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ABSTRACT

The purpose of this dissertation was to design and develop Mg(NO3).6H20
phase change material based solar thermal energy storage system for community solar
cooking application. The present dissertation is conducted in five task which are
development of PCM storage systemn, design of solar cooking system, incorporating
PCM storage with solar cooking system, performance evaluation of the developed
system and economic and emission analysis of the system.

A parabolic antenna dish of 1.495 m diameter and 0.268 m height and 0.520 m
of focal length was developed as a solar concentrator by fixing the pieces high reflective
mirror on the surface. A hollow concentric eylindrical shape stainless steel receiver was
designed for the cooking purpose and which was placed at the focal point of the
concentrator, 28 stainless steel cylindrical tubes were welded on the surface of the
receiver to fill Mg(NO3)2.6HaO inside the tubes to use as the storage system.
Mg(NO3)2.6H20 was selected as PCM from different selection criteria of the PCMs.
1000 thermal cycles were performed to analyze the performance of Mg(NO3)2.6H20. In
1000 thermal cycles the weight and time taken for solidification were more in
solidification cycle than that of melting cycle. After 1000 thermal cycles, from the DSC
analysis, variations in melting point temperature and Jatent heat of fusion were analyzed.
The Mg(NO3)2.6H20 sample has 78.71 % of Tatent heat of fusion from the initial sample
after 1000 thermal cycles. From the corrosion analysis of Mg(NO2)2.6H20 on container

material and SEM analysis, it was concluded that the stainless steel has the less corrosive




effect due to Mg(NO3)2.6H20 and that material was selected to design the PCM tubes
and receiver of the solar cooking system,

From the results of performance analysis, the parabolic solar cooker parameters
heat loss factor (F Uy, optical efficiency factor (F'1o), cooking power (P} and the
standard cooking power (Ps) were calculated for three sets of collected data. 0.51 and
0.22 are the optical efficiency factors of the solar cooker with all the layers the receiver
was filled with water and receiver layers were filled with the corresponding materials
respectively. 165.10 Wand 210.76 W were the cooking powers of the solar cooker with
load conditions with and without receiver is placed in the insulation box respectively.
The optical efficiency factor of the solar cooker with PCM receiver is 2 times more than
that receiver without PCM. The three stage heat storage capacity of the selected PCM
for this proposed solar cooking system helps to sustain the more amount of heat inside
the cooking stuff layer. The efficiency of the solar cooker is more in the case of PCM
incorporation which is about 40.00%.

From the results of econotnic analysis of the solar cooker compared with LPG
cooking system. The saved money per year by using the developed solar cooker over
LPG cooking system is about 455.04 § and 408.96 § in India and Thailand respectively.
The payback period of the solar cooking system is 1.1years and 1.22 ycars in India and
Thailand respectively. From the emission analysis it was concluded that The reduced
amount of CO2 emission per year by using the developed PCM solar cooker is about

725 kg.
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CHAPTERI

INTRODUCTION

The technology is developing very vigorously in the last few decades due to
globalization and indusirialization throughout the world. The usage of resources like coal,
oil, petroleum products and natural gas was increased rapidly to meet the demands of the
developing technologies, Gradually, this abnormal usage of fossil fuels is effecting the
environment and which Jeads to several problems for the man kind on the carth. Global
warming, ozone layer depletion, sea levels increment, resources reduction is some of the
major problems that the countries throughout the globe are facing at present. To reduce
these problems, all the countries looking for the renewable, clean and green resources.
Renewable encrgy sources like solar, hydro, wind, geothermal, tidal and biomass are able
to produce the clean energy which leads to reduction in the CO2 emission in turn reducing
the effect of global warming, The increase in the usage of different renewable energy

sources in the past fifteen years is shown in the following Figure 1.
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n 2013, 22% of world electricity was produced from the renewable resources.
Solar energy is the most promising renewable energy source among the all renewable
sources to meet the energy demand of the mankind. At present, solar energy production
covers 1% of the global electricity demand. By 2030 China is planning to increase the
renewable energy power production up to 20% through solar installations. In 2015, the
solar installation capacity in China is increased from 12 GW to 17.8 GW (1).

The enormous potential of solar energy can be used for production of electric
power, heating and cooling purposes, drying agriculture products, desalinization of sea
water and cooking etc. Solar thermal energy conversion is one of the solar energy
conversion technologies to meet the above mentioned needs in the human daily life. In
developing countries, from the total energy consumption, noticeable energy is
consuming for cooking applications throughout the year. Energy demand for the
cooking application was met mostly by wood in rural areas. The sharing of resources in

rural and urban areas is shown in Figure 2.
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Figure 2 Consumption charts of resources in rural and urban areas

Almost 81.4% of resource sharing is taken by wood in rural areas and 36.2% of
wood sharing among all the resources was happening in urban areas. The main purpose
of using the wood or biomass resource is for cooking and some heating applications.
From the National Family Health Survey of India for 2005 — 2006, NFHS-3, provides

the detailed survey about the usage of primary solid fuels for cooking purpose in



households of urban and rural areas of India. 27% urban houscholds and 71% rural
households are using biomass as the primary cooking fuel.

The survey was also mentioned that nearly 160 million housebolds nationally
using biomass as primary cooking fuel. The detailed statistics about the different

primary cooking fuels are mentioned in Table 1 (2).

Table 1 Distribution of primary fuel use for cooking in India, NFHS-3, 2005

Energy source Urban Rural National Households
(%) (%) (%) (million)

Dung 2.80 14.40 10.60 24
Biogas 0.50 0.40 0.50 1.10
Crop waste 1.30 13.00 9.20 21
Wood 22.0 61.80 48.70 110.50
Charcoal 0.50 0.30 0.40 0.90
Coal 4,30 0.80 1.90 4.30
Kerosene 8.20 0.80 3.20 7.20
LPG 58.70 8.20 24.70 56
Electricity 0.90 0.10 0.40 0.90
Other 0.80 020 0.40 0.90
Biomass Total 27 90 : 69 156

Solid Fue! Total 920 . 71 160

The percentage distribution of households in primary energy sources fort the use
of cooking in rural and urban India as per the 2009-2010 statistics are shown in Figure
3 (Sourcc: National Sample survey report).

In rural houscholds, 76.30 % firewood and chips together are using as primary
energy source for cooking purpose whereas 64.5 % of LPG is using as primary energy
source for cooking in urban households. The distribution of other primary energy
sources for cooking purpose like dung cake, kerosene in both rural and urban houscholds

are shown in Figure 3 (3).
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Figure 3 Percentage distribution of Primary energy sources used for cooking in
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The use of these resources causing so many problems like deforestation, health

problems due to the smoke and other social and cconomic issues. The World Health

Organization (WHO) estimates 1.5 million deaths per year in worldwide are due to the

indoor air pollution because of the usage of solid fuels in households. More than 85%

deaths are due to the usage of biomass and the rest are due to the usage of coal as primary

fuel (4). The annual worldwide deaths due to different causes like malaria, HIV/AIDS,

tuberculosis including biomass are shown in Figure 4.
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Figure 4 Annual deaths due to different causes



The deaths due to smoke from biomass or solid fuels used in indoors are about
1.3 million per year and which are more than that of the deaths caused by malaria and
half of the deaths due to HIV/AIDS. The usage of ineffective cooking stoves and the
polluting fuels are the causes for the most premature deaths. The report shows that, the
number of deaths due to indoor air pollution because of the solid fuels as primary energy
sources is highest in southeast Asian and sub - Saharan African countries (4).

As per 2012 WHO data, the premature deaths caused by indoor air pollution due
to the usage of inefficient solid fuels for cooking are increased to 4.3 million per year
worldwide. The percentage of different types of discases caused by the indoor air

pollution due to solid fuels usage are mentioned in Figure 5 (b

% of deaths

Prieurnonia Stroke ischaenic heart Chronic Litng cancer
disease nuimonary
disease

Type of Disease
Figure 5 Annual deaths due to diseascs caused by indoor air pollution

These issues are leading towards to think about the alternative rencwable ways
for this application. In the recent years, solar cooking got the importance to avoid all the
issues arise with the use of fossil fuels. The main teasons for opting solar energy for
cooking application are

1. Solar energy is clean and renewable
No carbon footprints like fossil fuels

2

3. Deforestation can be reduced

4. No economic issues as like with LPG and other fossil fucls
5

No issues regarding health and other social factors.



The above mentioned benefits are the reasons to develop different types of solar
cookers which are available in the market to meet the demand of various categories
cooking application. The general types of solar cookers are mentioned below (6).
Basically the solar cookers classified into three types.

1. Direct or focusing type: In this type a kind of solar concentrator is placed
in which the solar radiation is focused and at the focal point of the concentrator cooking
vessel or frying pan will be placed. But, this type of cookers having large convective
heat Joss and it can use only direet radiation fron the sun. The following Figure 6 shows

this type of solar cooker,

Figure 6 Direct or panel type solar cookers

2. Indirect or box type: This typc of cookers is having an insulated box
which is painted black from inside and having double glazing and reflector sheet on the
top through which the solar radiation is absorbed. The cooking time is long and this type
of cooker is not able to prepare so many dishes. The schematic view of the box type
solar cooker is shown in Figure 7.

3, Advanced type: These types of cookers are having the heat storing
technology. The storage technology provides indoor cooking and having the heat
transfer capacity to transfer the heat from the solar collector to the cooking vessel in the
kitchen. Figure 8 shows the general view of this type of cookers (source:

www.fastonline.org).
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Figure 8 Schematic view of advanced type solar cooker

The development of different types of solar cookers with and without storage is
increasing in present conditions. Even though, some non-acceptance of the solar cookers
existed in some areas. This dissertation is discussed about the recent developments in
the solar cooking with and without storage technology and explains the reasons for the

non-acceptance of the solar cookers in wide range.



Solar thermal systeis convert the sun’s radiation into heat and then transfer that
heat to ajr or water. This process is facilitated by a solar collector. The below mentioned
heat transfer methods were happening in the systems to transfer heat from one place to
another place (7).

1. Conduction: The process of propagation of energy between the particles of
a body which are in direct contact is called conduction. In this phenomenon there is no
noticeable moment of particles. The Fourier Law of Conduction is stated in equation 1.

Q =-kAdT/dx (D

Q = heat flow rate by conduction, W

K = thermal conduetivity of the material, W m! K’
2

A = cross sectional area normal fo direction of heat flow, ny

dT/dx = temperature gradient of the section.

2. Convection: The transfer of heat with in the fluid by mixing the fluid patticles
at low temperature is called as convection. Convection is two types as natutal convection
and forced convection. The rate of heat transfer by convection is expressed as follows.

Q =hA(Ts-Tw) (2)

Ts = surface temperature, °K

Teo = fluid temperature, °K

h == heat transfer cocfficient, Wm?K

3. Radiation: The transfer of heat from a high temperature body to low
temperature body by electromagnetic waves is called as radiation. The concept of
radiation is cxpressed with the help of Stefan- Bolizmann Law as follows

Q=0 Ts" (3)

Ts = absolutc temperature of surface, °K

¥ = emissivity coefficient, Wm™

o = Stefan-Boltzmann constant, Wm 2K

The above mentioned heat transfer phenomena are important in the storage of
solar thermal energy technology. The above mentioned modes of heat transfer and the
storage technologies are interrelated to design a storage system for solar thermal energy

applications.



Thermal energy storage

The unpredicted solar energy can be utilized efficiently in solar thermal systems
by incorporating storage technologies. The storage technologies were developed for the
solar thermal energy based on the thermophysical properties of the storage materials
like melting, solidification, encapsulation ctc. The solar energy is stored with the help
of these materials by melting, cooling, solidifying, heating and vaporizing during the
sun shine hours and the energy is retrieved back when these cycles are reversed (8).
There are so many advantages by incorporating the storage systems for solar thernmal
applications. The solar thermal applications like water beating, drying, cooking and
other heating and cooling applications can be utilized during unseasonal and off
sunshine hours. The efficiency and the reliability of the technologics and the adoption
of these technologies rather than fossil fuel based technologies will be improved.

Thermal energy systems are mainly classified into three types (9). Figure 9
shows the hierarchical classification of thermal energy storage systems.

1. Sensible heat thermal energy storage

2. Latent heat thermal energy storage

3. Thermo chemical energy storage.

Sensible heat storage: If the storage is based on the temperature change of the
material that type of storage is called as sensible heat storage. There is no change of
phase for the material. The unit capacity storage is equal to the product of heat
capacitance and the temperature change of the medium. The following equation
represents the amount of energy stored E in the material (10).

E=m/f, Cpd (4)
E=mCp (Tl -T2) (4a)
m = mass, kg
Cp = Specific heat at constant pressure, J/g °C

Ti, T2 = lower and upper temperature levels, °C
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Figure 9 Classification of thermal energy storage systems

Latent heat storage: If the material changes its phase at a certain temperature
while heating the substance then the heat is stored in the phase change then that type of
heat storage is called latent heat storage. The materials which are used as the storage
medium for the latent heat storage technology are called as Phase Change Materials or
PCM:s. Heat is absorbed by the inaterial while it is heated and the heat is dissipated while
the material is cooled. The storage capacity is equal to the phase change enthalpy of the
material and the total sensible heat storage of the material. The amount of energy stored
E is expressed by the following equation [6].

=mh (5)
m = mass, kg

A = latent heat of fusion, J/g

The amount of energy stored in this technology includes the amount of energy
stored when system is operated at melting point which is nothing but the sensible heat
storage over temperature ranges of T1 and T2. The equation represents the energy stored
in latent heat storage media including sensible heat storage is mentioned below (6). The

graphical represcntation of the above situation is explained in the Figure 10 (6).
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Amount of heat stored

Figure 10 Sensible and latent heat storage

Thermo - chemical heat storage: if the heat storage is possible by breaking and

can be expressed as follows (6)

Q = agnhh,

a, = endothermic heat of reaction, kJ/mol

m = amount of sterage material, kg

Ah; = extent of conversion, moles

forming any chemical compound with the use of heat then that type of heat storage is
calied Thermo chemical heat storage. For example, AB is a compound which is broken
into two parts A and B with the use of heat and heat is stored separately in A and B,
while forming the compound AB again from the two parts A and B then the heat will be

relcased. The heat storage capacity Q is equal to the frec energy of the rcaction. This

9

Among the three storage systems, Jatent heat storage technology is suitable and

attractive toward the medium range temperature solar thermal energy applications
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because of the properties like constant temperature, availability of the materials,
chemical stability and other advantages. In the next sections the advantages of latent
heat storage technology and different phase change materials were discussed.

Latent heat thermal energy storage

The storage system or the technology is based on the thermophysical properties
of the storage medium used within the technology. The phase change materials melt
while absorbing the sofar radiation and store the energy in the form of heat, When the
material is solidifying the absorbed heat is retrieved from the material. The energy is
stored and retrieved in the form of heat while the material is changing its phase from
one into another (11). Figure 11 shows the schematic change of temperature during

melting and solidification cycle (12).

Temoperature

i
/ Hreating. : '\) _. Cooling N >
S 7K 1 '

Sensible

Sensible

Tre

Latent

Subcooling
Sensible

Time

Figure 11 Schematic change of temperature during melting and solidification

Cycles

Phase change materials for latent heat storage are classified into three types like
organic, inorganic and cutectic phase change materials. These three types of PCMs are

further classified as shown in Figure 12 (13).
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The advantages and disadvantages of different kinds of PCMs are mentioned in

Table 2.



Table 2 Advantages and disadvantages of different PCMs 14)

14

Type of Sub-group Advantage Disadvantage
PCM
Organic Paraffin’s + Can be directly incorporated Low thermal
compounds ~ NonParaffin’s e« Can be impregnated into porous conductivity
(fatty acids, buildings matcrials {typically 0.2Wm-
esters, alcohol, o Chemically stable and inert IK! for paraffin’s)
glycols) ¢ Do not suffer from super cooling s Large volume
» Non-corrosive changes during the
e Non- toxic phase change
o High thermal energy storage (latent process(paraffin’s)
heat of fusion) *  Non-paraffin’s arc
¢ Wide range of melting temperature three fimes more
¢ Low vapor pressure in phase change expensive than
process paraffin’s
¢ Some are flammable
Inorganic Salt hydrate ¢ Usually high thermal energy » Corrosive to more
compounds  Metallic storage (latent heat of fusion) metals
¢ Good thermal conductivity e Super cooling and
e Less expensive phase segregation
¢ Non- flammable e Loss of therimal
performance after large
thermal cycles
¢ Requires support and
container
Inorganic Organic-organic e Sharp melting points ¢ Some suffer from

cutectics or
eutectic

mixiures

Inorganic-
inorganic
Inorganic-

organic

» Usually high volumetric storage

super- cooling effect

density e Low total latent heat

capacity
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The proposed work is with the salt hydrate type of phase change material. Some

examples of salts which are investigated as phase change material is shown in Table 3.

Table 3 Examples of salts that have been investigated as PCMs (8)

Material Material Melting Thermal Density
Temperature enthalpy Conductivity (kg/m?®)
(°C) (kJ/kg) (W/mK)
LiNOs 254 360 0.58(liquid) 1780(liquid)
1.37(solid) 2140(solid)
NaNO; 307 172 0.51(liquid) 1900(liquid)
0.59(solid) 2260(solid)
KNO: 333 266 0.50(liquid) 1890(liquid)
- 1900(solid)
MgCl 714 452 - 2140
Na(Cl 800 492 - 2160
Na2C0:s 854 276 - 2533
KX 857 452 - 2370
K2COs 897 236 - 2290

Rationale / statement of the problem:

Solar cooking has some challenges because of which the solar cookers are not

effectively adopted by the people in some arcas of the world even though the solar

radiation is noticeably good in those areas. The main reasons for this issuc arc as follows

2)

1. Economically not viable: In the beginning days of solar cookets

development, the cost of the solar cookers is little expensive for an individual family to

own the technology instcad of wood or fossil fuel technology.
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2. In compatible with traditional cooking: This solar cooking was the new
technology and the people were not having awareness on the usage of the equipment in
the early days. So they continued to use the existed traditional ways for cooking,

3, Direct sun cooking: The early technologies developed for solar cookers are
allowed only direct cooking under sunshine. In this case attentive cooking is difficult,
so this one of the reason for non-acceptance of the technology.

4. Off sunshine cooking: The cooking is possible only in the sunshine or day
light hours of the day and after sunset or night time cooking is not [possible with solar
cookers. When the season was changed or cloudy days also solar cooking is not
affective. So because of these reasons, people are not interested towards this technology.

5. Danger of getting burnt: The concenirators used in this technology
reflecting the sun rays towards the cooking vessel. So, in this case attentive cooking is
leads to burning issues and eye damages.

These are the main reasons for the non-effective usage of solar cooking
technology. Some of these reasons were raised in the beginning stages of the technology
development. But, later on the technology is improved and so many types of designs are
available in the markets at present. The main reason for all the above mentioned issues
is solar cooking technology without storage systems. The solar cookers with proper heat
storage system can overcome the problems like outside cooking, seasonal and daylight
cooking, no damage caused by burning and other technical issues.

To develop the solar cooking technology with storage systems depends on solar
thermal cnergy storage materials and the modes of transferring heat from one place to
another place. So, the storage of the solar energy for thermal applications gained the
attention of scientist to develop different storage systems. Solar encrgy can be stored
during sunshine hours through different techniques and which will be used during off

sunshine hours cffectively for different solar thermal applications.

Purpose of the study

The objectives of the present study are as follows:

1. Development of Mg(NO3)2. 6H>0 phase change material based solar thermal
energy storage system for solar cooking application and incorporating the storage

system with solar concentrator.
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2. Performance evaluation of the developed solar concentrator with phase
change material solar thermal energy storage system for cooking application.
3, Comparison of economic analysis and carbon emissions of the developed

system with the available local fossil fuel based cooking system.

Scope of the study

The scope of the study is limited to:

1. Inorganic phase change materials are considered for this study because of
their thermodynamic, technical and economic benefits for thermal energy storage
compared with the other types of phase change materials.

2. A parabolic antenna dish of diameter 1.495 m and 0.268 m height is used as
solar concentrator to produce the adequate amount of temperature at the focus for
cooking application.

3. A stainless steel concentric hollow cylinder with inner and outer radiiare 10
cm and 9 om respectively according to the size and geometrical calenlations of solar
~ concentrator.

4. Economic analysis of the developed solar cooker with PCM storage is
compared with the other local fossil fuel based cooking methods.

5. The off sunshine cooking time and the type of f_ood can be cooked with this

system are limited based on the available temperature of the storage system.

Significance of the study

1. The development of salt hydrate storage system for solar cooking system can
reduce the problems facing towards the efficient usage of solar cookers.

2. Off sunshine hours cooking is possible with the help of storage system
incorporated solar cooker.

3. Direct sun cooking can be avoided, Attentive and indoor cooking at night
times is possible with proper heat transferring mechanism.

4. The corrosion of the and decomposition of the storage vessel or tank can be
reduced with the usage of Mg(NO;3)2. 6HO as phase change material.

5. The global warming and carbon footprints can be reduced with the usc of

solar cooking technologies.
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6. Fconomic and social status of the rural communities can be improved with

the help of these technologies which are useful in their daily life.




CHAPTERII

LITERATURE REVIEW

Introduction

In recent years, therc is noticeable development in the renewable energy
technologies. As mentioned earlicr, solar energy is the most promising renewable
energy among all the renewable energy resources. There are so many technologies to
convert solar energy into electricity and for other applications, The main conversion
technologics are solar photovoltaic technology and solar thermal technology (15).

Solar thermal technologies are classified based on the range of operating
temperature, type of collector and tracking systems. The main four Concentrated Solar
Power (CSP) technologics were mentioned in the below table. The descriptions of the
technologies, thermodynamic efficiencies of the system and cost comparisons between
the systems were mentioned in Table 4.

The four CSP technologies parabolic trough, linear Fresnel, power tower and
dish stirling have different land use for the installation depends on the capacity of the
plant, Dish stirling technology needs more land requirement than the other CSP
technologics for comparatively low capacities of power generation, the different types
of efficiencies like peak solar efficiency, annual solar efficiency and thermal cycle
efficiency of the four CSP technologies were mentioned in the Table 5.

The load characteristics throughout the day are helpful to design a thermal
energy storage system. The heat loss from convection and radiation are high while
storing the thermal encrgy. In such cases, it is necessary to know that the requircment
of the heat or load to be demanded by the consumers throughout the day. The present
discussed thermal energy application is solar cooking, so which needs the load vatiation
in the residential sector. The daily load variation in the residential scctor throughout the

week is shown in the following Figure 13 (16).
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Table 4 Description and specification of the four main CSP technologies (17)

Coltector Description Rel. Operatin -~ Relativ  Concentratic  Technolog
type thermodynam g (emp e cost n ratio y maturity
ic efficiency range
Q)
Parabelic  -Parabolic sheetof Low 50-400 Low 15-45 Very
Trough reflective material mature
Collector  -Lincar receiver
(PTC) (metal pipe with
heat transfer fluid
Linear -Linear Fresnel Low 50-300 Very 10-40 Mature
Fresnel miTTor array low

focused on tower

or high-mounted

pipe as receiver
Solar -Large heliostat High 300-2000  High 150-1500 Most
Tower field with tall recent

tower in its center

-Receiver:

water/HTC boiler

at top

-Can be used for

continuous

thermal storage
Dish -Large reflective High 150-1500 Very 100-1000 Recent
stirling parabolic dish high

stirling engine

receiver at focal

point
-Can be used
without HTC
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Figure 13 Daily residential load characteristics throughout the week
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Table § Performance data of various concentrating solar power (CSP) technologies

(8, 16)
Collector Capacity Peak Annual  Thermal  Capacity Land
oo UM ey Siisency Eiceney e MW
(MW) (solar)
Parabolic 10200 21%({d)  10- 30-40% ST 24% (d) 6-8
Trough 15%(d) 25-
17- 90%(p)
18%(p)
Fresnel 10-200 21%(d)  9-11%(d) 30-40% ST 25- 4-6
90%(p)
Power 10-150 21%(d)  8-10%(d) 30-40% ST 25- 8-12
Tower 35%(p) 15- 45-55%CC  90%(p)
25%(p) |
Dish- 0.01 - 29%(d)  16- 30-40% 25- 8§-12
Stirling  0.04 18%{d) Stir 90%(p)
18- 20-30%
23%(p) GT

Note: (d) = demonstrated, (p) = projected, ST steam turbine, GT Gas Turbine,

CC = Combined Cycle, Solar efficiency = net power generation / incident beam

radiation, Capacity factor = solar operating houss pei year / 8760 hiours per year.

The storage systems in solar technologies can store the energy during sunshine

houts through proper medium and in off sunshine hours the stored energy can meet the

power demand of the consumers. Solar energy technologies with storage back up are

effective during off sunshine hours (18). The portion of the power requirement supplied

by storage during off sunshine hours is shown in Figure 14. The amount of energy is
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utilized with direct solar radiation, the amount of energy stored during day time and the

amount of energy used from the stored energy are explained throughout the day.

1y

s 10 12 M 16 w8 1w » ou
Time of digy

Figure 14 Combination of storage and hybridization in solar plant

Review of related articles

Murat Kenisarin and Khamid Mahkamov presented about the recent
developments in the field of solar thermal energy storage with the use of phase change
materials. They mainly focused about the thermal properties of the various types of
PCMs. They have performed the studies of different phase change materials which are
useful for active and passive solar space heating and cooling and solar cooking
applications. Recent investigations on organic and inorganic PCMs and how they can
be produced commercially and the commercial development of heat storage tanks were
presented in this paper. They have studied about the different methods of heat transfer
enthancement for the latent heat storage systems and mentioned the two suitable and
effective methods for the storage of latent heat. Heat transfer enhancement using fin
configurations and embedded high conductive structures are the mainly focused beat
transfer configurations for solar heating systems. Application of PCMs in solar cooking
and the schematic views of solar box cooker with including the storage system were
presented in the paper. They have done the analysis of open literature available on the

storage with PCMs and brought out the important conclusions regarding the testing
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standards of the PCMs, econormic viability of the PCMs, the need of thermal cycling of
the PCMs which are used for the latent heat storage applications (19).

Lecuona. A, from Madrid presented about the portable parabolic type solar
cooker along with the heat storage facility using phase change materials. They
developed an utensil including daily thermal energy storage facility for the cooking
purpose. The developed utensil was a two layered coaxial cylindrical cooking pot. The
pot contains an inner layer which is small and the outlayer layer which is larger
comapared to inner layer. The hollow space between the two layers of the pot was filled
with phase change material which provides the convective heat transfer of the laten haet
stored in the PCM to the cooking material inside the pot. Paraffin and erythritol are the
PCMs tested for this application. A numerical model was developed to study the
transient behaviour of the system with the climatic conditions of Madrid. The results
were attractive and with the developed system it is possible to cook three meals for the
family in the summer as well as winter. The utensil can be moved inside the home 2
hours earlierr in winter than summer to retain the heat effective for future usage. Paraffin
at 100 °C is effectively working than that of erythritol but it is effective for fast cooking
indoor applications. The attentive cooking and the hazards withh the attentive cooking
were reduced with this prototype including heat storge  system (20).

A review about the solar cookers with and without thermal storage system was
performed by Muthusivagami, R.M. The paper talks about the various development in
the solar cookers and especially in the field of solar cookers with storgae systems. Solar
cookers with and without storage system are compared in this paper. Dircet box type
and concentartor type and indirect sclar cookers without storage system were mentioned
in this paper. Different types of scnsible and latent heat storage solar cookers werc
reviewed and the schematic views of those cookers were mentioned. Latent heat stoarge
type concentrating solar cooker using a PCM A - 164 was developed. The PCM is filled
in 1 m long and 22 mm diameter tubes functioned as heat exchanger to store the heat
during sunshine hours. Cooking surface flat hot plate similar to that of electric cooking
and the PCM flows under the hot plate to keep the temperature about 140 °C 1o 150 °C.
The PCM used in this system is economically not viable but with change of PCM the

system is effective for residential cooking purposes (21).
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John. G, presented their paper about the latent heat storage of solar cooker using
Galactitol as a phase change material. The paper is mainly focused about the thermal
behaviour of the PCM on bulk cycling. Three bulk samples of the material which are
having different upper cycle temperatures compared to each other were taken and melted
and frozen repetitively.The properties of the materials like specific heat, temperature
and pahse change enthalpies were measured with the help of differential scanning
calorimetry (DSC) and thermal diffusivity was measured by flash diffusivity instrument.
From the results they mentioned that the upper cycle temperature has influence on
number of freezing and melting cycles can be attained, phase change enthalpy, the rate
of subcooling, etc. The lowest upper cycle temperature is 200 C and with the possibility
of 90 thermal cycles for the solar cooking at temperatures greater than 150 °C. It was
concluded (hat galactitol as PCM with thermal cycling atleast once in a day can afford
of life span less than 100 days for cooking purpose. So galactitol was unstable and short
life span PCM for medium range of temperature solar cooking applications (22).

The recent developments particularly in organic solid- liquid phase change
materials and their applications in thermal cnergy storage were presented by Sharma,
R.K., et al. The paper mainly focused about the organic solid — liquid materials,
encapsulation for the storage systems and the various application of those materials.
Because of low thermal conductivity of organic material large surface area is required
for the heat transfer, so they paid the attention towards the thermal conductivity
enhancement in turn reducing the area of the system, They mentioned about the various
material characterization techniques like spectrum clectron microscope (SEM), particle
size distribution (PSD), Fourier transform infrared spectroscopy technique (FT- IR),
Differntial scanning calorimeter (DSC) and Differnctial thermal analysis(DTA) to
characterize the thermal and chemical properties of the materials. Differnt solar thermal
applications including heat storage systems were mentioned in this paper collected from
the carlier literature, In this paper they concluded that the organic PCMs are useful for
the low and medium tempertaure range of storgae systems and they are non corrosive
and are able to exhibit nearly constant melting and freezing characteristics after large
number of thermal cycles. Organic PCMs are available in the range of 45 °C to 70 °C,
so that they are highly recommended for solar energy applications like drying the food

products (23).
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Sharma, S.D, designed and developed a latent heat storgac unit for evening
cooking. They further evaluated the performance of the developed system. In this
developed system acetamide was used as the latent heat storage material. They
conducted the experiments with different loads and different loading times in summer
as well as winter. The thermal performance of the developed unit was compared with
the standard solar cooker.In this paper they mentioned the cooking vessel dimensions
along with schematic view and the cooker is similalr to that of solar box cooker. The
first Figure of merit Fi and sccond Figure of merit Fa were calculated for both the
cookers. From the experiment it was concluded that the developed unit is capable for
cooking purpose in the evening time and the PCM did not affect the cooking process in
the afternoon. If the used PCMs in this unit having the melting temperature range of 105
C to 110 °C are able to provide evening cooking (24).

Buddhi, D., S.D. Sharma, and A. Sharma performed the thermal performance
evaluation of a Jatent heat stoarge unit for late evening cooking in a solar cooker having
three reflectors. Acetanilide with mefting point 118.9 °C was used as a PCM material in
this developed system. Evaluation of the cooker was performed with differnet loads and
loading times in the winter. In this system the three reflectors are used to enhance the
solar radiation incident on the solar cooker during sunshine hours. First and second
Figure of merits of the system were calculated. These experiments were conducted at
Indore in India with the lattitude of 22.7°N. While conducting the experiment the
direction and orientation of the cooker and the reflcctors were adjusted for every 30
minutes along with the motion of the sun. From the results it was concluded that the set
up is cffectively working for the evening cooking about 8:00 P.M with 4 kg of PCM
(25).

Thermal performance of ¢vacuated tube solar colicctor based solar cooker with
a PCM storage unit was conducted by Sharma, S.D. The proposed design has seperate
parts for energy collection and cooking which were coupled to PCM storage unit.
Energy collector was the evacuated tube collector and the PCM used in this protytpe for
storage purposc is commercial garde erythritol. Different loads with different loading
times were experimented in this protype but the cooking and PCM proceesing were
carried out simutaniously. These experiments were carricd out at Mic in Japan where

the evening cooking with the PCM storage unit is fater than that of noon cooking. From
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the results it was concluded that, the PCM reaches 110 0¢* in the summer at the time of
evening cooking but the system is expensive because of the cost of the PCM. This kind
of PCM units have good potential for community cooking applications with temperature
range about 130 °C with out tracking the cooker (26).

El-Sebaii. A. A, performed one thousand thermal cycles of magnesium chloride
hexahydrate as a PCM for indoor cooking purpose. This paper mainly focused about the
variation in thermo physical properties like melting point and latent heat of fusion of the
PCM material on fast melting and freezing cycles and the properties are measured with
DSC. In a scaled container one thousand thermal cycles have been performed with the
help of extra water princple. 463 g of the PCM was taken for the thermal cyclings and
for every regural period of cycles 4 mg of PCM sample was tested under DSC. The DSC
results were mentioned in the paper and from the results it was concluded that
MgClz.6H20 solidifies with small range of super cooling about 0.1 0C to  3.5°C and
this PCM was a promising material for Jatent heat storage for solar cooking indoor
applications (27).

Tyagi, V.V. and D. Buddhi, performed thermal cycle testing of calcium chloride
hexahydrate CaCla.6H20 as a PCM for latent heat storage. In this study they performed
thousand thermal cycles of the material to abserve the variations in the melting point
and latent heat of fusion of the selected inorganic salt hydrate. 26.38 mg of sample was
tested under DSC for cvery 100 cycles of the total thermal cycles. After 1000 accelerated
thermal cyclings calcium chloride hexa hydrate undergone small variation in latent heat
of fusion but it maints the constant temperature range after large number of thermal
cyclings. All the DSC results were mentioned in the paper from the analysis of those
results it was concluded that CaCla.6H20 can be a promising PCM for laten heat storage
applications (28). '

For solar thermal latent heat storage applications, accelerated thermal cycle test
were performed on acetamide, stearic acid and paraffin wax by Sharma, A., S.D.
Sharma, and D. Buddhi. Total 1500 thermal cycles were conducted on these materials
to observe the variations in the latent heat of fusion and melting point of those materials.
130 g, 90 g and 150 g of actamide, stearic acid and paraffin wax were taken respectively
for the testing. The meling time taken by tosc materials are 40 min, 35 min and 25 min

respectively and the solidifying times are 70 min, 50 min and 40 min respectively for
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actamide, stearic acid and paraffin wax. The samples were tested under DSC after 1500
cycles and from the results it was concluded that the three samples did not have
degradation in the melting point after 1500 repeated thermal cycles. Actamide and
paraffin wax shown good stability for the thermal cyclings but actamide absorbs
moisture from the surroundings. Stearic acid melts over a range of temperatures. S0
from these results , it is better to fest the PCM for thermal cyclings before using as a
laten heat storage systems (29).

Pia Piroschka Otte presented a study about the cultural turn towards to the solar
cooking in two countries Burkina Faso and India. For this work they installed a type of
solar cooker with Scheffler reflectors in different places like bakeries and steam
kitchens. Six case studies were presented in this paper and explained how the cultural
factors affecting in the adoption — enhancing or limitation of using solar cookers. From
the work he concluded that the foreign technology image for solar cookers was moved
away from the installations of the solar cookers within the frame of cultural network
(30).

Raam Dheep. G and Sreekumar. A, presented a review about the various studies
on latent heat storage using phase change materials and the classification of the PCMs, .
properties of the PCMs, selection criteria of the studies involved to analyze the .
thermophysical properties of PCMs. The paper also presents the possible research areas .
on latent heat thermal energy storage (31).

Kevin Merlin, discussed about the heat transfer enhancement in latent heat
thermal cnergy storage. They also presented the comparative study of different solutions
and thermal contact investigation between the exchanger and PCM. They conducted the
experiments with conductive structures like finned exchangers, graphite powder and
Expanded Natural Graphite (ENG) matrix. The practical set up consists of heat
cxchanget tubc and the outer annular of the heat exchanger filled with PCM. The overall
heat transfer coefficient is measured for each configuration. The study concludes that
the PCM embedded in ENG matrix is the best storage configuration for industrial
purposes with the overall heat transfer coefficient about 3000 Wm? K. Thermal
conductivity of the ENG/PCM composite is 100 times more than that of PCM alone.

The numerical simulations are compared with the experimental results which are helpful
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for the further investigations for the thermal contact resistance on the heat transfer
process of latent heat thermal storage systems (32).

Different experimental test procedures of paraboloid concentrator solar cooker
to determine the optical efficiency factor were presented by Subodh and Mullick (33) .
The heat loss factor (F” UL), optical efficiency facior (F’ 1o} were calculated with three
different cxperimental procedures. The first process uses sensible water heating curve
of the water in the cooking pot placed at the focus of the paraboloid. The second process
uses the steady flow of water through the focal zone of the cooker and the third process
is the combination of the above two processes. 0.335, 0.273 and 0.347 are the optical
efficiency factors of the paraboloid solar cooker from the first, second and third test
procedures respectively, From this study they concluded that, the first and second
procedures are good whereas the first procedure is recommended for the accurate
determination of optical efficiency factor.

The heat transfer enhancement of solar parabolic cooker by a porous medium
was designed and analyzed by Lokeswaran and Eswaramoorthy (34). Waste metal chips
made of copper with size 1.5 cm length and 0.5 to ] em thickness were used as porous
medium. This porous medium was placed in a cylindrical container of height 8 em and
diameter is cqual to the cooking utensil. That container is filled with porous medium
upto 5 cm and is placed below the cooking utensil. Stagnation temperature test, water
heating and cooling tests were performed with this parabolic cooker. The stagnation
temperature was 80 °C more than that of the utensil without porous medium. The
minimum heat loss factor with and without porous medium was 20 Wm?and
14 Wm respectively. The optical efficiency factor mcreases upto a maximum value of
61 with porous medium.

A parabolic dish solar cooker of 1.25 m diameter and height (.23 m with a
cylindrical recciver of diameter 0.215 m and height 0.15 m was designed and analyzed
for the climatic conditions in Yola, Nigeria by Aidan (35). 0.4 kg mass of cooking pot
containing 0.37 kg of water placed at the focal point and the temperature of water is
recorded for every 5 min time interval. (F"Up), (F’ o), combined heat capacity and
cooking power were calculated. For a combined heat capacity of 1914.3 JK!, the optical
efficiency factor, heat loss factor and the cooking power are 0.0198, 4.404 W m and
96.530 W respectively.
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From the above mentioned related review articles, it was summarized that, in
recent years the research and development of thermal energy storage got the attention
of the researchers throughout the world. In developing countries like south Asian and
African countries solar cooking got the noticeable demand as same as that of traditional
cooking ways with in the cultural frame of the situations in those countries. To make
the technology more user friendly and efficient researchers are concentrated their
research on the storage of thermal encrgy with different technologies like sensible heat
storage, latent heat storage and the thermo-chemical storage. From the reviewed articles
it is clearly understood that the latent heat storage technology is got the attention of the
research than the other two technologics. The advantages and the different latent heat or
phase change materials experimental studies for the use of solar thermal energy storage
were mentioned in the articles. The studies which were conducted till now on PCMs are
shown that less number of rescarchers performed their studies on Mg(NOas)2 based salt
hydrate phase change material.

The storage technologies developed for cooking application are limited to an
individual family but not for community or institutional based cooking applications. So,
from the literature scope this dissertation is discussed on the Mg(NO3); based phase
change material solar thermal energy storage system for the community solar cooking
applications. The advantages of the selected PCM, background of the thermal energy
storage systems, different classifications of phase change materials and the experimental

methods to conduct rescarch are mentioned in the next chapters.




CHAPTER 11

RESEARCH METHODOLOGY

This dissertation was conducted in five phases.

1.
2.
3.
4.
5.
Figure 15 shows the complete flow chart of rescarch methodology for this
dissertation. The Selection a‘nd testing of PCM and design of solar concentrator are the

main phases of the methodology. After completion of these two phases, the remaining

Development of PCM storage system

Design of solar cooking system

Incorporating PCM storage with solar cooking system
Performance evaluation of the developed systemn

Economic and emission analysis of the system

three phases are performed on the developed system.

The flow chart for development of PCM storage system is shown in Figure 16.

All particulars of the different criteria in the selection of the PCM are mentioned in the

next sections,

Development of PCM storage systemn

The development of PCM storage system was performed in the following steps.

1. Confirmation criteria of PCMs

2. Preliminary testing of PCMs

3. Thermal cycling method

4. Instrument analysis

5. Corrosion analysis
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Figure 15 Flow chart of complete research methodology
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Figure 16 Flowchart of development of storage system

Confirmation criteria of PCMs: The phase change materials are selccted based
on the melting point of the materials and the type of application for which the storage
system will be incorporated. Different criteria a PCM should have are explained below
(11).

Thermodynamic criteria:

1. PCM should have the melting point in desired operating range about 90 ’C o
110 °C

2. High latent heat of fusion per unit mass in the range of 150 Jglto200) gt

3. High density in the range of 1.5 g em™ to 1.7 g em™ so that volume of the
material is reduced

4. High thermal conductivity in between 0.5 W m ' °C ¥ t0 0.7 W mt oc!

5. High specific heat in the range of 1.8 7 g °C" t02.5] g0

6. Small volume changes during phase transition

Kinetic criteria:

The PCM should have very low super cooling phenomenon during freezing
cycle.

Chemical criteria:

1. Chemical stability

2. Non corrosive to the storage tank material

3. Nontoxic, nonflammable and non-explosive




Technical and economic criteria:
1. Applicability

2. Compactness and effectiveness
3. Reliability and viability

4, Commercial availability

5. Economically viable
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From the above mentioned criteria, some inorganic phase change materials were

selected and different properties of those materials were mentioned in Table 6.

Table 6 Properties of inorganic phase change materials

Inorganic PCM  Melting Heat of  Specific DPensity  Thermal
temp Tm ~ fusion  heat (g em-®)  conductivity
(°C) (Jgl)  capacity Cr (W m'°CH
: (J gl °CY
CaCl2.6120 29.5 170 1.42(S) 1.802(S)  1.088(S)
2.10(1.) 1.562(L)  0.540(L)
Na2S04. 10H20 324 251 - - 0.5
Mg(NOs)2.6H20 90 163 1.81(S) 1.636(S)  0.669(S)
2.48(L) 1.55(Ly  0.49(1)
MgCl2.6H20 1167 169 2.25(8) 1.57(S) 0.704(S)
2.61(L) 1.45(L) 0.570(1)

Applications of PCMs: There are different types of implicational requirements

for a PCM to be selected for a particular application. Table 7 shows the characteristics of

different PCMs for Differcnt applications (7).

For the above mentioned different applications design considerations of thermal

energy storage systems at each level were shown in the Figure 17 (36).




Table 7 Different applications of PCMs
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Required PCM  PCM can be used ~ Melfing point  Application of PCM
melting temp temp of PCM
‘0 (C)
Room CaCl,.6H,O 27 Diurnal storage for building
Temperature structure
20-35 CaCl;.6H,O 27 Building heating using heat
pumps
25-30 CaCl,.6H:0 27 Solar hot air systems
40 - 60 Mg(NO3).6H,0 About 58 Day and night solar hot air
MgCla.6H0 heating systems
55-70 Mg(NO;3).6H20 About 58 Domestic solar hot water
MgCla.6Hz0 system
60 - 95 Mg(NO3).6H,0 &9 Solar hot water base board
systems
100 - 175 Mg(NO;3)2.6H20 117 Concentrated solar systems
Thermal energy storage design considerations at each level
4/// ‘,\
Plant Level Component Level System Level

Long term Vs, short term
System size (no. of storage
hours,  charge/discharge
rates  based on  plant
economics)

Plant Intepration
(operating teinp, pressure,
medium on solar field and
power block side)

Plant economics

Storage type (sensible,
latent, thermo chemical)
Storage material (thermal
properties, cyclic capacity,
cost)

Encapsulation material, if
any

Compatibility between the
storage materials and HTF

e Containment(tanks)

e  Hcat exchangers, pumps,
piping

e Compatibility with HTF
on solar field side and
working fluid on power

block side

+  Assembly of
subcomponents

« Costs

Figure 17 Thermal energy storage design considerations at each level
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From the literature and different criteria for the sclection of PCM,
Mg(NO3)2.6H;0 was qualificd thermodynamic, kinetic, chemical, technical and
economic criteria. So, the materials selected for the further testing procedure to use it as
storage material for the proposed dissertation.

Magnesium Nitrate Hexahydrate (Mg(NO3)2.6H20):

1. Molecular weight of Mg(NO3)2.6120 is 256.41 g mol”

2. Salt and water proportions by weight arc 57.84% and 42.16% respectively

3. Mg(NO3)2.6H20 will be dehydrated if heated above 95°C

4. Melting temperature, latent heat of fusion, specific heat capacity, thermal
conductivity and density of Mg(NO3)2.6H>0 are mention in table 5.

5. Mg(NO3)2.6H20 has super cooling characteristics which can be avoided b
adding additives

The testing and analysis methods for Mg(NO;3)2.6H20 PCM are explained in
next sections.

Testing methods of PCM

To incorporate the PCM storage system with the solar thermal applications some
tests are to be performed on the PCMs. The main order of the tests performed ona PCM
which can be used for a storage system are as follows (37).

1. Preliminary testing of PCMs

2. Thermal cycling method

3. Instrument analysis

4, Corrosion analysis

Preliminary testing of PCMs

In this step, among the certain type of phase change materials, melting point of
the materials is examined with the usc hot plate or any other heating source. From the
observation of the melting points of all the considered PCMs, required operating range
temperature PCM is sclected for the further tests to finalize the PCM for storage
applications. From the literature, based on the melting point and the operating range of
temperature Mg(NO3)2.6H20 is selected as the storage material for the cooking
application of this disscrtation. To compare the properties of this PCM with other

inorganic PCMs, a preliminary test is needed.
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Salt hydrate PCMs calcium chloride hexahydrate (CaClz.6H>0), magnesium
chloride hexahydrate (MgCla.6H20), sodium sulphate decahydrate (Na2S04.10H20)
and magnesium nitrate hexahydrate (Mg(NO3)2.6H:0) were considered. Primarily, the
melting point temperature of the salt hydrates will be observed. From the observation
and the literature PCM which suitable for the community solar coking application will
be considered for further tests. From the above mentioned tables from literature it is
shown that Mg(NO3),.6H20 has high melting point compared to the remaining salt
hydrate materials.

Thermal cycling method

This is the important part of testing a PCM. For the selected PCM from the
preliminary tests, thermal cycling method will be conducted. In this method The PCM
will undergo for repetitive thermal cycling in order to observe the variation in the
properties of the PCM. A relatively more quantity of the PCM about 200 g to 500 g
should be taken to conduct the thermal cycling. A hot plate is required to heat the PCM
container and a natural cooling water cavironment is to be set up for the solidification
cycle immediately after the heating cycle of the PCM. The water cooling environment
helps to freeze the PCM in less time so that duration of a single heating and cooling
process can be reduced.

While performing the thermal cycling the PCM container should be closed to
avoid the other foreign materials and the heat losses. The sample of the PCM should be
collected before starting the thermal cycling of the PCM and store it as 0 cycle. Then
after, for every regular interval of thermal cycle’s small amount of the sample about 0.5
mg to 100 mg is to be collected for the instrument analysis. The collected 11 samples of
the PCM were analyzed in the nest step of testing of PCMs (27) (28) (29).

A 227 g of Mg(NO3)2.6H20 is taken for the thermal cycling process i this
dissertation. From 0™ cycle the weight of the material is measured for every 100 cycles.
The sample of Mg(NO3)2.611,0 is allowed to heat for in the process of thermal cycles
for melting with the help of hotplate which is known as melting cycle. After the melting
cycle the sample is allowed to cool down in the cooling water environment which is
known as solidification or freezing cycle. A complete melting and solidification cycle
is known as a thermal cycle and such a 1000 cycles are performed for the taken sample

of Mg(NO3)2.6H20. For every 100 cycles, the time taken for the melting cycle and
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solidification cycle are observed and noted. The sample is taken in an aluminwm
container with closed lid to conduct the thermal cycling process. The initial sample of
the material at 0 cycle and the weighing process of the sample after melting process
are shown in Figure 18 a, b. The melting cycle of the sample with the help of hot plate

and the freezing cycle in the cooling water environment is shown in Figure 19 (a) and

(b).

Figure 18 Mg(NO3):.6H20 (a) Sample at 0" cycle (b) Weight measurement of the

sample

Figure 19 Mg(NO3)2.6H20 (a) Melting cycle (b) Solidification cycle
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Instrument analysis

Instrument analysis of the sample is conducted at two levels of the thermal
cycling process. After 100 thermal cycles a primary Differential Scanning Calorimeter
(DSC) analysis is conducted to check the thermal criteria of the PCM sample as shown
in the flow chart of the PCM storage system. If the material is satisfied with the
mentioned criteria the sample is continued for the remaining thermal cycles. If the
sample is not stable in the primary testing, then the other PCM materials are considered
for the storage system. The Mg(NO3)2.6H20 sample is collected after 100 cycles and
tested with DSC. The criteria for PCM as storage system are satisfied for the
Mg(NO3)2.6H20 sample and the results are shown in chapter 4, The Mg(NOs)2.6H20
sample is continued for the remaining thermal cycles. After every 100 cycles about 100
mg of the sample is collected for the DSC analysis.

After 1000 thermal cycles of the selected PCM the collected samples are to be
analyzed to observe the variations in the melting point and Jatent heat of fusion of the
material, In DSC the sample will be placed in aluminum pan and the empty pan is placed
in the of reference pan. Thermocouples sensors were placed below the plans.
A schematic view of DSC is shown in Figure 20. The original DSC instrument and the
DSC with samples inside the DSC are shown in Figure 21.

Samplepan Comiputer to monitor temparature

pCMsample ;
Referenca pan and regulate haat jlow

S Heate{sw’/

Figure 20 Schematic view of interior view of DSC
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The measurements of DSC are two types

1. Measuring the electrical encrgy provided to the heaters to maintain the same
temperature between the two pans.

2. By measuring the heat flow as a function of temperature.

From the two ways ultimately, the DSC gives the output as the differential heat
flow between the sample and reference pan. Heat capacity is to be determined with the
following equation.

Cpo=q/ AT (8)

C,p = material heat capacity, J g °C’!

q = heat flow, W

AT = change in temperature, °C

Figure 21 (a) DSC (b) DSC loaded with Mg(NO3)2.6H20 sample

After the arrangement of the sample DSC is operated for the thermogram.
Thermogram is a graph between temperature in x- axis and hcat flow in y- axis. It will
give the information about the glass transition temperature Tg, crystallization
temperature Te, melting point temperature and oxidation temperature (38). The
schematic of a DSC thermogram is shown in Figure 22. After the observation of the

results the PCM can be finalized for the storage system.
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Figure 22 Schematic graph of a DSC thermogram

Corrosion analysis:

In the thermal energy storage systems storage tank or the container also plays an
important role. The container is always in the contact with storage medium. For solar
thermal cnergy applications either stainless steel or alaminum containers are commonly
used. So, container material analysis after repetitive thermal cycles of the PCM will
provide the corrosion effect of the PCM on the container. A small piece of stainless steel
and aluminum are placed in the PCM in different experimental vessels. Before starting
the thermal cycling for corrosion testing Scanning Electron Microscopy (SEM) images
of the metal samples should be collected. After thermal cycling proeess at 500" cycle
and 1000™ cycle again SEM images of the metal picces should be collected. From those
observations the cortosive effect of the PCM on the storage container will be analyzed
(13).

A 3 em x 3 cm aluminum and stainless stecel samples arc kept in the
Mg(NO3)2.6H20 sample for corrosion analysis. The PCM sample is allowed for thermal
cycling process including aluminum and stainless samples. After 500, 1000 thermal
cycles the samples are taken out and analyzed with the help of SEM. The results are
shown in chapter 4. After the analysis of the SEM results, the receiver material is
selected to design the receiver or cooking pot of the solar cooking system. The SEM

practical image and the PCM with container material samples are shown in Figure 23.
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Figure 23 (a) Image of SEM (b) Container materials inside Mg(NO3)2.6Hz0

Design of solar cooking system

The phase change material storage system is going to develop will be
incorporated with the solar cooking system which contains solar concentrator and
receiver or cooking pot as the main components. A parabolic dish is designed as a solar
concentrator and the receiver is placed at the focal point of the parabolic dish. The
different calculations of the cooking system including heat transfer methods are also
mentioned in this scction.

1. Mathematical calculations for solar concentrator and receiver

2. Heat Transfer network

3. Tracking of the system

Mathematical calculations for solar concentrater and receiver

A parabolic antenna dish with a diameter of 1.495 m and a depth or height of
0.268 m is considered to design the solar concentrator. The surface of the parabolic dish
is covered by a number of high reflective solar parabolic mirrors of size 2.5 sq. cm. The

design and consturction solar concentrator is shown in Figurc 24.
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Figure 24 Construction of solar concentrator

Different parameters of the parabolic dish like focal length, rim angle,
acceptance angle, concentration ratio, arc length, surface and aperture arcas and the
focus arca of the receiver pot were calculated with the following sequence of
expressions (6, 39-42).

The focal length ‘f* of solar concentrator, is the distance from the vertex to the
focus point F. Tt is calculated using equation 9.

5 \D’
" 16h

After finding the value of focal length, rim angle of the parabolic solar

©)

concentrator is found wsing equation 10,
AND
$d=2tan X (10)

Half acceptance angle of the parabolic concentrator is the half of the angular
limit to which the incident ray may deviate from the normal to the aperture plane and
still reach the absorber or receiver, is calculated using equation 11.

90—
2

Concentration ratio is an important factor for the parabolic concentrators which

11

is expressed as a function of rim angle and is also expressed as the ratio of aperture arca
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of the solar concentrator the surface arca of the receiver. Concenfration ratio is
calculated using equation 12.

C= 1 C= AdA 12
Si112¢ o oo (12)

The maximum radius of the parabolic concentrator is calculated using equation
13. It is a function of focal length and rim angle.

2f

B I4cosd (13)

Surface area of the parabolic concentrator is the outer area of the parabolic

concentrator and is calculated using equation 14,

8nf? DY 2
AS: 3 [EJ +11 -1 (14)

Aperture area of the solar concentrator is the arca where the solar radiation

incident on the parabolic concentrator. It is calculated using equation 15 and is a sin

function of maximum radius and rim angle of the concentrator.
(i RV,
A, :E(zP sin ¢) (15)

The diameter of the focal point of the concentrator is calculated using equation
16.
D, = 2Psin 0, (16)
After finding the diameter of the focal point, arca of the focal point is calculated
by equation 17. These both parametets are useful o calculate and design the receiver or
cooking pot.
T

Ap= 4 (Df0)2 (17)

The geometrical representation of the above mentioned parameters are shown

in Figure 25.
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7 he026m

Figure 25 Geometrical representation of design parameters of solar concentrator

The receiver or cooking pot of the solar cooker is made up of stainless steel
which is in the shape of hollow concentric cylinder with outer and inner radii are 10 cm
and 9 cm respectively.

The gap or thickness between the layers of the receiver is 1 cm and height of the
receiver is 25 cm. This gap between the fayers is filled by heat transfer oil. A cylindrical
tube of diameter 2.5 ¢cm and height of 23 cm is used as phase change material (PCM)
tube and is filled with selected PCM. Number of such tubes are placed on the surface of
the outer layer of the receiver. The PCM is filled in the tubes up to a height of 20 cm.

Area of {he receiver or cooking pot is calculated using expression 18.
A, =27, (t, +h,) (18)
The gap or thickness between the layers of the receiver is 1 em and height of the
receiver is 25 cm. This gap between the layers is filled by heat transfer oil. A cylindrical
tube of diameter 2.5 em and height of 23 cm is used as PCM tube and is filled with
Mg(NO3),.6H20. The schematic view of the cooking pot or receiver is shown in Figure

26 with the help of sketch-up software, The surface area calculations of the cooking pot

are mentioned in appendix B.
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Figure 26 Schematic view of (a) Cooking pot layers (b) Cooking pot with PCM tubes

Heat Transfer nefwork

In the solar cookers with heat storage technology, the heat from the solar
collector to the receiver or cooking pot is transferred in the form of threc modes namely
radiation, convection and conduction (7). In most of the solar cookers, radiation and
convection are the two modes of heat transfers involved to transfer heat. But, in this
solar cooker with PCM as storage, conductive mode of heat transfer also involves while
storing and transferring heat from the solar collector to the cooking stuff inside the
receiver which is explained with the help of heat transfer network. The heat transfer
network is the combination of different thermal resistances which represents the
conductive, convective and radiative heat transfer modes involved in the system. The
complete heat transfer network for PCM solar cooker is shown in Figure 27.

The solar energy reflected from the solar collector is transferred to the receiver
at the focal point of the parabolic collector by radiative and convective heat transfer
modes. The radiative and convective heat transfer resistances are represented as /1 and
B, in the heat transfer network. As the outermost part of the receiver is covered with
PCM tubes, the mode of heat transfer involved between the outer wall of the PCM and
surroundings is conduction and is denoted by k. The heat is transferred to the entire
PCM inside the tube by convection and from the last layer of the PCM to PCM wall

heat is transferred by conduction which are represented by /2and k2 respectively. The
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heat is transferred from the wall of PCM tube fo outer layer of the receiver by conduction
and is represented as k3. The heat from the outer layer of the receiver is transferred by
convection to the entire oil which presents in the gap between the layers of the receiver
pot which is denoted by /3. The heat is transferred from the oil to the inner layer of the
receiver by conduction and is represented as ks and that heat is transferred to the cooking
material inside the pot by convection which is represented as fi; in the heat transfer
network. These are the complete modes of heat frapsfer and are explained at each stage

with the help of heat transfer network.

hr hz
kl k; h3 kq hq

hy k,

Figure 27 Heat trasfer network of PCM solar cooker

In PCM tubes, the PCM is filled completely in the tubes except a little gap for
the small volume expansion after the melting cycle of the PCM. As Mg(NOs3)2.6H0
comes under inorganic salt hydrate PCMs, it has the advantage of small volume
expansion so the PCM tubes are filled completely. So, the mode heat transfer through
convection is not possible in PCM tubes. The heat transfer oil which presents in the gap
of the concentric cylindrical receiver is also filled completely inside the gap and the
layer vent is tightly closed. In this case also, the convective mode of heat transfer is not
possible. The above mentioned heat transfer network is modified based on this

consideration and the modified heat transfer network is shown in Figure 28.
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Figure 28 Modified heat transfer network

In Figure 30, k) is the conductive heat transfer resistance inside the PCM tube,
k, is the conductive heat transfer resistance between PCM tube to heat transfer oil layer,
ks is the conductive heat transfer resistance inside heat transfer layer, k¢ is the
conductive resistance heat transfer oil layer to cooking stuff layer and ks is the
conductive heat transfer resistance inside the cooking stuff layer.

Modes of heat transfer:

As mentioned in chapter 1, there are three modes of heat transfer conduction,
convection and radiation. From the solar concentrator to the receiver or cooking pot the
heat is transferred by radiation and convection, From the above heat transfer network hy is
the radiative heat transfer coefficient.

The radiative heat transfer cocfficient is can be calculated using equation 19 (39,

43, 44).
b, = o6 E, (T2 + 17 [T, +T,) (19)

coCr
T = Temperature of the solar concentrator, °C
Ts = Sky temperature, °C
T, = 0.0552T,"” (20)
T,= ambient temperature, °C

£ = emissivity of the solar concentrator
F.; = view factor from the solar concentrator {0 the receiver
The convective heat transfer coefficient from the solar concentrator and the receiver

hy is calculated from the simple equation 21 (39).
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h, =5.7+3.8W, @1

W= wind speed, m s

The convective heat transfer coefficient between the concentrator and the receiver
by considering Nusselts number N, Grasshof number Gy and Prandlt number Pr is
expressed as cquation 22 (44).

K
hy=7N, (22)
K= thermal conductivity of air, W™ K!

L = length of air fluid stream, m

N, =a(G, xP,)’ 23)
273
Gr _ ng L (gjc ﬁTa) (24)
Lt
C,u
- 25
P =t 25)

C, = specific heat of air, kJ ket K
The PCM tube is in cylindrical shape and the heat transfer method inside the tube
is conduction. The conductive heat transfer coefficient for the cylindrical PCM tube is

shown in equation 26. The schematic view of cylinder is shown in Figure 29, a.

JeiAt —ll
2L K

The receiver or cooking pot is a hollow concentric cylindrical shape and the gap is

(26)

filled with heat transfer oil. The conductive heat transfer of the concentric cylinder is
shown in equation 27 and the schematic view of layers of the concentric cylinder is shown

in Figure 29. b.
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Figure 29 Schematic view of (a) cylinder (b) concentric cylinder

) )
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Tracking system

The proposed application in this dissertation deals with a real time application like
cooking which takes less strong sunshine hours. This proposed system developing to meet
the cooking needs of rural communities in developing countries. The system should be
economical for such kind of communities or individual families to use the system. So, to
fulfill that economical viabilities and the requirement of tracking for less sun shine hours,
a simple manual tracking is designed for the solar concentrator.

The recciver pot is not in contact with the solar concentrator directly. The solar
concentrator is constructed with the dragging wheels. The solar concentrator and the
receiver are constructed in a way that it is possible to track the system manually by
adjusting the screws on the movable arms of the solar concentrator and receiver.

The solar concentrator can be tracked according to the position of the sun by the
help of moving wheels and the screws on the support rod of concentrator frame. The
receiver of the cooking system can be adjusted with the help of vertical and horizontal arms
to achieve the proper point focus on the bottom of the cooking pot. The solar cooking

system is tracked manually for every half an hour to get the efficient focus at the bottom
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of the receiver. The vertical and horizontal adjustable arms of the receiver are shown in

Figure 30.

Figure 30 Manual tracking system ywith (a) Vertical arm (b) horizontal arm

Incorporating storage system with solar cooking system

After designing the solar cooking systen, it was incorporated with the PCM
storage system. The material of the PCM storage container is selected from the corrosion
analysis of the PCM on container material. The PCM, Mg(NO3)2.6H20 is filled in the
stainless steel cylindrical tubes of height 23 cm and 2.5 cm diameter and the vents of
the tubes are closed tightly with screws. 28 PCM tubes are welded on the surface of the
cooking pot which were increascd the contact surface area of the of the PCM material
with the heat transfer fluid layer. The PCM is filled in the tubes up to a height of 20 cm,
The top and side view of receiver or cooking pot are shown in Figure 31.

Instead of a single concentric layer, this individual tubes design will help to
increase the heat storage capacity and to avoid the problems of food contamination
because of the PCM material. The surface area of the PCM tubes is calculated with the
help of basic cylinder mathematical expressions. The developed complete solar cooking

system is shown in Chapter IV.
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After developing the complete PCM solar cooking system, performance
evaluation of the system has been conducted by calculating different parameters. The

complete performance analysis of the solar cooking system is explained in next section.

Figure 31 Design of the receiver (a) front view (D) top view

Performance Evaluation of the developed system

The performance analysis of developed system is performed three steps

1. Calculation of solar cooking parameters

2. Experimental testing of the system

3. Real time applications on the system

Calculation of solar cooking pa-rameters

The efficient solar concentrator cooker should provide sufficient amount of
energy for cooking processes. The performance of this solar cooker is analyzed by
calculating some major parameters like combined heat capacity ((MC)y), heat loss factor
(F’UL), optical efficiency factor (F’70), cooking power (P) and standard cooking Power
(Ps). A salt hydrate within the above mentioned ranges of thetmodynamic properties
was used as PCM. Palm oil is taken as hcat transfer fluid and the cooking stuff is
considered as water.

The combined heat capacity of the receiver is the combination of individual heat

capacitics of the materials presented in cach layer of the receiver and the heat capacity
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of the stainless steel receiver. The combined heat capacity is calculated from equation
28.

(MC), =(MC), +(MC), +(MC), +(Mc)p0t (28)

Where 11, |> and s represents the layers of the receiver.

Heat loss factor is the ratio of combined heat capacity of the receiver to the
surface area and the time taken for cooking. It is expressed as in the equation 29.
(Mo,

FU, = 29
L~ & (29)

Where Tg is the time constant determined from the temperature difference falls

to 1/e of its initial value (45).
The theoretical maximum limit of the overall efficiency of a concentrator solar

cooker is defined as the optical efficiency factor F1p. It is expressed in equation 30(33).

-1

Tt -
1

FU,

I

—Tﬂ]
— |e

To

Fno =

(30)

—T

1-eh

C

Where T is the time required for the water temperature to increase from initial
to final temperature. The rate of useful energy available during heating period of the
concentrator solar cooker is known as the cooking power P [46]. It is expressed in
cquation 3 1.

(wa ” Twa )
T

P=M,C, 31

The corrected cooking power P at each interval to a standard irradiance of 700
W m2 defines the standardized cooking power Ps of the solar concentrating cooker [46].
It is mentioned in equation 32.

(wa - Twa )X 700
1l

P, =M,C, (32)

The overall heat loss coefficient Ul can be determined from the plot between

standardized cooking power and (Tw-Ta).
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stopelP,, (Top — Ta
L :QOIJC( s E_\Wf i )) (33)

I

Slope of the plot between Ps and (Twr-Twa) can be obtained from the linear
regression of the graph by considering Ps on Y-axis and (Twi-Twa) on X-axis.
The simplified energy balance of the solar concentrating PCM cooker is

expressed in equation 34 (46).
Q; = Qy + Qrems + Quoss (34)

Qiis the heat gain by the solar radiation and is expressed in equation 35 [47].

Qi 3y noptAa IAt (35)

The amount of heat stored in PCM is Qpen is caleulated from the equation 36
(24).
Qpere = Mpem St & J+H+ Coou (Tocmmedp A ) D)
The heat stored or used to boil or cook food is the useful heat gain Qu of the
system and is expressed as in equation 37 [25].
Q, =M;C,,(T; ~Tm) 37
From the equations 35, 36 and 37, the heat loss Quoss from the solar receiver can
be calculated by substituting Qi, Qpcnm, Qu in equation 33.
Mathematical heat balance modelling of the PCM solar cooking system
The complete heat balance equations for every stage of the solar cooking system
is explained in this section. The solar irradiation is captured by solar parabolic
concentrator and is reflected to the cooking pot or the receiver which is placed at its
focal point. The reflected radiation from the concentrator reaches receiver by convection
and radiation modes of heat transfer. Some part of the absorbed heat is reradiated to the
surroundings as heat losses from the receiver. The solar irradiation to the solar
concentrator is transferred by convective radiative modes of heat transfer. The heat
transfer balancing equation between parabolic concentrator and receiver is shown in
equation 38. The schematic diagram is shown in Figure 32.
IAp‘loFGS(Té, - T{E, )+ Aphy (T, =Ty} = IACFGSAt(T;CM,f - Tlfcm,i) + A By (Tpeas,s ~ Tecmi) (38)
UL Tpen —Ta)

10 = optical efficiency of solar concentrator
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F = view factor
& = Stefan Boltzmann constant, Wm2K*

£ = emissivity coefficient, W/m?

Uy~ overall heat loss coefficient, W/m?K.
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Figure 32 Schematic diagram of heat balance network for first stage

As the outer layer of the cooking pot is PCM tubes, the thermal energy reflected
from the concentrator receives by PCM tubes by radiation and convection. After that

heat is transferred to HTF layer from PCM tubes by conduction. The schematic heat

view of heat transfers from PCM to HTF layer is shown in Figure 33.
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Figure 33 Schematic diagram of heat balance network for second

stage
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The heat balance equation for second stage is shown in equation 39.

mcFGE(Tgm,f - Tgcm,i )"' Ay (Toener ~ Trona) = Apaka(Tr — T,) + Ak (Typrse =~ Tirsi) - (39)
+ Uy (Tt — o)
Where Apcy = total area of PCM of tubes, m?

Aue = area of heat transfer layer, m?

Heat from the TITF layer will be transferred to cooking stuff layer by
conduction. This heat transfer is shown schematically in Figure 34 and the heat balance

equation for this stage is shown in equation 40.
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Figure 34 Schematic diagram of heat balance network for third stage

Apak (T = T) + Ak (Tirrrg — i) = A Ks (Theres— Tiasi) + Ac k(T —Ty)  (40)
The heat balance cquation and the schematic diagram for the fourth

stage of the receiver are shown in equation 41 and Figure 35.

Aprpks (Tyrrr — Tors) + Ay kg (T = T) = Ay (ks +ke)(Ty =T ) (41)
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Figure 35 Schematic diagram of heat balance network for fourth stage

Experimental testing of the system

The experimental testing is of the system is performed in three sets by keeping
the 10 kg mass of receiver or cooking pot at the focus of the parabolic dish. Water
heating test and cooling test were performed in the three sets of the experiment.

In the first set, the experiment is performed in different loadings of the materials
in the receiver. The temperature profile of all the layers of the empty receiver is observed
in the first set. Lﬁter, the heat transfer layer is filled with water as heat transfer fluid and
the other two layers are left as empty. Later, HTF layer and PCM tubes ate filled with
water and with no load in cooking stuff layer, the temperature profile was observed
during sunshine hours. In this set later, The HTF layer is filled with palm oil and the
PCM tubes are filled with Mg(NO3)2.6H>0 and the and with no load in the cooking stuff
layer the experiment was performed which is considered as the no load test of the
cooking system. In the next step, water is filied in the cooking stuff layer and the
temperature profile of all the layers of the receiver during sunshine hours. This step is
called as the load test of the cooking system.

The temperature of the water inside the receiver is recorded again from the 40
°C to boiling temperature of the water is recorded. The temperature profile curve of the
water inside the cooking layer is from the 40 °C to boiling temperature is known as
heating curve. The temperature profile curve of the water inside the cooking layer is
from the boiling temperature to 40 °C is known as cooling curve. The heating curve and

cooling curve are plotted for this set of data which is measured and recorded with the
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help of thermocouples and data logger respectively. The plots are shown and analyzed
in the next chapter.

In the second and third sets, the receiver PCM tubes are filled with
Mg(NO3).6H20 and the HTF layer is filled with palm oil. In these two tests the
experiment is performed in two cases. One is no load test and second is load test. No
load is again performed by allowing the receiver inside the insulation box and without
allowing into the insulation box. Load test of the system is also performed in two ways
same as that of the no load test. The cooking stuff layer is filled with 2 liters of water
for the load test of the system. For both no load and load test, after sunshine hours the
receiver is placed inside insulation box to observe and record the temperature profile of
the different layers of the receiver. In this case the temperature profiles are recorded
from the evening to the next day morning. The data was collected for both the sets in no
load cases with and without allowing receiver inside the insulation box.

The heating and cooling curves of the two sets are plotted with the help of
~ recorded data. The complete temperature profiles of the solar cooking system inno load
and load cases with and without allowing receiver inside the insulation box are also
plotted with the help of recorded data. |

28 PCM tubes are placed on the surface of concentric receiver, for every 4PCM
tubes, a thermocouple is placed to record the temperature of the PCM. The temperature
of the PCM is recorded uniformly throughout the surface of the receiver. The
Temperaturc profiles of all the PCM tubes with theymocouples werc recorded and the
storage capacity of the PCM was plotted in no load and load cases when the receiver is
kept inside the insulation box.

The temperature of HTF, temperature of cooking layer, focal point temperature
at the bottom of the receiver, temperaturc on the lid of the receiver, aperture (emperature
of solar concentrator and the ambient temperature of the surroundings are the other
temperature observed and recorded positions of the solar concentrator. The schematic
view of thermocouples positions in the receiver and solar concentrator are shown in
Figure 36. The calibrated K and T type thermocouples are used to measure the
temperature and pyranometer, anemometer are used to record the solar radiation

intensity and wind speed respectively. All the temperature profiles and other parameters
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are shown in chapter 4. The complete experimental procedure is mentioned in Appendix

C.

Figure 36 Various positions of the thermocouples placed in receiver and solar

Concentrator

Complete efficiency Analysis of the system
The efficiency of the solar cooking system is the ratio of the useful thermal
energy obtained from the system to the thermal energy used by the system. In other

words, efficiency of the system is the ratio of output energy to the input encrgy.

— Qoutput (42)
Qinput

Nsystem

Qouput 1s the energy stored in the cooking material which is placed in the

cooking stuff layer. The developed solar cooking system has threc layers and each layer

is filied with the corresponding material inside the layer as cooking stuff layer is filled

with water. HTF layer is filled with palm oil and the PCM tubes are filled with
Mg(NO3)2.6H20.

The useful energy of the developed solar cooker Qoutput is expressed as in

equation 43.
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Qoutput = Quater T Qoit + Qpem- (43)
Quater= M, C, (Tg, =Ty ) (44)
Where My, = mass of water, kg
Cw = specific heat of water, kJ/(kg'K)
Trw = final temperature of water, °C
T\ = initial temperature of water, °C
Qait = Moy Cant (Tf,oil *Ti,oii) (45)
Where Mg = mass of oil, kg
Coil = specific heat of oil, ki/(kg'K)
Troi = final temperature of oil, °C
Tion = initial temperature of oil, °C
Mg(NO:),.6H20 is a latent heat material. These type of materials store the
energy in three phases. Sensible heat storage for melting purpose in the first phase, latent
heat storage for phase change purpose in second phase and again the sensible heat
storage while discharging the heat in third phase. So the useful thermal energy stored in
PCM is the combination sensible, latent and sensible heat storages. Qreu is expressed
as in equation 46.
Qpent =MpewCront (Bt = Trupem) + MyenrLpent + Mpon Cren (TPCM,:mx ﬁTpr:M) (46)
Where Mpeum = mass of PCM, kg
Crem = Specific heat of oil, kl/(kg-K)
Lyewm = Latent heat capacity of PCM, I/kg
Tren = Temperature of PCM, °C
Twpen = meting temperature of PCM, °C
Trcammax = maximum temperature of PCM, °C
Qusetl oF Qauput can be obtained by adding equations 44, 45 and 46 to equation 43,
The input heat encrgy to solar cooking system is also divided into two parts
for this proposed solar cooker. The first part is the amount of thermal energy captured
by the solar concentrator. The second part is the amount of thermal energy reflected
from the solar concentrator to the receiver or the amount of thermal energy received by
the receiver from the concentrator.

Qin = Ino (Ap + Ac )At (47)
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Where I = solar irradiation, W/m?
Tl = optical efficiency of solar concentrator
Ap = aperture area of the solar concentrator, m?
A. = area of cooking pot 1 receiver, m?
At = time of operation, sec
Case 1: Efficiency of the solar cooker without storage
For all the cases of the developed solar cooking system, Qi can be calculated
by using equation 44. But Qout will change depending upon the materials in the cooking
pot layers. In this case the receiver is filled with water in cooking stuff layer and the
other two layers are empty. Then Qqu in this case 1s only the thermal energy stored in

the water as expressed in equation 44. Therefore, efficiency of the system in this case is

expressed in equation 48,

= Qout ] chw (wa —Tiw)
Qi I, (A, +A )AL

i
(48)
Case 2: Efficiency of the solar cooker with heat transfer fluid in HTF layer
In this case the HTF layer is filled with palm oil as heat transfer fluid and water
inside the cooking layer. Then Qou can be obtained by adding equations 44 and 45 in
equation 43. The efficiency of the system in this case is expressed as in equation 49.
W A M C Ty = Ti )+ Moy Con (T i — Ty )

. = 49
Q. Ino (A, + Ac)AL “9)

Case 3: Efficiency of the system with PCM, HTF and water in respective
layers

In this case Qout can be obtained by adding equations 44, 45 and 46 to equation
43. But as per the design of the receiver 28 PCM tubes are welded on the surface of the
two layered cooking pot. To measure the temperature of PCM in the tubes throughout
the experiment period, thermocouples are placed inside the PCM tubes as shown in
Figure 36. Total 7 thermocouples are used to measure the temperature in 28 PCM tubes.
The 7 thermocouples are placed symmetrically for every 4 PCM tubes. So, one

thermocouple temperature is used for 4 PCM tubes calculation of heat stored in that
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tube. After every 4 PCM tubes, another thermocouple is used fo recorded the next 4
PCM tubes temperature.

In Qrew, sensible heat storage part is modified according to the thermocouple
placement inside the PCM tubes. The modified sensible heat stored in the PCM tube can

be expressed as in equation 50 and 51.

6
Qpemsensiter = IMpen Crom Z [(TPCM,m ~Typam) + (TPCM,m = Tiyanrem )] (50)
=1
6
QPCMscnsible2 =3M PCMCPCM z [(TPCM,max " I‘J,PCM )+ (T‘PCM,mm( - T(J+1),PCM )] (5 1)
721
Qrem = Qpomsensivler + MpemLpem+Qpensensible {52)

Efficiency in this case is the ratio of equations 47 and 52.

Real time applications on the system

After performance of the experimental test procedure, some real time coking
applications like boiling and frying of different types food materials are performed. The
temperature profiles of both the applications are recorded and plotted corresponding to
solal radiation on that particular day.

The boiling and frying applications are performed in batches by loading dlffcwnt
types of food materials inside the cooking stuff layer of the recciver. After sunshine
hours the receiver is placed inside the insulation box and the applications performéd
again with the help of energy stored in the PCM. Different types of beans, rice, potato,
sweet potato and eggs are boiled in this solar cooker. Vegetables and eggs are fiied in
the PCM solar cooker. The time taken for the complete cooking of the food materials in
both the applications was recorded and resulis are plotted. The amount of energy

required to cook the food can be calculated from equation 53.

anod = lncp(Tf,food *Ti,food) (53)
Where Qs = Energy required to cook food, kJ
m = Mass of food, kg

Tt tood= Final temperature of food, °C

T}, fooa = Initial temperature of food, °C
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The results of real time applications like time taken to cook food, number batches
per day can be cooked and the number of batches cooked after sunshine hours are

mentioned in chapter IV.

Economic and emission analysis of the system

Economic analysis of the system

The economic analysis of the developed system will be considered to evaluate
the financial viability of the developed system, Economic analysis of the system, net
present cost, payback period and minimum number of cooking times will be considered.
Some assumptions like discount rate and repair or maintenance cost rate need to be
considered for the economic analysis (47). In this dissertation the economic analysis is
compared with Liquefied Petroleum Gas (LPG) which is a fossil fuel based cooking
technology.

The proposed PCM solar cooker capitat cost or the annualized cost of the system
includes concentrator glass sheet cost, mechanical structure cost and PCM cost. The
costs of above materials depend on the local market conditions.

The following assumptions were made to calculate the economic feasibility of
the developed PCM solar cooker(47).

1. Life time of the project 10 years. As the structural design of the solar cooker
is not robust and complicated, the fife time of the developed system can be long enough
to serve the proposed application.

2. Discount rate is 5%. In the proposed design the cost of the materials like
reflecting glass, mechanical structure of the system and chemical used for storage are
the main components. The cost of these materials and the discount rate on those
materials depends on the local market conditions. So, the discount rate is considered as
5%.

3. Maintenance and repair cost is 10%. As already mentioned, the design of the
system is compact and no electrical and electronic parts are involved in the design of
the system. But, the after a certain period, the PCM should in the tubes should be
checked and refill into the tubes. This is the major maintenance cost of this system. The
cost of the PCM has major share in the total capital cost of the system. So, the

maintenance and repair cost is assumed to be 10%.
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Net Present Cost: The total amount of expenditures involved in a renewable
energy project throughout its life time is called as Net Present Cost (NPV). The NPV
can be calculated by the following equation 54 (48).

Ctotal

NPV = ——toal__
CRF(d,N)

(34

Where, Cioar= total annualized cost of the system, $
CRF = capital recovery factor
d = discount rate, %
N = project life time, years

Capital recovery factor: The factor which converts the present value into scries
of equal cash flow by considering discount rate and life time of the project is called as
the capital recovery factor [43]. The following cquation 55 represents the capital
recovery factor,

S dll+d) 55
CRF ] (33)

The minimum number of meals (nm) cooked by the solar cooker with sforage
system is expressed in equation 56 as follows [42]

. :EQ{M(_({UL@K} (56)

Y i+d)N -1
Where, C, = capital cost, $
P= money value of the saved fuel per cook, $
a = maintenance and repair cost rate, %
The money value of the saved fuel per year P is expressed as in equation 57 (49).
P, =P,.M, ;g Prrg (57)
Where P;= % of time where solar cooker is used per month
The payback period (PP) of the developed system can be calculated with the help
of the following equation 58 (42). The simplified expression for the payback period is

expressed as in equation 59 (50).

PP = Co (58)
(nmPuaCo)
pp - o (59)
r
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The cconomic analysis of the developed system is calculated for Thailand and
India by considering the present day cost of LPG for cooking application in respective
countries. The current price of 1 kg of LPG in Thailand is 0.71 § (50)and 0.79 $(51)in
India statistical values of the cconomic analysis of the system are presented in the
Chapter IV.

Emission analysis of the system

In this dissertation LPG is considered to compare the CO2 emissions and the
reduced emissions of CO; to that of the developed solar cooking system. After LPG is
allowed to complete combustion can produce 80% of butane and 20% of propane. One
kg of butane and propane produces 3.03 kg and 3.00 kg of CO2 respectively. From the
above values it was calculated that one kg of LPG produces 3.02 kg of CO2 {50].

The annual CO, emissions reduced from LPG by replacing g the LPG cooking

system with the developed PCM solar cooking system is expressed following equation

60 [S07.

NIrﬁdCO2 = Pr‘MC()ziOlﬂl (60)
Where arcp, total™ total amount of CO; produced in kg/month. The statistics of

emission analysis are mentioned in Chapter 1V.




CHAPTER 1V

RESULTS AND DISCUSSION

The design, development and cvaluation of the Mg(NQ3)2.6H20 phase change

material storage system for community solar cooking application was performed in

School of Renewable Encrgy Technology (SERT), Naresuan University, Thaitand. The

latitude and longitude of this location place where the system was developed are

16.7678° N, 100.1953° E. In this chapter, the results arc mentioned in six parts as

follows.

. Design parameters of solar cooking system
. PCM analysis
. Experimental data analysis

1
2
3
4,
5
6

Real time applications analysis

. Thermal imager analysis

. Economic and emission analysis

Design parameters of solar cooking system

From the above mentioned mathematical calculations of solar cooking system

in Chapter 111, the design parameters of the solar concentrator and the receiver are

calculated. The different design parameters are presented in Table 8. The complete

developed solar cooking system with PCM storage in PCM tubes on the surface of the

receiver is shown in Figure 37,

Table 8 Parameters of solar concentrator and receiver

Parameter f ) g, C P As Ay Dp  As As N

(units)

m (0 (o m o) ) @ ) @)

Value

052 7128 936 597 0789 1.9647 17554 0256 005173 0294 25
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Figure 37 The complete design of developed PCM solar cooking system

PCM analysis

The 1000 thermal cycles of Mg(NO3)2.6H20 was performed by using the
hotplate. The variation in the weight and time taken for Mg(NO3)2.6H20 sample after
melting and solidification cycles after every 100 thermal cycles is mentioned in Table
9. It is observed that the weight of the sample is reducing gradually from 0™ cycle to
1000™ cycle. After 1000 thermal cycles, about 24.00% of initial weight of the sample is
left in the testing container.

The time taken for the melting and solidification cycles after every 100 thermal
cycles is noted and the values arc plotted in the graph. The variation of weight and time
taken after melting and solidification cycles are shown in Figure 38 and Figure 39.

From Figure 38, it is observed that the weight of the PCM sample after the
solidification cycle is greater than the weight of the sample after melting cycle. The
Mg(NO3)2.6H20 absorbs heat for the melting process and stores heat in its liquid phase
while melting. The hydroxide atoms will evaporate during melting process. In

solidification cycle, Mg(NO3)2.6H20 releases heat by forming the chemical bonds
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between the molecules and the material was solidified completely after retrieving the
heat to the water in the cooling water environment. So, the weight of melting cycle is
less than that of the weight of solidification cycle. After repetitive thermal cycles from
0" to 1000™ cycle, the weight of the material is reduced in both melting and
solidification cycles due to the evaporation of water molecules in the chemical
compound. This variation shows that the volume changes of the Mg(NO3);.6H20 is less

which is the effective desired criteria of the inorganic PCMs.

Table 9 Variation in weight and time for Mg(NO3)2.6H20 thermal cycling process

No. of cycles  Weight after melting Weight Weight after Meclting time  Solidification
(g} solidification (nin) Time
(%a) (2 {(min}
0 227.20 100.00 227.20
100 205.39 9040 20540 75 82
200 200.35 88.18  200.37 60 73
300 190.99 84.06 191.01 54 68
400 182.83 80.40 182.91 52 63
500 176.13 77.52 176.92 45 57
600 170.15 74.80 170.06 41 52
700 126.95 55.80  127.07 30 41
800 84.77 3730 8492 23 35
940 67.71 29.80  68.01 21 33
1000 54.96 24,10  55.01 15 28
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Figure 38 Variation in weight of PCM
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From Figure 39, it is observed that the time taken for the solidification cycle is
more than that of the melting cycle. The formation of chemical bonds while retrieving
heat from the material by allowing the material to solidify completely takes more time
compared to that of breaking the chemical bonds and storing the heat by melting the
imaterial. Time taken for both melting and solidification cycles from 0™ cycle to 1000t
cycle are reduced gradually due to the repeated cycles and the loss in the material weight

over a continuous 1000 thermal cycles as shown in Figure 38.

10 —m—meling time  —x— solidification time
U A
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Number of eycles

Figure 39 Variation in time taken for melting and solidification of PCM

After 1000 thermal cycles the collected sample of the Mg(NO;3)2.6H20 were
analyzed with DSC. The DSC thermograms are taken after 0, 100, 200, 400, 600, 800
and 1000 thermal cycles. Figure 40 shows the DSC thermogram of 0" cycle of
Mg(NO3)2.6H20. 10.26 mg of Mg(NO3)2.6H20 sample was placed in the aluminum
tolder of the DSC. 25 9C to 200 °C was the melting temperate range with 7 K/min
heating rate. 200 °C to 25 °C was the solidification temperature range with 5 K/min
heating rate are the test conditions sample.

The Peak in the DSC thermogram shows the melting temperature of the material
and the area under the peak gives the latent heat capacity of the material. Figure 40, it
is observed that the material shows two peaks while meting process. First peak
represents the melting process of the of the water molecules present in the sample and
the second peak shows the melting process of the magnesium nitrate compound. The
complete is considered to analyze the melting point and latent heat capacity of the

material at O cycle.
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Figure 41 shows the DSC thermogram of Mg(NO3)2.6H0 sample after 100™
cycle. 9.86 mg of the PCM sample is placed in the aluminum holder of the DSC.
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Figure 40 DSC thermogram of Mg(NO3)2.6H20 sample at 0'h cycle

The DSC test conditions of 100" cycle are same as that of 0™ cycle’s test
conditions. From 0" cycle to 100™ cycie the material in DSC thermogram, the first
melting peak is shifting near to the second melting peak. So, the area under the peaks is
reduced which is the reason for the reduction in the latent heat capacity of the 100"

cycle sample.
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Figure 41 DSC thermogram of Mg(NO3)2.6H20 sample after 100" cycle
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Figure 42 DSC thermogram of Mg(NO3)2.6H20 sample after 200" cycle
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Figure 43 DSC thermogram of Mg(NO3)2.6H:20 sample after 400™ cycle

Figure 42 shows the DSC thermogram of Mg(NO3)z.6H20 sample after 200™

cycle. 15.09 mg of the PCM sample is placed in the aluminum holder of the DSC. Figure

38 illustrates the small peaks due to the presence of water molecules in the compound
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were smoothed over a repetitive 200 thermal cycles. The DSC test condition are same
for the remaining 400, 600, 800 and 1000 cycles DSC thermograms.

DSC thermogram for 400™ cycle of Mg(NO3)2.61120 sample is shown in Figure
43. 15.01 mg of the PCM sample is placed in the aluminum holder of the DSC for 400™
cycle. The DSC thermogram of the 400 cycle appears even smoother than that of 200"
cycle DSC thermogram of the Mg(NO3)2.6H20 simple duc to the adjustment of
chemical bonds in the compound over repetitive thermal cycles.

DSC thermogram for 600™ cyele of Mg(NO3),.6H20 sample is shown in Figure
44. 14.04 mg of the PCM sample is placed in the aluminum holder of the DSC. The
DSC thermogram for 600™ cycle is appeared as narrow compared to the before cycles
DSC thermograms. The reduction in weight of the material and time take for melting
and solidification from 400 to 600 cycles effects the DSC thermogram of the
Mg(NO3),.6H20 sample collected at 600" cycle for DSC analysis.

DSC thermogram for 800™ cycle of Mg(NO3).6H20 sample is shown in Figure
45. 14,27 mg of the PCM sample is placed in the aluminum holder of the DSC to obtain
the DSC thermogram. The figure shows that the first melting peak is sharp compared to
the DSC thermogram of before cycles. After 800 repetitive thermal cycles the
evaporation or meting process of hydrate molecules is takes less time over a narrow
femperature range causes the sharp peak in the first peak of DSC thermogram. The
complete peak is wide but the arca under the peak is less than that of the 600" cycle. So,
the latent heat of fusion for 800™ cyele is less than that of 600yh cycle.

DSC thermogram for 1000™ cycle of Mg(NO3)2.6H20 sample is shown in Figure
46. 15.02 mg of the PCM sample is placed in the aluminum holder of the DSC. The first
peak in the 1000™ cycle DSC thermogram is ¢ven more sharp and the sccond peak is
not smooth as compared to that of 800™ cycle. The bulk repetitive cycles caused to break
the hydrae molecules from the compound easily and the magnesium nitrate compound
crystalizes in the absence of hydrate molccules are the reason for the sharp and
unsmooth peaks in 1000™ thermal cycle.

From the DSC thermograms, the melting point temperature, latent heat of fusion

for all the above mentioned DSC thermograms are summarized in Table 10.
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Figure 44 DSC thermogram of Mg(NO3)2.6H20 sample after 600 cycle
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Figure 45 DSC thermogram of Mg(NO3)2.6H20 sample after 800" cycle
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Figure 46 DSC thermogram of Mg(NO3)2.6H20 sample after 1000 cycle

Table 10 Results of DSC thermograms

Number of cycles Melting Point Latent heat of Latent heat
(°C) fusion of fusion
(FgH) (o)

0 91.98 121.00 100.00

100 87.25 101.32 83.70

200 85.85 99.05 81.80

400 84.26 90.03 74.40

600 88.91 87.31 72.15

800 . 85.64 86.50 71.40

1000 74.20 78.71 65.00

From the above table it is shown that, after 1000 thermal cycles the melting
temperature of the PCM sample is reduced from 91.98 °C to 74.20 °C and the latent heat
of fusion is reduced gradually from 0™ cycle to 1000% cycle. After 1000™ thermal cycle
the capacity of latent heat of fusion in the PCM sample is about 65% from the initial

value of the latent heat of fusion.
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The Mg(NO3)2.6H0 material is tested with container materials and the
aluminum and stainless steel material samples are analyzed with SEM. Figure. 47 (a)
and (b) shows the SEM images of steel and aluminum samples before starting the

thermal cyeling for corrosion analysis respectively.
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Figure 47 SEM images of zeroth cycle (a) Stainless steel (b) Aluminum

Figure 48 and 49 show the SEM images of the stainless steel and aluminum after

500" and 1000™ cycles respectively.
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Figure 48 SEM images of 500t cycle (a) Stainless steel (b) Aluminum
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Figure 49 SEM images of 1000 cycle (a) Stainless steel (b) Aluminum

All the above SEM images at different cycles illustrates, the stainless steel is
corroded layer by layer whereas aluminum is corroded deeply after 1000 thermal cycles
with Mg(NO3)2.6H20 sample. So, stainless steel material is selected for the receiver

material and PCM tubes for the storage of Mg(NO3)2.6H20 as storage medium.

Experimental data analysis
The experiment procedure is performed to mainly calculate the heating and
cooling curves for the temperature inside the cooking stuff layer. The temperature

profiles of the experiment in the three sets are plotted and analyzed in this section. The
heating and cooling time constants T ,Tq respectively for all the sets of data are

mentioned in Table 11. All the plots are drawn with local time in horizontal axis and the
tcmperature on the primary vertical axis and solar radiation on the secondary vertical
axis.

Figure 50 shows the temperature profile of the solar cooking system with no
materials foaded in the receiver. Ty, Ti, Tp and Ta are the focal temperature at the outside
bottom of the receiver, cooking stuff layer temperature, aperture temperature of solar
concentrator and ambient temperature respectively. The receiver layers are empty in this
case, the temperature inside the cooking layer depends on the focal point temperature.

The T; curve follows the temperature pattern of Trand where temperature profile of the
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focus is depending on the solar radiation and the tracking of the system according to the
position of the sun throughout the day.

From the Figure 50 it is observed that, as the cooking layer is surrounded by two
more layers, the temperature inside the cooking layer is not much affected by the

variations in the focal temperature and solar radiation.
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Figure 50 Temperature profile of the solar cooking system with empty
receiver
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Figure 51 Temperature profile of the system with water inside the HTF layer

and PCM tubes
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Figure 51 shows the temperature profile of the cooking system with water inside
the HTF layer and PCM tubes of the receiver. The cooking stuff layer of the receiver is
empty in this case. Thew, Tromw are the temperature of the water inside HTF layer and
PCM tubes respectively. The figure shows, that temperature profile of the water in PCM
tubes is more compared to the temperature profiles of other layers beeause PCM tubes
are the outermost layer of the cooking pot and are also directly absorbing the solar
radiation. Temperature profile inside the HTF layer and cooking pot are similar to the
temperature profile of the focal point and the temperature profiles are nearly uniform
irrespective of the variation in the solar radiation because of the presence of water in
HTF layer and PCM tubes. As the solar radiation is decreasing after sunshine hours, the

temperature profiles are also decreasing smoothly.
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Figure 52 Temperature profile of the system with palm oil in HTF layer and
water inside PCiVl tubes

Figure 52 shows the temperature profile of the system with palm oil in HTF layer
and water inside PCM tubes. In this case, the cooking stuff layer is left empty. Twe is the
temperature of oil inside the HTF layer of the receiver. The graph shows that the
temperature inside the HTF layer with palm oil as heat transfer fluid is more than that
of the temperature in HTF layer in the Figure 51. Temperature of the water inside the

PCM tubes is also more than that of Figure 51 due to the presence of heat transfer oil.
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Temperature inside cooking layer is more due to the presence of oil in HTF layer and
water in PCM tubes compared to that of Figure 51. After 3 PM, the solar concettrator
is covered with big umbrella to avoid the focus of solar radiation on cooking pot to
observe the heat holding capacity of the cooking layer with the presence of Oil and water
in HTF Jayer and PCM tubes respectively. The figure iltustrates that after avoiding focus
of solar radiation the temperature profile of focal point is reduced whereas the
temperature profiles of cooking layer, HITF layer and PCM tubes is still maintained due
to the presence of oil in HTF layer. The temperature of cooking layer is more than that

of HTF layer and PCM tubes even after the removal of solar radiation.
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Figure 53 Temperature profile of the system with water, oil and PCM respective

layers of the receiver

Figure 53 shows the temperature profile of the system with oil inside HTF layer,
Mg(NO3)2.6H20 filled in PCM tubes and cooking stuff layer is filled with 2 liters of the
water. Tpew is the temperature of PCM. 100.2 °C, 1179 °C and 183.9 °C arc the
maximum temperatures of the water inside cooking stuff layer, oil inside the HTF layer
and PCM inside PCM tubes respectively. From Figure 53 it is noticed that, the
temperature in PCM tubes with Mg(NO3)2.6H20 as storage medium is more than that
of the temperature of PCM tubes in above cases. The temperature of the cooking layer
in this case is more uniform than the previous cases irrespective of the variations in the

solar radiation. Temperature profile of the focal point is similar to that of solar radiation
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profile. The Storage Material Mg(NOsz).6H>O temperature curve is low in the beginning
due to the time of charging of the storage material. After the charging period the material
started melting process and absorbs heat from solar radiation focused to the cooking pot.
The temperature of the PCM is uniform after charging period. After removal of focus
on the cooking pot, the temperature of the focal point is dropped rapidly whereas the
temperature profile of cooking layer is maintained uniform due to the presence of PCM

and oil in PCM tubes and HTF layer.
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Figure 54 Heating curve of the system with no load conditions in the first set
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Figure 55 Cooling curve of the system with no load conditions in the first set
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Figures 54 and 55 shows the heating and cooling curves of the system with no-
load test conditions in the first set of data. Figure 54, illustrates the time taken for the
empty pot to reach maximum temperature is long due to the presence of two more layers
on the surface of the cooking layer of the receiver pot. Figure 55 shows, the time taken
to cool the cooking layer up to 40 °C is also long because of the presence of two more

layers on the surface of the cooking layer.

110;

100 WM‘—Q—W
] HW

6‘901 W i
i bt

& ;

g 70 Wl

g ;

5 60

&503»}

540?/‘

=30
'

20 o - ; p— IR .
e L R e S T T T o L AT L
DA S A/ P e N o = R R T S AT B =B o S, DL I
e e I A T a o S T T B B T 0 s A A A S
S8 O80T R ARl e A e o e A e A

it

Local Time (hour: min)

Figure 56 Heating curve of the system with load conditions in the first set
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Figure 57 Cooling curve of the system with load conditions in the first set

Figures 56 and 57 shows the heating and cooling curves of the system with load
conditions in the first set of data. Figure 56, shows the time taken for the water to reach

boiling point is more similar to that of no-load test conditions. In this case, PCM needs
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more time to charge and absorb the heat from the solar radiation after that the heat will
be fransferred to the HTF oil and to the water. From Figute 57, it is noticed that the time
taken to bring the water temperature up to 40 9C is very long due even compared with
the no-load case because of the presence of PCM in PCM tubes and after the sunshine
hours the cooking pot is placed inside the insulation box.

Figure 58 shows the temperature profile of the system with no load conditions
in second set of data of the experiment. The figure illustrates the complete charging
period of the PCM, temperature profiles of the HTEF jayer and cooking layer are uniform
jrrespective of the variation in the solar radiation. But, temperature of the focal point
depends on the solar radiation. Till the PCM get charged the temperature profiles of
HTF layer and cooking pot are depends on focal point temperature. From the figure it is
also observed that the temperature profiles of the cooking and HTF layers and the PCM
are wniform and overlapped on each other after the removal of focusing the solar

radiation on the cooking point.
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Figure 58 Temperature profile of the system with no load conditions in second set
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Figure 59 Temperature profile of the PCM with no lead conditions in second set

The complete temperature profile of the PCM with no load conditions is shown
in Figure 59. The temperatures in all tubes is almost similar and are overlapped on cach
other till the charging period. After the charging period of the PCM, the temperature in
all the tubes is not similar but most of the tubes have the similar temperature profile.
The peaks in some PCM tubes temperature profiles is due to the increase in focal
temperature at that particular tube while adjusting the focal point by manual tracking
system. After removing the cooking pot from the focal point of the concentrator, the

temperature profile of PCM in all tubes is similar and overlapped on each other.
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Figure 60 Temperature profile of the system with no load conditions in second set

by placing receiver inside insulation box
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Figure 60 shows the temperature profile of the system with no load conditions
in second set by placing receiver inside insulation box. Itis noticed that, the temperature
profile of water and oil in cooking layer and HTF layer are similar with the PCM
teperature profile after charging. Before charging, those temperature profiles are
similar to that of focal point temperature profile. After sunshine hours the cooking pot
is placed inside the insulation box. The temperature profiles of the HTF layer, cooking
layer and PCM are overlapped on each other in the next day morning. The water
temperature is maintained for long time due to the presence of PCM in PCM tubes and

oil in HTF layer and the heat holding capacities of PCM and Heat transfer oil.
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Figure 61 Temperature profile of the PCM with no load conditions in second set

by placing receiver inside insulation box

The complete temperature profile of the PCM with no load conditions second
set by placing recetver inside insulation box is shown in Figure 61. The temperatures in
all tubes is almost similar and are overlapped on each other till the charging period.
After the charging period of the PCM, the temperature in all the tubes is not similar but
most of the tubes have the similar temperature profile. The peaks in some PCM tubes
temperature profiles is due to the increase in focal temperature at that particular tube
while adjusting the focal point by manual iracking system. After removing the cooking
pot from the focal point of the concentrator and placing it in insulation box the

temperature of water reaches minimum temperature in the next day morning. The
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temperature profile of PCM in all tubes is similar and overlapped on cach other at the
end of the heat holding capacity of the PCM.

Figure 62 shows the temperature profile of the system with load conditions in
second set. 2 liters of water is placed in the cooking layer for the load test experiment.
It is observed that, the charging time of the PCM is less compared to the other cases of
the experiment and the temperature profile of the PCM is similar to that of focal point
temperature. The temperature of water inside the cooking layer is increased constantly
after the charging period of the PCM. The temperature of the PCM, cil and water are

maintained similar profile with the decrease in solar radiation in the evening hours of

the day.
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Figure 62 Temperature profile of the system with load conditions in second set

The complete temperature profile of PCM with load conditions in second set of
data is shown in Figure 63. The temperature profiles of the PCM in the PCM tubes is
more than that of the PCM tubes in Figure 59. With water inside the cooking layer
absorbs temperature from the focal point quickly compared to that of empty vessel and
which in turn helps to absorb the heat from the focal point by heat transfer oil and PCM.
After sunshine hours the Temperature profile of the PCM tubes are overlapped with

each other,
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Figurc 63 Temperature profile of the PCM with load conditiens in second set
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Figure 64 Temperature profile of the system with load conditions in second set by

placing receiver inside insulation box

Figure 64 shows the temperaturc profile of the system with load conditions in
second set by placing receiver inside insulation box. The figure illustrates the focal point
temperature curve and solar radiation curve throughout the day are similar. Temperature
of PCM, oil and water are more than that of the case in Figure 59 which is due to the
variation in the solar radiation for that two particular days. From the figure, it is also
noticed that the HTF layer and cooking layer temperature profiles are overlapped on

each other due to the heat holding capacity of the PCM inside the PCM tubes. The
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temperature profile of the PCM is less than that of oil and water due to the transfer of

stored heat from the PCM to the oil and water.
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Figure 65 Temperature profile of the PCM with load conditions in second set by

placing receiver inside insulation box

Figure 65 shows the temperature profile of the PCM with load conditions in
second set by placing receiver inside insulation box. In this case, the temperature
profiles are greater than that of the case in Figure 61 due to the presence of water inside
the cooking layer. From the Figure 65, it is observed that the temperature profile of the
PCM in all the tubes is similar and most of the tubes profile is overlapped with another
throughout the day. After placing the cooking pot in the insulation box, the temperature
of PCM is reduced gradually but maintains the uniform reduction in all tubes until next
day morning.

After loading the receiver with 2 liters of water heating and cooling curves with
and without insulation box are plotted. Figure 66 shows the comparison of no load

heating curves with and without insulation box.
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Figure 66 Comparison of second set no load heating curves with and without

insulation box

Tn Figure 66, Tini, Tinz are the heating curves for no-load test with and without
receiver placed inside the insulation box. Both the curves took almost same time to reach
the maximuin temperature from the starting time of the experiment. The lag in the
second curve is because of the time of starting of the experiment in the day. The Sccond
curve is more than that of the first curve due to the variation in the solar radiation on the

two particular days.
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Figure 67 Comparison of second set load heating curves with and without

insulation box
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Figure 67 shows the comparison of set 2 load heating curves with and without
insulation box. From the figure, it is observed that the variation in the solar radiation on
the particular days. Compared to Figure 66 curves, Figure 67 heating curves took more

time fo reach boiling point of the water as the water present inside the cooking layer of

the cooking pot.
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Figure 68 Comparison of second set no load cooling curves with and

without insulation box

Figure 68 shows the comparison of second set no load cooling curves with and
without insulation box. The no-load cooling curve without insulation box is shorter than
that of the no-load cooling curve with insulation box. The heat stored in the PCM and
oil is transferred to the cooking layer gradually when the cooking pot is placed inside
the insulation box. So that the cooling curve for this case is longer than that of the
cooling curve without insulation box.

Figure 69 Comparison second set of load cooling curves with and withiout
insulation box. From the Figure 69, it is observed that the cooling curve of without
insulation box is shorter than that of the cooling curve by placing the receiver inside the
insulation box. The heat stored in the PCM and oil is transferred to water inside the
cooking layer gradually until the next day morning in casc of the cooking pot placed

inside the insulation box.
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Figure 69 Comparison of second set load cooling curves with and

without insulation box

The heating and cooling curves of the no-load and foad tests for the third sct data
of the experiment without and with placing the recciver inside the imsulation box
respectively are mentioned in appendix D. The reasons for the variations in cach plot of
the data are likewise that of the reasons for the variations in the corresponding figures
in second set data of the expetiment. Cooling curves are important while using the
storage system and the cooling curves should be long enough to hold the sufficient heat
for the boiling purpose. From set 2 and set 3 cooling curves it was observed that the time
taken for the temperatute to reach minimum value inside the cooking layer of the
receiver is more in case of the receiver with PCM in PCM tubes and heat transfer oil in
HTF layer and the receiver is placed inside the insulation box.

Figure 70 and 71 show the continuous no load and load temperature profiles of
the solar cooking system. From the Figures, it is observed that the temperature profile
inside the cooking stuff Jayer is the same as after the charging process of the PCM
irrespective of the solar radiation intensity. In no load case, temperature profile of
cooling stuff layer is not similar for all the days. Whereas in load case, the temperature
profile similar in all the days after charging period of the PCM. The variation in the
intensity of solar radiation couldn’t effect the temperature needed to cook food after

charging period of PCM.
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Figure 71 Temperature profile of continuous load test

The effect of wind speed on the experiment is neglected because the wind speed
in the area where the experiment is conducted is less than 1 m/s. The variation in wind
speed for no-load and load tests is shown in appendix G. The solar cooker paiainelcis
mentioned in chapter 3 are calculated based on the experimental data and the results are
mentioned in Table 11.

An example calculation for load test with receiver placing inside the insulation
box from the second set data is as follows,

Mass of inside cooking pot, Mw= 2 kg

Specific heat capacity of water, Cw=4.190 ki/kg °C

Mass of heat transfer oil, M= 0.885 kg
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Specific heat capacity oil, Coi=1.875 ki/kg °C

Mass of PCM, Mpen= 2 kg

Specific heat capacity of PCM, Cpem=1.810 kl/kg o°C

Mass of empty receiver pot, Mpe= 10 kg

Specific heat capacity of pot, Cpor=10 ki/kg oC

Heating time constant, 1= 12,600 sec

Cooling time constant, To= 45,600 sec

Final temperature of wate, Twr= 88.30 °C

Initial temperature of water, Twi =20 fC

Average ambient temperature, Ta, avg = 28.3 °C

Ambient temperature corresponding to final water temperature, Twa=29.20 °C

Average solar irvadiation, 1=500.42 W/m?

Solar irradiation corresponding to final water temperature, I = 543.02 W/m?

Concentration ratio, C=5.97

Area of the receiver or cooking pot, A= 0.3 m’

Combined heat capacity (MC); of the receiver was caleulated by substituting the
above paramefers in equation (25).

Combined heat capacity, (MC),= 18684 kJ/°C

Heat removal factor F'Ur, was calculated by substituting (MC)y, To and Ar values
in equation (26).

Heat removal factor, F'Uy, = 18684/ (45,600 X 0.3)

=1.36 W/m?°C

Optical efficiency factor F'no was calculated by substituting F'Ur, C and other
parameter values in equation (27).

Optical efficiency factor, F'ne= 0.089

By substituting My, Cy, Twg Twaand T in equation (28), the cooking power of
the PCM solar cooker was calculated.
Cooking power P =393 W
Standardized cooking power (Ps was calculated from equation (29).
Ps=50.66 W
Overall heat loss coefficient (Ur) was calculated from the plot between

standardized cooking power and (T -Ts) which is mentioned in appendix D.

Slope of the plot between (Ps) and (T -Ta) = 1.972.
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The overall heat loss coefficient is calculated by dividing slope with Ar,
UL = 1.972/0.3 = 6.57 Wm?*°C
The optical efficiency of the solar concentrator is obtained by substituting UL
value in F 1 value.
FUL= 136
F'=1.36/6.57
F"=0.207
Optical efficiency factor, E'no=0.089
N = 0.089/0.207
No=43%
Similarly, all the parameters for the remaining data sets were also calculated in the

same sequence as above caleulation and the values are listed in Table 11.

Table 11 Parameters of solar cooking system

Lead characieristics

Set (MC)e Ty Tot F'Un Fie p Ps

(8l13e] (sec) (sec) (W/m?) W) W)
Waler in all layers 1 28907.16 6750 8100 11.89 0513 76,35 68.80
Load 18684 4500 25800 2413 0.22 118.43 106.74
No load 2 10304 3400 18600 1.84 0.0512 - -
No load storage 10304 7800 49500  0.69 0.062
Load 18684 14500 19500  3.19 0.07 69.02 43.6
Load storage 18684 12600 45600 1.36 0.089 50.66 393
No load 3 12114 9300 189060  2.136 0.065 - -
No lead storage 12114 3400 48900  0.825 0.0838 - -
Load 20494 3600 11400 5.99 042 210.76 183.1
Load storage 20494 6000 63300 1.07% 0.27 165.10 119.9

The cnergy required to boil the water and the energy required to evaporate the

water are mentioned in appendix D. From the calculated parameter values it was
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observed that the power obtained by the developed solar caoker is sufficient to boil the
water after the charging period of the PCM.

Complete energy and efficiency analysis of the system

The amount of thermal energy, Q stored in cooking stuff layer, HTF layer and
PCM layer are calculated and the corresponding efficiencies are also calculated from the
above mentioned formulae in section 3.4.2. The amount of thermal energy, Q stored in
each layer is shown in Figure 72. The Q stored in the water is greater than the other two
layers because of the heat transfer from the PCM and HTF layers to the cooking layer.
Thermal energy in PCM and HTF layers helps to hold sustain the temperature inside the

cooking layer so, the amount of Q absorbed by the water is more as shown in Figure 72.
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Figure 72 Thermal energy of the receiver in different layers

The amount of thermal energy Q stored in the recetver or cooking pot by adding
corresponding materials in the layers of the receiver is shown Figure 73. In figure 73,
Quotal, 1 is the thermal cnergy of the receiver only water which is filled in cooking stuff
layer. Quo, 2 i the thermal energy of the receiver with HTF oil and water in
corresponding layers. Quota, 3 is the thermal energy of the receiver with PCM, heat transfer
oil and water in respective layers of the receiver.

From Figure 73, it is observed that, addition of heat transfer oil increases the
thermal energy of the receiver which in turn increases the thermal energy transferred to
the cooking stuff layer. By incorporating PCM inside the PCM tubes of the developed

solar cooker, Q of the receiver is further increased compared to the Q increment after
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adding heat transfer oil, The reason for this further increment is the three step energy
storage of PCM material. Qpcmsensible, 1, Qtatent and QpcMsensible,2 1€ the three steps of energy
storage for PCM whereas for water and heat transfer oil, the Q is stored only in the form

of sensible heat.
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Figure 73 Total amount of heat stored in the receiver

The efficiencies of the PCM solar cooker corresponding to the thermal encrgy
Q mentioned in Figure 73 are shown in Figure 74. Efficiencyi, efficiency, and
efficiencys are the efficiencies of the system with water, water and heat transfer oil,
water, heat transfer oil and PCM inside the cooking pot layers respectively. Because of
the 3 steps heat storage, the efficiency of the system with PCM is more than that of the
other two cases. During off sunshine hours, the receiver is placed inside the insulation
box, so all the efficiencies are caiculated for sunshine hours of the throughout the
experiment period. The average efficiencies for the corresponding cases are 22%, 28%

and 40% respectively.
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Figure 74 Efficiencies of the system in different cases

Real time applications analysis

The developed solar cooking system is tested for real time cooking applications
like boiling and frying with different food materials. The temperature and time profile
of green bean and red bean cooking in day 1 boiling application of the developed PCM

solar cooker is shown in Figure 75.
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Figure 75 Temperature profile for day 1 boiling
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Figure 75 illustrates the cooking time of green bean and red bean for different
cooking batches in throughout the experiment period. In boiling applications, water is
heated in the receiver before adding the beans for cooking experiment. After water
reaches near boiling temperature, beans are added. So that the cooking time of beans is
reduced. From time profile of Figure 75, it was noticed that, six batches of beans are
cooked throughout the day. Among the six cooking batches, three batches of green bean
were cooked in outdoor and three batches of red bean are cooked indoors after placing
the receiver in insulation box.

The second day boiling application was performed by cooking six batches of
mung split bean throughout the experiment period. The temperature and time profile of
second day boiling experiment is shown in F igure 76. From the time profile, it is shown
that three batches of mung bean were cooked during sunshine hours and the other three
batches were cooked during off sunshine hours. The off sunshine cooking or indoor
cooking was performed by placing the cooking pot inside the insulation box.

From Figures 75 and 76, it was observed that the same type of food can be
cooked upto three batches outdoor and three batches can be cooked indoor with the
available thermal energy stored in the PCM. A total of six batches of the same type of
food can be cooked in a day by this PCM solar cooker.

The different food materials were cooked in different batches for the third day
boiling experiment. The temperature and time profile for third day boiling experiment
are showed in Figurc 77. This experiment was performed three consecutive days to
notice the average time taken for the cooking process of different food materials. Except
daal or porridge all the other food materials in Figure 77 were cooked during sunshine
hours and daal is cooked inside during off sunshine hours. Total five batches of different
food materials were cooked in outdoor conditions and one batch of food can be cooked
inside in the evening hours, The specific heat capacities of the food materials were
different for every batch of the food because of this reason, the number of batches
cooked during the day was varied compatred to the same type of food cooked in different
batches. The remaining two-day temperature and time profiles of the different food
materials cooked in the same day are mentioned in appendix E.

After boiling experiment, frying of egg and vegetables was also performed to

know the deep frying time of the food with the developed PCM solar cooker. The
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temperature and time profile of firying experiment was shown in Figure 78. While
performing frying experiment, oil is heated initially before adding each batch of food to
the cooking pot. After oil reaches 85 °C to 95 °C, the food materials are added for deep
frying. With the available heat stored in the PCM, it was observed that only four batches
were fried effectively in this PCM solar cooker.

From all real time application experimental Figures 75, 76, 77 and 78 it was
observed that, the temperature of water and oil were reduced after immediately adding
the food material to the cooking pot. The temperature drop is due to the addition of food
materials which were at room (emperature. After adding the food materials to the
cooking pot, the temperature rising was considered for the proper food cooking.
Depending upon the rise in temperature of the food, the cooking quality was observed
at regular time intervals.

The cooking time of particular food and the amount of thermal energy and power
required to cook food for all the different days of real time applications are mentioned
in Table 12, 13 and 14.

The specific heat capacity of the different food materials cooked in this PCM
solar cooker is mentioned in Table 19 in appendix E.

For all real time cooking application experiments on the developed PCM solar
cooker the following control parameters are considered.

1. Quantity of food material about 0.2 kg

2. Temperature rise in the food material, sec

3. Cooking time, sec

4, Thermal encrgy (Q), kl

5. Power (P), mW

The thermal energy, Q used during outdoor cooking is from the direct solar
irradiation and the Q used during indoor cooking is from the energy stored in the PCM
during sunshine hours. The amount of Q and P used to cook the food materials depends
on the temperature risc, cooking time of food and the specific heat capacity of the

particular food material.
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Table 12 Different parameters to cook same food material in a day

Faod material Coeking Day/ Time AT Q P

mode batch (Sec) 0O (k) (mW)

outdoor 11 4500 27.00 17.60 391

Green bean outdoor 1/2 3060 26.30 17.14 571

outdoor 113 3000 23.90 15.58 5.19

indoor 1/4 4500 25.00 10.65 1.77

Red bean indoor 1/5 6000 21.50 9.15 2.03

indoor 1/6 10500 25.90 11.03 1.05

outdoor 2/1 3000 16.30 6.84 2.28

Mung split bean outdoor 212 3000 13.50 5.67 1.89

outdoor 213 4500 23.20 9.70 2.16

indoor 2/4 4500 25.10 10.54 2.34

Mung split bean indoor 2/5 7500 21.10 8.86 1.18

indoor 2/6 10500 23.40 9.80 1.06

From Table 12 it was calculated that, the average time taken to cook Green bean
and mung split bean in outdoor conditions is 3500 seconds. For Red bean and Mung
split bean the average time taken fo cook indoor conditions is 7000 seconds and 7500
seconds respectively. The thermal energy required to cook green bean, red bean, mung
bean is 16.7 kJ, 10.27 kJ and 8.56 kJ respectively. The total amount of outdoor Qo
produced for the firstand second days during sunshine hours is about 50.32 kJ and 22.21
k] respectively. The total amount of indoor Qi produced for the first and second days
during off sunshine hours is about 30.83 kJ and 29.2 kI respectively.

In Table 13, the cooking time of different food materials in different batches and
the energy used to cook that food materials were mentioned. The total Q utilized to cook
different food materials for first, second and third days of the experiments including
both indoor and outdoor conditions is 148.45 kJ, 150.89 kl and 149.788 kJ respectively.
The amount of energy required to cook the food materials in Table 13 is varied from
material to material due to the variation in specific heat capacity of the food materials
and the cooking time of that food material. The average total amount Q utilized to cook

different food materials in different batches throughout a day is about 150 kl.
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Table 13 Different parameters for cooking different food material in a day

Food Day 1 Day2 Day 3
Time AT Q | Time AT Q P Time AT Q r
(sec} (PC) (k) (W) (se0) C) ()  (mW)  (sce) ¢y (k) (mW)
Chicken 4500 285 183  4.06 4500 263 169 376 4500 27 1738 3.86
Rice 4500 232 995 221 4500 22 044 377 6000 223 957 159
Potalo 4500 217 1488 3.30 6000 222 152 253 4500 233 1598 355
Sweet G000 252 1582 2.63 7500 234 146 195 7500 242 1519 2.02
Potato
Pasta 3000 151 54 1.81 4500 147 5.2 1.47 3000 143 5148 171
Daal/ 12000 318 841 701 12000 33.8 8943 745 i0s00 327 8652 824
Poridge

Table 14 Different parameters for frying application

Food Batch Time AT TE P
material (Sec) (°C) (kI) (mW)
Egg 1 6000 18.5 11.76 196
Egg 2 4500 163 1036 2.3
Vepetables 3 10500 22 4936 4.7
Vegetables 4 21000 20.8 46.67 2.22

Tt was observed that, the average Q required to fry egg is about 17.40 kI and to

fry vegetables is about 48 kJ. In general, deep frying application needs high temperature

for short time interval. So, the time taken to fry vegetables is more in this experiment

because of the uniform rise in temperature and Q in the PCM cooker.
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Some of the food materials cooked in the developed PCM solar cooker are

shown in Figure 79.

Potato Sweet potato

Rice Pasta Red bean

Figure 79 Some of the cooked food materials in PCM solar cooker

Thermal image Analysis

The solar cooking system is captured in different periods of the day with the help
of Fluke thermal camera. The temperature profile of the receiver with the help of thermal
camera is helpful to see the temperature variations directly and to know the intensity of
the temperature instantly for the safety operation of the cooking system The maximum,
minimum, average and centre point tempereatures of the captured image are shown on
the thermal image figures.

The distance between the thermal camera and the cooking pot and the complete

system was about 0.5 mto 1.0 m.
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Figure 80 Thermal image of the receiver in the morning (a) bottom view

(b) top view

Figure 81 Thermal image of the receiver in the afternoon (a) bottom view

(b) top view

Thermal image of the bottom and top view of the recciver in the morning time
is shown in Figure 80. It 80 illustartes the intenisty of the temperature in different layers
of the receiver. The bottom view temperaturc intenisty is more than the top view figure
intensity because of the bottom centered focus of the solar irradiation from the solar
concentrator. As Figure 80 is captured in the morning, the avarage temperatures at

bottom and top views were 80.7 °C and 52.4 °C respectively.
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Thermal images of the bottom and top views of the receiver in the afternnon are
shown in Figure 81. It was observed that the maximum temperature at the bottom of the
receiver is 146.2 °C because of the increase in solar irradiation during afternoon. The
maximum temperature from the top view was 84.5 °C as shown in Figure 81. The
temperature of the receiver was increased from morning to afternoon and that increment
was observerd with these thermal images instantly throughout the day.

The bottom and top views of the receiver in evening time are shown in Figure
82 Tt was monitored that the intensity of the temperature at the bottom and top views
were reduced compared to the afternoon thermal images in Figure 82. But, due to the
heat storage in PCM tubes, the temperature intensity of evening thermal images was still
maintained at 95.6 °C and 72.1 °C as shown in Figure 82 bottom and top view images
respectively.

The temperature intesity pattern of the full system in morning and evening was
shown in Figure 83. It was shown that the receiver pot has the high temperature intenisty
pattern compared to the concentartor and the surroundings of the system. The
temperature absorbing and holding capability of the receiver in the morning and evening
was clearly illustrated with strong-.iemperature pattern at the receiver pot position.

After the sun shine hours experiment period, the receiver was placed inside the
insulation box. Thermal image of the recciver inside the inulation box is shown in Figure
84. (a). This figure illustrates the storage capability of the receiver by observing the
temperature pattern inside the insulation box. The maxinmum temperature of the receiver
in Figure 84. (a) is 78.4 0C. The safety personnel operation of the complete system is
shown in Figure 84. (b). It was observed that the system is safe to operate in outdoor
conditions duc to the negligible effect of temperature on the person even while the
temperature of receiver is at 161.5 °C,

The 3D thermal images of the receiver and complete system are shown in

apcendix G.
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Figure 82 Thermal image of the receiver in the evening (a) bottom view

(b) fop view

Figure 84 Thermal image of (a) receiver inside insulation box

(b) safety operation
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Fconomic and emission analysis

Economic analysis of the developed system is calculated by some assumptions
in the usage of the solar cooker. Solar cooker is used 20 days in a month where 6 useful
sunshine hours per day can be used to cook food. The price of different components
used in the project were mentioned in Table 15. The calculation of economic analysis

was performed as follows by considering the assumption mentioned in Chapter I1L

Table 15 Price details of different components

Component Material Cost
%)

Glass/Mirror film Reflech tech 3M mirror 84.78
Mechanical structure Aluminum 63.30
Receiver stand Aluminum 03.30
Receiver pot Stainless steel 189.93
PCM Mg(NO3)2.6H20 101.30 -
HTF Palm oil o G’
Total 501.84

LEconomic analysis calculation:
Captial cost of the system, C=501.84 §
Captial cost of the system for life time inciudes the intial captial cost and the
PCM cost for the remaining years.
Complete Captial cost of the system throughout the life time of the projcet is
denoted as Cr.
Cr=501.84 + (9* 101.30)
Cr=1413.54%
Mass of LPG used per month, M= 20 kg
Price of LPG in Thailand =0.71 $/kg=0.71 X 20 =142 /20 kg
Price of LPG in India, Pm =0.79 $/ kg = 0.79 X 20 = 15.88/ 20 kg
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Project life time, N =10 years

Discount rate per year,d ~ =5%

Maintenance and repair cost, 0. = 10%

To calculate Capital Recovery Factor CRF, the values of d, N were substituted
in equation (55).

Capital recovery factor, CRF = 5

After calculating CRF, Net Present Valve NPV of the system was calculated by
substituting CRF and Cr values in equation (54).

Net Present Value, NPV =282.36 $

The developed solar cooker can be used in nine months per year because three
months in the ycar was considered as monsoon season. In monsoon season the solar
jiradiation is less compared to the other seasons. In a month, it was assumed that solar
cooker can be used for 20 days and the useful sunshine hours per day are considered as
6 hours/day.

Total umber of hours in menth = 30 X 24 = 720 hours

Tottal number of hours the solar cooker can be used =20 X 6 = 120 hours.

The fraction of solar cooker can be used per month, P.= 720/ 120 = 0.16

The price of LPG saved in a month, Pn=0. 16 X 20X 14.2=45.44$ in Thailand

The price of LPG saved in an year, Py =45.44 X 9 = 408.96 § in Thailand

The price of LPG saved in a day, Pa =45.44 /20 = 2.27 $ in Thailand

The didfferent statistical values for economic analysis for India are shown in
Table 16.

Number of meals can cbe cooked using solar cooker werc calculated by using
eauation (56).

Number of meals cooked in year, im= 501.84(10+5)/2.52

nm= 3316 in Thasland

Payback Period of developed PCM solar cooker was caluclated by substituting
Cy and Py values in equation (59).

Payback Period, PP = 501.84 / 408.96

PP = 1.22 years in Thailand



Table 16 Economic analysis parameters
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Country Price of LPG Co Py CRF nm PP
(3/kg) %) (6] (Years)

Thailand 0.71 501.84 40896 5 3316 1.22

India 0.79 501.84  455.04 5 2987 1.10

The reduced amount of CO; emission is calculated using the expression

mentioned in chapter 3. One kg of LPG after complete combustion produces 3.02 kg of

COz . By using the developed solar cooker 0.16 % in the month instead of L.LPG as

cooking fuel. The reduced amount of CO» mission per year by using the developed

PCM solar cooker is about 725 kg weight equivalent of COx.



CHAPTER V

CONCLUSION AND RECOMMENDATION

The present dissertation development of Mg(NO3)2.6H20 phase change material
based solar thermal energy storage system for community solar cooking application
was designed and developed. The performance analysis of the system is also conducted
to obtain the experimental results of the system which are mentioned in Chapter 4. The

important conclusions of the dissertation are mentioned as follows

Conclusion

J. The design of solar cooking system with solar concentrator and receiver or
cooking pot. A parabolic antenna dish of 1.49 m diameter and 0.26 m height and 0.52
m of focal length was developed as a solar concentrator by fixing the pieces high
reflective mirror on the surface. A hollow concentric cylindrical shape stainless steel
receiver is designed for the cooking purpose and which is placed at the focal point of
the concentrator. 28 stainless steel cylindrical tubes are welded on the surface of the
receiver to fill Mg(NO3)2.6H20 inside the tubes to use as the storage system.

2. Mg(NQ;3)2.6H20 is selected as PCM for this dissertation from different
criteria of the sclection of PCM. 1000 thermal cycles were performed to analyze the
performance of Mg(NO3)2.6H20. In 1000 thermal cycles the weight and time taken for
solidification are more in solidification cycle than that of melting cycle. After 1000
thermal cycles, from the DSC analysis, variations in melting point temperature and
latent heat of fusion are analyzed. The Mg(NO3)2.6H20 sample has 78.71 % of latent
heat of fusion from the initial sample after 1000 thermal cycles. From the COLrosion
analysis of Mg(NO3)2.6H>0 on container material and SEM analysis it was concluded
that the stainless steel has the less corrosive effect due to Mg(NO3)2.6H20 and that
material is selected to design the PCM tubes and receiver of the solar cooking systen.

3. From the results of performance analysis, the parabolic solar cooker
parameters heat loss factor FUr, optical efficiency factor F'xo, cooking power P and

the standard cooking power Ps were calculated for three sets of coliected data. 0.513 and




(.22 are the optical efficiency factors of the solar cooker with all the layers the receiver
is filled with water and receiver layers are filled with the corresponding materials
respectively. 210,76 W, 165.10 W are the cooking powers of the solar cooker with load
conditions without and with receiver is placed in the insulation box respectively. The
optical cfficiency factor of the solar cooker with PCM receiver is 2 times more than that
receiver without PCM.

4, From the heat transfer analysis and thermal energy calculations of the receiver
with corresponding materials inside the layers of the receiver are performed. From the
analysis it can be concluded that, the three stage heat storage capacity of the selected
PCM for this proposed solar cooking system helps to sustain the more amount of heat
inside the cooking stuff layer. The efficiency of the solar cooker is more in the case of
PCM incorporation which is about 40%.

5. From the results of economic analysis of the solar cooker compared with LPG
cooking system. The saved money per month by using the developed solar cooker over
LPG cooking system is 455.04 $, 408.96 §$ in India and Thailand respectively. The
payback period of the solar cooking system is 1.10 years and 1.22 years in India and
Thailand respectively. From the emission analysis it was concluded that The reduced
amount of CO» emission per year by using the developed PCM solar cooker is about
725 kg.

From the above mentioned conclusions different parametes, it can be concluded
that the desined Mg(NO3)2.6H20 phasc change material based solar thcrmal energy
storage system is a promising solution for cooking applications in rural areas of
developing countries to reduce carbon foot prints and improves the socio- economic

situations of rural communities.

Recommendations

1. Since the developed solar cooking system is designed for the rural
communities based on their economic conditions, manual tracking is incorporated in the
cooking system. The same solar cooking system can also be used in industrial purposes

by scaling up both storage and solar cooking system with automatic tracking system.



[1}

2. A common PCM tube to which connects all the PCM tubes in the design of
receiver to get more uniform melting of the PCM throughout the sunshine hours is

recommended while scaling up the system for industrial purposes.
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APPENDIX A INSTRUMENTS

Hot plate (50 °C to 500 °C ,230 V, 1000 W) Sensitive balance

(METTLER TOLEDQ) (0 gto 310 g with 0.001 g increment)

Data recorder (GRAPHTEC midi LOGGER, Thermocouple type K

GL 820-UM-851) (-270°C to 1260 °C)

Figure 85 Instruments
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Differential Scanning Calorimeter Thermal imager

(METTLER TOLEDO DSC 1, (Fluke TiX560 9Hz, -20 °C to 1200 °C)
Switzerland,-150 0C to 700 0C, 400 W)

Figure 86 Instruments



APPENDIX B SURFACE AREA CALCULATIONS FOR THE
RECEIVER OR COOKING POT

The receiver or the cooking pot in this solar cooker is made up of stainless steel and in
the shape of hollow concentric cyclinder.
Total surface arca of the receiver = lateral arca + base arca
= 2mrh -+ 2mr?
Lateral area of cooking stuff layer with radius 9 cm and height 25 cm = 2*n*9%25
=1413.71 cm?
Lateral area of HTF layer with radius 10 cm and height 25 cm = 2*71%10#25
= 1570.79 cm?
If third layer which is PCM layer also designed as a concentric layer as HTF layer with
radius 12.5 cm and height 23 cm | =2%*12.5%23
=1806.41 cm?
Instead of a single coneentric layer, a small cylindrical tube of radius 1.25 em with a
heigh of 23 cm is placed on the HTT layer.
Lateral area of the PCM tube = 2*gr*%1.25%23
= 180.641 cm?
The individual PCM tube is welded on the surface of two layer cooking pot, but hatf of
the latcral area is in direct contact with the Two layer concentric cooking pot. 28 PCM
tubes are welded on the surface of HTT layer.
So, the total latera! area of the all PCM tubes = (180.641%28)/2
=2528.96 cm?
Increase in surface arca of PCM tubes instead of single concentric PCM layer is the
difference of lateral arca of 28 PCM tube and the lateral area of single concentric PCM
tube =12528.96 - 1806.41
=722.55 cm?
Therefore, 722.55 cm? of surface area is increased with the design of individual PCM

tubes.



APPENDIX C COMj?LETE EXPERIMENTAL PROCEDURE OF
LOAD TEST FOR THE PCM SOLAR COOKER

Purpose: To determine the performance parameters of the PCM solar cooker for the
load test.

Required equipment; PCM solar cooker,thermocouples, data recorder, measuring
beaker, aluminum tape, insulation box.

Test procedure:

1. The reciever or the cooking pot PCM tubes are filled with Mg(NO3)2.6H20 as
PCM and palm oil as heat transfer fluid in PCM tubes and HTF layer respectively.

2. Place the reciever or the cooking pot in the receiver stand and place both solar
concentrator and the receiver stand in outdoors.

3. Measure the two liters of water with measuring beaker and palce inside the
cooking stuff layer.

4. Place the thermocouples inside the cooking stuff layer, HTF layer, PCM tubes,
bottom of the cooking pot , on the surface of the solar concentrator and in the
surrounding environment to measure ambient temperature with the help of aluminum
tape. _

5. Place the ’therniocouples in PCM tubes uniformly in the 28 PCM tubes. Each
thermocouple is placed for every 4 PCM tubes. Total 7 thermocouples are used to
mesure the PCM temperature in PCM tubes.

6. All the thermocouples are connected to data recorder to recored the temperatue
in all the places where the thevmocouples are placed.

7. After arranging all the thermocouples, adjust the focus for the cooking pot by
adjusting the solar concetrator according to the position of the sun.

8. Switch on the data recorder and adjust the channels or ports in the data recorder,
After that press “START” in data recorder to record the temperature in the memory of
the data recorder.

9. TFor every Sminutes temperature is recorded and for every 20 minutes of regular

interval the solar cooking system is tracked manually according the position of the sun.
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10. After sunshine hours, the receiver or cooking pot is removed from the stand and
placed inside the insulation box. Again record the temperature of the PCM tubes, HTF
layer, water inside the cooking pot till next day morning.

1. All the temperature readings are tabulated and the performance parameters are
calculated with the help of related mathematical expressions.

Mathematical expressions:

I. Combined heat capacity (MC), =(MC); +(MC), + (MC),, + (MC)[JDt

' MC).
2. Heat loss factor F Uy = (4__)1—
Tod\,
(&f;iJ Y [Tv i..&]e;_:
3. Optical efficiency factor Fy, = FEL I . I
%= e‘_°

T

4. Cooking power P =M C,,

(wa 7 Twa )X 700
7l

5. Standardized cooking power Py =M, C,,

Graphs:
1. Temperature profile of all the layers, focal point, ambient, surface of the solar
concentrator throughout the day with solar radiation.
2. Temperature profile of PCM tubes thronghout the day.
3. Heating and cooling curves
The sample temperature data required for the above two graphs is shown in Table 17
and Table 18. The related graps and statistical values of performance parameters are

shown in Table 12,



Table 17 Temperature profile of the receiver
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Local time Ti Thee Trem Tt T Ta T 1
(hh:mm) ] o) O O (*C) (°C) (*C) (W/m?)
10:12 26 274 287 29.7 30.8 25.9 29 329.73
10:17 26.7 28.8 306 31.1 319 26.9 29.8 375.90
10:22 27.4 30.1 324 316 32.8 27 30.5 411.62
10:27 2719 31.9 3338 37.5 33.8 26.6 31.7 498.13
10:32 29 35 35 424 354 27.1 33 862.62
10:37 30.5 40.3 36.5 51.3 38.5 274 35.8 706.40
10:42 33.1 43 38 47.9 373 26.2 38.5 561.07
10:47 352 427 395 48.5 359 28.6 40 596.40
10:52 36.9 43.7  40.6 47.6 35.6 28.5 41 411.94
10:57 38.4 434 414 44.2 342 28 414 399.46
11:02 39.3 439 422 44.4 34.7 28.3 41.8 491.19
11:07 40.1 437 431 44.8 352 28.5 42.1 531.49
11:12 40.8 445 437 44.8 36.2 29 42,6 394.14
11:17 41.5 446 441 43.2 34.9 28.7 42.4 37147
11:22 41.9 442 44.5 42.3 34.2 28.8 42 379.93
11:27 42.2 438  44.6 41.5 33.0 287 41.7 407.69
11:32 42.5 437 443 40.6 33.1 28.8 41.1 478.14
11:37 42,3 433 44.2 40.9 335 28.3 40.8 479.34
11:42 42.3 434 44 42 34.5 27.8 41.2 1640.31
11:47 42.9 46.1 457 79.4 36.9 28.5 42.3 1020.07
11:52 45,1 404 477 72.7 37.8 28.3 44.9 678.56
11:57 47.3 523 49.1 65 37.1 28.3 46.3 883.52
12:02 48.8 532 495 66.4 35.5 28.7 46.3 779.91
12:07 50.7 54.5 50.3 67.8 355 28.2 46.9 790.03
12:12 52.1 56 51 65.9 34.8 269 47.5 779.28
12:17 53.8 57.8 522 73.3 37 27.8 49,2 763.86
12:22 55.5 606 532 74.2 7.2 27 49.9 765.91
12:27 56.9 62 53.2 72.1 372 27.5 49.7 771.01
12:32 58.4 61.8 54.5 76.6 39.1 26.3 51.7 767.76
12:37 59.7 64.1 54.8 79.4 39.8 28.5 53.2 771.31
12:42 60.9 65.8 557 83.5 39.2 28.4 54.6 773.64
12:47 62.3 67.2 56.4 90.8 39.5 219 55.8 758.48
12:52 63.9 68.6 57.1 84.6 39.1 27.9 56.8 746.02




Table 18 Temperature profile of PCM tubes

125

Local time Ta Tpi Tps Tps Tpis Tpin Tpu  Tpzs  Tps 1

Jhimm Co 0 (0 o o o o (o (¢ (Wmd)
10:12 257 287 29.8 307 303 287 272 295 3L 32973
10:17 269 293 318 332 324 306 286 313 338 37590
10:22 27 302 331 359 348 324 30 324 355  4ile2
10:27 266 31 345 382 369 338 315 34 369  498.13
10:32 27.1 321 363 464 386 35 329 357 391  B62.62
10:37 274 336 378 42,6 406 365 35 39.1 42 706.40
10:42 262 355 398 448 423 38 370 416 418 561.07
10:47 286 362 403 461 44 39.5 383 424 4l 59640
10:52 285 36.8 409 468 45 40,6 394 431 414 41194
10:57 28 37.5  41.6 472 459 414 403 429 409 39946
11:02 283 38 422 48 46.8 422 409 432 414 49119
11:07 285 383 426 488 478 431 417 437 42 53149
11:12 29 38.8 435 497 486 437 423 441 438 39414
11:17 287  39.1 435 50 492 . 441 42,9 442 434 37147
11:22 28.8 394 437 50 495 44,5 429 438 426 37993
11:27 287 396 434 498 497 446 433 436 423 407.69
11:32 228 398 432 492 494 443 434 432 416 47814
11:37 283 398 43 485 489 442 431 429 42 479.34
11:42 27.8 399 452 476 486 44 434 435 408 104031
11:47 285 403 48.6 4838 501 457 444 44 441 102007
11:52 283 418 512 514 518 477 46 46.8 484  (678.56
11:57 28.3 434 504 528 527 491 477 481  48.1  883.52
12:02 287 448 517 523 537 495 484 483 468 77991
12:07 28.2 463 S25 525 551 503 499 4901 482 790.03
12:12 269 479 528 524 557 5l 51,1 499 478 779.28
12:17 278 49.1 518 51.8 555 522 322 507 487 763.86
12:22 27 50.1 514 511 554 532 531 514 4701 76591
12:27 275 512 518 5t 555 532 537 514 43 771.01
12:32 263 523 52 52 572 345 544 522 519 76776
12:37 28.5 535 529 527 578 548 547 528 513 77131
12:42 284 546 53 525 581 537 554 54 513 773.64
12:47 27.9 557 531 525 584 564 558 547 526 75848
12:52 279 567 528 527 589 571 562 557 52 746.02
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APPENDIX D GENERAL ENERGY CALCULATIONS

Specific heat of water =4.186 kl/kg °C
Specific heat of ice =2.06 kl/kg °C
Specific heat of steam =2.1kl/kg °C
Latent heat of fusion for ice =334 kY/kg

Latent heat of evoporation of water= 2256 kl/kg
Energy required to raise the temperature of 1 litre of water from 24 °Cto 100°C
means to boil the water @ = mCpAT
= 1%4,186*(100 — 24) = 318.136 kJ = 0.088 kWh
Energy required to evoporate onc litre of water completely Qc = m*L =1#2256
=2256 kJ =0.625 kWh
These basic energy calculations for water boiling and evoporation are useful to

compare the cooking power of the proposed PCM solar cooker.



APPENDIX E REAL TIME COOKING APPLICATION GRAPHS

Table 19 Specific heat capacity of different food materials

Local Time (hh:mm)

Tigure 92 Temperature preofile of day 4 boiling

S.No Food material Spefific heat capacity
kJ/kg °C
1 Green bean 3.26
2 Red bean 2.13
3 Mung split bean 2.1
4 Chicken 322
5 Rice 2.146
) Potato 3.43
7 Sweet Potato 3.14
8 Pasta 1.8
9 Daal/poridge 13.23
10 Egg 3.18
11 Vegetables 11.22
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APPENDIX F 3D GRAPHS FOR THERMAL IMAGES

Figure 94 3D thermal image of the receiver hottom view

Figure 95 3D thermal image of the receiver top view
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Figure 97 3D thermal image of the reciver inside the insulation box



APPENDIX G THE VARIATION IN WIND SPEED FOR NO LOAD
AND LOAD TESTS
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Design of Phase Change Material
Based Domestic Solar Cooking
System for Both Indoor and
Outdoor GCooking Applications

This paper mainly focuses on the design of solar concentric parubolic cooker with proper
arrangement of phase change material (PCM) heat storage system. The recefver is a hol-
low concentric cylinder with inner and outer radii being 0.09 m and 0.1 m, respectively,
The thickness or the gap benween the iwe layers of the receiver is 0.01 m and is filled
with heat transfer oil. The outer layer of the receiver is surrounded by the vertical cylin-
drical PCM whes of diameter 0025 w. The three modes of heat transfer, radiation, con-
vection, and conduction, are expluined and analyzed by hear transfer network. The
schematic view of the receiver is shown with the help of skerchur software, The perform-
anee parameters, heat loss factor, optical efficiency factor, cooking power of the solar
cooker, were caletlated with and without PCM in the receiver. 7.74 W ' and 246 W
w2 are the heat loss fuctors, and 0.098 and 0.22 are the optical efficiency factors of the
solar cooker without and with PCM presented in the receiver. The optical efficiency fae-
tor of the solar cooker with PCM receiver is iwo times more than that receiver without
PCM. The cooking power of the solar cooker with PCM receiver is 125.3 W which is
65.6 W more than that of the cooking power withow PCM receiver. From these results, it
can be conclided that the design of PCM solar cooking system can expand the applic-
ability of solar cookers as a compatible cooking solution for cooking applications instead
of using fossil fuel based cooking svstems. [DOIL: 10.1115/1.4039605]
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is filled in 1 m long and 22 mm diameler wbes functioned as heat
exchanger to store the heat during sunshing hours and the heat
stored in the PCM can be retrieved dunng the off sunshine hours,
Cooking surface {lat hot plate is similar to that of efectric cooking
and the oil flows under the hot plate to keep the temperature
around 140--150°C. The PCM used in this system is cconomically
not viable, but with change of PCM the system is effective for 1es-
idential cooking purposes [5]. Lecuona from Madrid presented
about the portable parabolic type solar cooker along will the heat
storage facility using phase change materials. The developed uten-
sil was a two convenlional coaxial cylindrical cooking pots. The
pot contains an inner layer which is small and the outer layer
which is larger compared to the inner layer. The hollow space
between the two layers of the pot was filled with paraffin and
erythritol. A numesical model was developed to study the tran-
sient behavior of the system with the clinuiic conditions of
Madrid. The uiensil can be moved inside the home 2h earlier in
winter than summer to retain the heat effective for future usage.
Paraffin at 100°C is effectively working than that of erythritol but
it is effective for fast cooking indoor applications [6], The thermal
performance of acetamide latent heat storage unit for evening
cooking was compared with the standard solar cooker. From the
experiment, it was concluded that the developed unit is capable
for cooking purpese in the evening time and the PCM did not
affect the cooking process in the aftemoon [7].

The thermal behavior of the PCM on bulk cycling was pre-
sented by John et al. [8]. Galactilol was used as PCM for solar

1 Introduction

In most of the developing countries, the major share of domes-
tic sector energy has been consuming for different daily need
funetions like water heating, lighting, and cooking applications
throughout the year. This domestic sector energy sharing is
different for urban and rural arcas in developing countries [1].
The footprints of carben and greenhouse gases by the use of these
resources lead to create health, environmental, and other socio-
economic preblems especially in the rural areas throughout the
world [2}. These issues are leading to think about the alternative
renewable ways of encrgy consumption for this application. In
recent years, solar cooking got the importance to avoid all the
issues raised with the use of fossil fuels. The effective usage of
solar cookers needs a proper and cfficient design of cooking sys-
tem with heat storage technology to avoid the problems like direct
sun cooking, off sunshine cooking, danger of getting burnt, and
other socio-economic challenges [3]. Solar thermal energy can
be stored during sunshine hours through different technigues
and which can be used during off sunshine hours effectively for
different applications.

Kenisarin and Mahkamov performed the studies of different
phase change materials (PCMs) which are useful for active and
passive solar spice hieating and cooling and solar cooking applica-
tions [4]. Latent heat storage type concentraling sofar cooker
using a PCM A--164 was developed by Muthusivagami, The PCM

!Comespanding author,

Contributed by the Solar Energy Division of ASME for publication in the
JournaL oF Solar ExerGy Encinerrisg: Incruoivg Wine Exrray anp BLILDING
Exergy CoxservaTion, Manuscript received July 13, 2017, final manuscript received
March 9, 2018; published caline April 9, 2018. Assoc. Editer: Gerardo Diaz.
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cooking. Three bulk samples of the material which are having dif-
ferent upper cycle temperatures compared to each other were
taken and melted and frozen repelitively. The properties of the
materials like specific heat, temperature, and phase change

AUGUST 2018, Vol. 140 / 041010-1



enthalpies were measured with the help of differential scanning
“calorimetry, and thermat diffusivity was measured by flash diffu-
sivity instrument. The lowest upper cycle temperature is 200°C
and with the possibility of 90 thermal cycles for the solar cooking
al temperatures greater than 150 °C. Tt was concluded that galacti-
tol as PCM with thermal cycling at least once in a day can afford
of life span less than 106} days for cooking purpose. So, galactitol
was unstable and short lifc span PCM for medium temperature
range solar cooking applications.

Different experimentad test procedures of paraboloid concentra-
tor solar cooker to determine the optical efficiency factor were
presented by Kumar et al. [9]. The heat loss factor (F U7,y and the
optical efficiency factor (F'ijg) were calculated with three different
experimental procedures, The first process uses sensible water
heating curve of the water in the cooking pot placed at the focus
of the parabolaid, The second process uses the steady flow of
water through the focal zone of the cooker and the third process is
the combination of the shove two processes. 0.315, 0.273, and
0,347 are the optical efficiency factors of the paraboloid solar
cooker from the first, second, and third test procedures, respec-
tively. From this study, they concluded that the first and second
procedures are good, whereas the first procedure is recommended
for the accurate determination of eptical efficiency factor.

The heat transfer enhuncement in latent heat thermal energy
storage with conductive structures like finned exchangers, graph-
ite powder, and expanded natural graphite (ENG) Mairix was
performed by Merlin et al. [10]. The practical setup consists of
heat exchanger iube and the outer apnular of the heat exchanger
filled with PCM. The overall heat {ransfer coefficient is
measured for each configuration. The study conciudes that the
PCM embedded in ENG matrix is the best storage configuration
for industrial purposes with the overall heat transfer coefficient
around 3000 W 2 KL Thermal conductivity of the ENG/PCM
composite is 100 tinies more than that of PCM alone,

The heat teansfer enhancement of solar parabolic cooker by a
porous medium was designed and analyzed by Lekeswaran and
Eswaramoorthy [11]. Waste metal chips made of copper of size
L5cm length and 0.5-1cm thickness are used as porous medium,
This perous mediun was placed in a cylindrical container of height
8em and dinmeter is equal to the cooking utensil, Thal container is
filled with poyous medium up to 5cm and is placed below the cooking
utensil. Stagnation teniperature test, water heating and cooling fests
were performed with this parabolic cooker. The stagnation tempera-
ire was 80°C more than that of the utensil without porous medium.
The miniomm heat loss fuctor with snd without porous medium wis
20 W m~2 and 14 W m™% respectively, The optical efficiency factor
increases up to a maximun value of 61 with porous medium,

A parabolic dish solar cooker of 1.25 m diameter and height
0.23 m with a cylindrical receiver of diameter 0.215 m and height
0.15 m was designed and analyzed for the climatic conditions in
Yola, Nigeria by Aidan [12]. 0.4 kg mass ol cooking pot contain-
ing 0.37 kg of water placed at the focal point and (he temperature
of waler is recorded for every 5min time interval. (70U, (F'no).
combined heat capacity, and cooking power were calculated. Por
a combined heat capacity of 10143 T K ', the optical efficiency
factor, heat loss factor, and the cooking power are 0,0198, 4.404
W m™?, and 96,53 W, respeclively.

This paper mainly focuses on the design of selar cooker with
proper arrangement of PCM heal storage system. This particular
design of receiver with PCM tbes provides better combined heat
capacity, heat loss factor, optical efficiency facter, and cooking
power compared to that of a plain receiver with PCM storage
facility. The required Mathematical calculations, modes of heat
transfers involved in the proposed design and the schematic views
of the selar cooking pot are presented in this paper.

2 Design of Solar Cooking System

The solar cooking system presented in this paper consists of a
solar concentrator and a receiver or cooking pot. A parabolic dish

041010-2 / Vol. 140, AUGUST 2018
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is designed as a solar concentrator and the receiver is placed at the
focal point of the parabolic dish. The constructional delails of
these paris are mentioned in detail in Secs. 2,1 and 2.2,

2.1 Mathematical Calculations. A parabolic antenna dish
with a diameter of 1.495 m and a depth or height of 0.268 m is
considered to design the solar concentrator. The surface of the
parabolic dish is covered by a number of high reflective solar
parabolic mirrors of size 2.5 om?. Different parameters of the par-
abolic dish like focal length, rim angle, acceptance angle, concen-
tration ratio, arc length, surface and aperture areas, and the focus
area of the receiver pol were calculated with the following
sequence of expressions [3,13-15L

The focal length £ of sobar concentrator is the distance from the
vertex 1o the focus point F. It is calculated using the below
equation;

!
=— 1
f 164 M
After finding the value of focal length, rim angle of the parabolic
solar concentrator is found using the below equation:

b= 2t E’f} )

Half acceptance angle of the parabolic concentrator is the half of
the angular limit to which the incident ray may deviate from the

normal to the aperturc plane and still reach the absorber or
receiver, which is calculated using the below equation:

90 — ¢

. ®

Oy =

Concentration ralio is an important factor for the parabolic con-
centrators which is expressed as a function of rim angle and is
also expressed as the ratio of aperture area of the solar concentra-
tor to the surface area of the receiver. Concentration ratio is calcu-
lated using the below equation:

1
C=—= or
sin“o

i :Au/Ar (4)

The maximum radius of the parabolic concentrator is calculated
using Eq, (5). It is a function of focal length and rim angle

[ /i
T i-bcosg )

Surface area of the parabolic concentrator is the outer area of the
parabolic concentrator and is calculated using the below equation:

_ 8

Dzl%l 6
SIOKE ©

Aperture area of the solar concentrator is the arca where the solar
radiation incident on the parabolic concentrator, It is calculated
using Eq. (7) and is a sin fuaction of maximum radius and rim
angle of the concentrator

A

A, = -:-(ZP sin )’ N

The diameter of the focal point of the concentrator is calculated
using the below equation:

D, =2P sin UA (8)

Transactions of the ASME
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Fig. 1 Geometrical representation of design parameters

After finding the diameter of the focal point, area of the focai
point is caleulated by Eqg, (9). These both parameters are useful o
calculate and design the receiver or cooking pol

Ap =5 (D) ()

Figure 1 shows the geometrical representation of the abovemen-
tioned parameters.

2.2 Receiver or Cooking Pot Desipn. The receiver or cook-
ing pot of the solar cooker is made up of stainless steel which is in
the shape of hollow concentric cylinder with outer and inner radii
being10cm and 9 em, respectively,

‘The gap or thickness between the layers of the receiver is 1em
and the height of the receiver is 25cm. This gap between the
layers is filled by heat transfer oil, A cylindrical tube of diameter
2.5cm and height of 23 cm is used as PCM tube and is filled with
selected PCM. A number of such tubes are placed on (he surface
of the outer laycr of the recciver, The PCM is filled in the tubes
up to A height of 20 cm.

Arca of the receiver or cooking pot is caleulated using the
below expression:

Ay = 2, (rp + hy) (10

‘(he schematic view of the cooking pot or receiver is shown in
Fig. 2. The 25 PCM tubes on the surface of the cooking pot will
increase the surface area of the contnct of the PCM material with
the heat transfer fluid layer. Instead of a single concentric tayer,
this individual tube design will help to increase the heat storage
capacity and o avoid the problems of food contamination because
of the PCM material. The side and top views of the designed
cooking pot are shown in Fig. 3.

Cooking
Stuff Layae

/_Lay'e:

25 cm.

(b)

137

Fig. 3 Design of the receiver: (a) front view and (b} top view

The receiver pot is not in contact with the solar concenirator
directly. The solar concentzator is constructed with the dragging
wheels. The solar concentrator and the receiver are constructed in
a way that it is possible to track the system manuvally by adjusting
the screws. The manual tracking for the solar cooker is designed
in the vertical holder of the receiver or cooking pot. It is possible
to track the cooking pot in both vertical and horizontal directions.
The solar concentrator can also be fracked with the help of rotata-
ble frame which is attached back side of the concentrator,

3 Methodology

3.1 Selection of Phase Change Maferial. If the material
changes its phase at a ceriain temperature while heating the sub-
stance, then the heat is stored in the phase change material, This
type of heat storage is called lajent heat storage. The materials
which are used as (he storage medium for the atent heat storage
technology are called as PCMs. The PCMs are classified mainly
into three categories which are organie, inorganic, and cutectic
PCMs [16]. The phase change malerials are selected based on the
melling point of the materials and the type of application for
which the storage system will be incorporated. Different criteria
like thermodynamic, kinetic, chemical, technical, and economic
are to be checked for the selection of PCM [17],

Thermodynamic criteria:

» Phase change material should have the melting point in
desired operating range around 90—116°C.

o High latent lieat of fusion per unit mass in the range of
1502007 g%

¢ High density in the range of 1.5-1.7¢g em™? so that volume
of the material is reduced.

Ceehing
Stuf Lager
HIF
{ayer

Fig.2 Schemalic view of (a) cooking pot layers and (b} cooking pot with PCM tubes
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Table 1 Applications of ditferent PCMs based on required melting temparature

Required PCM Heat of Melting point lemp

melling temp (°C) PCM can be used fusion (J g1y of PCM (*C) Application of PCM

Room temperalure CaCl.6H,0 170 27 Diumal storage for building structure

20-35 CaCl,.6H,0 170 27 Building heating using heat pumps

25-30 CaCly6H,0 t70 27 Solar hot air systems

40-60 Mg(NO3),.6H,0 MgCl,.6H,0 1K1 Around 58 Day and night solar hot air heating systems
69

5570 Mg(NO;),.6H,0 MpCl,.6H0 i63 Around 58 Domestic selar hot water syster
169

6095 Myp(NG1),.6H,0 163 89 Solar hot water base board sysletns

100-175 Mg(NO,),.6H,0 163 117 Concentrated solar syslems

a

51 4
ik
“®
S
-
2
[ , )
: B vt e 2o reei el i e T
oiL ey ¥ -
i 129 SUHLY §75 Wik Wre
‘a(,w"‘":“ucmﬁ‘%.‘gu\?-“ﬁ\ﬁgs\z»“‘ T anr®
- A 4

redbeme B 6 f Gl U et ipnas 0 g PORY Ao chipge Fitias

Fig. 4 Variation in mass of different PCMs

¢ High thermal conduetivity in between 0.5 W m~! et and
07Wm™' °CT

o High specHic heat in the range of 1.8-2.51] giecl

» Small volume changes during phase transition.

Kinetic criteria:

s The PCM should have very low super cooling phenomenon
during freezing cycle.

Chemical eriteria:

s Chemical stability.
» Noncorrosive to the storage tank material.
+ Nontoxic, nonflammable, and nonexplosive,

Technical and economic criteria;

+ Applicability,

& Compactness and effectivencss.
¢ ReHability and viability.

o Commercial availability,

» Economically viable.

For different required melting temperatures of PCMs, the corre-
sponding applications of those PCMs are mentioned in Table 1.

As the inorganic salt hydrate PCMs having different densities
in solid and lquid states, the mass of the PCM material is varied
from material to material. As the combined heat capacity of
the solar cooker is the function of mass of the material, the varia-
tion in (he mass and heat of fusion of different PCMs is shown in
Figs. 4 and 5 [17].

3.2 Heat Transfer Network., In the solar cookers with heat
storage technology, the heat from the solar collector to the
receiver or cooking pot is transferred in the form of three modes,
namely, radiation, convection, and conduction [18].

Tn most of the solar cookers, radiation and convection are the
two modes of heat transfers involved to transfer heat, But, in this
solar cooker with PCM as storage, conductive mode of heat trans-
fer also involves while storing and (ransferring heat from the solar
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Fig. 6 Heat transfer network of PCM solar cooker

collector to the cooking stuff inside the receiver which is
explained with the help of heat transfer network. The heat transfer
netwark is the combination of different thermal resistances which
represents the conductive, convective and radiative heat transfer
medes involved in the system, The complete heat transfer network
for PCM solar cooker is shown in Fig. 6.

The solar energy reflected from the solar collector is transferred
to the receiver at the focal point of the parabolic collector by radi-
alive and convective heat transfer modes, The radiative and con-
vective heat transfer resistances are represented as hr and hy in the
heat transfer network. As the outermost part of the receiver is cov-
ered with PCM tubes, the mode of heat transfer involved between
the outer wall of the PCM and surroundings is conduction and is
denoted by ky. The heat is transferred to the entive PCM inside the
tube by convection and from the last layer of the PCM to PCM
wall heat is transferred by conduction which are represented by h,
and ks respectively, The heat is transferred from the wall of PCM
tube to outer Jayer of the receiver hy conduction and is repre-
sented as ks, The heat from the outer layer of the receiver is trans-
ferred by convection to the entire oil which presents in the gap
between the layers of the receiver pot which is denoted by ha. The
heat is transferred from the oil to the inner layer of the receiver by
conduction and is represented as k4 and that heat is transferred to
the cooking material inside the pot by convection which is repre-
sented as Iy in the heat transfer network. These are the complete
modes of heat transfer and are explained at each stage with the
help of heat transfer network.
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Table 2 Performance parameters of solar cooker
Parameter (units) Step | Step 2
MCL UK (M), 8380 (MO, 8380
(MC) 5028 (MOt 1659.3
(MC)pcnw 10,475 {(MCpenr 3620
(MC)pue 5024.16 MO, 5024.16
(MG, 1843216  (MC),2 18,683.46
FU, (Wm™%) 7.74 246
F'io 0.098 0.22
P (W) 59.7 125.3
P, (W) 54.57 121.05

3.3 Solar Cooker Parameters. The efficient solar concentra-
tor cooker should provide sufficient amount of energy for cooking
processes. The performance of this solar cooker is analyzed by
calculating some major parameters like combined heat capacily
((MC),), heat loss factor (F'U), optical efficiency factor (Fy,),
cooking power (P}, and standard cooking power (P}, A sall
hydrate within the abovementioned ranges of thermodynamic
properties was used as PCM. Palin ojl is taken as heat transfer
fluid and the cooking stuff is considered as water.

The combined heat capacity of the receiver is the combination
of individual heat capacities of the materials presented in each
layer of the receiver and the ieat capacity of the stainless steel
receiver. The combined heat capacity is calculated from the below
equation:

(MC), = (MC); + (MC),, + (MC),, +(MC),,, (1D
where /y, b, and /5 represent the layers of the receiver.

Heat loss factor is the ratio of combined heat capacity of the
receiver to the surface area and the time taken for cooking. It is
expressed as in the below equation:

{MC),

PUL —
Tody

(12)

where 1y is the time constant determined from the temperature dif-
ference that falls to 1/e of its initial value [12].

The theorctical maximum limit of the overall efficiency of a
concentrator solar cooker is delined as the optical efficiency factor
F', {91, It is expressed in the below equation:

(Twr‘f;. TR A
. ‘,ﬁU" ! I

C I—e':u5

it {13)

where 7 is the time required for the water temperature o increase
from initial to final temperature.

The rate of useful energy available during heating period of the
concentrator solar cooker is known as the cooking power P [12],
It is expressed in the below equation:

P =M,C, (“4;'“}

(14)

The corrected cooking power P at each interval to a standard irra-
diance of 700 W m™ defines the standardized cooking power P,
of the solar concentrating cooker {12} Tt is mentioned in the
below equation:

Fig.7 The complele design of PCM solar cooker

(Tar = Tyu) > 700

Py=M.C,
s = M,C 0

(15)

34 Experimental Procedure. The experiment is performed
in two steps by keeping the 10kg mass of receiver or cooking pot
at the focus of the parabolic dish, Water heating tesi and cooling
test were performed in both the steps of the experiment. Tn the fiest
step, the receiver is filled with 2 1 of water inside the pot and both
heat transfer layer and PCM tubes are also lilled with water. Tem-
perature of the water in all the layers of receiver is recorded for
every Smin time interval. After water inside the recciver reaches
final temperature, the receiver is covered from the solur radistion
for the cooling test. The femperature of the waler inside the
receiver is recorded again from the final value till it reaches 60°C.
The time constants 1 are calculated for the temperature rise from
60°C to boiling point and g is catculated from fall of temperature
1H1 the water temperature reaches 1o 60°C from the boiling point
of water.

In the second step, the PCM {ubes of the receiver are filled with
PCM material. Heat transter layer is filled with palm oil and 21 of
water is filled in the cooking layer of the receiver. The tempera-
ture in all layers of the receiver was recorded for every 5min.
After water reaches boiling point, the receiver is covered from the
solar radiation and cooling test was performed, Temperature of
the water is recorded for every 5Smin till the water reaches from
boiling temperature to 40°C. Again, the time constants were cal-
culated by following the same procedures as mentioned in the first
step.

Table3 Parameters of solar concentrator and receiver

Parameter (units) ) L) C

S}

P (m)

A, (mh A, (mh Dy, (m) Ar (mh A, (m?) N

Value 0.52 71.28 9.36 5.97

0.789

1.9647 §.7554 0.256 0.05173 0.294 25
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Fig.8 Heating curve of receiver in the first step
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Fig.10 Temperature profiles of receiver in the first step

All the parameicrs mentioned in See. 3.3 were calculated and
mentioned in Table 2.

4 Results and Discussion

The cxperiment and the design of the system are being
performed in School of Renewable Energy Technology (SERT),
Naresuan University, Thailand in the month of September, 2017,
Different 1ypes of analyses are perfermed on this design and the
results are presented in this section. From the abovementioned
mathematical expressions of parabolic dish and receiver, the val-
ues of all the parameters are mentioned in Table 3. The com-
plete design of the solar cooker with PCM is shown in Fig. 7.
From Figs. 4 and 5 analysis, it is observed that the mass and
heat of fusion of PCMs in solid state are more than that of mass
of PCMs in liquid state. From Fig. 4, CaBr,.6H,0 has the maxi-
mum mass requirement among the all inorganic salt hydrate
PCMs in both solid and liquid states as 5.41kg and 4.82kg,
respectively.

MgCl,.6H30 has the minimum mass requirement in both solid
and liquid states as 3.87 kg and 3.57 kg, respectively. From Fig. 5,
it is observed that CaBr,y.6H>0 has the minimum heat of fusion in
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Temperature profiles of recelver in the second step

Fig. 14 A 6day temperature profile of the receiver cooking
layer in the first step

both solid and liquid states as 625.25 ] ke~ and 557.43 T kg™',
respectively, Ba.(OH),.6H,0 has the maximum fieat of fusion in
both solid and liquid states as 1357.06 Y kg~ and 1269.87 T kg™ ',
respectively,

From the first step of the experimeat, heating curve, cooling
curve, and the temperature profiles of water in all layers of the
receiver for the corresponding local time are shown in Figs. 8-10,
respectively, From Fig. 8, it is observed thal water temperatore
raises from 60°C to 97.7°C in almost 6750 s which is considered
as 7y. From Fig, 9, it is observed that the water temperature falls
from 97.7°C to 60°C in 8100} s which is considered as 7q;.

Figure 10 shows the temperature profile of water in the three
lnyers of the receiver. Ty represents the temperature at the bottom
of the receiver, T; represents the water (emperature inside the
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Fig. 15 A 7day temperature profile of the recelver cooking
layer in the second step

cooking layer, Ty, represents the temperature of water inside the
heat transfer layer, Tpeay fepresents (he temperature of water
inside the PCM tubes, T, is the lemperature on the surface of para-
bolic dish, and T, is ambicnt temperature. Solar radiatien of the
corresponding day is also shown in Fig. 10. The average solar
radiation is 673.30 W m .

Figure 1} shows the heating curve of the water inside the
receiver in the second step of the experiment. 'Time constant z; of
the heating process 1o raise (he water temperature from 60°C 1o
10{0.2°C is 4500 5. Figure 12 shows the cooling curve of the water
inside the receiver in second siep. In 25,800 s, the temperature of
water inside the receiver falls to 60°C from 100.2°C, which is
considered as time constanl 7g2. [1is observed that the time taken
for the cooling test is three times greater than that of lime taken
for the cooling test in step 1. This increase in the lime instde is
duc to the presence of the heat transfer oil and the PCM in the
PCM tubes.

Figure 13 shows the temperature profile of different layers of
the receiver and parabolic dish, Ty and T} are the temperatures of
the bottom of the receiver and temperature of water in cooking
layer of the receiver, respectively. Ty is the temperature of
heat transfer fluid and Tpepy is the temperature of the PCM inside
the PCM wbes. The PCM reaches a maximum temperature of
238°C in the aftermoon and the corresponding solar radiation
is 886.551 W m 2. The average solar tadiation on that day is
693.53 W2,

Figure 14 represents the temperature profile of the receiver
cooking layer for 6 days in different months for the first step of
the experiment. The comresponding solar radiation and the ambient
temperature of the particular days are also mentioned in Fig. 14,
From that figere, the elfect of ambient temperature and solar radi-
ation on the temperature of the cooking layer of the receiver is
observed, As the PCM tubes are filled with water in the first step
instead of PCM, (he temperature profite of the cooking layer is
dilferent for 6 days.

Figure 15 represents 1he temperature profile of the receiver
cooking layer for 7 days in different months for the second step of
the experiment. In this case, the PCM tubes are filled with the
PCM. The temperature profile of the cooking layer is almost simi-
far in all the 7 days. ‘The heat stored in the PCM helps o maintain
the constant temperature profile inside the cooking layer irrespec-
tive of the variation in the solar radiation and the ambicnt temper-
atwre. The variation in the ambient temperature and the solar
radiation of the particular days is also shown in Fig. 15.

The combined heat capacity of the solar cooker for the first step
is obtained from Eq. (11). In step 1, all the layers of the receiver
are flled with water, The corresponding combined heat capacity
equation for the first step is shown in Eq. (16) and the correspond-
ing values are listed in Table 2

(Mc)rl = (Mc)w + (MC)h\w + (MC)PCM\\' + (MC)pot (16)
Similarly, in the second step, the waler in the heat transfer layer
and PCM tubes was replaced with palm oil and PCM. The corre-
sponding combined heat capacity equation is shown in Eq. (17)
and the values are listed in Table 2
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(Mc)rz - (Mc)w + ('\’IC)hlf + (MC)I‘CM + (MC)pol (17)
where (MC),, and (MC),» are the combined heat capacities of the
receiver in step 1 and step 2, respectively.

The heat loss factor F'Uy, optical efficiency factor F'ip,,, cook-
ing power P, and the standard cooking power P, were calculated
for hoth steps and the values are listed in Table 2. From Table 2,
it is observed that the above meniioned four parameters were
improved for step 2 compared to that of step  due to the presence
of PCM inside the PCM 1ubes.

As compared to the performance results of the considered refer-
ence parabolic cooker designed by Aidan [19] with the present solar
cooker performance resulls, the heat loss factor in step 1 is 1.75
times more than that of the reference cooker, and in step 2, it is
1.79 times Jess than that of reference cooker. The heat storage in
PCM helps to improve the heat loss factor compared 1o step I and
the reference cooker, The time constants 19, and zgp are 2.57 and
eight times more than that of the reference cooker, respectively,
The other parameters like optical efficiency factor and cooking
power in step 2 are more than that of the reference cooker parame-
ters. The proposed design of solar cocker with PCM storage is able
to achieve good resulis in terms of its performance parameters.
However, the tracking efficiency and the combined heat capacity of
the cooking pot are the limitations to achieve even better perform-
ance results of the solar cooker presented in this paper.

5 Conclusion

The PCM-based domestic solar cooker for both indoor and ocut-
door applications was designed and analyzed. 25 PCM tubes are
placed on the surface of receiver which is placed at the focus of
the parabolic dish, Different solar parabolic dish parameters and
the receiver or cooking pol puramelers are obtained from the
mathematical calculations, The performance of the different
PCMs requirements regarding the mass, heat of fusion, and the
combined heat capacitics are analyzed. The selection of proper
PCM for a particular temperalure requirement may help to
increase the combined heat capacity of the receiver, The heat loss
factor of solar cooker with and without PCM is 7.74 W m™” and
2.46 W m™?, respectively, 0,098 and 0.22 are the optical effi-
ciency faciors of the solar cooker without and with PCM pre-
sented in the receiver of the solar cooker. The optical efficiency
factor of the solar covker with PCM receiver is (wo tlimes more
than that receiver without PCM. The cooking power of the solar
cooker with PCM receiver is 125.3 W which is 65.6 W more than
that of the cooking power without PCM in the receiver. From the
results, it can be concluded that the overall performance of this
proposed solar cooker is satisfactory with PCM receiver. After
sunshine hovrs, the retained heat in the PCM is useful for indoor
cooking by keeping the receiver pot inside the insulating box. So,
this proposed design of solar cooker with PCM storage can be a
promising solution for fossil fuel based cooking methods to
reduce carbon foot prints and inmproves the socio-economic sttwa-
tions of ural communities.

The proposed work will be continued for the other different
cooking tasks like frying and boiling of different materials in out-
doors as well as indoors. The economic analysis of this PCM solar
cooker can also be compared with the Iraditional ways of cooking
in the future.
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Nomenclature

A, = aperture area of the dish (m")
Ag= focal point area (m®)
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A, = area of the receiver (n?)
A, = surface area of the dish (m?)
= concentration ratio
C, = specific heat of the material (J kg™' K™')

D = diameter of parabolic dish (in)
Dy, = focal point diameter (m)
f = focal length of parabeltc dish (m)
it = height of parabolic dish (m)
h, = height of the receiver (m)
I = instantaneous solar radiation (W nfz)
T = average solar radiation (W m™ %)
M = mass of (he material (kg)
{MC)p = heat capacity of heat transfer fluid (J K1)
(MC)pw = heat capacily of water in HTF layer (J K™Y
(MC)pepy = heal capacity of PCM (J K1)
(MC)prngw — heat capacity of water in PCM tubes (TK™ l)
(MC)pq, = heat capacity of stainless steel receiver (J K™
(MC), = combined heat capacity of the receiver (I K™Y
{MC),,. = heal capacity of water {J KN
N = number of PCM tubes
P = maximum radius of parabolic dish {m)
r; = inner radius of hollow cylinder (m})
1, = outer radius of hollow cylinder (m}
T'; = average wmbient temperature (°C)
Tt = final temperature of water (°C)
Twi = initial temperature of water (°C)
81y == half acceptance angle of parabola (deg)
791 = cooling lime constant in first step (s)
T2 = cooling time constant in second step (s)
11 = healing time constant in first step (s)
73 = heating tirne constant in second step (s)
¢ = rim angle of parabola (deg)
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