charging
experiment was commenced. As shown in Fig 4, the HTF
inlet temperature and the storage protolype temperature were
plotted for comparison of the HTF temperature and the
average temperature of the storage prototvpe during this first
charging experiment,

e e —— e TS

Tme (71}

Fig 4. Tanperature of HTF inlet and storage prototype in
chareing experimat at 0.009, 0.012 end 0014 ke's,

During the tests, HTF inlet mass flow rates were 0.009,
0.012 and 0.014 kg/s. The HTF inlet temperature to the
storage protolype was manually increased very quickly to
about 180 *C and then maintained at an almost constant
level at about 180 “C for most of the charging process. Alsa,
as shown in Fig 4, the storage prototype temperature slightly
increased. This is shown at the different flow rates in Fig.4
Initially the volume average temperature of the storage bed
rose rapidly and then rose slowly over the subsequent time
up to 180 minutes. This is due to the initial potential for heat
conduction in the concrete. The heal conduction potential
decreases with time as the storage bed gains heat of the
HTF.

B. Eunergy input

The thermal energy rates at the sterage bed of the storage
protetype were shown in Fig 5.

A e B rar e TSI
| T eenresateeeaiin
20 .
e o L T PO
F

Energy Input (MJ)

f v —— T y
(i} = 21} 3 iz (3] 150
Tirne (min}

Fig 5. Energy input during charging process a1 0,003, 0.012
and 0,014 ke's.

The amount of thermal energy nput in the storage
materials at their respective charging times was calculated
using Equation (2). The flow rate of 0.012 kg/s resulted in
the fastest heal transfer from the pipe lo the concrete,
followed by the MNow rate of 0.009 kg/s with 0.014 kg's the
lowest heat transfer value. The energy input at the various
flow rates were 0.012 ko’s, 31.119 ML 0.009 kp/s, 26,891
M and 0.014 ks, 16,840 ML
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C. Radiant Thermal distribution on charging fime

The radiant thermal distnibution for thermal energy
storage over charging time is shown n Fig's. 6(a), 6(b) and
6(c). Increasing the HTF flow rate increases the overall heat
transfer coefficient enabling faster exchange of heat which
reduces the charging time. At higher HTF flow rates the time
required 1o achieve a certain temperature decreased. At the
HTF flow rate of 0.014 kg/s the temperature increase over
time was greatest, followed by the flow rate of 0.012 ke's
with the flow rate of 0.009 kg/s being the slowest.

Figs 6(a<) show the comparsons of thermal distribution of
temperature by thermal radiation for the three flow rates through
the 1 em, 2 emand 3 e from IITT pipe respectively.

——tred DL R
e ke S FIlgE
et G

)

Temperalune (7

182
Tims (rmand
(a)
Loy frartelWSigs
o0 R o T I
125
o
g
& 124
£
(s e
125-
o
¥ =T T v )
@ Kl @ @ 120 E 13
Teoe tmm)
(b}
1
1o

—— R litigs

smpatatire (4C)

1 15 )

¥ @ @
Teeimn)

©)

Fig 6. Radial thermal distribation and flow rate on
charging time of storage bed.

D, Dischaiging time
During the discharge process, various thermocouples
were fixed inside the storage matenal m order to measure
the temperature distribution. The average temperature of the
storage material nside the thermal storage prototype
decreased over time (Fig 7.).

Temperature ¢°C)

Time (min)

Fig 7. Temperature of concrete storage protolype in
discharging period at 0.009, 0.012 and 0.014 kps.

E. Energy recovered

The thermal energy recovery rates of the storage bed are
shown in Tig 8. The amount of thermal energy recovered
was calculated using Equation (4). The calculations showed
that at the flow rate of 0.014 ke/s the heat transfer from the
concrete into the pipe was faster than at the flow rates of
0.012 and 0.009 kpss. The energy recovered at each flow
rale was, al 0.014 keis, 18,796 MI, at 0.012 kg’s, 14,363 M
and at 0.009 kgfs , 12,173 ML

—r—fr e e d Mg
——tfrewameraiknde iy

B e g Memrdta AT 038

Energy Recovered (MJ)

Tirne (min)

Tig 8. Energy recovered during discharging period at 0.009, 0012
and 0.014 kg's

F. Radial Thermal distribution on discharging time

Ileat discharge of the charged storage bed was initiated by
passing HTF at a lower temperature ( Tiga): The HTF receives
the heat from the charged storage bed which decreases the
storage bed temperatute and also causes a rise in the HIF
temperature along the bed The radiant themmal distribution
for thermal energy storage on discharging time 1s shown in
Figs. 9(a), b and 9(c). which show comparison of the
thermal distribution of temperature of thermal radiation for
the 1 cm, 2 cm and 3 em HTF pipes. It can be seen that the
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