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Abstract

In recent years, energy demand has increased due to the high-energy consumption in

domestic and industrial sectors. People’s living standards have improved due to the de-

velopment of science and technology but in addition to the depletion of fossil resources.

Fossil fuels have served and fulfilled all human needs of energy for a long era. These fossil

fuels caused significant damage to the environment as it leads to global warming, climate

change, acid rain etc. In addition, the prices of fossil fuels have increased and are expected

to continue in coming years because of the increase in energy demand.

The effective use of alternative energy such as solar power generation and wind power

generation that are environmentally friendly are expected. However, these alternatives are

susceptible to weather and supplies are unstable. Thus, a thermal storage system that

temporarily store energy is required. On the other hand, some factories discard the waste

heat energy into the environment from the exhaust system. It leads to air-pollution, global

warming and there are a lot of wasted energy that people cannot use. If these types of

wasted heat energy can be stored and used somewhere at the desirable time, it will be very

useful for human being life and can decrease the unnecessary environmental impact. For

these reasons, thermal storage technology plays a very important role. The purpose of this

research is to develop the latent heat storage technology and to effectively utilize unused

wasted energy that caused by exhausted heat from factories as a heat source of latent heat

storage system that recovers the wasted heat energy in the temperature range of 100∼400◦C.

A number of different approaches have been developed to solve this wasted heat en-

ergy problem by using different latent heat storage materials that have different melting

temperatures. Many researchers present the solidification and melting of the latent heat
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storage materials by using differential scanning calorimetry(DSC). In this dissertation, we

constructed a latent heat storage system for research purpose and three different latent heat

storage materials were observed with different melting temperature range of the wasted heat

energy.

For the melting temperature range of 300∼400◦C, the mixtures of NaCl: KCl: LiCl were

used. Firstly, many different wt% of the mixtures were studied to get the required melting

temperature by using the electric furnace. After getting the latent heat storage mixture,

we tested the corrosiveness of some construction materials and selected the appropriate

material to construct the experimental device. There are corrosiveness problems because

of high temperature. Corrosiveness test of construction materials with latent heat storage

mixture were performed by using some anti-corrosive spray, paint and argon gas. For this

mixture, some construction materials could be used for experiment device but they were too

expensive. And most of the construction materials could not be used because of corrosiveness

problems with the latent heat storage material and high melting temperature. We found

some difficulties to construct the experiment devise for this temperature range.

The second part of this dissertation presents the latent heat storage material mixture for

the melting temperature range of 200∼300◦C. The mixture of NaOH: LiOH were used for

this melting temperature range. Firstly, many different mol% of mixtures were studied to

get the required melting temperature by using the electric furnace. After getting the latent

heat storage mixture, corrosiveness test were performed with some construction materials

in order to select the appropriate material to construct the experimental device. According

to the corrosiveness test results, we designed and constructed the experimental device by

using the stainless steel SS316L. We must use the argon gas to decrease the corrosiveness

problems of the construction materials and latent heat storage material mixtures. This

device contains the test-section, heating system, and the cooling system. In this system,

indirect heat exchange system was used between latent heat storage material mixture and

heat transfer oil. By using this device, the melting and solidification process and behavior

of this latent heat storage material mixture were investigated.
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The last part of this dissertation describes an approach to develop a latent heat storage

system using middle-temperature waste heat of 100∼200◦C from factories. Direct contact

melting and solidification behaviors between the heat-transfer fluid and the latent heat stor-

age material mixture were observed. The mixture consisted mannitol and erythritol (Cm =

70 mass %, Ce = 30 mass %) as a phase-change material (PCM). The weight of the PCM

was 3.0 kg and the flow rates of the oil, foil, were 1.0, 1.5, or 2.0 kg/min. While making

the solidification process, the solidification height increases as the flow rate of heat transfer

oil increases. There was a flow out problem of PCM from the test-section with the heat

transfer oil at high flow rate of oil. We attempted to control the solidified height of the

PCM mixture during the solidification process,by installing a perforated partition plate in

the PCM region inside of the heat storage vessel. PCM coated oil droplets were broken by

the perforated partition plate, preventing the solidified height of the PCM from increasing.

The solidification and melting processes were repeated using metal fiber. It was found that

installing the metal fiber were more effective than installing the perforated partition plate

to prevent the flow out problem of the PCM. While using the perforated partition plate

and metal fiber, the amount of heat release were slightly lessened than without of that. To

increase the amount of heat release during the solidification process, the effects of metal fiber

diameter, the proportion of fibers, and the position of the fibers within the PCM region were

also investigated. As a result, the most effective conditions employed metal fibers with a

diameter of 0.2 mm. The numerical calculation was performed to predict the temperature of

the mixture and compared it with the experimental results . As a results, the temperature

trends of the numerical calculation were nearly the same with the experimental results.
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Chapter 1

Introduction

1.1 Introduction

In recent years, energy demand has increased due to the high-energy consumption in

domestic and industrial sectors. People’s living standards have improved due to the devel-

opment of science and technology but in addition to the depletion of fossil resources. Fossil

fuels have served and fulfilled all human needs of energy for a long era. These fossil fuels

caused significant damage to the environment that leads to global warming, climate change,

acid rain etc. In addition, the value of fossil fuels have increased and are expected to continue

through the coming years because of the increase in energy demand.

The effective use of alternative energy such as solar power generation and wind power

generation that are environmentally friendly are expected. However, these alternatives are

susceptible to weather and supply are unstable, thus temporarily store energy and require

a storage system to supply it when needed. If these types of waste heat energy can be

stored somewhere and used at the desirable time, it will be very useful for human life and be

able to decrease the unnecessary environmental impact. For these reasons, thermal storage

technology plays a very important role. To store these wasted heat energy, it can use sensible

heat storage, latent heat storage, and chemical heat storage. Researchers on thermal storage

systems have been actively conducted, including latent heat storage systems that utilize

sensible heat storage that stores heat due to temperature changes of substances, latent heat
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generated when a substance undergoes a phase change, chemical thermal storage utilizing

chemical reaction and so on. Sensible heat storage is stable and safe, but the thermal storage

density is small, chemical storage can store a lot of heat, but reactions at high temperature

and high pressure are required, and stability lacks. Therefore, attentions are paid to latent

heat storage from the viewpoint of stability and heat storage capacity, and research has been

actively carried out.

1.2 Background and Motivation

Thermal energy storage plays an important role for effective use of thermal energy and

has applications in diverse areas, such as building heating or cooling systems, solar energy

collectors, power and industrial waste heat recovery [1]. The term latent heat storage applies

to the storage of heat as the latent heat of fusion in suitable substances that undergo melting

or freezing at desired temperature level [2]. The wide range of Phase Change Material (PCM)

applications in the construction, electronic, biomedical, textile and automotive industries are

presented, and future research directions are indicated. In recent years, the integration of

PCMs in thermal storage systems has been a topic of interest in research and development

within the heat transfer and renewable energy communities [3]. Solar energy is available

during the day only, and its application requires efficient thermal energy storage so that the

excess heat collected during sunshine hours may be stored for later use during the night

[4]. Major examples of the applications of PCMs include thermal storage of solar energy.

Performance of PCM for solar thermal energy storage was conducted using a commercially

available flat-plate solar thermal collector [5] [6]. In order to increase the efficiency of the solar

air collector and to improve their thermal efficiency in terms of operating time, hot outlet

air temperature and starting operation time, the performance of a compact phase change

material solar air heater collector based on latent heat storage energy was investigated [7].

Advanced-structure heat sinks with multi-layer PCMs and hybrid passive heat sinks com-

bined with active cooling are also introduced. The PCM-based thermal management system

is powerful in ensuring electronic devices, Li-ion batteries and photovoltaic cells working
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safely and efficiently [8]. The rapid commercialization of PCMs for heating, ventilation,

and air-conditioning(HVAC) applications, has paved way for effective utilization of ambient

thermal fluctuations temperature regulation in residential and commercial buildings [9]. The

application of PCM in heating and domestic hot water systems can reduce greenhouse gas

emission and electrical power consumption [10]. The experimental studies related to PCMs

usage in hot water tank and central thermal storage were performed [11], [12]. With the

rapid development of construction industry, more and more lightweight building materials

are applied in high-rise buildings. PCMs with their high heat storage capacity have been

considered for the building thermal storage [13]. The review focuses on PCM technologies

developed to serve the building industry. Various PCM technologies tailored for building ap-

plications are studied with respect to technological potential to improve indoor environment,

increase thermal inertia and decrease energy use for building operation [14].

An optimal design for a PCM underfloor heating system is proposed to reduce energy

consumption in apartment buildings and thermal storage performance of the proposed system

is evaluated experimentally [15] Latent heat thermal energy storage (LHTES) are becoming

more and more attractive for space heating and cooling of buildings. The application of

LHTES in buildings has the following advantages: the ability to narrow the gap between the

peak and off-peak loads of electricity demand; the ability to save operative fees by shifting

the electrical consumption from peak periods to off-peak [16]. Many considerations are

discussed in this paper including physical considerations about building envelop and PCM

[17]. Thermal energy storage used for air conditioning systems and the application of PCMs

in different parts of the air conditioning network, air distribution network, chilled water

network, microencapsulated slurries, thermal power and heat rejection of the absorption

cooling. It is expected that the design of latent heat thermal energy storage will reduce the

cost and volume of the air conditioning systems and networks [18].

Heat storage materials which can store wasted heat at medium-temperature around

200∼400◦C were discussed. Wasted heats around 200∼400◦C are emitted as exhaust gases

from an internal combustion engine, co-generation, high-temperature process and solar sys-
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tems. Amount of exhaust gas emission are quite large and needed to utilize well for energy

efficiency improvement [19]. A phase change material acting as thermal mass is attached

to one side of the thermoelectric generators while the other side is placed on the aircraft

structure. The application area under investigation for this paper is the pylon aft fairing,

located near the engine of an aircraft, with temperatures reaching on the inside up to 350◦C

[20] . The work on thermal energy storage materials, development of PCMs classification,

working principle of PCMs and working of PCMs in clothing were studied. The review also

summarizes the evaluation of textiles containing PCM and different applications Paraffinic

hydrocarbon are widely used in textiles than other PCM due to its outstanding properties

such as noncorrosiveness, chemical, and thermal stability and low under cooling [21]. The

use of latent heat thermal energy storage for thermally buffering vehicle systems is reviewed.

Vehicle systems with transient thermal profiles are classified according to operating tem-

peratures in the range of 0∼800◦C. A comprehensive overview of phase change materials

covering the relevant operating range are given, including selection criteria and a detailed

list of over 700 candidate materials from a number of material classes [22]. Thermal energy

storage forms a key component of a power plant for improvement of its dispatch ability.

Though there have been many reviews of storage media, there are not many that focus on

storage system design along with its integration into the power plant [23].

The continuous increase in the level of greenhouse emissions gas and the climb in fuel

prices are the main driving forces behind efforts more effectively utilize various sources of

renewable energy. One of the options is to develop energy storage devices, which are as

important as developing new sources of energy. The storage of energy in suitable forms,

which can conventionally be converted into the required form, is a present-day challenge to

the technologists [24]. With a global concern about energy and carbon dioxide emissions,

renewable energies has attracted extensive attention. One of the crucial aspects is waste

heat recovery and thermal energy storage. Phase change materials have unique merits in

latent heat thermal energy storage, due to its capability of providing a high-energy density

storage by solidifying/melting at a constant temperature [25].
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Motivated as shown above reasons, thermal energy storage technology is essential for

energy required problem and to protect the environment impact. New heat storage materials

are required as much as we can at various temperature zone to store wasted heat energy. In

this research, three different heat storage materials are investigated for different temperature

range and construct the latent heat storage system for research purpose.

1.3 Purpose of this study

As shown in the previous section, the latent heat storage technology is widely used large

ranges of utilization. One of the problems of the latent heat storage material is that the

melting temperature of this material is fixed and cannot be changed. Even though there

is a waste heat source at a certain temperature, there is a possibility that the heat source

may be wasted if there is no heat storage material usable at this temperature. In order

to solve this problem, many types of research should be made to get the new heat storage

materials for various temperature. The purpose of this research is to develop the latent

heat storage technology and to effectively utilize unused wasted energy that received by

exhaust heat from factories as a heat source of latent heat storage system. Another hand,

this latent heat storage system can be used to protect the global warming to minimize the

different electricity between day and night, and to minimize the depletion of fossil fuel.

To recover the wasted heat energy in the temperature range (100∼400◦C) discarded from

the factories, our research purpose is to determine the new heat storage material mixtures

at the temperatures of 150◦C, 250◦C, and 350◦C, and to construct the latent heat storage

system. And then study the solidification and melting behaviors, the temperature histories

during the heat stored and released process, and the amount of heat required for melting

and solidification of each material mixture according to the temperature range.
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1.4 Structure of this thesis

This paper consists of all six chapters. The chapters contained in this dissertation can

be briefly summarized as follows:

Chapter 1 describes introduction and the background information that leads to conduct

the research in this thesis.

Chapter 2 presents the thermal energy storage system and required properties and

classification of energy storage materials.

Chapter 3 describes the selection of heat storage material mixture that melts about the

melting temperature of 300∼400◦C. Corrosiveness test of construction material with this

heat storage material mixture were performed. And also used anti-corrosiveness sprays and

argon gas to determine the corrosiveness of construction materials.

Chapter 4 contains the construction of latent heat storage system of the mixture that

melts at the melting temperature of 200∼300◦C. In addition, the melting and solidification

behaviors of this mixture was described.

Chapter 5 includes the melting and solidification behaviors of heat storage material

mixture that has the melting temperature of 100∼200◦C. While using a mixture of erythritol

and mannitol, there is a problem of flow out from the system at the high flow rate of heat

transfer fluid oil. The methods are investigated to protect the flow out problem of heat

storage material mixture. The numerical calculation is performed to predict the temperature

of heat storage mixture and compared to experimental results.

Finally, Chapter 6 summarizes the results described in each chapter and concludes this

dissertation and future work.
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Chapter 2

Thermal Energy Storage Technology

In order to efficiently utilize thermal energy or to increase the efficiency of heat-utilizing

equipment, it is necessary to supply the required amount of thermal energy at the desirable

time. The thermal storage system is used between thermal energy supply and demand.

By effectively storing and supplying unused energy such as waste heat from factories, it

is considered to be an environmentally friendly system that can convert these energy into

usable energy at the desire place and time [26]-[27].

Solar energy has a disadvantage that the amount of energy that can be utilized depend-

ing on the climate changes greatly. To effectively utilize natural energy like solar energy,

therefore, it is necessary to store thermal energy intermittently and store it appropriately.

It is considered that the thermal storage tank installed in the solar water heater used in

the private sector has a big influence on the efficiency of the whole system. In addition,

in order to effectively use waste heat, the heat storage system is also considered to be very

important. To efficiently use the late-night electric power from the power demand difference

between the day and night, the heat storage system is a very efficient method. Latent heat

thermal energy storage (TES) using phase change materials (PCM) is an effective way of

storing thermal energy because of its high energy storage density and the nearly isothermal

melting and solidification processes at the phase change transition temperature of the PCM

[28].

Generally, in the thermal energy utilization system, the operating temperature is deter-
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mined according to the waste heat temperature. The heat storage technology in the thermal

storage system is an important technology to make the whole energy utilization system effi-

ciently operate. In contrast, the thermal storage system requires the initial investment cost

as disadvantage, but unused waste energy can be used as energy supply and reduction effect

of greenhouse gas can be directly obtained.

2.1 Thermal energy storage system

The most common way to classify the thermal heat storage method is to distinguish it

from sensible heat storage, latent heat storage, and chemical storage according to the stored

thermal energy form. The thermal storage system can be used at low temperature (100◦C

or less), medium temperature (150∼250◦C), and high temperature (250◦C or higher), and

can be distinguished in short-term and long-term thermal storage according to the duration

of thermal storage.

The sensible heat storage is a system that uses heat capacity of a substance to store

heat energy due to the temperature difference. The experimental investigation studies the

performance of a small size sensible heat energy storage unit made of gypsum rocks[29].

Since the principle of thermal storage is simple, there are few technical problems and it is

stable such as water, gravel, brick etc. There is an advantage that there are a lot of heat

storage materials. However, since the heat storage capacity per unit volume, per unit mass,

is small, in addition to the necessity of selecting a huge heat storage device and a heat

capacity material with large heat capacity, the heat storage is performed at a temperature

higher than the use temperature, which leads to larger heat loss. There are drawbacks. Also,

since the efficiency largely changes due to the temperature change of the heat storage facility

and the system, it is necessary to have a device for regulating the temperature during heat

storage and heat release and a high-performance heat insulating facility.

The latent heat storage utilizes latent heat generated when a substance undergoes a

phase change or transition, has a larger heat storage capacity per unit volume, unit mass

as compared with sensible heat storage. In the phase change process, since there is no
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temperature change, when using the latent heat storage material, the storage capacity per

unit volume is large and the volume and weight of the heat storage tank can be greatly

reduced compared with the sensible heat storage device. In addition, since heat storage and

heat released are performed in the required temperature range, it is expected to be useful

in scenes requiring a constant temperature heat source. Latent heat storage method that

stores heat energy by using latent heat absorbed or released when changing the phase of the

material is a very effective heat storage method.

The chemical storage is a system that utilizes a reversible chemical reaction, temporarily

stores thermal energy as chemical energy, and causes a reverse reaction when necessary

to convert it to thermal energy [30][31].There are thermochemical reactions, photochemical

reactions, adsorption reactions, electrochemical reactions, etc. As chemical reactions, and

heat can be stored at a higher density than latent heat storage. In addition to being able

to preserve heat for a long period even at room temperature, it also has the feature that

it can correspond to a wide temperature range by selecting the reaction condition and can

also carry out heat transfer. However, there are many heterogeneous reaction systems in

chemical heat storage, and chemical thermal storage materials are expensive. In addition,

the reactions require high temperature and high pressure at the time of regeneration. Thus,

in order to use it, it is necessary to accurately grasp thermo-physical properties and reactions

and to produce highly reliable devices.

2.2 The utilization of the heat storage technology

The utilization of the heat storage technology is in the following systems [32]:

1. PCMs have been widely used in latent heat thermal storage systems for heat pumps,

solar engineering, and spacecraft thermal control application.

2. Medical applications: Transportation of blood, operating tables, hot-cold therapies,

treatment of asphyxia.

3. PCM applications such as in solar cooking, solar power plants, thermal energy storage.
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4. PCMs are also used in textiles.

5. In the case of a power failure to conventional cooling systems, PCMs minimize use

of diesel generators, and this can translate into enormous savings across thousands of

telecom sites in tropics.

6. Thermal storage of solar energy.

7. Passive storage in bioclimatic building/architecture (HDPE paraffin).

8. Cooling: use of off-peak rates and reduction of installed power, ice bank.

9. Heating and sanitary hot water: using off-peak rate and adapting unloading curves.

10. Safety: temperature maintenance in rooms with computers or electrical appliances.

11. Thermal protection of food: transport, hotel trade, ice-cream, Food agroindustry, wine,

milk products (absorbing peaks in demand), greenhouses.

12. Thermal protection of electronic devices (integrated in the appliance) and medical

applications: transport of blood, operating tables, hot-cold therapies.

13. Cooling of engines (electric and combustion).

14. Thermal comfort in vehicles.

15. Softening of exothermic temperature peaks in chemical reactions.

16. Spacecraft thermal systems.

17. Solar power plants.

2.3 Heat Storage Method

A heat exchanger is a device used to transfer heat between a solid object and a fluid,

or between two or more fluids. Heat exchange method of heat storage system is roughly

classified into two. One is an indirect contact latent heat storage technology where heat
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storage material filled in heat storage tank exchanges heat with heat transfer medium via heat

transfer walls such as shell and tube. Other is direct contact latent heat storage technology

that performs heat exchange by making direct contact of heat storage material and heat

transfer medium.

(1) Indirect Contact Heat Storage

The fluids may be separated by a solid wall to prevent mixing or they may be indirect

contact. The indirect contact has a structure in which a heat exchanger is enclosed in a heat

storage tank, and the heat storage material and the heat transfer medium are connected via

a heat transfer wall or tube that performs indirect heat exchange. They are widely used in

space heating, refrigeration, air conditioning, power stations, chemical plants, petrochemical

plants, petroleum refineries, natural-gas processing, and sewage treatment. The heat transfer

tube is required to have excellent heat transfer characteristics and not to corrode the heat

storage material and the heat transfer medium. Furthermore, since the heat storage material

and the heat transfer medium do not come into contact with each other, it is safe to use even

substances that react with each other, and the reliability is high because the heat storage

material does not flow out. As a disadvantage, since heat exchange is performed via a heat

transfer tube, the heat exchange rate is low, and it takes time to store heat and release heat.

(2) Direct contact heat storage

Direct contact heat exchangers involve heat transfer between hot and cold streams of two

phases in the absence of a separating wall. In the direct contact, heat transfer medium flows

directly into the heat storage tank and performs heat exchange directly with the heat storage

material and heat transfer medium. In order to adopt this method, it is necessary that the

chemical reaction of both heat storage material and heat transfer oil do not occur, the density

of the heat storage material must be higher than the heat transfer oil in order to prevent

outflow of the heat storage material. An advantage is that since there is no conduit which

becomes thermal resistance compared with an indirect contact, it has high heat exchange

rate and can store heat at high density. Construction is very simple and does not hesitate the

corrosiveness problem of tube and wall. The lightweight of the direct-contact heat exchanger
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enables its use as not only a stationary system but also a heat transport system [33][34]. On

the other hand, as a disadvantage, there are a possibilities that the heat storage material

flows out outside of the heat storage tank together with the heat transfer medium, the

pressure inside the tank fluctuates, and the heat storage material tends to deteriorate easily.

2.4 Phase Change Material

Phase Change Material (PCM) is a substance with a high heat of fusion which, melts

and solidifies at a certain temperature, and is capable of storing or releasing large amounts

of energy. Phase change materials are latent heat storage substance, in which energy is

stored and released in the process of changing the state i.e. either by solid to liquid or

liquid to solid. While storing heat in the storage material, the material begins to melt when

the phase change temperature is reached. The temperature then stays constant until the

melting process is finished. The process is called latent heat process that only the phase

change is occurring at the constant temperature while storing and releasing the heat energy.

The process is called sensible heat process that does not change the phase and only changing

the temperature while storing and releasing the heat energy.

2.4.1 Required properties for phase change material

There are some items to be considered when selecting the latent heat storage material

and are summarized as follows [35]-[41]:

(1) Large heat storage capacity per unit volume/unit mass

When storing a certain amount of energy, if the heat storage capacity per unit volume/u-

nit mass is large, the filling amount of the heat storage material can be reduced, so that

the size of the device can be decreased. And it leads to a reduction in the overall cost.

In particular, the source and location of waste heat are different, and when transporting

thermal energy, storage capability becomes important from the viewpoint of cost reduction

by weight reduction. Specifically, substances having a high latent heat amount generated
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during phase change and substances having a large specific heat are preferable for storing

sensible heat generated upon temperature change near the melting point.

(2) Large thermal conductivity

The speed of heat transfer during heat storage and heat released greatly affects the

efficiency of the system. High thermal conductivity causes the temperature gradient required

for charging the storage material is small.

(3) Phase change at a constant temperature

The PCM needs to freeze and melt cleanly over as a small temperature range as possible.

Water is ideal in this respect since it freezes and melts at exactly 0◦C. However, many PCMs

freeze or melt over a range of several degrees, and will often have a melting point that is

slightly higher or lower than the freezing point. This phenomenon is known as hysteresis.

If melting and solidification are performed over a wide temperature range, phase separation

may occur due to the density difference between the solid phase and the liquid phase of

the heat storage material, and the composition may change. In addition, when storage and

release process at a constant temperature is not performed, it is inefficient considering from

the viewpoint of energy utilization.

(4) Volume change during phase change is small

If the volume expansion coefficient is large, the burden on the device increases, and in

the worst case, there is a risk of damage for heat storage vessel and the heat storage material

flowing out.

(5) There is no toxicity or flammability

PCMs are often used in applications whereby they could come in contact with people,

for example in food cooling or heating applications, and others such as heating and cooling

purpose of building temperature. For this reason, they should be safe for human body. Be-

cause of the danger of the heat storage material flowing out from the heat storage tank, it

is required that it be harmless to the human body as much as possible and not to be in-

flammable because of its fire problem. Also, in high-temperature range, there are substances

that generate harmful gases by heating, so special care are required.

14



Chapter 2. Thermal Energy Storage Technology

(6) Chemically stable and not corrosive

The chemical reaction rate is fast in the high-temperature range, and corrosion of the heat

storage container is also easy to proceed. Therefore, it is desirable to have high compatibility

with containers and high stability.

(7) Having a melting point suitable for use temperature

In order to utilize latent heat, it is necessary that the phase change temperature of the

heat storage material and the temperature in use are close. It is thought that efficient

operation becomes difficult if the temperature difference increases.

(8) Economical

It doesn’t matter how well a substance can perform if the PCM is prohibitively expensive.

PCMs can range in price from very cheap (e.g. water) to very expensive (e.g. pure linear

hydrocarbons). It is desirable that the heat storage material is cheap, but in the case where

a highly efficient heat storage system can be constructed even with an expensive material,

since there is a possibility that the overall cost can be suppressed.

(9) Low degree of supercooling

Supercooling is observed with many eutectic solutions and salt hydrates. The PCM in

its liquid state can be cooled below its freezing point while remaining a liquid. Supercooling

occurs at the time of heat released, heat recovery at the target temperature becomes difficult.

Therefore, a method to release supercooling by placing crystals of a nucleating agent should

be important.

(10) Repeatability

PCMs are usually used many times, and often have an operational lifespan of years in

which they will be subjected to thousands of freeze/melt cycles. It is very important that

the PCM is not prone to chemical or physical degradation over time which will the energy

storage capability of the PCM.
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2.4.2 Classification of PCM

There are a large number of PCMs (organic, inorganic and eutectic), which can be

identified as PCMs from the point of view melting temperature and latent heat of fusion.

However, except for the melting point in the operating range, a majority of PCMs do not

satisfy the criteria required for an adequate storage media. As no single material can have

all the required properties for an ideal thermal storage media, one has to use the available

materials and try to make up for the poor physical properties by an adequate system design.

For example, metallic fins can be used to increase the thermal conductivity of PCMs, super-

cooling may be suppressed by introducing a nucleating agent in the storage material, and

incongruent melting can be inhibited by the use of a PCM of suitable thickness. For their

very different thermal and chemical behavior, the list of each sub-group, which affect the

design of latent heat storage systems using PCM of that sub-group are mentioned as follow

[42]-[44]:

Organic: Organic materials are further described as paraffin and non-paraffin com-

pounds. The paraffin compounds are formed by saturated hydrocarbons which correspond

to the general formula CnH2n+2. Paraffins are known to be non-corrosive, non-toxic, have

good stability upon cycling, and able to crystallize with little or no subcooling [45]. Paraffin

wax is the most PCM material used in this group and it consists in a combination of differ-

ent hydrocarbons obtained from the petroleum distillation. The properties of the different

paraffin compounds are quite similar. However, they also have low thermal conductivity, and

high volume change for phase transition, are fairly flammable, and are non-compatible with

plastic containers due to the chemical similarity which can lead to softening of some polymers

[46]. The thermal properties of laboratory-grade tetradecane, hexadecane and their binary

mixtures, and demonstrate their potential for use as PCMs for cool storage. The thermal

properties include freezing point, the heat of fusion, thermal stability and volume expansion

during the phase change process [47].

The non-paraffin group contains different esters, fatty acids, alcohols, and glycols. Each

of the materials has different properties. Organic materials include congruent melting means
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melt and freeze repeatedly without phase segregation and consequent degradation of their

latent heat of fusion, self-nucleation means they crystallize with little or no supercooling

and usually non-corrosiveness. Organic PCMs are more chemically stable than inorganic

substances, supercooling does not pose a significant problem. Although the initial cost of

organic PCMs is higher than that of the inorganic type. And they are flammable, and they

may generate harmful fumes on combustion. Paraffins, fatty acids also have low thermal

conductivity, are flammable at very high temperatures, and exhibit little or no supercooling.

Esters, also known as fatty acid esters, can be produced from fatty acids combined with

an alcohol. They are usually non-toxic, show no supercooling, and are available in large

quantities for many commercial applications

Inorganic: Inorganic materials are further classified as salt hydrate and metallic alloy.

Inorganic PCMs usually have a higher heat of fusion than organic PCMs, with the exception

of organic sugar alcohols. Salt hydrates are alloys of inorganic salts and water forming

a typical crystalline solid of general formula AB.nH2O. Salt hydrate has some attractive

properties including high latent heat values, they are not flammable, and they are inexpensive

and easily available to buy. Salt hydrates are inorganic PCMs that consist of salt and

water in a crystal matrix when they solidify. They have a high latent heat and a melting

temperature. Molten salts have a melting temperature range from 250 to 1680◦C. Salt

hydrates are considered one of the most important PCM groups, and their applications in

TES systems have been extensively studied by many researchers. However, their unsuitable

characteristics have led to the investigation of organic PCMs for this purpose. These include

corrosiveness, instability, improper re-solidification, and a tendency to super cool. The

metallic group includes low melting metals and metal eutectic, but it must be mentioned

that they have not been really considered as PCM because of their large weight. In spite

of this, there are some interesting points to remark: they have high thermal conductivity,

relatively low vapor pressure and high heat of fusion per unit volume. These phase change

materials do not super cool appreciably and their heats of fusion do not degrade with cycling.

The ease of availability and relatively low cost of salt hydrates make them very attractive
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for the commercial applications of TES. For instance, CaCl2.6H2O and Na2SO4.10H2O are

examples of salt hydrates that are widely available at very low cost. Compared to other

PCMs, they are characterized by a lower volume change during phase transition and a

relatively high thermal conductivity. Metallic alloys are inorganic PCMs of high thermal

conductivity and relatively high heat of fusion compared to other PCMs. However, they

have not been considered for commercial applications because of their weight drawbacks.

Eutectics: Eutectic mixtures are used to get new PCMs with improved properties and

with different melting temperature. A eutectic is a minimum-melting composition of two

or more components, each of which melts and freeze congruently forming a mixture of the

component crystals during crystallization. Eutectic nearly always melts and freezes without

segregation since they freeze to an intimate mixture of crystals, leaving little opportunity

for the components to separate. Eutectic mixtures are investigated by conducting several

experiments until an ideal PCM mixture is found at the required melting temperature with

a desirable “sharp” melting behavior and a high enthalpy. If two or more components

are found to have positive results, additional experiments are performed to find an opti-

mum mixture and composition. This group contains three different groups: organic-organic,

inorganic-inorganic and inorganic-organic, depending on the nature of the components of

the composition.

2.4.3 Previous researches on latent heat storage materials

Many PCMs have been proposed in the literature for different temperature ranges, being

the phase change temperature and phase change enthalpy, the main parameters provided

by the authors [48]. Five solid-liquid phase change materials comprising three basic classes,

paraffin waxes, salt hydrates and mixtures of fatty acids were thermo-physically character-

ized for thermal regulation applications in photovoltaics. The PCM was investigated using

Differential Scanning Calorimetry and Temperature History Method to find their thermo-

physical properties of interest [49]. Different types of solar stills with latent heat storage have

been reviewed and covering their different design aspects [50]. Blends of polyvinyl alcohol-
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Figure 2.1: Classification of PCM [35].

stearic acid, and polyvinyl chloride-stearic acid are used as phase change material for thermal

energy storage. Polymer-stearic has great potential for especially solar space and building

heating applications in terms of their satisfactory thermal properties and cost-effectivity

[51]. The phase change enthalpies, phase change temperatures, and thermal reliability prop-

erties of the Neopentyl glycol-dilaurate, Neopentyl glycol-dimyristate, and Neopentyl glycol

-palmitate esters were measured by the DSC technique [52]. Melting and solidification pro-

cess of PCMs Paraffin wax and Steric acid are investigated experimentally for the solar water

heater. The objective is to explore the characteristics of the PCM when it is being melted

and solidified. The experiments are performed in a glass box. Temperatures are recorded

and the melting and solidification processes are pictured by using the camera [53]. Different

methods of heat transfer enhancement techniques in thermal energy storage system, which

is more attractive and useful to the energy conservative system were carried out [54].

In the field of concentrated power applications, molten nitrate salts, a mixture of 60

wt% NaNO3 and 40wt% KNO3, are used exclusively. Those multicomponent salt mixtures

feature much lower melting points compared to Solar Salt and could be attractive materials

for direct thermal energy storage for CSP applications [55]. A review has been carried out of

the history of thermal energy storage with solid-liquid phase change. It contains listed over
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150 materials used in research as PCMs, and about 45 commercially available PCMs. The

paper lists over 230 references [56]. Heat-of-fusion storage materials for low-temperature

latent heat storage in the temperature range 0∼120◦C are reviewed. Organic and inorganic

heat storage materials classified as paraffins, fatty acids, inorganic salt hydrates and eutectic

compounds are considered. The melting and freezing behavior of the various substances is

investigated using the techniques of Thermal Analysis and Differential Scanning Calorimetry

[2]. Two different types of PCM are used for the experimental work; the commercially

available PT-37 and n-eicosane. It was determined that the use of a thin PCM thermal

energy storage package significantly improved the temperature behavior of the experimental

setup, by reducing the rate of temperature increase at the heater and the back cover [57].

The performance analysis of the developed latent heat thermal energy storage system with

sodium thiosulfate pentahydrate as phase change material was investigated experimentally

with four different mass flow rates of heat transfer fluid [58].

Tests were performed to characterize the thermal behavior of hexadecane and tetrade-

cane as a potential PCM to enhance the convective heat transfer performance of district

cooling system. In order to vary the melting temperature of the mixture, hexadecane and

tetradecane were mixed in different fractions, and their thermal behavior was experimentally

evaluated [59]. Direct contact melting of hydrocarbon mixtures as phase change materials

was investigated experimentally. Tetradecane and hexadecane binary mixtures, and pen-

tadecane and octadecane binary mixtures were used as phase change materials, with various

mixing ratios [60]. Heat transfer characteristics of PCM during energy storage and releases

in vertical double pipe configuration were investigated. Paraffin wax with an average melting

temperature of 52◦C is used as the energy storage material and water is used as the heat

transfer fluid (HTF). The experimental system is operated for the following set of condi-

tions: (a) flow rates of HTF are 0.238-0.37 kg/s; (b) inlet temperatures of heating HTF are

65∼85◦C, and (c) inlet temperatures of cooling HTF are 10∼20◦C [61]. Differential scan-

ning calorimetry (DSC) was used to study the phase transformations of three pure n-alkanes,

namely hexadecane (C16H34), octacosane (C28H58) and hentriacontane (C41H84), and their
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binary and ternary mixtures. The DSC results were used to investigate the liquid-solid phase

equilibrium of n-alkane mixtures, all of which show eutectic behavior [62]. The aim of this

paper is to show and perform at laboratory scale the selection of a PCM, with a phase

change temperature between 120∼200◦C, which will be further used in an experimental fa-

cility. Beyond the typical PCM properties, sixteen PCMs are studied here from the cycling

and thermal stability point of view, as well as from the health hazard point of view [63].

Heat-transfer characteristics have been determined for the circular finned and unfinned-tube

units during the freezing of magnesium chloride hexahydrate (MgC12.6H20) used as a PCM

with a melting temperature of 116.7◦C. The effects on the heat-transfer characteristics have

been determined of the inlet temperature and the flow rate of air used as the HTF [64].

Polyalcohols, such as erythritol, mannitol, and galactitol, are good candidates as PCMs

because of their relatively high melting points and high latent heats. Among them, erythritol

is nontoxic, nonflammable, and noncorrosive; the melting point is around 393 K, and the

latent heat is 340 kJ/kg, which is close to the heat of fusion of ice [65]. An experimental

study has been conducted to investigate the processes of the PCMs (RT35) in a finned-tube

heat exchanger at a constant flow rate of 0.6 L/min [66].

36 kinds of mixed carbonate molten salts were prepared by mixing potassium carbonate,

lithium carbonate, sodium carbonate in accordance with different proportions. The data

of melting point and latent heat are measured by the analysis of DSC curves of 36 kinds

of salts, which show that the majority of ternary carbonate’s melting points are close at

around 400◦C [67]. 3PCMs latent heat thermal storage unit filled with three types of PCMs

namely, C24H50, C21H44, and C18H38 were investigated on a cascaded shell-and-tube latent

heat storage system [68]. Investigations are carried out in the TES system for different

phase change materials (paraffin and Stearic acid) by varying HTF flow rate experiments

are performed in both charging and discharging processes [69].

Pentaerythritol is a very promising material for the latent heat-thermal energy storage in

the temperature range 150∼200◦C and it can be used in direct contact with the heat transfer

fluids of hydrocarbon in a sealed container for long duration; the direct contact in a slurry
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would be very effective for the heat transfer both in charging and discharging modes [70]. An

energy storage system has been designed to study the heat transfer characteristics of paraffin

wax during melting and solidification processes in a vertical annulus energy storage system.

In the experimental study, three important issues are focused. The experiment has been

performed for different water flow rates at a constant inlet temperature of heat transfer fluid

for recovery and use of heat. Time- based variations of the temperature distributions were

explained from the results of observations of melting and solidification curves. Charging and

discharging processes were carried out [71].

Xylitol (C5H12O5), erythritol (C4H10O4) and magnesium chloride hexahydrate (MCHH,

MgCl26H2O) with phase change temperatures between 90∼150◦C were investigated. The

sugar alcohols xylitol and erythritol indicate a large supercooling and different melting

regimes [72]. Differential scanning calorimetry was applied to the evaluation of binary eu-

tectic mixtures and compounds of NaOH with NaNO2, or NaNO3, as latent heat thermal

energy storage materials for use in a nuclear power plant [73]. An experimental study on a

vertical shell-and-tube latent heat thermal storage unit with erythritol as storage media and

air as a HTF is conducted to evaluate the thermal behavior and heat transfer performance of

the unit. The thermophysical properties of erythritol, such as melting temperature, melting

enthalpy, thermal conductivity, and viscosity, are obtained. Increasing the inlet temperature

and the mass flow rate of the HTF during charging obviously enhances the heat transfer in

the PCM and shortens the charging time. In addition, increasing the mass flow rate of the

HTF helps enhance heat transfer during discharging [74]. The thermal and heat transfer

characteristics of stearic acid during the solidification processes were investigated experi-

mentally in a vertical annulus energy storage system. The temperature distribution and

temperature variations with time at different radial positions during the freezing processes

were obtained [75].
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Heat Storage Material Mixture at

Temperature Range 300∼400◦C

Energy such as the steam and electricity are required for CO2 capture, separation, and

recovery from blast furnace gas in steel-making factories. The waste heat temperature from

the exhaust gas blower of steel-making factory is about 350◦C. By using this waste heat

energy, recover the electricity for CO2 capture. This waste energy is firstly stored in the

heat storage device in which heat storage material is used. And then waste heat energy is

released from the heat storage material and reuse this energy to recover the electricity to

capture the CO2.

In this study, we constructed a latent heat storage vessel to study the melting and so-

lidification characteristics of latent heat storage materials with a temperature around 350◦C

discharged from steel factory as a heat source. Organic substances, sugar alcohols can be

used as a heat storage material at 200◦C or below, but it is difficult to use it at around

350◦C. Among the molten salts, various substances have different characteristics when used

as a heat storage material. There are substances that emit explosive gasses by heating and

the substances that strongly show corrosiveness to metal and deliquescence at atmosphere,

thus it is necessary to examine from various viewpoints for selection.

Therefore, in this study, for the purpose of constructing a heat storage system with a

mixed molten salt having a melting point about 350◦C, the characteristics of heat storage
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material suitable for such temperature range were investigated. Figure 3.1 shows the pro-

posed experimental device for this research. The phase change material mixture is inserted

into the heat storage vessel (test section) and study the characteristics of this mixture. This

device consists of the solidification and melting systems. The solidification system is made

by the low-temperature oil bath and water cooler and the melting system is made by the

plate heater that is attached at the bottom of the test-section. Firstly, the electric furnace

is used to get the appropriated heat storage mixture. And then, it is needed to select the

appropriated material to construct the heat storage vessel.

Figure 3.1: The proposed experimental device.

To get the appropriate heat storage mixture that has the melting temperature of about

350◦C, the evaluation was made by adjusting the melting point of heat storage mixture

by changing the mixing ratio. The NaCl:KCl:LiCl mixture can be used for 350◦C melting

temperature with different mixing ratios [76]. Heat storage mixture is made by mixing

three different type of molten salt, Sodium chloride NaCl (melting temperature of 801◦C),

Potassium chloride KCl (melting temperature of 770◦C) and Lithium chloride LiCl (melting

temperature of 605◦C) by different ratio of wt% as shown in Figure 3.2.
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Figure 3.2: PCM and their melting temperature.

3.1 The Experimental Apparatus and Mixture

In order to develop a mixed latent heat storage material, it is necessary to measure

physical properties such as melting point temperature and latent heat. However, in the

case of molten salt, the corrosiveness to the construction material is strong, it is not easy

to measure the thermo-physical properties using differential scanning calorimetry (DSC),

the heat storage material can be leak out from the enclosure during melting of the heating

process. Therefore, in this research, heating is performed by an electric muffle furnace,

the melting temperature is calculated from the melting and solidification behaviors at that

time. The experimental apparatus for measurement of melting temperature for the new

PCM mixture is shown in Figure 3.3. The model of electric muffle furnace is Advantec

FUW230PA and the maximum temperature is to 1150◦C (±1.5◦C). The inside dimension of

the furnace is (W200×D300×H160) mm.

The molten salt mixture of three different salt NaCl, KCl and LiCl are mixed in a different

ratio of wt% in the crucible. The height of the crucible is 65 mm. The ceramic crucible

is used to protect the corrosion. The crucible with the molten salt mixture and ceramic
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Figure 3.3: The experimental apparatus for melting point measurement of new PCM and
making corrosion test.

thermocouple are set in the electric furnace as in Figure 3.3. The thermocouple is inserted

from the hole located at the upper part of the electric furnace and heat is insulated by filling

it in the gap with rock wool. The thermocouple is connected to the data logger and the

temperature history is recorded by the data logger. Firstly, the temperature of the electric

furnace set to 500◦C for good mixing about 4 hours, and cooling down in the furnace to

atmosphere temperature to get the good mixing of PCM mixture. After that, making the

melting process by heating from 250◦C to 450◦C in 3 hours and keeping 450◦C for 1 hour,

after that continues the solidification process, by cooling down in the furnace from 450◦C to

250◦C. Temperature histories are recorded by the data logger.

The graph shown in Figure 3.4 is the temperature histories of melting process of four

different types of molten salt mixture NaCl0%, NaCl23%, NaCl28%, and NaCl33%. NaCl0%

mixture is NaCl:KCl:LiCl (0:54:46), NaCl23% mixture is NaCl:KCl:LiCl (23:46:31), NaCl28%

mixture is NaCl:KCl:LiCl (28:18:54) and NaCl33% mixture is NaCl:KCl:LiCl (33:24:43) re-

spectively. The melting temperatures of all mixtures of NaCl: KCl: LiCl are about 350◦C.

It was found that even though the mixing ratios of the molten salt change, the melting point

of the melting temperature are almost the same. Figure 3.5 shows the melting conditions of

PCM at 450◦C with different ratios of NaCl: KCl: LiCl. From these photos, it was found

that it was not easy to melt when increasing in NaCl% because the melting temperature is
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Figure 3.4: Melting process of different wt% of NaCl, KCl, and LiCl.

Figure 3.5: PCM conditions of different mixtures at 450◦C.

very high. For this research, choose NaCl0% and NaCl23% from four different mixtures and

further study of corrosion test with some material plates. For using these two mixtures, cor-

rosion test were made with different types of material SS304, SS316, SS316L, SS310, copper,

brass, carbon steel, aluminum, nickel, titanium, and molybdenum. After that also make the

test of the corrosiveness condition of constructive materials by using some corrosion and heat

resistance paints and spray. Corrosion can be caused by both of oxygen and heat storage
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material mixture vapor. Thus, corrosion test makes again by inserting the argon gas instead

of oxygen inside of the electric furnace.

3.2 Corrosion Test without Using Any Paint and Spray

For making corrosion tests, we also used the experiment apparatus of Figure 3.3. The

plates size is 10 mm× 80 mm and the thickness of the plate is 2 mm as shown in Figure 3.6.

This size of the plate was chosen to know the condition of the plates on the inside and

outside of the liquid PCM mixture after finishing the corrosion test. The cover plate is made

of stainless steel SS304, and the cover plate has holes for inserting a thermocouple and a

test plate. NaCl:KCl:LiCl mixture of 40 g is inserted into the crucible and heating to 500◦C

for good mixing and cooling down to atmosphere temperature at the inside of the furnace.

The 40 g of liquid mixture has the height of 20 mm and when the plate is inserted into the

crucible, 20 mm of plate immerse into the liquid PCM and the left of another portion is

outside of the liquid PCM. Firstly, plates are not inserted into the crucible and kept over

the cover plate and heated up to 450◦C in 2 hours to check heating effects. After that plates

are inserted at 450◦C into the crucible and made solidification process by cooling down from

450◦C to 250◦C in the furnace and melting process by heating from 250◦C to 450◦C in 3 hours

and keeping 450◦C for 1 hour and repeated these two processes twice and after that, heating

it to 450◦C and took out the plate outside of the crucible and took the photo. After cleaning

with water, and we took photos again. Pictures of the PCM condition were captured and

compare the condition of PCM at 450◦C before and after of corrosion test.

Figure 3.7 shows the plates condition of stainless steel SS304,SS316, and SS316L(a) before

the test (b) after the twice of melting and solidification and before cleaning with water and

(c) after cleaning with water. While cleaning with water, do not use any brush, and only

pour water and shake slowly. These three plates have the same composition but only different

in the percentage of the composition. The difference is SS304 contains 18% chromium and

8% nickel while SS316 contains 16% chromium, 10% nickel and 2% molybdenum. The

molybdenum is added to help resist corrosion to chlorides like sea water and salts. The
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Figure 3.6: The plate and crucible setting for corrosion test.

Figure 3.7: Plates condition of SS304, SS316, SS316L.

difference between SS316 and SS316L stainless steel is that SS316L has a 0.03% max carbon

and is good for welding whereas SS316 has a mid-range level of carbon 0.08%. The higher

nickel and molybdenum content in this grade allows it to demonstrate better overall corrosion

resistant properties than SS304. The type of PCM mixture of this test is NaCl: KCl: LiCl

(0:54:46) wt% of 40 kg mass mixture. The composition of three steel plates is nearly the

same. Thus, making the corrosion test with same crucible and the same time. It is found that

the plate inside of the liquid PCM has no corrosion. Corrosion was found at the interface of

the liquid PCM and air region. Corrosion can be caused by the vapor of PCM and oxygen.
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There has no oxygen inside of the PCM. Thus, corrosion effect has not occurred at the inside

of the liquid PCM region. The SS316L plate has the less corrosion effect than the SS304

and SS316. Figure 3.8 shows the comparison of the liquid PCM condition before and after

corrosion test. The color of the liquid PCM has changed after the corrosion test.

Figure 3.8: PCM conditions with and without steel plates.

Figure 3.9 shows the plates condition of copper, brass, carbon steel and SS310 (a) before

the test (b) after the twice of melting and solidification and before cleaning with water and

(c) after cleaning with water. The oxidation of copper material can occur quickly when

heating in high temperature. This effect causes the thin black layer over the plate. When

making the corrosion test, this layer and vapor of liquid PCM are mixes together. The plate

that inside of the liquid PCM has not corrosion and the plate that outside of the liquid PCM

cover by dark black layer. Some part of this layer can dissolve in the liquid PCM and the

liquid PCM color change after making the corrosion test.

Brass is the alloy material of copper and zinc. Because of this copper material, the brass

plates have oxidation layer over it when heating. This layer change very hard layer over

the plate after mixing with the vapor PCM and this layer is sticky to the plate and do not

dissolve in the liquid PCM. Because of this reason, PCM color does not change after the

corrosion test in Figure 3.9. And the plate inside of liquid PCM has not changed and has

not corrosion.

Carbon steel or plain-carbon steel is a metal alloy. It is a combination of two elements,

iron and carbon. Other elements are present but quantities are too small to affect its prop-
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Figure 3.9: Condition of copper, brass, carbon steel and SS310 plates before and after the
corrosion test(a)before the test, (b) after the test before cleaning and, (c) after cleaning.

Figure 3.10: PCM conditions with test of copper, brass, carbon steel and SS310 plates.

erties. The only other elements allowed in plain-carbon steel are: manganese (1.65% max),

silicon (0.60% max), and copper (0.60% max). The carbon steel plate has very corrosion

after making the corrosion test with PCM at high temperature. The PCM color very changes

after the test. Stainless steels have good strength, resistance to corrosion and oxidation at
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elevated temperatures. SS310 is used to a temperature up to 1100◦C. But this plate also has

the corrosion after the test with PCM mixture. Carbon steel has more corrosiveness than

SS310 plate. The color of PCM change after the test with this plate. Figure 3.10 shows the

liquid PCM conditions with a test of copper, brass, carbon steel and SS310 plates.

Figure 3.11: Condition of aluminum, titanium, nickel and molybdenum plates (a)before the
test, (b) after the test before cleaning and, (c) after cleaning.

Figure 3.12: PCM conditions with test of aluminum, titanium, nickel, and molybdenum.
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Figure 3.11 shows the condition of aluminum, titanium, nickel, and molybdenum plates

before and after the corrosion test. Unlike iron and steel, aluminum does not rust or corrode

in moist conditions. Its surface is protected by a natural layer of aluminum oxide. This

prevents the metal below from coming into contact with air and oxygen. After the test,

the aluminum plate has only surface corrosion. Titanium metal is used as an alloying agent

with metals including aluminum, iron, molybdenum, and manganese. Titanium is used

in several products such as drill bits, bicycles, golf clubs, watches and laptop computers.

It is a metal with a silver color, low density, and high strength. Titanium is resistant to

corrosion in sea water, and chlorine, but a little bit expensive. After the test, it is found

that titanium had very corrosiveness because of high temperature. Nickel is a silvery metal

that resists corrosion even at high temperatures. Nickel resists corrosion and is used to

plate other metals to protect them. It is, however, mainly used in making alloys such as

stainless steel. Nichrome is an alloy of nickel and chromium with small amounts of silicon,

manganese, and iron. After the test, nickel has only surface corrosion, but a little change

in plate color. Nickel does not decompose as it oxidizes but forms a layer of nickel oxide

that prevents further oxidation from occurring. Molybdenum plate has not corrosiveness.

It is found that Nickel and molybdenum are good for construction the experimental device,

but we need to consider the economic point of view because of the cost of this material is

quite expensive. Figure 3.12 shows the liquid PCM conditions after the test of aluminum,

titanium, nickel, and molybdenum plates. The color of PCM does not change with aluminum

and molybdenum, a little change with nickel, and quite change with the titanium. Figure 3.13

shows the temperature histories of PCM with different material plates. It was found that

the temperature histories with different material plates were the same trend and it was not

found any change.

After finishing these experiment, it is found that most of the plate has corrosiveness and

it is concluded that PCM vapor and oxygen is most efficient for corrosion and we would like

to continue the corrosion test with some anti-corrosion spray and paint.
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Figure 3.13: Temperature histories of PCM with different material plates.

3.3 Corrosion Test with Using Some Spray and Paint

In this section, for preventing the corrosiveness of the construction material, some anti-

corrosive spray and paint were used. Firstly, make the corrosion test SS304, SS316 and

SS 316L stainless steel plate with one type of high heat primer spray Rust Oleum. This

High Heat Primer spray bonds to bare metal and helps create a smooth top coat finish. It

is specially formulated to prevent rust and is recommended for use on automotive engines

and other metal surfaces which reach intermittent temperatures up to 1093◦C. All plates

are spraied and dried at atmosphere naturally. After that, sprayed plates are not inserted

directly into the PCM and heated up to 450◦C outside of the PCM. After heating the plates

at 450◦C, all plates are inserted into the crucible. The bottom portion of about 20 mm

of plates are immersed inside the PCM and other portions are outside of PCM. After that

solidification process is made by cooling from 450◦C to 250◦C and melting process are made

by heating up from 250◦C to 450◦C in 3 hours and keeping 450◦C for 1 hour. This two

solidification and melting is made twice and takes the photos of plates condition. After

heating to 450◦C, the spray is not sticky to the SS316 plate.

Figure 3.14 shows the results after the corrosion test of SS304, SS316, and SS316L steel

plates with Rust Oleum of high heat primer spray. Figure 3.14(a) before the test, only dry

condition, Figure 3.14(b) after heating to 450◦C, Figure 3.14 (c) after making the corrosion
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test before the cleaning and Figure 3.14(d) after making the corrosion test after the cleaning.

Plates are cleaned with water. After the test, plates outside the PCM has not corrosion and

not change, but plates inside the PCM, the spray is eroded by PCM. Thus, this type of

spray cannot be used to prevent the corrosion. Figure 3.15 shows the PCM conditions after

the corrosion test with SS304, SS316, and SS316L with one type of High Heat Primer spray

Rust Oleum. The PCM color has changed after the test.

Figure 3.14: Plates condition of SS304, SS316 and SS316L plates with spray Rust Oleum.

Figure 3.15: PCM condition with test of SS304, SS316, and SS316L with spray Rust Oleum.

Cerakoto Alumina spray has a heat-resistant upper limit of 1800◦C. For exceeding the

heat-resistant upper limit of the binder, alumina is free coating the surface of the main

component with discoloration powder. High-purity alumina Al2O3 is a main ingredient.
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Although the film is excellent in insulation and corrosion resistance, heat resistance and

abrasion resistance are inferior to ceramic paint. It is used for purposes such as insulation,

masking, prevention of adhesion of molten metal, demolding and so on. Firstly, spray over

the plates and keep dry naturally and after that spray again and keep dry. After drying,

the plate is heated to 450◦C and at that time plates were not inserted into the PCM. When

testing with this type spray, it is not sticky to the plate after only heating to 450◦C in 2

hours and before inserting to the liquid PCM condition. The spray is easily removed from the

plate with tissue paper. Figure 3.16 shows the plate condition of SS304 with type Cerakoto

Alumina spray (a) after drying (b) after heating 450◦C in 2 hours and (c) after pushing with

tissue paper. This type of spray cannot be used to prevent the corrosion.

Figure 3.16: Plate conditions of SS304 with Cerakoto Alumina spray.

The main component of Cerakoto paint Figure 3.17 is silica SiO2, to form a dark brown

hard film. It is resistant to thermal and mechanical shocks, has the flexibility to thermal

expansion, high heat resistance upper limit. It is suitable for protection of ceramics zirco-

nia, magnesia with high thermal expansion coefficient from steel, stainless steel, aluminum,

copper, manganese alloy, chromium steel, nickel alloy. It can be used heat-resistant temper-

ature 1500◦C. It was a little difficult to paint uniformly. Firstly paint to the plate and dry

naturally. After that painted plates were heated to 450◦C in 1 hour not inserted into the

PCM. After that inserted into the liquid PCM and made the solidification process by cooling
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down from 450◦C to 250◦C and melting process by heating from 250◦C to 450◦C for 3 hours

and keeping 450◦C for 1 hour. Figure 3.17 shows the plates condition of SS304, SS316 and

SS316L with this type of paint (a) before test after drying (b) after heating 450◦C in 1 hour

and (c) after corrosion test. It is found that when testing with this type of paint, the paint

easily melts and easily dissolve into the liquid PCM and PCM can be easily changed to the

very dirty condition. Figure 3.18 shows the PCM condition after corrosion test with this

type of paint. This type of paint cannot be used to protect the corrosiveness.

Figure 3.17: Plates condition of SS304, SS316 and SS316L plates with Cerakoto paint.

Figure 3.18: PCM condition with test of SS304, SS316, and SS316L with Cerakoto paint.

Kure Heat and corrosion resistant spray is used like hot mufflers and engines, it prevents
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the occurrence of rust and corrosion. The heat-resistant temperature after spraying is 600◦C.

When testing this spray, it needs to heat 200◦C for 1 hour after drying for 1 hr. Plate outside

the PCM is good condition. Figure 3.19 shows the plate conditions of SS304, SS316, and

SS 316L with Kure Heat and corrosion resistant spray (a) before test (b) after test before

cleaning and (c) after cleaning with water. Plate inside the liquid PCM is good condition

after one or two-time experiment but it will be eroded and corroded by PCM if making

many repeated cycles. Thus, this type of spray cannot be used to prevent the corrosiveness.

Figure 3.20 shows the PCM condition before and after making the corrosion test. It was

found that PCM color does not change after the corrosion test.

Figure 3.19: Plates condition of SS304, SS316 and SS316L plates with Kure Heat and
corrosion resistant spray.
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Figure 3.20: PCM condition with test of SS304, SS316, and SS316L with Kure Heat and
corrosion resistant spray.

3.4 Corrosion Test by Using Argon Gas

Mixing with oxygen is also one case for corrosiveness. While making the corrosion test,

there has oxygen inside of the electric furnace. To prevent this problem, argon gas was

inserted inside of the electric furnace while performing the corrosion test. Figure 3.21 shows

the experimental device for corrosion test with argon gas. Argon gas is denser than air and

it can displace oxygen and close to the bottom during inserting the argon gas.

Figure 3.21: Experimental device for corrosion test with argon gas.
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Figure 3.22: Gas pipe setting.

When performing the corrosion test, two pipes setting were chosen for inserting gas as

shown in Figure 3.22, argon gas pipe only keeping over the cover plate and inserting inside

of the crucible. A corrosion test was made by solidification process, cooling from 450◦C to

250◦C and melting process, heating from 250◦C to 450◦C in 3 hours and keeping 450◦C for

1 hour. Argon gas inserted continuously both melting and solidification process.Figure 3.23

shows the plates condition of SS304, SS316 and SS316L with NaCl: KCl: LiCl (0:54:46) (a)

before the test, (b) after test without argon gas, (c)after test with argon gas and (d)after

test with argon gas inside crucible. Comparing with (b)and (c), corrosiveness of plate with

argon gas is slightly decreased but nearly the same. At argon gas inserting inside of crucible,

the corrosion decreases and there was no corrosion of plate inside of crucible. But the edges

of plates that were outside of the cover plate had a little corrosion.

Figure 3.24 shows the PCM condition before the test, after the test without inserting

argon gas, after the test with gas and after the test with gas inside of the crucible. The PCM

color very changes without gas, a little change with gas and nearly the same with gas inside

of the crucible. Figure 3.25 shows the melting processes of corrosion test without, with gas

and with gas inside of the crucible. With gas means the argon gas pipe is not inserted into

the crucible, only kept over the cover plate outside of crucible and with gas inside means

the argon gas pipe is inserted into the crucible undercover plate. The melting temperatures

of all processes are nearly the same. It is not affected the temperature histories by inserting
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Figure 3.23: Plates conditions after corrosion test with argon gas.

Figure 3.24: PCM conditions after test with argon.

argon gas.

When performing the corrosion test without and with inserting argon gas by using the

experimental device of Figure 3.3, there has no significant to understand corrosion effect

because the door of this device has leakage and there has a hole in the upper part of this
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Figure 3.25: Temperature histories of melting process with argon gas.

device. Oxygen can enter through this leakage and hole. Because of these reasons, make the

corrosion test again by using the vacuum furnace of Figure 3.26. The model of this vacuum

furnace is FT-01VAC-50. This furnace is space, temperature, and energy saving device

and it can heat up to maximum 1200◦C, and can be used with A.C 100 V, 0.8 kW. This

device includes controllable heater, high purity transparent quartz chamber, programmable

controller, vacuum pump, and digital gas control unit. The temperature can be controlled

by connecting to the computer.

Figure 3.26: Vacuum furnace.

SS304 and SS316L with the size of 10 mm × 35 mm are used for corrosion test. The
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Figure 3.27: Plates condition with NaCl0%.

thickness of the plates are 2 mm. The mixture is NaCl: KCl: LiCl (0:54:46) and (23:46:31)

wt% and the mass of PCM mixture is 0.1 g. Corrosion test is made without and with

inserting argon gas. Melting and solidification process is like heating from 0◦C to 300◦C in

2 hours, heating from 300◦C to 400◦C in 1 hour, keeping 400◦C for 30 min, cooling from

400◦C to 300◦C in 1 hour and cooling from 300◦C to 0◦C in 2 hours. Argon gas does not

insert continuously. Test plates and mixtures were inserted into the glass bowl and this bowl

is inserted into the quartz chamber of the vacuum furnace. The vacuum furnace is shown in

Figure 3.26. At the beginning of the corrosion test, air is blown out from the inside of the

quartz chamber by using the small vacuum pump and inserted argon gas at once inside of the

quartz chamber of vacuum furnace before starting the test. After that started the corrosion

test by making the melting and solidification process of PCM mixture. After finishing the

test, test plate were taken out and took photos of plate condition with a digital camera. The

plate was cleaned with water, and took the photo of plate condition again. Figure 3.27 and

3.28 show the corrosion test result of SS304 and SS316L without and with inserting argon

gas by using the small vacuum furnace. The PCM is 0.1 g of NaCl: KCl: LiCl (0:54:46)
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and (23:46:31) wt% mixture. Plates are compared (a) before the test, (b) after test before

cleaning and (c) after cleaning with water. It is found that the corrosion effect decreases with

inserting the argon gas. Comparing SS304 and SS316L, the corrosion effect less in SS316L.

And the corrosion effect slightly highers with the NaCl23% than the NaCl0%.

Figure 3.28: Plates condition with NaCl23%.

At this time, after finishing the corrosion test with the PCM mixture of 0.1 g, the mass of

the PCM mixture increases to 1 g, and the mixture of the NaCl0% is used. In this time, the

experiment is made in two conditions, the plates were immersed inside of the PCM mixture

and only kept the plates over the PCM mixture. Figure 3.29 shows the result of the plates

condition after the test without inserting argon gas. Plates are compared (a) before the test,

(b) after test before cleaning and (c) after cleaning with water. Both of plates SS304 and

SS316 have not corrosiveness after the test. Because both of plates immerse inside of the

PCM mixture and they have no chance to contact with any oxygen and gas. Figure 3.30

shows SS304 Plates condition with NaCL0%without and with argon gas at the beginning

of the test. Plates are only kept over the PCM mixture and the mixture is NaCl0% of 1

g. It is found that the plate has corrosiveness without inserting argon gas and the effect of
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corrosiveness decrease with inserting the argon gas.

Figure 3.29: Plates condition with NaCl0% without gas.

Figure 3.30: SS304 Plates condition with NaCl0%.

3.5 Summary

In this Chapter, contains selection of phase change materials to store the waste heat

energy from the factories for the temperature range 300∼400◦C. NaCl:KCl:LiCl (0:54:46)wt%

and NaCl:KCl:LiCl (23:46:31)wt% were selected as heat storage material mixtures. For

using these two mixtures, corrosiveness test with different types of material SS304, SS316,

SS316L, SS310, copper, brass, carbon steel, aluminum, nickel, titanium, and molybdenum

were performed. After that, the test of the corrosiveness condition of constructive materials

by using some corrosion and heat resistance paints and spray were also performed. Corrosion

can be caused by both oxygen and heat storage material mixture vapor. Thus, corrosion
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test performed again by inserting the argon gas instead of oxygen inside the electric furnace.

Although the nickel and molybdenum can be used as construction material for the latent

heat storage system, they are very expensive and it would not match from the economically

point of view. Most of materials have corrosiveness problem with the heat storage material

because of high temperature operating condition. Electric furnace has some leakage from

the upper hole and door while making the corrosiveness test. Thus, corrosiveness test was

performed again by using small vacuum furnace and argon gas. As results, the corrosiveness

of test plate decreased by using argon gas. Further corrosiveness tests are needed to construct

the latent heat storage system for this temperature range because of high temperature.
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Chapter 4

Heat Storage Material Mixture at

Temperature Range 200∼300◦C

Industrial waste heat refers to energy that is generated in industrial processes without

being put to practical use. Sources of waste heat include hot combustion gases discharged

to the atmosphere, heated products exiting industrial processes, and heat transfer from hot

equipment surfaces. The exact quantity of industrial waste heat is poorly quantified, but

various studies have estimated that as much as 20 to 50% of industrial energy consump-

tion is ultimately discharged as waste heat. While some waste heat losses from industrial

processes are inevitable, facilities can reduce these losses by improving equipment efficiency

or installing waste heat recovery technologies. Waste heat recovery entails capturing and

reusing the waste heat in industrial processes for heating or for generating mechanical or

electrical work. The example uses for waste heat include generating electricity, preheating

combustion air, preheating furnace loads, absorption cooling, and space heating. Heat recov-

ery technologies frequently reduce the operating costs for facilities by increasing their energy

productivity. Many recovery technologies are already well developed and technically proven;

however, there are numerous applications where heat is not recovered due to a combina-

tion of market and technical barriers. Various sources indicate that there may be significant

opportunities for improving industrial energy efficiency through waste heat recovery. A com-

prehensive investigation of waste heat losses, recovery practices, and barriers is required in
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order to better identify heat recovery opportunities and technology needs. Such an analysis

can aid decision makers in identifying research priorities for promoting industrial energy

efficiency.

Recovering industrial waste heat can be achieved via numerous methods. The heat can

either be reused within the same process or transferred to another process. Ways of reusing

heat locally include using combustion exhaust gases to preheat combustion air or feedwater

in industrial boilers. By preheating the feedwater before it enters the boiler, the amount

of energy required to heat the water to its final temperature is reduced. Alternately, the

heat can be transferred to another process; for example, a heat exchanger could be used to

transfer heat from combustion exhaust gases to hot air needed for a drying oven. In this

manner, the recovered heat can replace fossil energy that would have otherwise been used in

the oven. Such methods for recovering waste heat can help facilities significantly reduce their

fossil fuel consumption, as well as reduce associated operating costs and pollutant emissions.

Today, latent heat storage system is a very effective method to reuse the waste heat

energy as desirable time and place. In this chapter, the latent heat storage material at

220◦C is discussed. Firstly, the appropriate material for this temperature was chosen, and

then consider the corresponding construction material for this mixture. After that, design

and construct the experimental apparatus, and study the melting and solidification behaviors

of this storage material by using this experimental apparatus.

A large number of inorganic salt mixtures and several single salts with a melting tempera-

ture in the range 200∼350◦C was studied, and the system KNO3-NaNO3 is discussed in detail

in terms of their thermo-physical properties in the liquid and solid phase [77]. There was

the study to evaluate the melting point and thermal stability of conventional salt systems,

such as the Solar Salt (60% NaNO3- 40% KNO3, Tm = 220◦C) and HITEC (7%NaNO3- 53%

KNO3- 40 % NaNO2, Tm= 142◦C), and a novel eutectic mixture. The physical and chemical

properties of the studied salts were evaluated by Differential Scanning Calorimetry (DSC)

[78].
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4.1 Selection of Heat Storage Material

In the temperature range over 200◦C, it is difficult to use organic substances and sugar

alcohols that mainly used in the low to mid temperature range, and molten salt and alloys

are used for the temperature range of 200∼300◦C. However, when using alloys, it is difficult

to load heat storage material and take out after use, so it is essential to study. Therefore, in

this research, we focused on molten salt and select latent heat storage material with phase

change temperature in the temperature range from 200∼300◦C. Table 4.1 shows latent heat

storage material candidates having a phase change temperature in a temperature range of

200∼300◦C. Among them LiOH, NaOH,LiCl, and KOH are used to store the waste heat

energy in this chapter.

Table 4.1: Heat storage materials in the temperature range of 200∼300◦C [76], [79].

Material Composition (mol%) Phase change temperature (◦C) Latent- heat (kJ/kg)

NaOH-NaNO2 20-80 230 278
73-27 237 206

81.5-18.5 257 292
NaOH-NaNO3 59-41 273 273

28-72 248 222

LiOH-LiCl-KCl 62-36.5-1.5 282 300

LiOH-LiCl 63 -37 264 339

LiOH-LiCl 65.5-34.5 274 339

LiOH-NaOH 30-70 210 362

LiOH-KOH 29-71 227 285

The picture of KOH, LiOH, NaOH, and LiCl are shown in Figure 4.1. Potassium hy-

droxide is an inorganic compound with the formula KOH and is commonly called caustic

potash.Its melting temperature is 360◦C. This colorless solid is a prototypical strong base.

It has many industrial and niche applications, most of which exploit its corrosive nature and

its reactivity toward acids. Lithium hydroxide is an inorganic compound with the formula

LiOH. It is a white hygroscopic crystalline material. It is soluble in water and slightly sol-

uble in ethanol and is available commercially in a hydrous form and as the monohydrate

(LiOH.H2O), both of which are strong bases. It is the weakest base among the alkali metal

hydroxides. It has the melting temperature of 462◦C. Lithium hydroxide is mainly consumed
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for the production of lithium greases. Sodium hydroxide, also known as lye and caustic soda,

is an inorganic compound with formula NaOH. It is a white solid ionic compound consist-

ing of sodium cations Na+ and hydroxide anions OH−. It has the melting temperature of

318◦C. Sodium hydroxide is used in many industries in the manufacture of pulp and paper,

textiles, drinking water, soaps and detergents and as a drain cleaner. Lithium chloride is

a chemical compound with the formula LiCl. The salt is a typical ionic compound. The

melting temperature of it is 605◦C. Lithium chloride is mainly used for the production of

lithium metal by electrolysis of a LiCl/KCl melt at 450◦C. LiCl is also used as a brazing flux

for aluminum in automobile parts. It is used as a desiccant for drying air streams.

Figure 4.1: Pictures of heat storage materials.

4.2 Melting Point Measurement

In order to develop a mixed latent heat storage material, it is necessary to measure

physical properties such as melting point temperature and latent heat. However, in the case
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of inorganic salt hydroxide, the corrosiveness to the construction material is strong, it is

not easy to measure the thermo-physical properties using differential scanning calorimetry

(DSC), the heat storage material can leak out from the enclosure during melting of the

heating process. Therefore, in this research, heating is performed by an electric muffle

furnace, the melting temperature is calculated from the melting and solidification behaviors

at that time. The experimental apparatus for melting point measurement of the new PCM

mixture is shown in Figure 4.2. The model of electric muffle furnace is Advantec FUW230PA

and the maximum temperature is to 1150◦C (±1.5◦C).

Figure 4.2: The experimental apparatus for melting point measurement.

The inside dimension of the furnace is (W200× D300× H160) mm. The inorganic salt

each mixture is mixed in a different ratio of mol% in the crucible. The height of the crucible is

65 mm. The ceramic crucible is used to protect the corrosion. The crucible with the inorganic

salt mixture and ceramic thermocouple are set in the electric furnace as in Figure 4.2. The

thermocouple is inserted from the hole located in the upper part of the electric furnace and

heat is insulated by filling it in the gap with rock wool. The thermocouple is connected

to the data logger and the temperature history is recorded by the data logger. Firstly, the

temperature of the electric furnace set to 500◦C for good mixing about 4 hours, and cooling

down in the furnace to atmosphere temperature to get the good mixing of PCM mixture.

After that, making the melting process by heating from 150◦C to 350◦C in 3 hours and

keeping 350◦C for 1 hour, after that continues the solidification process, by cooling down in
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the furnace from 350◦C to 150◦C. Temperature histories are recorded by the data logger.

4.2.1 LiOH-LiCl Mixture

Table 4.2 shows the mixing ratio in the LiOH: LiCl mixture and the measured the phase

change temperature. Experimental conditions are set as stable at 150◦C, the temperature is

raised to 350◦C in 3 hours, and the temperature is maintained for 1 hour. The temperature

histories of LiOH: LiCl (60.5:39.5) and (40:60) mol% are shown in Figure 4.3 and Figure 4.4.

As can be seen from this figure, the phase change temperatures are 275◦C and 300◦C respec-

tively. It is difficult to adjust the melting point as a heat storage material around 250◦C, and

lithium chloride is relatively expensive per mass and corrosion problem to the construction

material. Thus, it is considered unsuitable for practical use of this mixture.

Figure 4.3: Temperature history of LiOH: LiCl (60.5:39.5)mol%.

Table 4.2: LiOH: LiCl mixtures and its melting temperature.

Mixture LiOH (mol%) LiCl (mol%) Melting temperature (◦C)

1 60.5 39.5 275

2 40 60 300

54



Chapter 4. Heat Storage Material Mixture at Temperature Range 200∼300◦C

Figure 4.4: Temperature history of LiOH: LiCl (40:60) mol%.

Figure 4.5: Temperature history of LiOH: KOH (29:71) mol%.

4.2.2 LiOH-KOH Mixture

According to Table 4.3, LiOH and KOH mixture (29:71) mol% mixture is used for the

melting temperature of 227◦C. Experimental conditions are set as stable at 150◦C, the tem-

perature is raised to 350◦C in 3 hours, and the temperature is maintained for 1 hour. The

temperature histories of LiOH: KOH (29:71) mol% are shown in Figure 4.5. In this figure

cannot show the latent heat process for melting temperature. Thus, this mixture cannot be

used for latent heat storage system.
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4.2.3 NaOH-LiOH Mixture

Table 4.1 shows the mixing ratio in the NaOH: LiOH mixture and the measured the phase

change temperature. Experimental conditions are set as stable at 150◦C, the temperature

is raised to 350◦C in 2 hours, and the temperature is maintained for 1 hour. The temper-

ature histories of NaOH: LiOH (70:30), (60:40) and (50:50) mol% are shown in Figure 4.6,

Figure 4.7, and Figure 4.8 respectively.

Figure 4.6: Temperature history of NaOH: LiOH (70:30) mol%.

Figure 4.7: Temperature history of NaOH: LiOH (60:40) mol%.

In the literature, it has been found that it has a melting point at 210◦C with a mixing

ratio of NaOH: LiOH = 70: 30. Therefore, the proportion of lithium hydroxide will be

raised to develop a heat storage material having a melting point of 250◦C because the
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Figure 4.8: Temperature history of NaOH: LiOH (50:50) mol%.

melting temperature of lithium hydroxide is higher than the melting temperature of sodium

hydroxide. From the result of the temperature histories of three different ratio mixtures, it

was found that the melting temperature of all are nearly the same and the NaOH: LiOH

(70:30) mol% mixture shows the most clearly latent heat process and the proportion of LiOH

is the least in this mixture. The price of lithium hydroxide is high. Because of this reason,

these mixture are chosen for this research and it will be continuous corrosiveness test with

some construction materials for construction the experimental device to study the melting

and solidification behavior of this mixture.

Table 4.3: NaOH: LiOH mixtures and its melting temperature.

Mixture NaOH (mol%) LiOH (mol%) Melting temperature (◦C)

1 70 30 220

2 60 40 220

3 50 50 220

4.2.4 Corrosion Test with NaOH: LiOH Mixture

For performinging corrosion test, also use the electric furnace of Figure 4.2. The size of

the plate is 10 mm×80 mm and the thickness of the plate is 2 mm as shown in Figure 4.9.

These size of plates was chosen to know the condition of the plates on the inside and outside

of the liquid PCM mixture after finishing the corrosion test. The cover plate is made of
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stainless steel SS304, and the cover plate has holes for inserting a thermocouple and a test

plate. NaOH: LiOH (70:30)mol% mixture of 40 g is inserted into the crucible and heating

to 500◦C for good mixing and cooling down to atmosphere temperature at the inside of the

furnace. The 40 g of liquid mixture has the height of about 20 mm and when the plate

is inserted into the crucible, 20 mm of plate immerse into the liquid PCM and the left of

another portion is outside of liquid PCM.

Figure 4.9: Plate and setting for corrosion test.

Firstly, plates are not inserted into the crucible and kept over the cover plate and heating

up to 350◦C in 1 hour to check heating effect. After that at 350◦C plates are inserted into the

crucible and make solidification process cooling down from 350◦C to 150◦C in the furnace

and melting process heating from 150◦C to 350◦C in 2 hours and keeping 350 for 1 hour

and repeat these two processes twice and after that, heating to 350◦C and take out the

plate outside of the crucible and take the photos. After it is cleaned with water, then

surface condition was captured by camera. Pictures of the PCM condition were captured

and compared the condition of PCM at 350◦C before and after of corrosion test.

Figure 4.10 shows the plates condition of stainless steel SS304, SS316 and SS316L (a)

before the test (b) after the twice of melting and solidification and before cleaning with

water and (c) after cleaning with water (e) after performing the corrosion test fourth times.

When cleaning with water, do not use any brush, only pour with water and shake slowly.
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Figure 4.10: Plates condition of SS304, SS316, and SS3161.

Figure 4.11: The PCM condition of NaOH: LiOH after corrosion test.

These three plates have the same composition but only different in the percentage of the

composition. The difference is SS304 contains 18% chromium and 8% nickel while SS316

contains 16% chromium, 10% nickel and 2% molybdenum. The molybdenum is added to
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help resist corrosion to chlorides like sea water and salts. The difference between SS316

and SS316L stainless steel is that SS316L has a 0.03% max carbon and is good for welding

whereas SS316 has a mid-range level of carbon 0.08%. The higher nickel and molybdenum

contents in this grade allows it to demonstrate better overall corrosion resistant property

than SS304.

The type of PCM mixture of this test is NaOH: LiOH (70:30) mol% of 40 kg mass mixture.

The composition of three steel plates is nearly same. Thus, performing the corrosion test

inside the same crucible and the same time. It seems that only surface corrosion occurs all

over the plates. However, due to the short time of corrosion experiments, repeated corrosion

tests were carried out taking into consideration that such results were obtained. Next, the

state of the specimen when repeating the corrosion test with each stainless steel in NaOH:

LiOH = 70: 30 mol% mixture is also shown in Figure 4.10 (d) and (e) of second and fourth

time of the test. From this photo, it cannot be confirmed visually that any piece of corrosion

progresses. The plate has only color change and it can say that surface corrosion. Figure 4.11

shows the PCM condition of NaOH: LiOH mixture before the corrosion test, after the test

second time, and after the test fourth time respectively. It is found that the PCM color

changing is increased with the increased number of test.

Figure 4.12: Plates condition with NaOH: LiOH with some spray.
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In this section, for preventing the corrosiveness of the construction material, some anti-

corrosive spray and paint were used. Firstly, make the corrosion test SS316L stainless steel

plate with one type of high heat primer spray Rust Oleum. This High Heat Primer spray

bonds to bare metal and helps to create a smooth surface. It is specially formulated to

prevent rust and is recommended for use on automotive engines and other metal surfaces

which reach intermittent temperatures up to 2000◦F (1093◦C). Cerakoto Alumina spray has

a heat-resistant upper limit of 1800◦C. For exceeding the heat-resistant upper limit of the

binder, alumina is free coating the surface of the main component will discoloration powder.

High-purity alumina (Al2O3) is a main ingredient. Although the film is excellent in insulation

and corrosion resistance, heat resistance and abrasion resistance are inferior to ceramic paint.

It is used for purposes such as insulation, masking, prevention of adhesion of molten metal,

demolding and so on.

All plates are spray and dry at atmosphere naturally. After that sprayed plates are not

inserted directly into the PCM and heated up to 450◦C outside of the PCM. After heating

the plates 450◦C, all plates are inserted into the crucible. The bottom portion of about 20

mm of plates are immersed inside the PCM and other portions are outside of PCM. After

that solidification process is made by cooling from 450◦C to 250◦C and melting process are

made by heating up from 250◦C to 450◦C in 3 hours and keeping 450◦C for 1 hour. This two

solidification and melting is made twice and takes the photos of plates condition. Figure 4.12

shows the results after the corrosion test SS316L steel plates with Rust Oleum and Cerakoto

Alumina sprays. Figure 4.12 (a) before the test, only dry condition, Figure 4.12 (b) after

performing the corrosion test before the cleaning and Figure 4.12 (c) after the cleaning.

Plates are clean with water. After the test, plates outside the PCM has not corrosion and

not change, but plates inside the PCM, the spray is eroded by PCM. Thus, these types of

spray cannot be used to prevent the corrosion.

Figure 4.13 shows the plates condition of nickel and a copper plate (a) before the test

(b) after the twice of melting and solidification and before cleaning with water and (c) after

cleaning with water. After heating the plates 450◦C, all plates are inserted into the crucible.
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The bottom portion of about 20 mm of plates are immersed inside the PCM and other

portions are outside of PCM. After that solidification process is made by cooling from 450◦C

to 250◦C and melting process are made by heating up from 250◦C to 450◦C in 3 hours and

keeping 450◦C for 1 hour. The solidification and melting is made twice and takes the photos

of plates condition. It was found that there has no significant corrosion at nickel plate but

the color of plate change after the test. Copperplate has the brown color of a thin layer

over the plate because of oxidation condition after heating. This plate also no significant

corrosion but the color of the plate changed after the test.

Figure 4.13: Nickel and copper plates condition with NaOH: LiOH.

Mixing with oxygen is also one reason of corrosion. While making the corrosion test,

there has oxygen inside the electric furnace. To prevent the oxidation, argon gas was inserted

inside the electric furnace while carrying out of the corrosion test. Figure 3.21 is also used

as experimental device for corrosion test with argon gas. Argon gas is denser than air and

it can displace oxygen and close to the bottom during inserting the argon gas. A corrosion

test was carried out in the solidification process, cooling from 450◦C to 250◦C and melting

process, heating from 250◦C to 450◦C in 3 hours and keeping 450◦C for 1 hour. Argon gas

inserted continuously both melting and solidification process. Figure 4.14 shows the plates
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Figure 4.14: Stainless steel and NaOH: LiOH with argon gas.

condition of SS304, SS316 and SS316L with NaOH:LiOH (a) before the test, (b) after test

without argon gas, and (c)after test with argon gas. While Comparing with (b)and (c),

corrosiveness of plate with argon gas is slightly decrease. In this research, SS316L is used to

construct the experimental device and argon gas will be inserted into the test section while

making the experiment.

4.3 Design Consideration of Experimental Apparatus

In the previous section, NaOH: LiOH (70:30)mol% mixture has been selected as heat

storage material mixture. After that, by using this mixture, it made the corrosiveness test

with some construction material. As result, the test section will be constructed with the

SS316L and while making the experiment, argon gas will be inserted into the test section to

protect the corrosiveness of construction material. In this section, it will describe the design

consideration of experimental apparatus. At first, the size of the test section is calculated

from the 500 g of a mixture of NaOH: LiOH (70:30) mol%. The mol% of each material

changes to mass% of each material and after that changes again to vol% of each material

and calculate the total volume of the mixture. In that time, there has the problem, such as in
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stock LiOH is very expensive and LiOH.H2O can be bought easily and cheaper than LiOH.

Thus, the size of the test section calculated again by NaOH and LiOH.H20 mixture. At that

time, the size of the test section is W100 mm×D50 mm×H60 mm . The structure of the

LiOH is like powder, although the structure of the NaOH is a solid crystal. Thus, it cannot

be inserted into the test section before making the mixture. Because of this reason, the size

of the test section will be constructed W100 mm ×D50 mm×H100 mm (. The construction

material is SS316L and with the thickness of plate 5 mm. Sapphire glass plate (φ 70 mm,

thickness 5 mm) was used on both side surface of the test section to take the photo of

melting and solidification behaviors of the heat storage material mixture. There have three

holes at the upper plate of the test section, one hole for argon gas insertion and to attach

the pressure gauge and pressure relief valve, two holes for the thermocouples to measure the

material temperature of PCM at the middle and lower portion of the test section. The plate

heater was used for heating and cooling system was constructed separately.

4.4 Experimental Apparatus and Method

4.4.1 Test Section and Heating System

Test section with the heating system is shown in Figure 4.15. An experimental device

used two different systems for heating of heat storage and cooling of heat released. After

finishing the heating of heat storage process, the heating system was taken out from the test

section and connected the cooling system to the test section to perform the cooling process.

The heat storage system is composed of the vacuum pump, an argon gas cylinder, power

meter, heater (RS 510 manufactured by Sakaguchi Denki Co., Ltd.), data logger and test

section. The test section and heating system shown as Figure 4.15. Power meter, Voltage

regulator, Vacuum pump, Argon gas cylinder, Pressure gauge, Data logger and, Pressure

release valve were shown as 2∼8, respectively.

Figure 4.16 shows details of the test section. Pressure gauge, Pressure release valve,

Copper spring coil pipe to prevent the heat flow to a pressure gauge, Graphite sheet (Perma-
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Foil), Sapphire glass, Copperplate, Main heater, SS304 plate, and Guard heater were shown

as 1∼9. Sapphire glass (φ 70 mm, thickness 5 mm) was used in front and rear surface of the

test section. It is able to us to observe the melting and solidification behavior of the heat

storage material, it is easy to observe the upper and lower parts of the heat storage material.

Pyrex glass cannot be used because of corrosiveness with the heat storage material and high

temperature. While installing the sapphire glass and the test part, it is necessary to prevent

leakage of the heat storage material and cracking the side glass plate by tightening, thus,

it can be used in ultra-high temperature range and is not corroded by NaOH, Perma-Foil

grade PF, manufactured by Toyo Carbon Co., Ltd. was used. A plate heater (Super Rapid

Heater, capacity 250 W, 50 mm×100 mm, manufactured by Sakaguchi Denki Co., Ltd.) was

installed outside the bottom of the container via a copper plate (50 mm × 100 mm × 5

mm).

The main heater that adjust the output by the transformer so that the temperature

distribution can be controlled constant through the copper plate. The temperature was

measured at the copper plate by inserting a thermocouple (φ 1.0 mm, manufactured by

Sakaguchi Electric Co., Ltd., K type) into the groove inscribed in the lower part of the test

part and the copper plate, so that the surface temperature of the lower part of the test part

was controlled at constant. In order to prevent heat loss to the lower part of the heat transfer

surface, installation of a guard heater (Super Rapid Heater, capacity 250 W, 50 mm×100

mm, manufactured by Sakaguchi Electric Co., Ltd.) was also used. This guard heater is

inserted between the main heater and an outer stainless-steel plate (100 mm×60 mm×5

mm), and the output of the guard heater is finely adjusted by using a voltage regulator. The

thermocouples were installed on both sides and the temperature of the thermocouples can

keep the same. Thus, most of the heat from the main heater can supply to the test section.

A vacuum pump (maximum degree of vacuum: 78 KPa) was used, to evacuate the air

inside of the test section, and then argon gas is inserted into the test section from argon gas

cylinder by mean of pipe up to atmospheric pressure makes it possible to reduce corrosion

and prevent chemical reaction. However, when the sealed container is heated, there is a
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possibility that the argon gas and the heat storage material in the test-section can expand

and a large load is applied to the test portion and sapphire glass. As a countermeasure

against this, installed a pressure relief valve in the upper part of the test-section, when a

pressure exceeding a certain level is applied to the test-section, the argon gas in the test-

section will escape outside the test-section. When this pressure relief valve was installed,

since the heat resistance temperature of the O-ring used for this valve was 200◦C, a copper

pipe with a high thermal conductivity in a coil shape was attaching between the valve and

the test part, the copper pipe radiates the heat transmitted from the test part and prevents

the relief valve from reaching high temperature. Before starting the heating of heat stored

(melting) process, the mixture of heat storage material NaOH: LiOH (70:30) mol% inserted

into the test-section. And then attached the thermocouple and cover all test-section with

rock wool, and heated by using main and guard heaters until the temperature of bottom

plate reaches to 400◦C to mix the heat storage material of NaOH and LiOH. For the melting

process, the temperature of the bottom plate of test-section raises to 280◦C by using the main

and guard heater. The histories of temperature measured by thermocouples were recorded

by the data logger and the behaviors of solidification of heat storage material were captured

by the digital camera at every 15 min. The experiment was stopped when the temperature

of the heat storage material that shown in data logger at constant.

Figure 4.15: Test section with heating system.
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Figure 4.16: Detail of test section.

4.4.2 Test Section and Cooling System

The cooling system of heat released consists of an oil bath (Thomas Scientific Instruments,

T 205), a heat exchanger, a pump, a cooling part and a test part, and silicone oil (TSF 458,

manufactured by Momentive Co.) was used as a heat medium. Figure 4.17 shows the test-

section with the cooling system. Test-section, Heat exchanger, Oil bath, Argon gas cylinder,

Pump, Cooling chamber, and Data Logger were shown as 1∼7,respectively. Detail of cooling

chamber is shown in Figure 4.18 . Inside of the cooling chamber, the partition with stainless

steel plates were installed as shown in Figure 4.18 to get the oil flow near the upper cover of

the cooling chamber and slightly heighten the oil outlet pipe over the cooling chamber for

touching the oil to upper cover of the cooling chamber.

After finishing the heating of heat stored (melting) process, the test-section and heat

storage material is heated to 300◦C and kept constant at this temperature. In preparation

for cooling of heat released process, before starting the solidification process, the temperature

of the oil inside of the oil bath keep the constant temperature of 36◦C and run the pump at
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Figure 4.17: Test section with cooling system.

the constant oil flow rate of 0.05 kg/min. After the temperature of the heat storage material

reaches 300◦C, heating is stopped. After that, remove the all insulation cover rock wool from

the test-section and remove the heaters installed in the lower part of the test section and test-

section is attached to the cooling chamber of the cooling system. The test-section and the

cooling chamber are covered with rock wool, and the cooling of heat release (solidification)

process is started when the heat storage material temperature reaches 250◦C. The histories

of temperature that measured with thermocouples were recorded by the data logger and the

behaviors of solidification of heat storage material was taken by the digital camera at every

15 min. The end of the experiment of data collection with data logger was taken when the

temperature of heat storage material reaches to 160◦C.
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Figure 4.18: Detail of cooling section.

4.5 Experimental Result and Consideration

4.5.1 Melting process

For the melting process, the temperature of the bottom plate of test-section raises to

280◦C by using the main and guard heater. The histories of temperature measured by

thermocouples were recorded to the data logger and the behaviors of solidification of heat

storage material were taken by the digital camera at every 15 min. The experiment was

stopped when the temperature of the heat storage material at constant.

Figure 4.19 shows the temperature histories of phase change material during the melting

process. At the start of the melting process, the temperature increases quickly because

of heating by the main and guard heater to 280◦C. After reaching to this temperature, the

temperature of heater is controlled by controller at constant value. The melting temperature

is about 220◦C. Figure 4.20 shows visualization of PCM melting during the melting process.

PCM melts at the bottom of the test section at 3600 s and the melted PCM increase to top

section according the heating time. All of the PCM melt about 9500 s.
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Figure 4.19: Temperature histories during melting process.

Figure 4.20: Visualization of PCM melting during the melting process.

The amount of heat stored during the melting process Qm is calculate from the watt

meter which connected to the plate heater. Figure 4.21 shows the amount of heat stored

during the melting process in Watt. Figure 4.22 shows the total amount of heat stored during

the melting process. This graph shows the experimental value and the theoretical value by

the time during the melting process. At the end of the experiment, the experimental value

is higher than the theoretical value. It means that the heater need to give more amount of
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Figure 4.21: The amount of heat storage by watt meter.

Figure 4.22: Total amount of heat storage.

heat to test section and PCM because some heat is lost to surrounding.

4.5.2 Solidification process

After finishing the heating of heat stored (melting) process, the test-section and heat

storage material is heated to 300◦C and kept constant at this temperature. In preparation

for cooling process, the temperature of the oil inside of the oil bath keep the constant

temperature of 36◦C and run the pump at the constant oil flow rate of 0.05 kg/min. After

the temperature of the heat storage material reaches 300◦C, heating by the heater is stopped.

After that, remove the all heat insulation rock wool covered to the test-section and remove

the heaters installed in the lower part of the test section and test-section is attached to
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the cooling chamber of the cooling system. The test-section and the cooling chamber are

covered with rock wool, and the cooling of heat release (solidification) process is started. The

histories of temperature are that measured with thermocouples were recorded by the data

logger and the behaviors of solidification of heat storage material was taken by the digital

camera every 15 min.

Figure 4.23 shows the temperature histories of PCM during the solidification process at

the different height in 0 mm, 20 mm, and 40 mm inside the test section. In this figure, phase

change temperature is not clear at the 0mm and 40 mm. At the height of 20 mm,solidification

process start about 1000 s and it finish about 7000 s. Figure 4.24 shows the visualized

result of PCM condition during the solidification process. Surface corrosion appears to the

construction material after so many repeating cycles of experiment. The PCM color has

changed and the solidification condition of PCM cannot be seen clearly in this photo.

Figure 4.23: Temperature histories during the solidification process.

The amount of heat release during the solidification process Qs was calculated from

the temperature difference between the inlet and the outlet of the cooling chamber was

measured by thermocouples installed at the inlet and the outlet of the cooling chamber.

At this time, the heat release amount Qs [kJ] is calculated from the Equation 4.1, and the

temperature difference between the inlet and outlet of the cooling chamber, the mass flow

rate of oil foil [kg/min] and the specific heat of oil CPoil
[kJ/(kgK)]. Figure 4.25 shows the total

amount of heat release during the solidification process. The total amount of heat release
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Figure 4.24: Visualization of PCM during the solidification process.

by experimental value is 500 kJ and the theoretical value is about 800 kJ. The difference

is large because difference between the operating temperature and at room temperature is

high and there has a lot of heat loss to surroundings.

Qs =

∫ tb

te

{ 1

60
× foil × CPoil

(Tout − Tin)}dt (4.1)

Figure 4.25: The total amount of heat release during the solidification.
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4.5.3 Summary

In this Chapter, selection of phase change materials to store the waste heat energy

from the factories for the temperature range 200∼300◦C was conducted. NaOH:LiOH

(70:30)mol% was selected as the heat storage material mixture. For using these mixture,

corrosion test with different types of material SS304, SS316, SS316L, copper, and nickel

were conducted. According to the result of the corrosiveness test, SS316L was used for con-

struction the experimental device. But argon gas must be inserted inside the test section to

decrease the corrosiveness problem. The experimental device contains test section, heating

system and cooling system. The melting process is conducted by using the plate heater and

solidification process is conducted by the oil heated in oil bath and pump. Using these de-

vices, melting and solidification behavior of PCM was investigated. Device has some surface

corrosion and PCM color changed after the repeating cycle. Thus, it is not very clear the

PCM condition when taking the photo. And there has some heat transfer losses, because

the operating temperature and outside temperature are very different.
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Chapter 5

Heat Storage Material Mixture at

Temperature Range 100∼200◦C

5.1 Selection of Heat Storage Material

Nowadays, a lot of waste heat energies from industrial is discarded to the environment.

Thus, global warming is a very important problem. This waste heat energy must be reused

effectively to recover both of utilization of waste heat energy and protecting to environmental

impact. To reuse this waste heat energy, thermal energy storage technology is a very im-

portant role. By using thermal energy storage technology, it can be reduced primary energy

consumption, carbon dioxide emissions, and global warming.

Figure 5.1 shows the amount of industrial waste heat energy classified by waste heat

temperatures and various sections [80]. A Huge amount of waste heat is being discarded

by various industrial sectors, even in the case of Japan only, more than 400 PJ waste heat

in the temperature range 100∼150◦C have discarded annually. Most of this waste heat is

discarded by power plants, followed by chemical and steel companies, as shown in Figure 5.1.

In this graph, medium waste heat temperature is about 150◦C. Because of this reason, in

this research, we would like to select the heat storage material and study the heat transfer

characteristics of this material at this temperature of 150◦C.

Figure 5.2 shows various heat storage material at the temperature range of 100∼250◦C.
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Figure 5.1: Annual discarded waste heat by various industrial sectors in Japan. [80].

Figure 5.2: Various heat storage material at the temperature range of 100∼250◦C[81],[82].

In this Figure also shows the melting point TM and the latent heat amount L of the main

heat storage material [81], [82] in the range of 100∼250◦C. It includes main four types of

heat storage materials like sugar alcohol, molten salt, organic material, and hydrate. As a

feature of each substance, hydrate has a property of low melting temperature and latent heat

value. Organic substances such as polyethylene and polybutadiene are relatively expensive

and have low latent heat and are not considered to be used for latent heat storage materials.
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Molten salt such as lithium hydroxide - sodium hydroxide has a high latent heat value close

to 300 kJ/kg, but it causes deliquescence and it has the corrosion problem to construction

materials, and it is harmful to the human body. Among them, sugar alcohols such as

erythritol and mannitol are both chemically stable in both substances and are extremely

harmless to the human body as it is also used in sweeteners. Also, because it has high latent

heat and is relatively inexpensive, it is considered to be used as latent heat storage materials.

In addition, erythritol and mannitol are environmentally friendly materials, non-toxic and

non-flammable. From the above, in this study, sugar alcohols erythritol and mannitol, which

have high latent heat and are harmless to people, were selected as heat storage materials.

In most latent heat storage systems, a multi-tube direct contact heat exchanger is used.

A direct contact heat exchanger can exchange energy more rapidly than an indirect contact

heat exchanger. A spray tower-type direct contact heat exchanger using a phase-change

material (PCM) (tetradecane) in low-temperature regions and air has been studied experi-

mentally [83]. The heat transfer characteristics of a direct contact evaporator of a two-phase

refrigerant have also been studied [84]. Performance of a direct contact latent heat energy

storage system during the discharging process has been investigated using a storage medium

of sodium thiosulfate pentahydrate [85].

The development and performance of a direct contact heat exchanger using erythritol

with the melting temperature of 119◦C as a PCM and heat transfer oil for accelerating heat

storage. A nozzle facing vertically downward was placed at the bottom of the heat transfer

unit. It was examined the effects of the flow rate and inlet temperature of the heat transfer

oil using three characteristic parameters of heat storage: the difference between inlet and

outlet heat transfer oil temperatures, temperature effectiveness, and heat storage rate.

The thermal and flow behaviors in a trans-heat (TH) container have been examined,

in which the solidification and melting of the PCM were observed directly using a two-

dimensional roundly sliced model [86]. The improvement in heat storage performance of

a direct contact heat exchanger using the PCM erythritol and heat transfer oil was de-

scribed. A series of binary systems of palmitic acid (PA) and stearic acid (SA) in different
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proportions were prepared from liquid mixtures by slow cooling to room temperature to

determine the eutectic mixture ratio. After determining of the eutectic composition ratio of

the (PA/SA) binary system, its thermo-physical properties were measured with differential

scanning calorimetry (DSC). Next, the phase transition characteristics of the mixture, such

as the total melting and solidification temperatures and times, were established [87].

Erythritol-polyalcohol mixtures were prepared as PCM, which may be applicable for

heat storage in the temperature range between 80◦C and 100◦C, for a hot water sup-

ply system. The melting and solidification temperature was adjusted by adding polyal-

cohols, such as trimethylolethane (TME), 2-ethyl-2methyl-1,3-propanediol, 2-amino-methyl-

1,3-propanediol-1,4-butanediol,2-amino-1,3-propanediol,and trimethyl-lolpropane (TMP), to

erythritol [88]. A eutectic composition with a melting temperature of 363◦C was determined

as (mol%) LiF (17.4), LiCl (42.0), LiVO−3 (17.4), Li2SO4 (11.6), and Li2MoO4 (11.6) [89].

A comprehensive analysis of sugar alcohol (SA) relevant properties for TES has been

carried out in order to select the most appropriate single SA for mixtures analysis. Sixteen

SA-based binary systems have been investigated. Their corresponding phase diagrams have

been experimentally and theoretically established. Four eutectic mixtures with potential for

long-term TES at a temperature around 80◦C have been identified. They are: 1) adonitol-

erythritol at 30 mol% of erythritol, with melting temperature of 87◦C and latent heat of

fusion of 254 J/g; 2) arabitol- erythritol at 40mol% of erythritol, with melting temperature

of 86◦C and latent heat of fusion of 225 J/g; 3) xylitol-erythritol at 36mol% of erythritol,

with melting temperature of 82◦C and latent heat of fusion of 270 J/g; and 4) arabitol-xylitol

at 56mol% of xylitol, with melting temperature of 77◦C and latent heat of fusion of 243 J/g

[90]. The direct contact melting and solidification behavior between heat transfer oil and

erythritol (PCM) were visualized to investigate the characteristics of heat storage and release

at different flow rates of oil (1.0-4.0 kg/min) and the effects of a perforated partition plate

[91].

In this study, it was investigated the melting and solidification characteristics of mixtures

of mannitol and erythritol (Cm = 70 mass%, Ce = 30 mass%) for latent heat storage at about
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(100∼200◦C). The melting point and latent heat of mannitol are Tm = 168◦C and Lm =

301.2 kJ/kg, respectively. The melting point and latent heat of erythritol are Te = 119◦C

and Le = 340 kJ/kg, respectively. The mixture of mannitol and erythritol had melting

temperatures [latent heat] of Tm1 = 103◦C [ L1 = 81kJ/kg], Tm2 = 151◦C [ L2 = 201 kJ/kg].

The melting temperature and latent heat of the mixture were measured using a DSC device

[92].

5.2 Characteristics of Erythritol and Mannitol

The photographs and chemical structural formulas of erythritol (manufactured by Mit-

subishi Kagaku Foods Co., Ltd., purity: 98% or more) and mannitol (D-mannitol, man-

ufactured by Mitsubishi Shoji Foodtec, purity 99.9%) selected in this study are shown in

Figure 5.3. Both of these substances are sugar alcohols of polyhydric alcohols and are harm-

less to people, as can be seen from the fact that they are used as food additives. As can

be seen from Figure 5.3, both substances are solid at normal temperature, erythritol is

transparent granular, and mannitol is white powder.

Figure 5.3: Erythritol and Mannitol material.

Physical property values of erythritol and mannitol are shown in Table 5.1 [93][94]. From
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Table 5.1, in the published values, the melting point of erythritol is 118 to 119◦C, and

the mannitol is 166.5◦C. In addition, since the density difference between both substances

in liquid and solid state is relatively small, separation is difficult even when melting and

solidification is repeated, and it is considered that mixing of both substances is effective.

Table 5.1: Properties of Erythritol and Mannitol [93][94].

Properties Unit Erythritol Mannitol

Melting point Tm
◦C 118 119 166.5

Latent heat L kJ/kg 320 340 303.7

Specific heat Cp kj/kg.K 2.8 (at 140◦C) 2.85 (at 180◦C)
1.39 (at 20◦C) 1.62 (at 100◦C)

Thermal conductivity k W/m.K 0.338 (at 140◦C) 0.415 (at 170◦C)
0.676 (at 20◦C)) 0.491 (at 73◦C))

Density ρ kg/m3 1300 (at 140◦C) 1386 (at 200◦C)
1480 (at 20◦C) 1403 (at 28◦C)

5.3 Characteristics of Mixed Latent Heat Storage Ma-

terial

The melting point and the latent heat at each mixing ratio of erythritol, mannitol mixture

selected in this study are measured using differential scanning calorimetry (DSC) and are

shown in Figure 5.4. This figure shows the melting temperatures and latent heat of each

mixing ratio of erythritol and mannitol mixtures. The latent heat amount represents the

total value when there is a plurality of melting points in the mixing ratio. From Figure 5.4,

there has one melting peak temperature at a ratio of mannitol content of 10 mass% to 30

mass%, three melting peak temperatures at 50 mass% to 65 mass%, and two melting peak

temperatures at other mixing ratios. After the mannitol content of 40 mass%, it shows a

plurality of melting peaks on the low-temperature side and the high-temperature side, and

on the high-temperature side, there is a tendency to approach the melting point of mannitol

as the content increases. Further, when mannitol content is 50 to 65 mass%, there is two

low-temperature side melting peaks.

In addition, it can be seen from Figure 5.4 that the melting peak temperature of the
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Figure 5.4: DSC measurement results of each mixing ratio of mannitol and erythritol [81].

mixture falls below the melting points of erythritol and mannitol. This suggests that the

melting peak temperature of the mixture dropped below the melting point of the pure

substance. This phenomenon is explained as follows. In general, it is reported that the

adjustment of the melting point can be achieved by disrupting the crystal arrangement and

weakening the intermolecular interactions by adding impurities [88]. From Figure 5.4, it can

be seen that the mannitol content of 70 mass% mixture has a melting peak temperature

around 150◦C aiming for this study. Based on this fact, a mixture of mannitol content of

70 mass% was selected as latent heat storage material. Table 5.2 shows the melting peak

temperature and latent heat value of pure substance and 70 mass% mixture measured by

DSC apparatus [81].

Table 5.2: DSC measurement values and reference values [81], [93],[94].

Properties Melting point Latent heat

Measurement value Mannitol 168◦C (166.5◦C) 335 kJ/kg (303.7 kJ/kg)
(Reference value) Erythritol 119◦C (119◦C) 337 kJ/kg (340 kJ/kg)

70mass% mixture 103◦C / 151◦C 81 kJ/kg / 201 kJ/kg
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5.4 Experimental Apparatus

In this study, it was investigated the melting and solidification characteristics of mixtures

of mannitol and erythritol (Cm = 70 mass%, Ce = 30 mass%) for latent heat storage at the

temperature range (100∼200◦C). This waste heat energy can get from the factories. To

investigate the melting the solidification characteristics of mannitol and erythritol mixture,

the experimental apparatus of Figure 5.5 was used. The experimental apparatus consisted of

a heat-storage vessel (test section), high- and low-temperature oil baths (heating capacity: 2

kW) (T301, Thomas Kagaku,16 L, 10∼300◦C,0.05◦C, Japan), a heat exchanger (plate heat

exchanger), a coolant water constant temperature control bath (TBF 230DC; ADVANTEC,

21 L, -20∼ -80 ◦C: ±0.1 ◦C, 220 W), (cooling capacity: 4.5 kW), pressure gauges (measuring

range: −0.1 to 0.3 Mpa), a digital camera, a pump (MMH21, Sanwa, lift 28 m, -20◦C-

80◦C: ±0.1◦C, 90 W to 550 W, Japan), pressure gauges, 2.3 mm K-type thermocouples, a

digital balance, and a data logger to collect the measured temperature data. The accuracy

of temperature measurement was ±0.2◦C.

Figure 5.5: Schematic diagram of the experimental apparatus.

The dimensions of the test section were W288 mm x L80 mm x H510 mm and its thickness

were 6 mm. Figure 5.6 shows the detail of the test section. The heat-transfer oil flowed
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Figure 5.6: Details of the heat storage vessel.

Figure 5.7: Nozzle plate photo and its dimension.

through a nozzle plate at the bottom of the test section and continues upward through the

PCM region, where heat was directly exchanged with the PCM. The nozzle plate had 24

holes, each with a diameter of 1.6 mm. By using the nozzle plate, the heat transfer fluid oil

can be distributed almost of PCM region inside of heat storage vessel. The nozzle plate and

its dimension are shown in Figure 5.7. Pyrex glass wool (thickness of 10 mm) was placed on

both sides of the test section to enable photographs to be taken of the PCM under conditions
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of melting and solidification. Ten thermocouples were installed in the test section: four at

the oil inlet, two in the PCM region, two in the oil region, and two at the outlet. The

arrangement of thermocouples is as shown in Figure 5.8. The temperature of inlet oil Tin is

the average temperature of T1, T2, T3, and T4.

Figure 5.8: The arrangement of thermocouples.

Table 5.3: The properties of heat transfer fluid oil (silicone) [95].

Specific heat (25◦C) 0.963
Viscosity (25◦C) 100 [mm2/sec]

Volume expansion coefficient (25◦C -250◦C) 9.810-4 [1/K]
Flashpoint 325 [◦C]

Thermal conductivity 0.16[W/m.K]
Specific heat (40◦C) 1.55 [kJ/ kg.K]
Specific heat (100◦C) 1.63 [kJ/ kg.K]
Specific heat (200◦C) 1.76 [kJ/ kg.K]

The temperature of mixture TMix is the average temperature of T5 and T6. The temper-

ature of outlet oil Tout is the average temperature of T15 and T16. The data logger recorded

measured temperature data at 15 s intervals. Photographs of melting and solidification of

the PCM in the storage vessel were taken using the digital camera. The silicone oil (TSF 458,
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manufactured by Momentive) was used as a heat transfer fluid oil. Table 5.3 shows physical

property values of heat transfer fluid oil (silicone) [25]. Since the oil bath does not have a

cooling function in the solidification process if the return oil from the heat storage vessel,

the return oil temperature will be raised and the oil temperature inlet to the heat storage

vessel cannot be kept constant. Therefore, before return to the oil bath, the temperature is

regulated by exchanging the temperature of the oil and the cooling water by using a heat

exchanger. Between the upper cover plate and test section, insert the O-ring seal and a

heat-resistant fluorine rubber sheet (t = 2 mm) for preventing the oil leakage. When setting

the Pyrex glass wool on both sides of the test section, a heat-resistant fluorine rubber sheet

also uses for preventing oil leakage and for preventing the cracking of glass by tightening.

5.5 Experimental Method

Before the experiment, the mannitol and erythritol 70 : 30 mass% mixture (weight, 3.0

kg) was inserted in the heat storage vessel. In the initial conditions of the melting process,

all the temperatures of the heat storage vessel, the PCM, and the heat transfer fluid oil in

the heat storage vessel were maintained at 90◦C. To melt the mixture in the test section,

silicone oil at 200◦C from the high-temperature oil bath was pumped through the inlet of

the heat storage vessel. Then, it flowed upward, through the nozzle plate at the bottom of

the heat storage vessel and the PCM region, until the temperature of the mixture increased

to 190◦C. The silicone oil was then returned from the outlet of the heat storage vessel to the

high-temperature oil bath.

The solidification process started after completion of melting. First, all the temperatures

in the heat storage vessel, mixture, and heat transfer fluid oil in the heat storage vessel

were maintained at 190◦C. To solidify the mixture, the silicone oil from the low-temperature

oil bath at 90◦C flowed into the heat storage vessel until the temperature of the mixture

decreased to 95◦C. The oil that exited from the outlet port of heat storage vessel passed

through the heat exchanger. In the heat exchanger, the heat of the oil was exchanged with

water from the temperature controlled bath.
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In both the melting and solidification processes, oil flowed at a constant mass flow rate.

The flow rate of the oil (foil) was measured with the digital weighing machine. These two

processes were repeated at different oil flow rates: 1.0, 1.5, and 2.0 kg/min. Temperature

changes during the experiment were recorded with the data logger and the melting and

solidification behavior of the latent heat storage mixture were recorded with the digital

camera.

5.6 Method of Arranging Experimental Data

In the melting and solidification processes, the amount of heat stored and heat released

are as following Equation 5.1 and Equation 5.2.

QM =

∫ te

tb

foil.CPoil
(Tin − Tout)dt (5.1)

QS =

∫ te

tb

foil.CPoil
(Tout − Tin)dt (5.2)

Where QM is the amount of heat stored (kJ), QS is the amount of heat released (kJ),

tb, te is the beginning and ending time of experiment (min), foil is the flow rate of the heat

transfer oil (kg/min), CPoil is the specific heat of the heat transfer oil (kJ/kg K), Tin; oil

inlet temperature, Tout; oil outlet temperature (◦C).

QPCM = mpcmCPl (Tb − Tm) + L mpcm +mpcm CPs (Tm − Te) (5.3)

Qoil = moilCPoil (Tb − Te) (5.4)

Qts = mtsCPts (Tb − Te) (5.5)
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Qth = mPCM +Qoil +Qts (5.6)

Where QPCM is the amount of sensible heat and the amount of latent heat in the PCM

(kJ). Qoil is the amount of sensible heat of oil (kJ). Q ts is the amount of sensible heat of test

section material (kJ). mpcm is the mass of PCM (kg), C Plis the specific heft of liquid PCM

(kJ/kgK), T b,T e is the temperature at the begin and end of the experiment (◦C), Tm is the

melting Temperature of PCM (◦C), L is the latent heat of PCM (kJ/kg), C Ps is the specific

heat of solid PCM (kJ/kgK), moil is the mass of oil inside of the heat storage vessel (kg),

mts is the mass of the construction material of heat storage vessel(kg), CPts is the specific

heat of the construction material of heat storage vessel (kJ/kgK).

For calculating the theoretical amount of heat during the solidification process, the tem-

peratures of heat transfer oil at the begin and end of the experiment were 190◦C and 95◦C

respectively. During the melting process, the temperatures of heat transfer oil at the begin

and end of the experiment were 90◦C and 190◦C of oil respectively.

The physical properties used in the empirical formulas described above are oil specific

heats CPoil = 1.65, 1.63 [kJ/(kgK)] at melting and solidification, mass mts = 23.6 [kg] at

the test part (stainless steel) The specific heat of stainless steel CPts = 0.500 [kJ / (kg K)],

the heat storage material mass mpcm =3.0 [kg], the latent heat amounts L of the mannitol,

erythritol, and 70 mass% mixture L = 303,81, 337, and 201 [kJ/kg] were used. The specific

heat of erythritol and mannitol is solid phase: CPl = 2.85, 2.80 [kJ/(kgK)], liquid phase:

(CPs = 1.62, 1.39 [kJ/(kgK)]).

The ratio of heat stored and released is calculated by the Equation 5.7 and Equation 5.8

by dividing the heat stored and release QM , QS of the theoretical stored and release heat

Qth.

φM =
QM

Qth

(5.7)
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φS =
Qs

Qth

(5.8)

And also, the rate of heat storage and release, PM and PS are defined as by dividing the

experimental values QM and QS of the time interval δt [sec] of each experiment.

PM =
QM

δt
(5.9)

PS =
QS

δt
(5.10)

The average heat transfer rate can be calculated by dividing the total amount of heat

stored and released by the experiment finishing time as follow:

PM−AV G =
QTM

tf
(5.11)

PS−AV G =
QTS

tf
(5.12)

5.7 Solidification Behaviors of 70mass% Mixture

The solidification process of 70 mass% mixture was carried out using direct contact latent

heat storage tank. The experimental conditions are shown as follow: Latent heat storage

material: 70 mass% mixture , Filling amount: 3 kg , Inflow oil temperature: Tin = 90◦C ,

Initial temperature: Tb = 190◦C , Oil flow rate: foil = 1.0, 1.5, 2.0 kg/min

Figure 5.9 shows the temperature histories without any insertion of perforated partition

plate(lattice) and metal fibers at an oil flow rate of 1.0 kg/min. It indicates the temperatures

of the PCM mixture (TMix), the inlet oil (Tin), and the outlet oil (Tout) from the heat

storage vessel during the solidification process. Average temperatures of the PCM and inlet

and outlet temperatures of the oil in the heat storage vessel were measured by installing

thermocouples in each part and the temperature histories were recorded with the data logger.
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The temperature histories of the mixture showed that the temperature declined from 0 to

10 min with the sensible heat release. The temperature of the mixture in the latent heat

part was 150 ◦C. The solidification process ended at 70 min.

Figure 5.9: Temperature histories of solidification at 1.0 kg/min flow rate.

Figure 5.10 shows visual observation of solidification process at 1.0 kg/min of oil flow

rate. The solidification behavior without any inserting of the perforated partition plate and

metal fiber was as follow: At the start of the experiment, the liquid of the 70% mannitol

mixture in the heat storage vessel at a height of 80 mm. After oil flowed through the nozzle

plate, oil droplets became coated by the solidifying PCM as a layer around the oil droplet,

and they flowed up to the interface between the PCM and oil. At the interface between

the PCM and oil, the oil droplets and the solidified PCM were separated by the density

difference between the oil and PCM. At this time, the solidified PCM formed a porous zone,

and the solidification height of the PCM increased with time. Furthermore, since the initial

solidified layer hinders the flow of the oil, and the new solidified porous layer was deposited

under the initial solidified layer, and the porous solidified layer became thicker. It can be

confirmed that it is densely solidified in the lower part of the heat storage vessel.

With time, the amount of solidified PCM increased from the interface to the base of the

test section, during which it formed a porous zone and the solidification height increased.

The solidified porous layer very quickly appeared between 9 min to 15 min. It was also found

the latent heat process at the temperature histories of Figure 5.9. Figure 5.11 shows the
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Figure 5.10: Visual observation of solidification process at the flow rate of 1.0 kg/min.

temperature histories of solidification process of 70% mass mixture at the three-different oil

flow rate of 1.0,1.5, 2.0 kg/min. As shown in Figure 5.11, the experimental time shortened

due to the increase in the oil flow rate.
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(a) At 1.0 kg/min of oil flow rate

(b) At 1.5 kg/min of oil flow rate

(c) At 2.0 kg/min of oil flow rate

Figure 5.11: Temperature histories with three different oil flow rates.
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Figure 5.12 shows the comparison of visual observation of solidification process with three

different of oil flow rate 1.0, 1.5, and 2.0 kg/min. From these photographs, the solidified

heights of PCM were 120 mm, 190 mm, and 270 mm for these oil flow rates, respectively. By

increasing the oil flow rate, solidified PCM at the interface flowed up with the oil from the

inlet, the porous area increased, and the solidified height increased. At high oil flow rates,

solidified PCM flowed out of the test section with the oil.

Figure 5.13 shows the amount of heat released at oil flow rates of 1.0, 1.5, and 2.0 kg/min,

without any inserting such as the perforated partition plate and metal fibers. It is seen that If

the flow rate of oil increased, the finishing time of experiment was shortened. The theoretical

amount of heat released of the 70 mass% mixture is 3626 kJ, which is shown by the broken

line in Figure 5.13. It is about 89% or more when calculating the heat release rate from

Equation 5.8. Therefore, in this experiment the latent heat storage system has less of heat

loss and this system is effective for heat transfer process. Figure 5.14 shows the rate of heat

stored at the three different of oil flow rates. At the start of the experiment, the temperature

difference of the inlet oil and the PCM mixture is large, so that the speed of heat transfer is

very fast at the start of the experiment. After that, in this Figure 5.14 the change in heat

storage rate becomes gentle. This state is phase change process.
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(a) At 1.0 kg/min of oil flow rate

(b) At 1.5 kg/min of oil flow rate

(c) At 2.0 kg/min of oil flow rate

Figure 5.12: Comparison of visual observation of solidification process with three different
oil flow rates.
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Figure 5.13: The amount of heat released during the solidification process with three different
oil flow rates.

Figure 5.14: The rate of heat released at the three different of oil flow rates.

5.8 Melting Behaviors of 70 mass% Mixture

In this section, the melting behavior of 70mass% mixture was observed and compared

the melting characteristic with the three different types of oil flow rate 1.0, 1.5, and 2.0

kg/min. The experimental conditions are as follows; Latent heat storage material: Mannitol:

Erythritol 70 : 30 mass% mixture, Filling amount: 3 kg , Inflow oil temperature: Tin =

200◦C, Initial temperature of PCM: Tb = 90◦C, Oil flow rate: foil = 1.0, 1.5, 2.0 kg/min,

Figure 5.15 shows the temperature histories of the PCM without any insertion of the

perforated partition plate and metal fiber in the heat storage vessel with an oil flow rate 1.0

kg/min. It indicates the temperatures of the PCM mixture (TMix), the inlet oil (Tin), and
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the outlet oil (Tout) from the heat storage vessel in the melting process. Average tempera-

tures of the PCM and inlet and outlet temperatures of the oil were measured by installing

thermocouples in each part and the temperature histories were recorded with the data log-

ger. Before starting the melting process, the temperature of the inlet, outlet, PCM and heat

storage vessel were maintained at 90◦C. To melt the mixture in the test section, silicone

oil at 200◦C from the high-temperature oil bath was pumped through the inlet of the heat

storage vessel.

At the start of the melting process, the temperature of the inlet oil is changed immediately

from 90◦C to 200◦C. Because of this reason, the temperature lines of inlet and outlet oil

increased sharply at the start of melting process. The melting process was done at 70 min.

As shown in Figure 5.15, the temperature change at this time is not clearly seen and very

gentle around 150◦C, which is the melting peak on the high-temperature side, it is considered

that melting is progressing. In addition, a period where the temperature changed of the heat

storage material becomes gentle can be confirmed about 100◦C. which is the melting peak

on the low-temperature side, but it did not appear of melting in Figure 5.15. It is thought

that this was not observed from the visualized surface of the solidified layer adhered to the

glass surface because the nozzle hole was placed in the center of the heat storage tank and

melted from the inner side around the flow path of the oil. After 40 min,it is able to observe

the melting of the heat storage material in the test section. The melting process has finished

when the outlet temperature of the oil reaches to 195◦C.

Figure 5.16 shows the melting behavior of the latent heat storage mixture PCM with

an oil flow rate of 1.0 kg/min. After finishing the solidification process, it is found that

the PCM solidified porous layer at the upper portion and dense layer at the lower portion.

During the melting process, oil flows through the formed paths from the porous zone of the

solidified PCM. The PCM starts to melt from the upper part of the solidified PCM. After

that, the amount of melting PCM increases with time from top to bottom in the heat storage

vessel. The porous solidified layer has a large surface area per unit volume and is easy to

heat exchange from oil even though the oil was flow from the bottom of heat storage vessel.
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Figure 5.15: Temperature histories of melting process at 1.0 kg/min of oil flow rate.

As shown in Figure 5.16, it can be observed that melting started from a porous layer having

a large heat transfer area like a photograph of 40 min.

Figure 5.17 shows the temperature histories of 70mass% mannitol heat storage mixture

without any inserting of perforated partition plate and metal fiber at the three different

oil flow rates of 1.0, 1.5, and 2.0 kg/min. As shown in Figure 5.13, the experimental time

shortened due to the increase in the oil flow rate, because the flow rate passing through the

liquid phase of the heat storage material is increased due to the increase in the flow rate. The

finish time of experiment is shortened by increasing the flow rate of oil. Figure 5.18 shows

the comparison of visual observation of melting process with three different of oil flow rates

1.0, 1.5, and 2.0 kg/min. As the rate of oil flow increases, the speed of melting process is also

increased. In all type of oil flow rates, the PCM melts from the upper solidified porous area

and there was no big difference in behavior of melting a dense solidified layer after melting

from a porous layer with a large heat transfer area.

Figure 5.19 shows the amount of heat stored in the melting process with three different

types of oil flow rates 1.0, 1.5, and 2.0 kg/min. The broken line in this figure is 3757 kJ

which is the theoretical heat storage amount of the 70 mass% mixture. Most of the oil flow

rate can store the amount of heat 83% or more of the theoretical amount of heat. Figure 5.20

shows the rate of heat released at the three different of oil flow rates. At any flow rates of

oil, the speed of heat storage increases quickly at the start of the experiment because of the
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Figure 5.16: Visual observation of melting process at 1.0 kg/min oil flow rate.

large difference between the temperatures of inlet oil and PCM mixture temperature. The

speed also increases as the flow rate of oil increase, it will shorten the experimental time.
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(a) At 1.0 kg/min of oil flow rate

(b) At 1.5 kg/min of oil flow rate

(c) At 2.0 kg/min of oil flow rate

Figure 5.17: Temperature histories of melting process at the three different oil flow rates.
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(a) At the flow rate of 1.0 kg/min

(b) At the flow rate of 1.5 kg/min

(c) At the flow rate of 2.0 kg/min

Figure 5.18: Comparison of visual observation of melting process with three different of oil
flow rate.
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Figure 5.19: The amount of heat stored in the melting process with three different types of
oil flow rates.

Figure 5.20: The rate of heat released at the three different of oil flow rates.
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5.9 Methods of the Reduction of the Solidification Height

of Mixture

5.9.1 Using the Perforated Partition Plate

As shown in the previous section, by increasing the oil flow rate, solidified PCM at the

interface flowed up with the oil from the inlet, the porous area increased, and the solidified

height increased. At high oil flow rates, solidified PCM flowed out of the test section with

the oil. To prevent this, it will be shown the various methods of preventing in this chapter.

In this section, the aluminum perforated partition plate(lattice) was inserted inside the heat

storage vessel. Figure 5.21 shows the aluminum perforated partition plate (lattice). There

is 8 rooms and each room has 3 holes of the nozzle plate. Each room has the dimension of

20×60×200 mm. The width of this is 250 mm. The arrangement of perforated holes and

each dimension are shown in Figure 5.21(b).

Figure 5.22 shows the temperature histories of PCM with perforated partition plate at

the oil flow rate of 1.0 kg/min. In this figure, shows the temperature histories of inlet oil,

out oil, and PCM that are recorded by the thermocouples. The temperature rises at about

150◦C, which is near the melting peak, and the rapid solidification occurs. The behaviors of

temperature histories are nearly same with and without perforated partition plate.Figure 5.23

shows the solidification behaviors of PCM with and without the perforated partition plate

at the oil flow rate of 1.0 kg/min. It is understood that a porous layer is formed at the

interface between the oil layer and the liquid phase of the heat storage material at 9 min

regardless of the presence or absence of the aluminum lattice. After that, from the visualized

photographs of 12 min and 15 min, no change due to the aluminum lattice could be observed

even in the behavior of forming a dense solidified layer under the porous layer.

Figure 5.24 shows the comparison of solidification behaviors with and without perforated

partition plate at three different types of oil flow rates. It can be seen that the effect of

suppression of the rise in solidified surface height increases as the oil flow rate increases.
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Figure 5.21: Details of perforated partition plate.

Figure 5.22: Temperature histories of PCM with perforated partition plate at the oil flow
rate of 1.0 kg/min.

When the aluminum perforated partition plate is not inserted, the higher the oil flow rate

generates, the higher the solidification height, but it became almost the same level by in-
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(a) Without perforated partition plate

(b) With perforated partition plate

Figure 5.23: Solidification behaviors of PCM with and without the perforated partition plate
at the oil flow rate of 1.0 kg/min.

serting the plate. Solidification process started from the interface of the liquid PCM and oil

and it proceeded to the bottom of the heat storage vessel both conditions of the with and

without perforated partition plate. By using the perforated partition plate, PCM coated oil

droplets float on the interface between the oil and PCM, and these oil droplets are pushed

next to the other floating oil droplets because of continuous flowing of oil from the bottom

of heat storage vessel. And then, the pushed oil droplets will collide to the surface of the

perforated partition plate and it will be broken. Because of this mechanism, it could prevent

to increase the solidified height of the PCM.

Figure 5.25 shows the comparison of the amount of heat released with and without

perforated partition plate at the three types of oil flow rates 1.0, 1.5, and 2.0 kg/min. Even

when the aluminum lattice is inserted, the change in the amount of heat released shows
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(a) Without perforated partition plate

(b) With perforated partition plate

Figure 5.24: Comparison of solidification behaviors with and without perforated partition
plate at three different types of oil flow rates.

almost the same tendency, and the total amount of heat and the experiment finishing time

have the same value.

Figure 5.26 shows the comparison of the speed of heat released with and without per-

forated partition plate at the three types of oil flow rates. The speed of heat released with

and without perforated partition plate also almost nearly same. Based on the above results,

it is found that the influence on the heat released by the aluminum lattice is small in the 70

mass% mixture, and since it has the effect of suppression the height of the solidified surface,

it is considered to be effective as a method of suppression the solidification surface height.

Figure 5.27 shows melting behaviors of PCM with the perforated partition plate at the

three types of oil flow rates. The PCM melts from the upper porous part of the solidified PCM
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.25: Comparison of the amount of heat released with and without perforated parti-
tion plate at the three types of oil flow rates.

as without perforated partition lattice. With the perforated partition plate, the starting time

of the melting process is fast and the melting process finishing time is shortened as the flow
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Figure 5.26: Comparison of the speed of heat released with and without perforated partition
plate.

rate of oil increases.

Figure 5.28 shows the comparison of the amount of heat stored with and without perfo-

rated partition plate at the three types of oil flow rates. It shows the same tendency even

when aluminum perforated partition plate is inserted. Figure 5.29 shows the comparison of

the rate of heat stored with and without perforated partition plate at the three types of oil

flow rates,and the average heat storage rate of all conditions are nearly same. From this, it

is considered that the influence on the melting behavior and heat storage performance due

to the insertion of the aluminum perforated partition plate in the 70 mass% mixture are

small except the solidification height of PCM after the solidification process.

5.9.2 Using the Metal Fiber

5.9.2.1 Using the Metal Fiber diameter 0.4 mm

In this section, aluminum metal fibers are used to prevent the increase of the solidified

height problem. At previous section, aluminum perforated partition plate was used. But it

cannot distribute all PCM region to break the PCM coated oil droplets. If aluminum metal

fibers are used, it can easily distribute all PCM region and it may break the PCM coated

oil droplets. As a result, it may more efficient than perforated partition plate. Figure 5.30
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.27: Melting behaviors of PCM with the perforated partition plate at the three types
of oil flow rates.
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.28: Comparison of the amount of heat stored with and without perforated partition
plate at the three types of oil flow rates.
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Figure 5.29: Comparison of the rate of heat stored with and without perforated partition
plate at the three types of oil flow rates.

shows the aluminum metal fiber with the diameter of 0.4 mm and 0.2 mm. It is inserted the

liquid PCM region as Figure 5.31.

Figure 5.30: Aluminum metal fiber.

Firstly, the metal fiber with diameter of 0.4 mm was used. In this section, metal fiber

material ratio was set as φ = 1.5%. It means the metal fiber volume is 1.5% of the liquid

PCM volume. The mass of the inserted metal fiber is 90 g. If this ratio of the metal fiber

is too high, it will block the oil flow rate and it may cause oil pressure increase and the oil

pump damage. Aluminum is used because it has so many advantages. It has low density,

non toxicity, high thermal conductivity, excellent corrosion resistance and can be easily cast,
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Figure 5.31: Metal fiber position.

Figure 5.32: Temperature histories of PCM with metal fiber at the oil flow rate of 1.0 kg/min.

machined and formed. It is cheaper than copper and less weight.

Figure 5.32 shows the temperature histories of PCM with metal fiber at the oil flow

rate of 1.0 kg/min. In this figure shows the temperature histories of inlet oil, out oil, and

PCM temperatures. At the solidification process of with and without aluminum perforated

partition plate, the temperature changed of melting peak process is quickly because of so-

lidification process progress is a little fast. With the metal fiber, the temperature changed

of melting peak process is gradually because of solidification process progress is a little slow.

This condition of temperature histories is different from the with and without perforated

partition plate.

Figure 5.33 shows the solidification behaviors of PCM with and without inserting the
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(a) Without metal fiber

(b) With metal fiber

Figure 5.33: Solidification behaviors of PCM with and without inserting of the metal fiber
at the oil flow rate of 1.0 kg/min.

metal fiber at the oil flow rate of 1.0 kg/min. A porous initial solidified layer is formed

at the interface between the oil and the heat storage material liquid phase under both

conditions, but after that, by mixing the metal fiber material, it can be seen that a gently

solidified layer is formed. It is found that by mixing the metal fiber material, convection

in the liquid phase is suppressed and a dense solidified layer is formed. Because the phase

change progressed gradually rather than rapid solidification.

Figure 5.34 shows the comparison of solidification behaviors with and without inserting

of metal fiber at three different types of oil flow rates. Without inserting of metal fiber, the

solidified height of PCM increases as the increase in oil flow rate. On the other hand, with
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(a) Without metal fiber

(b) With metal fiber

Figure 5.34: Comparison of solidification behaviors with and without inserting of metal fiber
into three different types of oil flow rates.

inserting of metal fiber, the solidified height of PCM nearly same although the flow rate of

oil increases.

The fundamental principle of this phenomenon is that PCM-coated oil droplets were

broken by the metal fibers. During the solidification process, when the heat-transfer oil

flows pass through the liquid PCM region, a solid PCM layer is formed on the surface of the

oil droplets because the oil temperature is less than the PCM melting temperature. In the

absence of metal fibers, the PCM-coated oil droplets separate at the interface of the liquid

PCM and oil regions based on their different densities. If the oil flow rate increases, this

interface rises because of the increasing oil volume, which causes the solidified height of the
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.35: Comparison of the amount of heat released with and without inserting of metal
fiber at the three types of oil flow rates.

PCM to increase.

When metal fibers are placed in the PCM region, PCM-coated oil droplets are broken by
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Figure 5.36: Comparison of the speed of heat released with and without inserting of metal
fiber at the three types of oil flow rates.

the fibers, thereby decreasing the solidified height. This is an effective method of preventing

an increase in the PCM solidified height. It is found that the solidified height of the PCM

with inserting the metal fiber more decreases than with inserting of perforated partition

plate. Because of the metal fiber distributed all of the PCM region and it has more frequent

chance to break the PCM coated oil droplets than with inserting the perforated partition

plate.

Figure 5.35 shows the comparison of the amount of heat released with and without

inserting of metal fiber at the three types of oil flow rates. And Figure 5.36 shows the

comparison of the speed of heat released with and without inserting of metal fiber at the

three types of oil flow rates. At all of the oil flow rates, the amount of heat released in

the solidification process using the metal fiber was less than that in the without inserting

of it. The speed of heat released with inserting the metal fiber also some little decreases

at all three types of oil flow rates. Thus, using the metal fibers, may prevent convection

heat transfer and decrease the heat transfer area because of the decreased height of solidified

PCM on solidification. To determine the possibility of increasing the amount and rate of

heat release, the effect of metal fiber diameter, the extent of addition, and position of fiber

addition will be examined in the next section.

Figure 5.37 shows the melting behaviors of PCM with the metal fiber at the three types
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.37: Melting behaviors of PCM with the metal fiber at the three types of oil flow
rates.
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.38: Comparison of the amount of heat stored with and without inserting of the
metal fiber at the three types of oil flow rates.

of oil flow rates. The melting starts from the porous layer and it proceeds to the downward

direction of heat storage vessel at any oil flow rate, showing the same tendency as the melting
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Figure 5.39: Comparison of the rate of heat stored with and without inserting of the metal
fiber at the three types of oil flow rates.

process without any inserting and with the inserting of the perforated partition plate. As

the flow rate of oil increases, the melting progresses faster and so that the experimental time

becomes shorter.

Figure 5.38 shows the comparison of the amount of heat stored with and without inserting

of the metal fiber at the three types of oil flow rates. The total amounts of heat storage

in the melting process without and by inserting of the aluminum metal fiber were nearly

the same. The completion times using the metal fiber was longer than without of it. This

is likely because they reduced convective heat transfer in the melting process. Figure 5.39

shows the comparison of the amount of heat stored with and without inserting of the metal

fiber at the three types of oil flow rates. The speed of heat storage decreases with the metal

fiber. They prevent convective heat transfer and the solidified height of the PCM decreases

as does the heat transfer area.

5.9.2.2 Effect of changing the proportion of metal fiber

When inserting the aluminum metal fiber, the speed of heat storage and released shown

a little decrease. To increase the speed of heat transfer rate, in this section, the influence of

filling ratio of metal fiber material in the mixture was investigated. The fill rate of metal fiber

was changed from φ = 1.5% to the φ = 0.5%. Initial tests used 90 g of fiber, representing
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(a) With metal fiber φ = 1.5%

(b) With metal fiber φ = 0.5%

Figure 5.40: Comparison of solidification behaviors with the metal fiber of φ = 1.5% and
φ = 0.5%.

1.5 % of the volume of liquid PCM. The mass of metal fiber reduced to 30 g, representing

0.5% of the PCM volume.

From the other point of view, in the case of an actual machine, the filling amount of

the heat storage material decreases due to the mixing of the metal fiber material, and the

heat storage density per unit volume/unit mass becomes small. Also, when considering the

transportation system of the thermal storage tank, the mass increase of the heat storage

unit by the metal fiber material causes the increase of transportation cost. Therefore, the

influence of filling ratio on heat transfer performance for the purpose of reducing the weight

of the thermal storage system is investigated with consideration of the effect of filling ratio
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(a) With metal fiber φ = 1.5%

(b) With metal fiber φ = 0.5%

Figure 5.41: Comparison of solidification behaviors with the metal fiber of φ = 1.5% and
φ = 0.5% at three different flow rates of oil.

of metal fiber on the suppression of the rise in solidified surface height. Figure 5.40 shows

the comparison of solidification behaviors with the metal fiber of φ = 1.5% and φ = 0.5%. A

porous solidified layer was also formed from the interface between the oil layer and the heat

storage material liquid phase in a photograph of 15 min when filling rate of both conditions.

Figure 5.41 shows the comparison of solidification behaviors with the metal fiber of φ = 1.5%

and φ = 0.5% at three different flow rates of oil.

When comparing the solidification surface height of each oil flow rate, almost the same

solidification surface height is obtained at all oil flow rates. The negligible effect was found

because the heat-transfer area of PCM does not change significantly when changing the
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.42: Comparison of the amount of heat released with the metal fiber of φ = 1.5%
and φ = 0.5%.

proportion of fiber. The fiber diameter was very small and so it was distributed throughout

the PCM region, even when lower quantities were added. Reducing the proportion of fiber
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Figure 5.43: The rate of heat released with the metal fiber of φ = 1.5% and φ = 0.5%.

reduces the chance of contact with oil droplets and reduces the height-suppression effect;

however, it can be considered that a similar restraining effect is obtained, because, even

at a proportion of 0.5%, sufficient fibers contacted the oil droplets to effectively break the

PCM-coated oil droplets.

Figure 5.42 shows the comparison of the amount of heat released with the metal fiber of

φ = 1.5% and φ = 0.5%. The tendency is almost the same even when the filling ratio of the

metal fiber material is changed.

Figure 5.43 shows the rate of heat release with the metal fiber of φ = 1.5% and φ = 0.5%.

There was no change in the solidified height of PCM or rate of heat release when decreasing

the proportion of fiber added. From the above results, it is considered effective from the

viewpoint of transportation cost and heat storage material charge amount, since almost the

same effect can be expected even when the filling ratio of metal fiber material is reduced.

Figure 5.44 shows the melting behaviors of PCM with the metal fiber φ = 0.5% at the

three types of oil flow rates. The melting started from the porous layer even when the filling

ratio of the metal fiber material is changed, and the importance of the heat transfer area

can also be understood from the experiment under this condition.

Figure 5.45 shows the comparison of the amount of heat stored with the metal fiber

φ = 0.5% at the three types of oil flow rates and the comparison of the rate of heat stored

with the metal fiber φ = 1.5% and φ = 0.5% is shown in Figure 5.46. There was no
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.44: Melting behaviors of PCM with the metal fiber φ = 0.5% at the three types of
oil flow rates.
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.45: Comparison of the amount of heat stored with the metal fiber φ = 0.5% at the
three types of oil flow rates.

large difference between both of the amount of heat storage and the rate of heat storage

although the filling ratio of metal fiber was changed. The same tendency was observed
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Figure 5.46: Comparison of the rate of heat stored with the metal fiber φ = 1.5% and
φ = 0.5%.

even in the case of changing the filling ratio in the melting process, because of the height

of the solidified surface was about the same. In both solidification and melting processes,

the filling ratio φ = 1.5% and the suppression effect of the solidified surface height and the

performance on the heat transfer were almost the same as the filling ratio of both φ = 1.5%

and 0.5%. Therefore, when using the metal fiber material, reduction of PCM solidification

height is sufficiently useful for weight reduction and increase in filling amount of heat storage

material.

5.9.2.3 Effect of changing metal fiber diameter

Changing the wire diameter of the metal fiber may change the size and the number

of the gaps between the fiber materials and may affect to the behavior of solidification and

melting processes of PCM mixture. Therefore, the influence on the solidification and melting

behavior was investigated by changing the wire diameter d = 0.4 mm and d = 0.2 mm. The

relative volume and mass of the fiber remained constant at 1.5% and 90 g, respectively at

both diameters of the metal fiber.

Figure 5.47 shows a comparison of PCM height after solidification as the fiber diameter

was changed from 0.4 mm to 0.2 mm at an oil flow rate of 1.0 kg/min. Even when the wire

diameter of the metal fiber material was changed as shown in Figure 5.47, it was not seen
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(a) With metal fiber d = 0.4 mm

(b) With metal fiber d = 0.2 mm

Figure 5.47: Comparison of solidification behaviors with the metal fiber of d = 0.4 mm and
d = 0.2 mm at the oil flow rate of 1.0 kg/min.

the large difference in the behavior of solidification from the interface between the oil layer

and the liquid phase of the heat storage material and thereafter solidified densely.

Figure 5.48 shows the comparison of solidification behaviors with the metal fiber of d =

0.4 mm and d = 0.2 mm at three different flow rates of oil. The PCM solidified height when

using fibers of 0.4 mm diameter was 95 mm, while that of 0.2 mm diameter was 85 mm.

It means that 10 mm of height of PCM was reduced. As the fiber diameter decreased, the

sizes of the gaps between individual fibers decreased, thereby increasing their distribution

density in the PCM region. PCM-coated oil droplets, therefore, had a higher probability to

be broken by fibers of smaller diameter, which resulted in a corresponding decrease in the
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(a) With metal fiber d = 0.4 mm

(b) With metal fiber d = 0.2 mm

Figure 5.48: Comparison of solidification behaviors with the metal fiber of d = 0.4 mm and
d = 0.2 mm at three different flow rates of oil.

height of the solidified PCM.

Figure 5.49 shows the comparison of the amount of heat released with the metal fiber of

d = 0.4 mm and d = 0.2 mm and Figure 5.50 shows the rate of heat released with the metal

fiber of d = 0.4 mm and d = 0.2 mm. The change on the amount of heat released with the

metal fiber of both diameter was very small and the rate of heat release with the smaller fiber

diameter was only slightly higher, with other conditions held constant. Changing the fiber

diameter, there was no effect on the solidification behavior while the rates of heat release

was slightly higher, but the effect was very small with changing the diameter of metal fiber

except the solidification height of PCM.
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.49: Comparison of the amount of heat released with the metal fiber of d = 0.4 mm
and d = 0.2 mm.

Figure 5.51 shows the melting behaviors of PCM with the metal fiber d = 0.2 mm at the

three types of oil flow rates. As shown in this figure, melting started from a porous layer
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Figure 5.50: The rate of heat released with the metal fiber of d = 0.4 mm and d = 0.2 mm.

with a large heat transfer area at all oil flow rates, and then the dense solidified layer melts

out. The speed of the melting process was increased, and the completion time was shortened

by increasing the oil flow rate even though changing the diameter of the metal fiber.

Figure 5.52 shows the comparison of the amount of heat stored with the metal fiber d

= 0.2 mm at the three types of oil flow rates and Figure 5.53 shows the comparison of the

rate of heat stored with the metal fiber d = 0.4 mm and d = 0.2 mm. The change of the

heat storage amount with time is almost same trend, and it is understood that there is no

large difference in the average heat storage speed value. From the above results, it can be

considered that the influence of the melting process due to the changing of the wire diameter

of the metal fiber material is small.

5.9.2.4 Effect of changing the position of metal fibers

Figure 5.54 shows the changing the position at which the metal fibers are placed from

throughout the entire PCM region to the top one-third only. When the fibers were placed

throughout the PCM region, 90 g of fiber (1.5%) was used; when only placing fibers into the

top one-third of the PCM region, the fiber proportion was held at 1.5%, so only 30 g was

required. It means only changing position and mass of the metal fiber and the filling ratio

remain the same.

Figure 5.55 shows the comparison of solidification behaviors with the metal fiber of
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.51: Melting behaviors of PCM with the metal fiber d = 0.2 mm at the three types
of oil flow rates.
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.52: Comparison of the amount of heat stored with the metal fiber d = 0.2 mm at
the three types of oil flow rates.

different positions at the oil flow rate of 1.0 kg/min and Figure 5.56 shows the comparison

of solidification behaviors with the metal fiber of different position at a different type of oil
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Figure 5.53: Comparison of the rate of heat stored with the metal fiber d = 0.4 mm and d
= 0.2 mm.

Figure 5.54: The different positions of metal fiber at the PCM region.

flow rates. It is seen that the solidification progress with the metal fiber at the top one-third

region is faster than the entire PCM region, but the finishing time of the solidification was

shortened at the metal fiber of the entire PCM region. The reason for this condition will

be explained later at Figure 5.59. In Figure 5.56, the height of the solidified PCM slightly

higher at the metal fiber of the top one-third region than the metal fiber at the all entire

PCM region. But the effect was very small.

Figure 5.57 shows the comparison of the amount of heat released with the metal fiber of

different position and Figure 5.58 shows the comparison of the rate of heat released with the

132



Chapter 5. Heat Storage Material Mixture at Temperature Range 100∼200◦C

(a) with metal fiber at all PCM region

(b) with metal fiber at one-third of PCM region

Figure 5.55: Comparison of solidification behaviors with the metal fiber of different position
at the oil flow rate of 1.0 kg/min.

metal fiber of different position.

The amount of heat release with the metal fiber of the top one-third region was increased

than the metal fiber at the all entire PCM region. But the finishing time of process was

shortened at the top one-third condition. The cause of this reason, the rate of the heat

released was nearly same. To discuss the above results, Figure 5.59 shows the solidification

behaviors when metal fibers were filled throughout the PCM region and only in the top

one-third of this region. Different processes occurred under these two conditions. In the

latter, solidification started from the interface and proceeded toward the bottom of the test

section; when fibers occupied the entire PCM region, solidification proceeded from near the

flow path of the heat-transfer oil and the fibers prevented a convection current. The amount
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(a) with metal fiber at all PCM region

(b) with metal fiber at one-third of PCM region

Figure 5.56: Comparison of solidification behaviors with the metal fiber of different position
at different type of oil flow rates.

of heat release with the meat fiber at the all entire PCM region was less than the case of

metal fiber of the top one-third region because the heat-transfer area between the oil and

PCM was only near the flow path of the oil. When the temperature of the outlet oil reached

95◦C (completion of solidification), the PCM temperature far from the oil flow path was still

somewhat higher. This accounts for a faster completion time of solidification under these

conditions, although the rate of heat released was almost the same.

Figure 5.60 shows the melting behaviors of PCM when metal fibers were filled throughout

the PCM region and only in the top one-third of this region at the three types of oil flow

rates. As shown in this figure, melting started from a porous layer with a large heat transfer

area at all oil flow rates, and then the dense solidified layer melts out. The speed of the
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.57: Comparison of the amount of heat released with the metal fiber of different
position.

melting process was slightly increased, and the completion time was shortened by increasing

the oil flow rate even though changing the diameter of the metal fiber.
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Figure 5.58: Comparison of the rate of heat released with the metal fiber of different position.

Figure 5.59: Solidification behavior of PCM for (a) fibers filling entire test region and (b)
fibers only present in the top third of the test region.

Figure 5.61 shows the comparison of the amount of heat storage when metal fibers were

filled throughout the PCM region and only in the top one-third of this region at the three

types of oil flow rates and Figure 5.62 shows the comparison of the rate of heat storage when

metal fibers were filled throughout the PCM region and only in the top one-third of this

region. The change of the heat storage amount with time is almost same trend, and it is

understood that there is no large difference in the average heat storage speed value. From

these results, it can be considered that the influence of the melting process due to the change

of the metal fiber material position is small.
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.60: Melting behaviors of PCM with the metal fiber at one-third of PCM region at
the three types of oil flow rates.

5.9.3 Using the Aluminum Perforated plate

In this section, aluminum perforated plate is used to prevent the flow out problem of

PCM. Figure 5.63 shows the photo of it. The design and detail dimension of perforated
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(a) foil = 1.0 kg/min

(b) foil = 1.5 kg/min

(c) foil = 2.0 kg/min

Figure 5.61: Comparison of the amount of heat stored with the metal fiber at different
positions at the three types of oil flow rates.

holes as like the Figure 5.1(b). The thickness of plate was 2 mm. It inserted inside of the

heat storage vessel at the high of 80 mm, 100 mm, and 120 mm respectively and compare their
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Figure 5.62: Comparison of the rate of heat stored with the metal fiber at the different
positions.

Figure 5.63: Aluminum Perforated plate.

height to the solidified PCM after finishing the solidification process as shown in Figure 5.64.

It was found that the solidified heights increase except at the h = 80 mm. The rate of heat

release is nearly same without any inserting condition as shown in Figure 5.65. It is the

better condition than perforated partition plate and metal fiber. But there was a problem

of increasing the pressure of oil during the experiment. The pressure of oil increase to 0.03

Mpa at h = 120 mm and 0.05 Mpa at h = 80 mm and h = 100 mm respectively. It can be

damage to the oil pump. This method is not effective for reduction of the solidified height

of PCM.

5.9.4 Using Mesh

In this section, two different sizes of the mesh is inserted at a height of 120 mm inside

the heat storage vessel to prevent the increasing the solidified height of PCM mixture.
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Figure 5.64: Solidification process with the perforated plate.

Figure 5.65: The rate of heat released with the perforated plate.
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Figure 5.66: Two types of mesh.

Figure 5.67: Visualization of solidification process with mesh.

Figure 5.66 shows the two types of mesh, one has 10×10 mm2 and other has 30×30 mm2

respectively. Figure 5.67 shows the visualization of solidification process with mesh at the

oil flow rate of 2.0 kg/min after finishing the solidification process. While using the 10×10

mm2 mesh, the solidified height decreases but the solidified height of PCM cannot suppress

while using the 30×30 mm2 mesh. Both of two have the other problem that the pressure of

oil increase like using the aluminum perforated plate. This method also cannot be used to

prevent the solidification height of PCM mixture.

5.9.5 Calculation for PCM temperature

Calculation for PCM temperature was carried out to predict the temperature of PCM

while oil droplet supplied from a nozzle hole pass to the PCM region and to compare with

the experimental results. Figure 5.68 shows the schematic diagram of the test section.
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To solidify the mixture, the silicone oil from the low-temperature oil bath at 90◦C flowed

into the heat storage vessel until the temperature of the outlet oil decreased to 95◦C. The

heat of the oil was exchanged with the mixture at the PCM region while passing the heat

transfer oil through this region. The PCM mixture solidified when reaching the solidification

temperature of the mixture.

For calculating the PCM temperature, some assumptions are as follow:

The temperature of the PCM is uniform in the test section. The test section is well

insulated, and heat lost to surrounding will be ignored. The temperature of the test section

is assumed to be the same as that of the PCM mixture inside.

Figure 5.68: Schematic of the test-section.

The energy balance of the direct contact heat transfer of mixture and heat transfer oil

can be written as Equation 5.13[84]. The left-hand terms of the Equation 5.13 are the rate of

enthalpy changes of the mixture and test section material, respectively. The first right-hand

term is the rate of enthalpy change of the heat transfer oil and the final term is the external

heat loss to the surroundings. When the test section is well insulated, the heat loss can

be neglected. Table 5.4 shows the specific heat of mixture at different temperature range.

Equation 5.13 can be rewritten in numerical form as Equation 5.14 and Equation 5.15.

d(mmixhmix)

dt
+mtsCpts

dTmix

dt
= moil(hout − hin) + (UA)(Ta − Tmix) (5.13)
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T t+∆t
mix = T t

mix +
moil(hout − hin)

mtsCpts +mmixCpmix

(5.14)

T t+∆t
mix = T t

mix +
moilCpoil(Tout − Tin)

mtsCpts +mmixCpmix

(5.15)

Table 5.4: The specific heat of mixture at different temperature range [96].

Temperature Range(◦C) Specific Heat (J/kgK)

Solid State T < 99.9◦C 1554

99.9◦C<T<103◦C 9331× T − (9306× 102)
103◦C<T<105.5◦C −11571× T + (1222× 102)

Phase Change Region 105.5◦C<T< 152◦C 0.191× (T − 105.5)3 + 1554
152◦C<T<156.5◦C −3973× T + (6246× 102)

Liquid State 156.5◦C < T 2835

Figure 5.69: Calculation steps for the temperature histories of PCM.

Figure 5.69 shows the calculation steps to predict the temperature histories of PCM.

Before starting the experiment of the solidification process, the temperature of test-section,
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PCM, and heat transfer oil maintained at 190◦C. Thus, the start of the numerical analysis

prescribes the temperature of the mixture to 190◦C. After that, take the temperature of heat

transfer oil inlet and outlet, the flow rate of oil at the same time step from the experiment,

and the mass of test section material, and the specific heat of test section. The time step for

each step takes 15 s as data collection time of data logger. And then calculate the specific

heat of mixture according to the previous step temperature of mixture and data from Table

5.4. Next, the temperature of the mixture was calculated by Equation 5.15 and collect this

temperature of the mixture for this time step. Finally, take the new time step and looping

again from step two. This calculation for the oil flow rate of 1.0 kg/min and numerical

analysis repeats again as previous for the oil flow rate of 1.5kg/min, and 2.0 kg/min.

Figure 5.70, Figure 5.71 and Figure 5.72 show the results of the temperature histories

of numerical analysis and experiment for the oil flow rate of 1.0, 1.5, and 2.0 kg/min re-

spectively. In experiment result, the temperature of the mixture is very quickly down after

starting the experiment of the solidification process because the difference temperature of the

mixture and heat transfer oil is large at this time. And then, the temperature of the mixture

increases again because the forming of the solidified mixture is quickly at that time in the

experiment. In numerical analysis cannot find this phenomenon. The trend of the temper-

ature histories of mixture quite same with the experiment and numerical analysis method.

Thus, this numerical analysis can be used to predict the temperature of the mixture during

the solidification. In numerical analysis, the temperature of the mixture is slightly less than

that of the experimental result at each time step. The reason for this phenomenon is that the

measured thermocouples are not located just pass the PCM region and the outlet tempera-

ture is taken the average outlet temperature of the test section. The thermocouples cannot

be placed just after the mixture because the solidification heights always change according

to the flow rate of oil.
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Figure 5.70: Comparison of results for 1.0 kg/min oil flow rate.

Figure 5.71: Comparison of results for 1.5 kg/min oil flow rate.

Figure 5.72: Comparison of results for 2.0 kg/min oil flow rate.

5.10 Summary.

An experimental investigation of the characteristics of a direct-contact heat exchanger

based on the storage and release of latent heat was undertaken. The characteristics of heat
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storage and release of a mannitol and erythritol mixture with various oil flow rates were

investigated. By increasing the oil flow rate, solidified PCM at the interface flowed up with

the oil from the inlet, the porous area increased, and the solidified height increased. At high

oil flow rates, solidified PCM flowed out of the test section with the oil. To prevent this, the

various methods were observed in this chapter.

At first, the solidified height was controlled by installing a perforated partition plate in

the PCM region in the latent heat storage system. In the solidification process, the solidified

height of the PCM was 270 mm without the perforated partition plate and 150 mm with

the perforated partition plate. The formed oil droplets were broken by the surface of the

perforated partition plate, thus it may have reduced the solidified height of the PCM. An

aluminum metal fiber was installed again in the PCM region and the results were compared

between experiments without the perforated partition plate, and with the perforated parti-

tion plate, and with the metal fiber. Using the metal fiber, the solidified height was 100 mm.

The metal fiber was better distributed in the PCM region and PCM-coated oil droplets were

broken by the metal fiber.

When inserting the perforated partition plate and metal fiber, although decrease the

solidified height of PCM during the solidification process, the amount of heat release is

slightly decreased than that of without insertion. To improve the amount of heat release,

the effect of changing the diameter of the metal fibers, the filling ratio and the filling position

were also investigated. The solidification heights of the addition of metal fibers, changing

the metal fiber diameter, changing the filling rate and changing the fill position were 100

cm, 85 cm, 100 cm and 100 cm respectively. The rate of heat release slightly decreased with

metal fiber than without metal fibers. But this rate was slightly increased with the metal

fiber in diameter 0.2 mm. So, the most effective conditions employed metal fibers with a

diameter of 0.2 mm. The aluminum perforated plate and mesh were also used to prevent

the flow out problem of PCM. Both of two have the other problem that the pressure of oil

increase like using the aluminum perforated plate. This method also cannot use to prevent

the solidification height of PCM mixture. The numerical calculation is performed to predict
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the temperature of the mixture and compare to the experimental results. As a results, the

temperature trend of the calculation is nearly the same with the experimental results.

147





Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this dissertation, the investigation of three new heat storage material mixtures at the

different temperature range of melting temperature were investigated. The waste energy of

factories is stored in the latent heat storage material and the energy will be used at the

desired place and time. As advantages, it will decrease the usage of fossil fuel, decrease the

difference between the energy supply and demand, and can protect the environment impact.

In Chapter 3, phase change materials to store the waste heat energy from the facto-

ries for the temperature range 300∼400◦C were selected. NaCl:KCl:LiCl (0:54:46)wt% and

NaCl:KCl:LiCl (23 : 46 : 31)wt% were selected as heat storage material mixtures. For us-

ing these two mixtures, corrosiveness tests were carried out with different types of material

SS304, SS316, SS316L, SS310, copper, brass, carbon steel, aluminum, nickel, titanium, and

molybdenum. After that also performed tests of the corrosiveness condition of constructive

materials by using some corrosion and heat resistance paints and spray. Corrosion can be

caused by both of oxygen and heat storage material mixture vapor. Thus, corrosion tests

were performed again by inserting the argon gas instead of oxygen inside of the electric

furnace. Although the nickel and molybdenum can be used as construction material for the

latent heat storage system, they are very expensive and it would not match the economical

point of view. Most materials have corrosiveness problem with the heat storage material
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because of high temperature operating condition. Electric furnace has some leakage from

the upper hole and door while making the corrosiveness test. Thus, corrosiveness test was

made again by using small vacuum furnace and argon gas. As results, the corrosiveness of

test plate decreased by using argon gas. Further corrosiveness tests are needed to construct

the latent heat storage system for this temperature range because of high temperature.

In Chapter 4, phase change materials to store the waste heat energy from the factories

for the temperature range 200∼300◦C were investigated. NaOH:LiOH (70 : 30)mol% was

selected as heat storage material mixtures. For using these two mixtures, make corrosiveness

test with different types of material SS304, SS316, SS316L, copper, and nickel. After the

corrosiveness test, SS316L was used for construction the experimental device. But argon gas

must be inserted inside test section to decrease the corrosiveness problem. The experimental

device contains test section, heating system and cooling system separately. The melting

process is made by using the plate heater and solidification process is made by the oil heated

in oi bath and pump. By using this device, melting and solidification behavior of PCM was

investigated. Device has some surface corrosion and PCM color change after the repeating

cycle. Thus, The PCM is not in a very clear while taking the photo. And there has some

heat transfer losses, because the operating temperature and the outside temperature are

very different.

In Chapter 5, an experimental investigation of the characteristics of a direct-contact heat

exchanger based on the storage and release of latent heat was undertaken. The characteristics

of heat storage and release of a mannitol and erythritol mixture with various oil flow rates

were investigated. By increasing the oil flow rate, solidified PCM at the interface flowed up

with the oil from the inlet, the porous area increased, and the solidified height increased.

At high oil flow rates, solidified PCM flowed out of the test section with the oil. To prevent

this, the various methods were observed in this chapter.At first, the solidified height was

controlled by installing a perforated partition plate in the PCM region in the latent heat

storage system. In the solidification process, the solidified height of the PCM was 270 mm

without the perforated partition plate and 150 mm with the perforated partition plate. The
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formed oil droplets were broken by the surface of the perforated partition plate, thus may

have reduced the solidified height of the PCM. An aluminum fibers were installed in the

PCM region and the results were compared between experiments without the perforated

partition plate and with the perforated partition plate. Using the metal fiber, the solidified

height was 100 mm, representing a further decrease. The metal fiber was better distributed

in the PCM region and PCM-coated oil droplets were broken by the metal fiber.

When inserting the perforated partition plate and metal fiber, although decrease the

solidified height of PCM during the solidification process, the amount of heat release is

slightly decreased than without using of that. To improve the amount of heat release, the

effect of changing the diameter of metal fibers, the filling ratio and the fill position were

also investigated. The solidification heights of the addition of metal fibers, changing the

metal fiber diameter, changing the filling rate and changing the fill position were 100 cm,

85 cm, 100 cm and 100 cm respectively. The rate of heat release slightly decreased with

metal fiber than the without metal fiber. But this rate was slightly increased with the metal

fiber in diameter 0.2 mm. Thus, the most effective conditions employed metal fibers with

a diameter of 0.2 mm. The aluminum perforated plate and mesh were also used to prevent

the flow out problem of PCM. Both of two have the other problem that the pressure of oil

increase like using the aluminum perforated plate. This method also cannot use to prevent

the solidification height of PCM mixture.The numerical analysis is performed to predict the

temperature of the mixture and compare to the experimental results . As a results, the

temperature trend of the numerical analysis is nearly same with the experimental results.

6.2 Future Work

For the temperature range of 300∼400◦C, there has some corrosives problem of construc-

tion material to the mixture because of high temperature. New heat storage material will

be investigated for this temperature range and make corrosives test of construction material

and new heat storage material. For the temperature range of 200∼300◦C, the new heat

storage material will also be investigated. For the temperature range of 100∼200◦C, the new
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methods to prevent the problem of the PCM flow out from the test section and the new

methods of numerical analysis will be performed as future study.
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