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ABSTRACT

The design, details ol construction and performance analysis of box - type solar energy
cooker are presented  The cooker consists of outer caging, absorber plate (cookmg
chamber), double-glaring coverlid, booster refllectors, which increases the magnitude ol
absorber temperature, i e enhances solar radiation and reduces heat losses. The cooker 15
made of a (0.001 m thick aluminium trav in form of an inveried truncated square-based
p}wnrrud Itz base is 0.7 m x (.4 m and the slanting height is (.18 m. The top consists of
an aluminium framed double - glazed ilid with a transparent surface area of 08 m x
1t 5m The three insolation boosters consist of angle ron-framed. commercially available
plane mirror, the bigger booster serves as cover for the box when not in use. The cooker
can contain (hree cooking vessels each capable ol holding 6 kg of water convenienth
Thermal performance tests of the cooker were undertaken under no load condition o
determine the stagnation absorber plate and ambient air temperature. The workability of
the cooker was determined  Sensible heat tesis were carried out to determine the time
required 1o boil given quantities of waler and the cooking times of various food items.
Maximum temperature of 141'C was recorded during the test period for the absorber
plate.  The thermal efficiency of waler heating, efliciency of solar cooker, and energy
efficiency of the cooker were 4826, 44.85% and 41.37% respectively, this is greath

mfluenced by the direct radiative intensity, ambient temperature and wind speed.



CHAPTER ONE

Introduction

1.0 Background

Petroleum epergy supplies most of the energy for production in industries and
agricalture, In most cases these applications are for low temperature energy uses, Due to
scarcity and high cost of conventional fucls, their use in the low temperature applications
lI!i':'.ﬂ such as water heating, waler pumping, irrigation and cooking must be cut down low
and energy for all these must be substituted by solar energy.

Solar energy can be tapped at a relatively low cost and has no associnted danger
of fire or other hazards. Therefore the use of solar energy For wrban and rural
development cannot be overstressed. Cne application that would be of immediate
appreciation is to use it for cooking in the rural communities, which is particularly useful
during the period of abundant sunshing and scarcity of convectional cooking fuel for
cooking. It is noted that at times of scarcity of kerosene or gas, demand for fuel wood and
other altemative energy is very high and this is not peculiar to the rural areas alone. An
example of this problem is seen during the political imbroglic in Nigeria between
1993and 1994 when the staff of petroleum and natural gas industries went on strike for
many weeks,

It is appreciated that wood is the most important resources for direct energy
conversion and il 15 estimated that 90% of the energy needs of the population of
developing countries is derived from 1.|..r|:_!u;l1;| (Charteji, 1981). Apart from the attendant
problem that the ecology is destroved leading to desertification, particularly in the sahel
region, the use of fuel wood may be hazardous and not as clean as other cooking fuels

such as kerosene or gas. Such health hazards include respiratory infections, chronic and



ohstructive lung diseases, and low hirth weight and eye infeclions, It has been supgested

that the hazards can be reduced by adopting open air heating system that will reduce the
level of concentration of the emissions during wood buming.

The ultimate need of people 15 nol necessarily enerpgy butl the services, which it
provides. These services include heating, cooking. lighting, and maobility and motive
power. Long time ago CGhosh {(1986) observed that people are becoming more conscions
of the role of energy in human life. The operation of our technological society depends
upon the production and use of large amounts of energy. Migeria which lies in the tropics
(latitude 4" 16 and 13 52') is endowed with abundant sunshine. Sunshine is available to
Migeria all the year round with daily sunshine hours in the southem part averaging ahout
R hours during the dry season and about 4 hours during the wet months (Adefolalu,
1086},

Higher values of daily sunshine hours are obtainable in the northemn part of the
country. Nigeria is endowed with divers energy sources most of which can be adoptled for

cooking. These sources are broadly classified into renewable and non-renewable encrgy

SOUICES.

1.1 Renewable Energy Sources

These are energy sources that are constanily replenished or regenerated and will never
mm out. Wind energy. solar energy, wave or ocean energy and hydropower are typical
examples.

Wind energy is abundant in Migeria. Wind regimes are high with vearly averape
value of 25.7 MWh'year for Lagos and 97 MWh'year for Sokoto at a height of 25m
((josu and Salawu, 1990). The nation has an estimated coastal length of 300 kilometers,
which could be explored for power generation. The overall hydropower resources

potential exploitable in Nigeria amount to over 11,000 MW (Odukwe and Enibe, 1988),



O all these renewable energy sources, only solar energy can be directly applied for
cooking, Migeria 15 blessed with abundant solar energy as it lies within the high sunshine
belt of the world, The average vearly solar radiation on a horizontal surface varies from
about 3.7 kWhim' day along the constal areas of the south to about 7.0 kWhim' along the
semi-arid areas of the north (Odukwe and Enibe; 1988) On a monthly basis, averape
solar radiation Tevel ranges from 3.56 kWh/m’ during the hot senson. Greater percentage
of the country receives an average of about 5081 kWhim® of solar radiation (Odukwe
and Enibe, 1988). This represents large energy potentials making it the most abundant

energy source available in the country

1.2  Non-Renewable Energy Sources.

These are energy sources that are depletable or exhaustible. But these energy sources play
a crucial role in our efforts to meet daily energy needs and perhaps will continue to do so
for a foreseeable future,

Ihese energy sources include fuel wood, petrolesm, natural pas, which
historicallty, have continned 10 mect man's energy needs. Wooil is the traditional amd
mosl popular source of epergy for cooking. 1t is used for domestic cooking, haking, and
heating. It 15 also widely used in small-scale industries such as bakenes. The largest
sources of fuel wood are communal bushes and farm lamds.

The projected wood consumption for the year 2000 is 23.6 million tones of (i
equivalent. Unfortunately, continued felling of trees cauwses erosion and desert
encroaichment associated with deforestation, This has a negative effect on the exploration
of environment. There i5 also no coordinated effort to conserve it. Another source of
cooking fuel 15 Coal, Coal iz a black zedimentary rock formed from the remain of
decaying plant or organic matter, There is enormous resource of coal worldwide with

estimates well over 10" metric tones of which 75% is black coal while 25% is brown



coal or higmte. Nigeria®s coal resource is estimated at about a billion metric fones. There
is an additional estimate of about 22:10" tons in Lafia and about 1002 10" tons of lignite
mlong o belt covering Nnewi-Asaba-Ugwashi. Migeria’s coal can be carbonized and
converted into smokeless fuel. Although coal hag a higher calorific value than wood Tt is
also more expensive. 1t should be noted that both wond and coal produce a lot of €0,
during combustion process and also some toxic (0 is produced too. 1t is suspected that
these pases are the canse of respiratory diseases { World Encrgy Council, 1993)

Petrolenm is the dominant primary energy source in Nigeria. Petroleum is a
mixiure of hydmocarbon produced from sedimentary rock and sand deposit helow the
earth’s surface A peak production of 2.3 billion barrels per day was reached in 1979
{OPEC Bulletin, 1994}, Significant quantity of liquefied petroleum gas is produced bui
ahout 5(0F% of the gas 15 flared at the flow station. The operating refineries have a total
capacity of 445000 b'd (Oni, 1992) and kerosene which is one ol the emd products is
used for cooking. Kerosene's stove 15 widely vsed in homes, They produce fewer
pollutants than coal and fuel wood. Nigeria is also endowed with large reserves of natumsl
gas. Development of the liquefied natural gas industries is now a reality. Cooking gas is
obtamed from both petroleum and natural gas.

Electricity is a good source of energy for cooking. Two types of electric power
peneralion are employed i the country. They are hydroelectne power generation and
thermal —electric power generalion. In 1990; National Electric Power Authority (N E P
A) had installations that could generate electricily 1o a capacity of 5988 MW (Sheyin,
1'5), The demand for electricity continues to increase. The world is becoming
increasingly conscious of the health hazards associated with environmental pollution
This puts electricity at advantages over the rest of non-renewable energy sources.
However electricity is by and large capital intensive in generation, transmission and

distribution,



Uine of the commuon perennial problems in many homes tn our nation b the cost of
cooking fuel, This problem is often aggravated by frequent scarcity of kerosene and
conking gas. In the process, many people suffer starvation. Consequently, there is a call
to hamess other energy sources, Efforts are being made to develop solar encrgy cookers

using locally available materials.

1.3 The source of solar energy.

aun s the source of solar energy. Sun forms an ecosystem with the earth and provides all
its energy. It keeps the earth warm. raises our crops, sometimes gives rise o our
petrolenm and coal, and exeriz virtual control on our weather and climate, The Sun is a
star, one of the 10'" stars in our targer system the Milky way Galaxy. It is an immensely
hot gaseous sphere approximately 1.391=0" m and 1.51=0"" m from the earth. The Sun’s
masz and volume are 1.99x10™ kg and 1.41x 107" m respectively. 1t is made up primarily
of 71% of Hydrogen, 27% of Helium, and 2% of other heavier elements like Carbon,
Mitrogen, Oxyvgen, and vanious mefals {Dueffie and Beckman, 1980).

Several fusion reactions takes place in the sun from combination of every four
hydrogen nuclei to produce one helium nucleus and converting the unbalanced mass to
enerpy. Thisenergy is produced in the interior of the solar sphere, at temperature of many
millions degrees. The Sun has effective black body temperatures of 5762 K. The
temperature of the innermost region, the core is estimated between 810" to 40x10" K
and the density about 100 times that of water. The sun provides directly and indirectly
greater part of energy used on the earth. This energy source is renewable, it 1s replenished
or regenerated naturally as it is being consumed. I influences climatic changes and ocean

currents. [t keeps the earth warm, sustains our crops (photosynthesis) and evaporates

water from the earth surface which returns 10 us as rain.



The sun constantly emits radiant energy. There are reasons why the earth receives
only a small proportion of the total energy radiated into space by the sun, First, it is due
o the rotation of the earth and the sun’s elevation. This gives rise o dav and night and
alzo determine the amount of light received at any point on earth at anv given time
Secondly, the encrgy received decreases inversely as the square of the earth —sun distance
which is 1.50=0" km. The ozone layer prevent the harmful Ultraviolet and infra - red mays
from reaching the earth surface. It is the helpful Sun - rays that reach the earth. The
I:IIE!II']_.!}' from the sun per unit time, received on a unit area of surface perpendicular to the
direction of propagation of radiation, at the earth’s mean distance from the sun, outside
the atmosphere is known as solar constant. It is estimated to have a value of about 1353
Wom'® {Duflie and Beckman, 1980),

Yaration of the earth - sun distance, however, does lead o vanabon of
extraterrestnial radiation flux in the range of + 1% The dependence of the extraterresinal
radiation on the time of the year is

1+ 0033 s 3000
'rn-l = "r.'ir 1{:'5

|0

| - extraterrestrial radiation measured on the plane normal 1o the radiation on the nth day

of the vear. Solar radiation is usually of three components namely diffuse, reflected, and

direct radiation.

1.4 Application of Solar Energy.

Solar energy is abundant and renewable but it s thinly distributed over a wide area .In
order to collect solar energy for specialized applicaion vou need new specialized
devices. Some examples include solar collector for domestic and hot water production.

The applications of solar energy are in the following areas.

]



#  Solar energy cells /photovoliaic technology
#  Solar energy ~thermal applications.
Photovoltaic systems are used 1o generate electricity using solar cells. Solar thermal
energy can be used in application such as, water heating, crop drying. cooking
relrigeration. and space cooling. In view of the problem discussed in the preceding
sections, solar energy  cooker appear increasingly altractive as  supplement o
conventional cookers.

The impact of solar energy cookers on the economics of developing countries amd
the global ecology has been well articulated (Adams, 1976). Its operation is pollution free

and environmentally friendly.

1.5 Aims and Objectives

The aims and objectives of this project are to -
# Design and construct a box - type solar cooker, using locally available materials,
# Determine the performance of the conker.
= Evaluate the performance of the solar cooker during the rainy season, with a view

to modifying it for greater efficiency.



CHAPTER TWO
Literature Review

2.0 History of Solar Cooker.

The history of solar cooking poes far back in time, The first known solar cooker pioncer
was a Swiss, Nicholas de Savssure (1 740-1799) who built his black insulated hox cooker
with several glass covers. Even without reflectors he reached a temperature of
R 1191"F). In Africa the first user was an Englishman, John Fredrick Herchel, in 1837
He used a black box made of hardwood with a double glass window (without reflectors).
He buried the box in sand for insulation and reached a temperature of 116°C, In 1878,
Wilhams Adams, in Bombay India used glass planar mirrors arranged in the shape of an
inverted eight-sided pyramid that focused light through a cylindrical bell jar into the food
container {Meinel and Meinel 1979).

Samuel Langley an American m 1884, He wsed a Box-type Cooker on Mount
Whitney, Califormia, at an altitude of over 4 km (Cheremisinoff and Regino, 1978). It is
admitted that solar energy cookers cannot completely replace other tvpes of cookers
because il cannot work in the absence of sunshine, However, if it is well improved and
used on sunny days. much of the expenditure on energy for cooking will be curtailed.

Pande and Thanvi, {198%), designed and developed a solar cooker cum drier. This
dual-purpose device was found useful not only for cooking food but also for dehydrating
fruits and vegetables. It was extensively tested for cooking, boiling and roasting different
materiols viz, rice, polatoes, cabbage and 40 on. It wis found that cooking can be done
willin ™M} minuies during summer and within 120 to 180 minutes dunng winter, 1if the
cooking 15 started by 11.00 am. Nahar (1993) developed a large sired solar water heater

cum solar cooker. Its performance was satisfactory. The device could be used as a non-



tracking hot —box solar cooker. Although the device was comparatively expensive, it has
an estimated life span of 15 years,

In Nigeria, some scholars have made notable efforts in this area of research. At
Sokolo, Bajpai and Musa ( 1989) constructed a hot —box solar cooker. A booster reflector
was added to improve its performance. On testing, a maximum temperature of 158'C was
attained by the absorber plate. Al Nsukka, Nworie and Nwibe (1994) constructed another
mode] of hot-hox solar cooker. Onvishi (1992) designed and constructed a concentraling
solar cooker. Experimental result showed a concentration ratio of 37.78 and an efficiency
of 13.09 % Al Akure, Adegoke and Fasheun { 1998) designed and constructed a box
type cooker, A temperature of S0°C above ambient temperature was atiained on 1200 ml
of water in a pot inside the box cooker over about 4 —hour period. Mean collector
efficiency, and instantaneous was 15.4% and 32, 7%. At lle — Ife, Pelemo, et, al {2002)
designed and constructed a focusing ~ type solar cooker. The thermal efficiency was

menstred to be G0,

2.1 Different Types of Solar Cookers,

Since the days of the earliest pioneers, hundreds of different types of solar covkers have
been invented and tested (Grupp, 1991). The laws of thermodynamics determine those
factors that make a solar cooker fil for use,
The solar cookers in use usually belong to one of the three main categories

# Box type solar cookers

¥ Tarabolic concentrators

- Flat —plate collector system. (Grupp, 1991 and Kuhnke, 1990),



2.1.1 Box type Solar Cooker

A typical hox type solar cooker consists of an insulated box with 8 transparent cover
made of glass or plastic (Fig 2.1). Usually, the box also includes one or more adjustalle
external fai reflectors (boosters) in order to enhance solar radiafion mio the cooker
{Lirupp, 1991). The operation of a solar box cooker is based on the greenhouse effect
The maximum lemperature is about 150°C. Classical box cookers are more practical in
use than concentration cookers, since they do not peed tracking. On the other hand, their

thermal performance are often quiel poor, mainly due to a bad heat transfer into the pot

2.2 Parabolic type concentrating solar cooker

A parabolic concentrator solar cooker has a collector, which consists of either a reflecting
or transmitling concentralor concentrating the solar irradiation onto a Tocal point (Fig 2.2)
the cooking pot is placed at the focal point. The advantages of this type of concentrator
system i3 that they can reach high useful temperature, on the other hand, the need for
frequent tracking forces the user to work in the sunshine under particular strenuous

condition of heat and glare (Grupp. 1991).

[1]



Fig 2.1 Box-type solar cooker
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Parabolic concentrators have good thermal cfficiency and reach  high
temperature, but require Tequent “tracking”that is, changing the position of the device
according 1o the Sun’s position.  Different configuration of this concentrator range from
shallow -dishes to deep ~dish models  {Hougshen and Sears, 1995). Some are made to
have a comtinuous reflecting surface while others have series of concentric rings which
are so supporied to focus radiation at an angle point, as shown in Figure 2.3 and 2.4 The
focal point 15 considerable diffuse due to imperfect fabrication. A temperature range of
150°C 1o 400°C can be obtained at the focal point and with carefully constructed

collectors a temperature of S00°C and above can be attain at the focal point {(Garg, 1976)

2.2.1 Problems of concentrating Solar energy Cookers
Concentrating  solar cookers have some inheremt prohlems The problems are
related to optics, geometry, operation and cost. Viz:
* Frequent re-orientation of the concentrator is needed for the purpose of proper
tracking of radiation.
= Cooking must be done under the hot direct radiation of the Sun. This could he
very inconveniencing lo users. Only the cylindrically parabolic type can be
designed to avoid this problem

¥ Usera may suffer bums or eve injury when in contact with regions near the foous

W

They cannot work in the absence of sunshine. And their efMiciency under diffuse

radiation 15 poor.

v

Concentrating reflectors are very scarce, difficull to produce and expensive

14



2.1.1 Advantages of concentrating solar energy cooker.
In spite of the above limitation, concentrating solar energy cookers have many
remarkable advantages over the zolar box —conkers.
Some of the advantapes are;
F  Fast cooking is achievable because of inherent high temperature of operation

¥ Meed for maintenance is minimal.

-

Some can be adapted for remote cooking.

¥

They offer nsers more convenient access o pol.

2.3 Flat plate collector systems.

A solar cooker is called a flat plate collector system if its collector part and its cooking
vessels are physically separated, either in different cases or in different compariments of
the same casing and il its collector svstem is of a flat plate tvpe, within or without booster
mirrors {Kohnke, | 'E.“J'Ui.

The Mat plate solar cooker consists of two main umts mamely the o plate
coltector and an insulated cooking chamber. Flat - plate collectors can be desipned lor
application requiring energy delivery at moderate temperature, up to perhaps 100°C
above ambient lemperature. They use both beam and diffuse solar radiation and do not
require tracking of the sun (Grupp, 1991). Usually the collector is made up of tubes,
which are thermally bonded to highly condoctive fins and are fitted in a well insulated
bax as in Fig 2.5. The lid of the box is made of two sheets ol glass that are lramed and
hinged on one side. The entire collector is mounted on an inclined stand in a way thai
would permit maximum solar energy reception. When water contained in the collector
pipes is heated, steam is generated, this is directed to the cooking chamber by means of

an insulated hose,
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Fig. 2.5. A Nat plate solar energy cooker



Steam in this operation is below 100"C. Cooking time is comparatively long It is besi
suited for preparing food items that require long and slow boiling. It can be adopted for
indoor cooking (Pejack, 1990).

I'he advantages of a flat plate collector are: they do nol peed tracking, they
allow for unattended cooking in the shade, if the kitchen part is situated in a building or

wnder @ pool,

2.4 The working principles of Flat Plate collectors.

A Solar collector is a special kind of heat exchanger that transforms solar mdiant encrgy
into heat. It differs in several respects from mere conventional heat exchangers, The lafter
nsually aceomplish a flmd 1o — fioid exchange with high heat transfer rates and with
radiant energy as an unimportant factor,  In the solar collector, energy transfer 15 from a
distant source of radiant energy to a fluid. The Mux of incident radiation is approximately
1100 Wim®  The wavelength range is from 0.29 mm to 2.5 mm, which is considerably
shorter than that of emitted radiation from most energy absorbing surfaces.

The basic features of a flat plate solar collector are shown in Fig. 2.6, Both the
outer cover amd the inner cover are made of materials. which have high tranzmissivity,
Solar radiations that impinge on the collector surface pel to the absorber plate by
transmission through the covers. This raises the temperature of the absorber plate to a
very high degree. Heat is transferred from the plate to fluid in the conduit. This is the
ultimate function of the collector, The essence of the covers is to reduce convective and
radiative heat losses from the surface of the plate.

Considering Fig.2.7. Energy hn!nnr..'lz n'r1 the fluid lowing through a single tube of
length v can be expressed thus;

tmint Cp Trly- fmin} Cp Ty lyey +yqu=10 20

The maximum possible useful energy gain (heat transfer) in a solar collector occurs when
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the whole collector is at the inlet fluid temperature, At this point, hept loses (o the
surrounding are at o0 minimum. As mentioned earlier on the wltimate function of the
collector 18 to transfer heat to the working fluid. Therefore, the actual energy paim Qu. isa
very imporiant parameter. It is expressed in terms of the collector heat removal factor and
the maximum possible useful energy gain,
= A Fa [{8-Uy) Ty ~Ta)) 2.1

The useful energy gain of a collector is a measure of s effectivenes=s. (Hottel,

1958) have shown thal the above generzlization relationship apply to all non

concentrating collectors.

Where -; (), - actual energy gain, m - toial mass flow rate kp's

n - MNuomber of parallel tubes, T, - ambient temperature

Ac - aperture area, Fr collector heat removal factor,
5 - surface arca of collector, Ty - outlet  fluid  temperature,

11y - overall loss coefficient.
2.5 Shortcomings of Solar Box —Cookers.

Like the concentrating cookers, the solar box —cookers have some inheremt problems
They include;

* They can only be used on sunny days.

t!

Long cooking lime.

¥ Cooking must be done under the Sun, except for flat plate solar cooker, which can
be adopted for in-door operations

¥ Maximum operating lemperature of solar box cookers 15 lower than that of

concentrating cookers.

1%
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L1.5.1 Advantages of Solar- Energy Box —Cooker
In spite of the limitations, solar energy box cooker have several advantages,
»  Simple to operate
+  Ease of construction.
F  Tracking of the sun is not necessary,
F Mo nsk of sunbum.
F It uses both direct and diffuse radiation,

#  (an be made with locally available materials anywhere,

2.6 Principle of Solar Box Cooker Design.

A typical solar box cooker consists of two boxes with insulation between them, a black
absorber plate at the bottom of the inner box, a transparent top cover and a reflective lid
as an energy hooster Fig. 2.8 There are hundreds of differemt designs of solar box
cookers in use. These vary in size, material insulation and components used. (Grupp,
1991). The law of thermodynamics always determines the function of a solar box cooker,
irespective of its design and material components. (Duffie and Beckman, 1991). The
most important factors that affect the efficiency of a solar box cooker excluding operating
conditions include; heat gain into a solar box cooker, heat loss from the box, heat transfer
from the solar box cooker to the cooking vessel, structural materials of the box, materials
and design of the reflective lid and transparent top cover, and the volume ol the cooking
chamber, (Gropp, 1991},

2.6.1 Heat Gain into a Solar Box Cooker.

From a thermodynamical point of view the function of a solar box cooker is to trap and

contain the heat of the sun inside it and to transfer the heat to the cooking vessel as
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efficiently as possilile. The heat retained inside the insulated box with a transparent cover
15 basetl on the greenhouse effect illustrated in Fig. 2.9, The light energy (which is short-
wave energy) that enters the cooker through he transparent top cover is absorbed by the
black pot and the black boltom metal plate . The short-wave light encrgy is then converted
into longer wavelength heat energy and radiated from the interior matenals. Most of this
radiant heal energy is trapped inside the cooker and can (mostly) not mdiate back out
because of its longer wavelength. Although the transparent cover traps most of the radiant

eat. some does escape directly through the lid (Aalfz, 1992),

2.6.2 Heat Loss from Selar Box Cooker.,

Heat loss from a solar box cooker consists of conduction, convection, and racdiation, Heat
i5 lost by conduction, when it travels through the molecules of aluminum foil, glass,
cardboard, air bottom metal plate, and insulation, to the air outside of the box. Hot air has
a tendency to move upwards due to its lower density. If there are any cracks around the
top lid, or side door, or construction imperfections, the hot air travels out of the box and
cooler air from outside enters. This lowers the temperature inside the cooker.

The third heat loss mechanism is radiation, Any hot object gives of heat waves,
or radistes to its surrounding {which are at a2 lower temperature), These heal waves are
rashated through air or space. Most of the radiant heat given of by the warm pots inside
the cooker is reflected back from the foil, bottorn metal plate and glass. The transparent
top cover (usually glass or plastic) traps most of the long- wave radiant heat, but some
does not escape directly through !H: g.lﬂzing {Aalfs, 1992), The main heat loss

mechanisms are conduction from the walls and floor, convection from the cover and re-

radiation out of the cover {Pejack, 1990)
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2.6.3  Heal Loss Trom Walls and Floor

Heat loss from the walls and floor consists of conduction, convection, and increasing the
thermal resistance of the walls can reduce radiation, conduction from the walls. Thermal
resistance can vary significantly, depending on the construction and insulation materials
used (Al the operating temperatures of solar box cookers thermal resistance can be

defined as.

. :
e ¥, 212
& i

Where q° is the heat flux (W/m’)
R is the thermal resistance in units of m*W /K
T, and Ty are the lemperature of the opposing walls of the cooker (in absolute
Eelvin)
An empirical equation (Incropera and Dewitl, 1985) predicts a thermal resistance
of 0.39 units for. the 5.0 em thick wall {with only air in between), when T, = 168 K
(95°C) and T; = 298 K (25"C). Doubling of the wall to 10.0cm results in only about a 6%
increase in resistance R
Inserling thin parallel plane of material, or a baffle, causes impediment to the
convection currents between the walls. An empirical equation (Incropera and Dewitt,
1%85) predicts a resistance of 0.66 units when using one parallel plane, Theoretically,
inserting many planes would cause the overall resistance to approach 2.0 units but planes
touching each other would "short” the resistance by conductionm,
The total wall resistance 15;
R = Rl B/Roms + Ro) 2.3
Where R, is the radiative resistance

K. is the convective resistance
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The relative radiation heat loss is thiee Gmes more than the beat loss by convechon,
therefore it is important to reduce radiation through the walls. This can be done by
fowering the emissivity of the walls; for example. covering the wall(s) with common
household aluminum foil. Another way 15 to insert paralle]l line (radiation shields)
between the walls, A certain level of thermal resistance s needed for a sulficient cooker
operation. In practice an adequate thermal resistance can be achieved either by inserting
foiled buffles between the walls or foiling the walls and adding some Glling material in

between, Using all of these together brings the maximum resistance (Pejack, 1990).

2.6.4 Heat loss from cover

Heat loss from the cover occurs by convection from the cover, re-radiation out of the
cover and through channels such as sealing, edges and comers. Estimation of top heat

losses 15 a complex problem due o the tray-shaped absorber plate and the presence of

combined convective and radiative modes of heat transfer.

As the absorber plate temperature increases, the top heat loss coeflicient increases
due to higher temperature. Wind velocity increases the convective heat losses
significantly and thus reduces the cooker’s temperature. An increase in the nmumber of
glass layers affects the reduction of the heat loss coefficients due 1o the increase in
thermal resistance offered by successive air lavers. However, increasing the number of
glass covers from one 1o two only has the effect of about a 20% decrease in the heat loss
coefMicient, Increasing the glass number from one to three or four decreases the heat loss

coefficient up to 40% but it becomes even more difficult and expensive to construct

(Channiwala and Doshi, 1989),
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1.6.5 Heat transfer from solar box cooker to cooking vessel

Experiment shows that the most important heat transfer mechanism is by thermal
conduction between the absorber plate and the pot. Therefore a good thermal contact is
ahanlutcly essential, The cooking time was minimum for plass of 0.5 mm aml 1.0 mm
thickness. However, to ensure a good thermal contact between the vessel base and the
plate. the plate and vessel base have (o be smoaoth, even and rigid. Hence, the use of a

1.0mm thick plate is advisable. The plate should be painted dull black. { Thulasi, [as,

etal. 19494,

2.7 Structural materials used lor a solar box cooker

The materials used for solar cookers should be casily available, incxpensive, easy to
repair and replace. The more the materials can be manufactured locally, the better. The
possible materials for the structure include cardboard, wood, plywood, masomie,
bamboo, metal, cement, bricks, stone, glass, Aberglass, woven needs, plastics, clay, cloth

stiffencd with glue efc,

Finally the cost. availability, personal wishes and humidity of the climate

determine which ones is applicable in each case ( Aalfs, [992).

2.8 Moisture Resistance

Water that vaporizes from food while cooking will s0ak the materials of the cooker iT it is
not prevented from entering the structure. For example, a strong, plastic-coated aluminum
foil can be used o seal the inside of the inner box so, that moisture cannol penetrale

through the foil to the box.
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2.9  Materials and design of the transparent top cover and reflective

lid
The material of the transparent top cover can be glass, plastic or some other suitable heat
resistance material, Glass is widely available in developing countries and therefore by far
the most common matenal used. (Glass has some disadvantages; it iz heavy, awkward to
carry and il breaks easily, Glass is still preferable because it is a relatively low-cost
material, and easy to get and replace. One other important aspect is that when glass pets
hot it does not become distorted, as many plastics do. Several substitute materials for
glass are under development, For example, Solar Cooking International (SCI) is using a
plastic film on some of their cookers. It is special heat resistant polyester that is also
somewhat resistant to the effects of ultra-violet light (SCH Resources Co-ordinator, 1995)

Fhe reflective lid can be just a thin plane, which is coated with aluminum foil.
The area of the lid should be equal to or bigger than the area of the window. Boosters can
be used to maximize solar radiation transfer to the box. One way to do this is 10 make an
extra reflector, which is attached vertically to the 1id. The extra reflector can be a little bit
bent (comvex ) io concentrate solar radiation inside the box,

If the food 12 to be kept warm after cooking, it iz advisable to design the lid to
help in this task. A thin lid does not prove effective enough to prevent the heat from
escaping through it and the glass, after the solar radiation to the box has ceased. A thicker
lid with some insulation in between {and good sealing to the glass) helps 1o keep food
warm even several hours after cooking, when closed carefully, Heat relention can be
rendered even more effective by putting a blanket on top of the closed lid.

The reflective material should have high specular reflectance, high durability, and

of course, low cost as shown in Table 2.1.
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TABLE 2.1 REFLECTIVE MATERIALS

Material specular Durahility Cost

Reflectance

Mirrors Breakable Very high

Aluminum foil Tears Moderate

Aluminium sheet Good high
Aluminised polyester Tears moderate

Metal from fuel tins Rusts moderate

2.10  Size of cooker and Yolume of cooking Chamber

The size of the cooker is an important factor not only for the amount of food it cooks, but
also it dictates the cooking time. As a rule, the bigger cooker (and thus the bigger surface
to receive solar radiation) you have, the more and faster you can cook. However, the
design of the cooker is a much more important factor than it would seem at first sight
(Malhotra et al 1983).

The cooking chamber volume is reduced by changing the inside of the box from a
square shape by Lilting the inner angle to four different shapes and get a considerable
improvement in its performance as shown in Figure (2.10a-¢)

They calculated that the optimization factor (F,) of the optimized cooker is:

Fo = Volume of chamber/Area of window 14 cm provided the concentration ralio

of the reflecting assembly is 3.6,

Tilting it too much is not advisable because the base tray surface area (= main

heat condition surface area) also decreases.
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CHAPTER THREE

NESIGN AN CONSTRUCTION OF SOLAR BOX COOKER

31 Description of the Cooker

e experimental solar energy cooker illustrated in Fig. 1.1 consist of two hoxes, the
outer box, rectangular in shape made of metal sheet of gauge 18, the inner box tapered
and the walls are inclined at an angle B0". The inner box is an aluminum sheet rest on the
msulation and contains the cooking ulensils with the food material (referred 1o as the
cooking chamber). The dimension of the outer box are 90 cm x 60 cm at the base and at
the top and 25 ¢cm high while the dimension of the inner box are B0 cm x 50 cm at the
top, 70 cm x 40 cm at the base and 18cm high. The sidewalls have the shape of an
inverled, truncated, rectangular-based pyramid. The absorber plate is painted matt black
The collector surface 13 a double-plazed lid with the outer glass and the inner glass of
almost the same area, and are fixed in frame and one hinged 1o the box and served as the
biox door. Three framed reflectors are also incorporated, the bigger reflector which served
as the cooker cover is of 20 ¢m % 60 cm and the two additional reflectors are of 60 em x
60 cm in dimension. They serve as an insolation baoster and cover to the glazing when
the cooker is nol in use.

I'he angle of the bigger reflector can be adjusted depending on the angular
position of the sun. Solar radiation that impinges on the glass surface is of three
components. Thev include direct {(bheam), diffuse radiation from the sun and reflected
beam from the boosters. The cooking vessels (pots) are eylindrical in shape and have flat
bases so as to ensure good thermal contact with the absorber plate. The major mode of
heat transfer to the vessel 15 by conduction via the absorber plate. Access to the cooking

chamber is by rmsing the hinged lid
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Design principle of solar box cooker (basic) Parameters

Initial water temperature; T, = 28°C

Final temperature of water attainable, T, = 100 "C

Heat capacity of water al constant pressure O = 4200 Vkg K

Mass of water to boiled M = 1.5 kg

l'ime for complete boiling ¢ = 60 min

Ambient air temperature T, = 28°C

Desired maximum heat loss throngh walls (Qa = 5%-6%

Total Insolation Gy = 698.02 W/m®

To achieve zero heal loss, a wall of an nAnite thickness is nesded in which case the

equipmenl is too bulky for handling. The cooker is expected 1o lunction under fluctuating

imzolation.

3.3 Energy input to the Cooker.

The only source of encrgy input to the cooker is the sun. Solar radiation thal impinges on
the glass surface of the collector (glass-cover gl} is of three components namely: direct
radiation, diffuse radiation and reflected beam from the boosters, The overall
instantaneous solar irradiance (Gy) incident on a unit surface area of the solar cooker
{horizontal) surface with reflectors is expressed in terms of beam, diffuse, and reflected

radiation as in the following equation.

iy = Gh,+ Gy + Go. 3l
Where G, = A exp (-Bfsin f) cos 8. 33
Gag = AC exp (-Bfsin ) £, 13
G = pmGbr fi; Cos B, 14
Gy, ™= A exp (-Bisin i) Cos &, 1.5
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Where Gy, and (v, are the beam and diffuse components of the solar irradiance on the
horizomtal surface respectively, G, the beam irradiance on the cooker surface rellected on
the reflector and solar altitude angle [, i, is the view factor between g amd sky
(dimensionless), [y s the exchange factor, By 15 the is the angle of incident of reflected
beam of glass - cover gy and 8, 15 the reflected angle inside the glass medium

3.4 Measured Overall Heat Loss Coelficient, U}

I'he overall heat Joss, Uy can be obtained from the parameter and the properties of the
cooker materials. Thus Uy is the sum of the top loss (1), side loss (1,) and bottom loss
(Uy)

Up=U;+Us+ Us 36

The overall heat loss coefficient is an important parameler since il is a measure of total

heat loss from the collector in Wim' K.

341 Top heat loss coefficient

A schematic diagram for a two-cover system is shown in Fig. 3.2, For evaluating the top
heat loss coefficient U, convection and re-radiation losses from the absorber plate in the
upward direction need to be determined. It is assumed thal:

{i) the transparent covers and the absorber plate constitute a svstem of infinite

parallel surfaces.

iii) the flow of heat is one-dimensional and steady
fiii) the temperature drop across the thickness of the covers iz negligible.
{iv) the interaction between the incoming solar radiation absorbed by the covers

and the long wavelength oulgoing re-radiation may be neglected.

If the cover material is glass the glazing will be assumed to be opague.
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Fig. 3.2: Two-cover sysiem
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£y = emissivity of the absorber plate
£, = emissivity of the covers

Ter. Tea = temperature of cover | and cover 2 respectively
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= convective heal transfer coeflicient between the absorber plate and the first

by —c2 = convective heat transfer coefficient between the first cover and second covers

convective heal transfer coefMicient between the cutermost cover and the ambient
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I, - skyv temperature

| e — mean plate temperature

X4.2  Heat losses from the transparent cover to the Ambient air
Asx earlier mentioned, the heat losses from the transparent cover 1o the ambient air are due
to radistive and conveclive exchanges, which the wind velocity affects. Radiative
exchanges are influenced by ground, surmosnding condition and long wave radiation from
the sky, especially when there is a very clean sky (i.e. when the sky temperature is
significantly lower than the ambient air temperature.

Swinbank relates sky temperature (T, ) to the local air temperature {T,;,) by

Tay =0.0552 T, *(K) 100
Whiller recommends a simple formula

Yoy = Tain~ 6 101
Where temperatures are in Kelvin
For design purposes, it is recommended to use a single formula, which accounts globally
for radiative and convective losses
The lincar equation for Mac Adams is given by

U, =57 +38Y 1.12
Where 11, = heat teansfer coefTicient from cover to the ambient air (W/m'K)

V = Wind velocity (m/s)

15 Bottom heat loss coeflicient

For determining the bottom heat loss coefficient Uy, conduction and convection heat
losses from the absorber plate in the downward direction through the bottom of the

collector need (o be calculated. Here the Now of heal 15 also one-dimensional and steady,
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The thickness of the insulation provided is such that the thermal resistance associated

with conduction dominates and the convective reststance may be neglected. The bottom

lnss coeflicient is given by

I L1

.1

= —— =571 Wim'K
007

Where K, = thermal conductivity of the insulation material {as shown in Table 3.1)

fy = thickness of the insulation

36 Side Loss Coefficient

It 15 assumed as in the case of the botlom loss coelTicient that the conduction resistonce

dominates and the flow of heat is one-dimensional and steady. This is because the side

loss coefficient is always much smaller than the top loss coefTicient.

Let the dimensions of the absorber plate be Ly and L; and the height of the

collector casing be Ly, then the area of the sides across which heat Nows iz 21 + Lai Ly

The temperature drop across which the heat-flow oceurs varies from (T, — T,) at

the ahsorber plate level to zero both at the top and bottom,

Assuming that the average temperature drop across the side insulation of

thickness &, is

r. =T
i, = 1‘JI-'1':"".' + Lz}M

28,

h = I“—l +Lﬂ TTrrn 'Tu

U, = L+l LKy

L) Ly &,
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Where g, — the rate at which heat is lost from the sides

g, =U AT, -T;) 3.8
Where -
Ly = length
L; — breadth

s insulation thickness

Ta — ambient air temperature (K)
Tpm — mean plate temperature (K) (average temperature of the absorber plate).

Ap—aperture area

A7  Materials For Solar Cooker (Box type)

To design and construct solar cookers for heating purposes, knowledge of the properties
of the materials and characteristics of the various components is necessary 1o predict the
performance and durability of the cooker. These are classified into three categories-
thermo-physical properties - which include thermal conductivity, heal capacity, and
radiant heat, transfer characteristics,
# Physical properties - these include density, tensile strength, melting point, and
modulus of elasticity.
¥ Environmental properties — include resistance to UV degradation, moisture
penetration, corrosion resistance, and degradation due to pollutants in the

atmosphere.

3.7.1 Absorber plate

The absorber plate material should have high thermal conductivity, adequate tensile and

compressive strength, and good comrosion resistance. Copper, aluminium and steel are
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considered most appropriate (in respective order) in terms of the desired material
properties (Gray, 1997). A list of matenals penerally emploved for the absorber plate is
given in Table 3.1. Copper is the mosl suitable material due to its high thermal
conductivity and non-corrosiveness, but it is scarce and expensive,

Consequently. alumimum, which is next to i, is used and painted matt black to
enhance its absorptivity and non-cormosiveness: A plate thickness of Imm is used as this

iz commercially available.

3,7.2 Cover (Lid) Plate

The functions of cover plates are to transmil maximum solar energy to the absorber plate,
o minimize upward heat loss from the abzorber plate to the environment, to shield the
absorber plate from direct exposure to weathering,

The following are the factors to be considered in the selection of cover plate
materials, they are the sirength, durability, non-degradability and solar energy
transmiliance.

Tempered glass is the most common cover material for collectors because of its
proven durability, stability when exposed to ultra-violet radiation high resistance lo
breakage both from thermal cycling and natural evens.

Transparent plastic materials such as tedlar, mylar, lexan may also be used for
cover plates. The main advantages of plastic matenals are the resistance to breakape,
reduction in weight, and reduction m cosi, but plastic material have limited life because
of the effect of ulira-vialet radiation in reducing their transmissivity, plastics materials
are also partially transparent to the long-wavelength radiation and are, therefore less

effective in reducing radiated heat losses from the absorber plate. Most of the glass and
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plastic moterials of interest have refractive indices of about 1.5, Taken all these factors
into consideration tempered plass was chosen.

The number of plazing depends on the extent of the solar radiation and the
temperature difference between the collector plate and the ambient air. The cooker is
designed to maximize the input of solar radiation, which will require large glazing area.
Increasing the glazing area would also mean increasing heat loss from the inner box 1o
oulside, Therefore, the glazing area should be such as to transmit enough solar radiation
to provide adequate sunlight and heat required by the cooking chamber. But plass is n
pood conduction of heat and therefore single glazing is not preferred, multiple glazing
with some air space in between is used to reduce the heat loss. The multiple layers
{double glazing) is employed in the design not only 1o reduce the heat loss by the process
of conduction and convection but also by radiation, becanse the glazing temperature goes
on decreasing. The trapped air spaces reduce both the conductive and convective heat
Insses, Double glazing laver of 6 mm-8 mm air space give R values of 0271 { L

when R is the reciprocal of heat transfer coeflicient (U) known as resistance to heat flow,

3.7.2.1 Collector surface area

Power supplied to the glass surface is equal to the sum of power (o boil a specified
quantity of water, power loss to walls and power loss due to absorptivity and reflectivity
It iz thus stated as
Power supplied to the plass surface = I"{_'rwer required to boil water
+ Power loss 1o the walls
+ Power loss due o
absorptivity and reflectivity

Hence:
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G, - A = — 4O F G () 319
f
Q,+Q, + G (p+a) 120
4 = ;??-' : Ef?'l:—‘ rl'“ _f}

= 121
O,

Where -: M = mass ol waler,

= lime interval,
Ly = power loss io the walls,
' = Specific Heat Capacity,
AT = Temperature change
L3, = reflected radiation
Ac = collector surface area m’
Qw = actual vseful energy gain per second, W
p = Reflectivity
i = ahsorptivity
T = transmissivity

3.7.2.2 Earth-Sun Angles

For computing solar radiation and designing solar cooker, the knowledge of sun's path in
the sky on various days in a year at a particular place is a fundamental pre-requisite. We
make use of following angles, namely the zenith angle (8,), solar altitude angle (8,).
Incident angle, of beam radiation on reflector (8,) and the angle of incidence of reflected
beam on glass cover (B,) as shown in Figure. 3.4, For Akure, which is at latitude of
07.17"N, longitude 05.18°E. The solar altitude angle (8,) is defined as the angle in a
vertical plane between the sun's rays and the horizontal projection of the sun’s ravs. The

Zenith angle 6, is the angle between the sun's ray and a line perpendicular 1o the
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horizontal plane. The angle of incidence of beam radiation is the Zenith angle of the sun

(8;), which is expressed as
Cos#l; =Cos 8 Cos @ Cos W - 8ind Sin® 322
The declination can be found from the following equation

§u 13.455#.{357"’315 3&0] 3.23
365

Where n = the Julian day number. For April

3 +28+31+ 15

105

3.24

5 = 33.45&”[3&{1M]

365

& =9.41°

The declination & of the sun is the angular displacement of sun from the plane of the
earth’s equalor, this angle varies between + 23.5" and -23.5" (Garg and Prakash, 1982).

At an hour angle of —30°, which corresponds to 9.00 a.m. solar time, the Zenith

angle can thus be obtained.

Cos Q,-Co0s9.41" Cos 7.17" Cos (-30°) +5in 9.41° 8in 7.17°
= (18693

g = 30"

Solar altitude angle f = 90° - 8, . 60"

3.7.3 Effective Transmittance

A fraction of all the total insolation is lost due to reflectance and absorptance of the cover

malerial, It 18 therefore not all the (otal insolation that reaches the collector surface that is
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iransmitted to the cooking chamber, It is only the quantity that gets into the cooking

chamber by transmittance that iz utilized.

The collector is a double-glazed panel, each plass cover is 4mm thick. The

ahsorptivity, reflectivity and transmissivity of the two parallel glasses can be expressed in
terms of surface properties. This is stated as

i =1 .[l _ﬂﬁl'-"—-‘i-f.u"L'n.-.H]]

| - o expl—KL/! Cosé) i
e AR )
£ ;JEFIP{:KLF{‘ME?: 197
1= p” expl-2KL! Coséh)
Where ¥ - reflectivity
i} - ghzorptance
T - transmissivily
fl . refracted angle inside the glass
medium, and is related to the
incident angle by the Snell’s law
L = thickness of the glass plate
K - manachromatic absorption coefficient and is related 10 the
extinction coefficient K and wavelength L by K = 4ak/.
The surface properties are related in this form
apt gt =l 3,26

The equations for determining properties of multi-layer glass systems is formulated using

the surface properties [Ojosu and Salawu, 1990) and are given as.
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s Y
__ Tua¥
- 130
1= [ LY =
Where, n — number of glass plates in the system. For a single layver plass

svstem. n =1, and for double layer glass system, n = 2. For any value of n
Oyt pntm=I1
In the far infrared band {at wavelength of about Spm or above) glass is opague
{Hsieh and Su. 1979),
Thust =1
iy 4 pi =1 for an glass layer, resulting ina, = 0

For a normal incidence condition the integrated glass reflectivity is 0,107 (Hsieh and Su.

1979}
pi = 0.107
T = |- 0,107 =0.893

The effective transmittance 13 is calculated as

Iz = 0.893 x0.893
10,107 = (.07

I'he insclation on the absorber plate of the cooker is 1t Gy

L0 o= 10 = 0.807 x 698.02 = 563.3%W/m’

3.7.4 Power Required for Boiling

The cooker should be able to raise the temperature of 1.5 kg of water from (287C)

to 1O0"C i 50 minutes
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Power €, is given by

% = MC AT
1

[.5 x 4200 % 72

M = ==

13.7.8 Heat Loss to wall

I51W

The desired maximum heat loss through the walls

Lh 15 3% of the total power delivered to the cooking chamber

h 5% of ()

0.05x563.30 =2B.1TW
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Gilass cover

Absorber plate

Fig. 3.3 The thickness of insulation

B,

[ . k

Fig. 3.4: Angle of Incidence of Reflected beam on Glass surface,



3.8  Insulation

Several thermal insulating materials, which can be used to reduce heat losses form the
absorbing plate, are commonly available. The desired characteristics of an insulating
material are low thermal conductivity, stability at high temperature {up 1o 200°0) no
deposing up to around 20000, sell-supporting feature without tendency to seitle, ease of
application. no contribution to corrosion. The propertics of some of the insalating

material are shown in Table, 3.1, {Buchberg and Roulet, 1976)

TABLE L1 CONDUCTIVITY OF MATERIALS

Material Thermal conductivity at 200°C (W/m"(")

Foam 0.017

Cellular foam 0093

Cilass wool 0.044 . I
Sowdust 01l

Thermuocale n.ns

.E-‘u|:|1'|1-lex 304} Industrial 0.975

Due to the availability and the cost sawdust is chose.

1.9  Booster Reflectors

The honster refllectors enhance or increase energy input (o the system. Reflector of high
quahty and pood specular reflectance properties are required. Due consideration must be
given to the effect of accumulation of duest and contamination, stability of reflective

coating, environmental effects, cleaning problems and cost. A variety of mirrors in vse
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include, the glass reflectors, stainless steel, metallized plastic films, polished aluminum
surfaces.

Polished aluminum surfaces have reflectivities of 80-85%, while new and froni
surface glass refleclors have 95% or better reflectivity. However, it is the reflectivity,
which is retained afler several years of exposure that is of interest, glass reflectors

{mirror) is chosen for the design of the cooker, The reflectivity of the mirror is 0,89,

3.9.1 Effect of the Booster Reflectors G,

The reflectors are always oriented to face the sun, (i.e. facing the east before solar noon
and west after solar noon). The increase in energy input due to the booster reflectors, G,

can be evaluated for every value of beam irradiance Gy, at any hour angle, Recall that

Gy = pxGpg X fpeos By

The Zenith angle 0, is a major parameter that affects the variation of G,. Three distinct
conditions are observed at solar noon. They include very low, moderate, and fairly high
values of zenith angle. At very low zenith angle, the values of (3, is close to zero. This
implies that the effect of the booster reflectors is very small in this condition. Months
that show very low zenith angles at solar noon are, March, April, August and September.
Al moderate values of 8, the value of G, rise. Months with moderate values of 8, at solar
noon May, June, July, and October Go varies from 37 W/m® to 67 W/m® in these months.
Lastly of Fairly high Oz, the value of Go are considerably high. Month with fairly high 8z
al solar noon are November, December, January and February, This implies that at solar
noon in the months with high values of 8, the reflector makes significant impact to the

energy input.
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3.10 Casing

The casing is to provide a rigid and strong structure for the insulation and house the inner
box, the absorber plate. The casing being the outer most part, it should have appreciable
aesthetic qualities. Materials considered appropriaste {or this application are fibre glass,
reinforced epoxy resin, plywood plastics and metal sheet, Metal sheet is chosen for ifs
availability, ease of construction and strength. A commercially available gaupe 18 metal

sheet is considered adequate for its rigidity.

111 Cookers Construction Plan

The schematic description of the cooker is illustrated in Figure 3.1, The work s
organized in components and was constructed separately. The components include,
collector surface panel {cover plate lid), inner tray. insolation booster panel, metal box
casing, support for booster panels, booster panel adjuster and insulation.

Construction drawings with complete dimensional details are given as appendix A

References are ofien made o these drawings. Precautions are stated whenever necessary.

3111 Construction of metal box casing

I'hve details of the dimensions of the metal box casing were given in the drawing Figure
1.6c is the isomeiric view. A full 318 mietal sheet was cut lor making of the open énd box
{no lid) as shovwn in Figure 3.5

After folding of the metal sheet, are welding method was used to join all the four

edges of the box, a box with dimension of 90cm x 6lom x 25em was formed,
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3.11.2 Reinforcement

Four pieces of 90 em x 5 em % 3 em hard wood were cut. Each of these pieces was
chamiered at 45" at both ends so as 1o form right angle with adjoining pieces as shown in
Figure 3.6a. The inner surface of the hardwood was chamfered to align with the slant side
of the inner tray. Pieces of reinforcing hardwood were set at the top edges of the
sidewalls as shown in figure 3.6b and nailed to the topside walls with 70 mm nails. The
reinforcement provided support for the inner tray and also prevents it from petting in

cantact with the metal box, which prevent heat transfer from the inner tray 1o the metal

o
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Fig. 3.5 shown the folding lines of the metal sheet.

‘\:er

25
¥ i l
Fig 3.6a /,/i‘ﬁg Fig. 3.6b A cross-gection of the
side-wall reinforced with the
Hard wood with a chamfered side hardwoud.

and chamfered end.

Fig. 3.6c: An isometric drawing of the metal box
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112 Insolation Booster Panel

The unil was made up of a rectangular plane mirror, which was fitted into a metal angle
joint frame with a thin plywood protective cover at the back. A cross-section of the
booster panel iz shown in Figure 3.7, One-inch metal angle joint of 300cm length was
formed into a rectangolar metal frame 1o Torm a slot for the mirror, The final dimensions
of the frame structure were M cm X 60 cm on the interior edges and 9.3 cm x 60.3 cm x
3% cm x 0.36 cm was sel on the frame. Finally plywood of size 90 cm x 60 cm x (1.5 cm
was placed on the back of the mirror, Three stoppers were made on the metal frame two
of which were welded to the frame and one screwed to the frame, this is to keep the
MANTOr in position,

This hooster panel serves as cover in the cooker. Additional two booster panel were also
comstructed with the same method bot of dimension 60 cm % 60 cm as shown in Figure
A8, The mirror was handled with utmost care to avoid breakage. Two-booster panel
adjusters were made, Each piece of 40 cm long steel bar, One fixed ot each sides of the
hooster panel. Six holes of 5 mm diameter were drilled on each adjuster and a pin stopper
welded to the two sides-ofhe frame at the op of the cooker. By changing the holes, with
the end of the pin the position of the booster reflector was adjusted. The other two-

booster panels were clamped 1o the two sides of the cooker

313 Collector surface Panel

The collector surface panel serves as a lid to the cooking chamber. 1t is a double-glazing
lid, made up of two parallel glass sheets of 4 mm thickness separated by 20 mm of
stagnant air and are rigidly fitted into aluminum frame. The dimensional details arc
shown in drawing and a cross-section of the panel is shown in Figure was 3.9 and 210,

The properties of some cover materials are shown in Fable 3.2
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Fig. 3.8 The sides” booster panel
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IR Gilass cover (g2)
Aluminium frame

Fig. 3.9 A cross-section of the collector surface panel
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FABLE 3.2 PROPERTIES OF COVER PLATE MATERIALS.

Thermal capacity = Thickness x Density x Specific heat

52

Materials | Index of Normal Normal Thickness I!msiti’ apectli [ Thermal
Refraction | Incident Incident im) (Kg/m') capacity
Short Wave | long-wave c heat {W-hrf'II:-
Transmittn | transmittan m')
nce e KK )
(3. =04- (.=2.5-
V| y— 1.5pm} 40pm) -
Gilass 1518 0.840 0.020 1175x 107 [ 2489 x107 [0.754x 10" [1.659
Lexan | 586 0.840 0.020 3175107 [ L1909 x 107 [ 1103 x 10" | 1260
Fibre glass | 1540|087 | 007 650x 107 | 1399x 107 | 1465 10" | 36l
reinforced
polyester | - S I | | | S | — .
Palyvinyl 1.40d0 0.920 0207 ILiMGx 107 | 1379 % 10 1.256 x 1) i 40
Muoride
{tediar) B | S | I |




Fig 3,10 The double glazing cover
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L1310, Framing of the upper and the lower glass cover g, and g,
Four pleces of aluminium frame were cul from a long stripe of aluminum frame. Each of
the pieces was chamfered at 45" at hoth end 30 as 1o form right-angle with the adjoining
picees. These picces were aligned on a horizontal plane and screwed at every comer to
{form a rectangular frame of 90 cm x 60 cm

Uin the edge of glass-cover gy and glass-cover g which were of 85 cm x 55 cm and
Bt cm x 500 cm {4 mm) respectively rubber seal was fitted. The two glasses were fitted
into the frame structure by removing one side of the frame, sliding the two glass sheet
one at a time along the groove on the frame prevent flow of air through the groove. It
minimizes transmizsion of shocks from the frame to the plass and also serves as damper
The clearance between the edges of the glass and the interior of the frame allowed for
thermal expansion of the glass. The double-glazing lid cover iz shown in the Fig (3, 1(.

« p; was purposely made wider than gz 50 to avoid risk of shattering of g

314 Inner box (Cooking Chamber)

The inner box was made of Imm plane aluminum sheet. The base was flat and has 70
mm % 40 em in dimension, s sidewalls have the shape of an inverted, truncated

rectangular based pyramid. A eross section of it is shown in Fig 3.11
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Fig. 3.11: Cross section of the inner box {absorber plate)

L~

\

/

Fig 3.12: The inner absorber plate plan
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Ihe inper hax was eut Trom the plain aluminiom sheet ns shown in Fipore 3123 %

clearance of 2 mm was allowed for the purpose of joining of the side walls by riveting.

An overlap of 4 mm was nmintained at the joint so as fo make it airtight. 1he inner hox
was painted mall-hilack. Bending the plate was avoided zo as to make the ahsorber plate 2

petfect plane for thermal contact with the base of the pot

Lhe properties ol metal vsed for abaorhers plate are shown in the Iable bhelow

TABLE 33 FROFPERTIES OF METALS USED FOR ABSORBER PLATES.

| MATERIALS DENSITY SPECIFIC HEAT | THERMAL
(Kpim') (RIKe'C) CONDUCTIVITY

(Wim'e)

Aluminum 2707 0.996 04

Irom TRO7 0452 7

Steel | 7TRY 065 4

Copper - |mosq4 REECER I T

Brass As12 p3es |

Silver | 10524 ' 0234 419

Tin 7304 0.226 6l

Zinc (pure) 7144 0.384 12

315  Cooker Support

The conker support was constructed from a long strip of 570 em angle iron bar, Two sels
pieces of the angle iron were cul, these are of dimension 90.5 cm and 60.5 cm. Both ends
of each piece were cut at 45" as shown in figure 3.13a in order to form right angles with
adjoining pieces, The angle bars, set on a horizonfal plane forming a right angle at every

cormer joinl, were made al the comer by welding. This forms the cooker seating shown in

Figure 1.13b
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Fig 3.13a; Angle bar for cooker seating cut at both end and a1 45"

., 5em

G0 5em

Fig. 3.1 3 Cooker seating shown the welded jni—n!.
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X116 Assembling

On completing the fabrication of different components the work was organised in
sequence a3 follows

Step 11 The metnl casing (hox) was set in position for insulation by putting sawdust
inside forming a truncated rectangular pyramid inside the casing

Step 20 The inmer box (aluminium) was set in position and was nailed to the hard wood
om the metal case.

Step X Angle iron bar frame was nailed to the top of the metal box, and the collector
panel was set in position and was hinged to the frame.

Step 4 The insolation booster panel was set in position with the edges having pivols set
side ways and the reflective surface facing the collector surface. This panel was hinged 1o
the angle iron frame at the top of the metal box.

Step 5; The entire equipment was set on the cooker support.

This constituted a complete assembly of the solar Energy Hot-Box cooker as shown in

Ffigure 3,14,
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Fig 3.14a The Selar Energy Hot-Box Coaker With a Reflector
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Fig 1.14b The Solar Box Hot Cooker with the Glazing Lid Openecd
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CHAPTER FOUR

PERFORMANCE TESTS

4.0 Thermal performance evaluation

Thermal performance of a solar energy box cooker is an important parameter of
solar box cooker. It is also the standard of grading solar cookers. Therefore the
measurement of thermal efMiciency of solar cooker is a paramount work. There is no
united method and standard for the measurement in the world presently (Ren. et al,
1997). The transient varinbility of the applied climatological conditions, namely
insolation and ambient temperature, render steady state rating procedures inappropriate
for rating solar cookers as is done for most solar devices.

Thermal performances of solar cookers include mainly two parts:

< Thermal efficiency and its measurement,
# The principle and method of measurement.
The performance of the solar cooker was thus evaluated by carryving out series of

thermal test under No - load condition and sensible heat tests with reflectors in place.

4.1. No Load Test

The main objective of this test was to determine the stagnation temperature and the

thermal response of the interior of the cooker to variation in the global irradiance in a

day,
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4.1.1 Experimental Procedure

® K-iype thermocouples were nsed (o measure the temperature of the absorber
plate (Tae), the stagnant air within eooking chamber (T), the inner glass

surface (T2}, the outer glass surface (T, ) and the ambient temperature {T,.4).
®  The thermocouples were glued to the respective surfaces.

® The thermocouples leads were connecled (o the temperature channels of a
digital multimeter one after the other. Temperature readings were taken al

interval of 30 mimules.

® [nstantaneous measuremenis of Global Insolation were taken using a
Pyranometer. The readings were obtained al the same interval of 30 minules
in Wim',

® A digital anemometer, with an accuracy of £0.005 m/s was used lo record

wind speed (V) in m/fs at the same time intervals,

®  The plane-mimor rellectors were set o face the sun always and were adjusted

to ensure that area of reflected rays covered the entire glazing surface.

A0 Wesubts aodd Dsensslon

Details of the test are given in Table 4.4 and Figures 4.7 and 4.8 for the test with
reflectors in place. A maximum absorber plate tlemperature of 1417C was recorded with

reflector in place at solar radiation values between 769,67 W/m® and 1079 W/m® between

| 1:00 am and 12:30 p.m local time.
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However, the cumulative contribution due to the reflector before the solar noon
would have also boosted the overall contribution by the reflector even at solar noon. The
sun 15 displaced considerably from the zenith at solar noon and thus solar radiation is not
normal to the horizontal and consequently, the reflector contribution would be expected
to he appreciable at solar noon for some months. The absorber plate temperature
measured was expectedly consistently higher than other temperature in the cooker. This
18 desirable as the anticipated major mode of heat transfer to the cooking vessel is by
conduction from the absorber plate. Cooking chamber air temperature was also
expectedly high between 29°C and 137°C for most of the test period. However, for peak
insolation values of between 767.67 W/m® and 1079 Wim™, the peak plate temperature
without reflectors is 108°C compared to 141°C when the reflectors are in place. This
explained the performance and the anticipated advantage of the plane reflectors in the

design.

4.2 Sensible Water Boiling and Heat Tests

The objective of these tests was to determine the time to boil a given gquantity of

water and the effect of weather condition on the boiling.

4.2.1 Experimental Procedure

Fhermocouple (k-type) were used t::; measure the temperature of the absorber
plate {T), the stagnant air within the cooking chamber (T,), the outer glass surface (T},
the inner glass surface (T.2), the ambient temperature (T,), the water temperature in the
pots outside the cooking chamber and inside the chamber (T.) and (T,z) were

maonitered,



-

4.2.2

taken

The thermocouple leads were comnected to the thermocouple channel of the

digital meter read -out.

Instamtancous measurement of global iradiance (G) was obtained using a

pyranomeler and the reading taken at interval of 10 minutes.

Anemomeler was used o measure the wind speed.

The cooker was located at an open place, within the premises of the Depariment
ol Physies, FUTA, with Tull access 1o direct solar radiation such that it is free
from shadow

The plane mirror rellectors were set 1o face the sun when in use ond were adjusted

at regular interval to ensure that area of reflected rays covered the entire glass

surlace.

1.5 kg of water was put into the two pols one outside and the other one mside the

cooking chamber.

Results and Discussions.

Details of a typical test data for the sensible heat test for the solar cooker with and

without the reflectors in place are given in Tables 4.1, 4.2, 4.3 and 4.4 for a tests under

fromi 18" 10 22" April respectively. During the tests, insolation was fairly high

with intermittent wind and cloud cover around 1:30 pm and 4:00 pm and thus with little

variability in the solar irradiance as can be seen from Figures 4.3 and 4.4,

The variation of the water temperature with time for the two cases with and without

the plane mirrors in place are shown in Figures 4.1 and 4.2 respectively while the overall

cooker performance (for all the measured temperatures) for both cases of the cooker with
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and without reflectors are shown in Figures 4.3 and 4.4 respectively. The two test results
are representative of a series of sensible heat tests under taken,

A control test was carried out on the 18" of April 2004, a pot with 1.5 kg of water
was placed outside on ground and another pot with the same amount of water was placed
inside the cooking chamber, the test was carried out between the hours of 11.30 am and
12,30 pm, the results shows a temperature rise from 26 "C to 39°C in the pot outside and
a temperature rise of 26°C to 96"C in the pot inside the eooking chamber. The two pots
were of aluminum sheet and were painted matt black. It took 15 minutes 1o boil the same
quantity of water with electric cooker and 13 minutes using kerosene stove,

In some of the heat test conducted the water temperature failed to reach 100 °C,
but could only attain a maximum temperature of 96°C and this is due to the inclement
weather characterized b} cloud over cast and poor insolation, Contrary to expectations, it
was confirmed from the readings that the highest temperature obtained for the cooker
during the test does not conform to the highest insolation during the periods. The reasons
for this may be due to wind, which convects heat away lrom the cookers window.

The test shows that the absorber plate and the design of the inside of the cooker
play an important role in their performance. The collector absorber for the cooker is
made of aluminum with a thermal conductivity of 204 W/m*C. The higher the thermal
conductivity the ability of the collector absorber to attain a higher temperature and
maintain it, il insolation is provided,

The design of the absorber collector sides is at an angle 75°C to the base, This increase 5
the surface area and gives it more aperture opening. Tilting the inner angle improve the

performance of the cooker.



The rate at which a black body radiates energy depends on its emissivity, temperature,
absorptivity and surface area,

Another point for consideration in design the solar cooker is the type of insulating
materials used. The sawdust insulation used has a thermal conductivity of 0.11 W/m* °C.
This reduces the loss of heat.

Throughout the duration of the test, the temperature of the glass covers | and 2
are always maintained between 35°C to a maximum of 75°C. The glass cover is made
from ordinary plain glass with a thickness of 4 mm and thermal conductivity of

1.05 Wim’ "C. This explains why the absorber in the cooker attains higher temperature up

1o 141°C,
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TABLE 4.1 SENSIBLE HEAT TEST ON COOKER WITH REFLECTORS IN

FLACE (18/04/04)
Time [Twy (°C) [Twz ("CHT5(°C ) [Ter("C) |Teof °C )Tab °C ) [Famb ("C ) (G (Winr') |V mds H %
11:30am 26 26 57 35 6 65 18 003 85 1490 0.2
11:40am 33 6 3 18 ) 70 30 29.79 l.624 |9
11:50am [35 55 fifs 39 i B0 i1 708.49 1.741  |59.6
12:00pm 35 73 12 U] e 04 31 619.55 L9787
12:10pm B7 83 72 42 0 T 75498 523 667
12:20pm j0 93 73 sl 70 0 12 06,87 3,134 B6.8
12:30pm |2 o 79 52 75 108 32 R72.63 2459 B4.3
- 1 1T Av = 698.02A=2.03 [
Where <:T,; - water temperature in the first pot. V — wind speed

Tuz - water temperature in the second pot,

Ter - outer glass cover ,

Tes = inner glass cover,

Top - absorber temperature

Tamy— ambient temperature

RH - relative humidity

Gy - global irradiance

T, - space temperalure
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Fig. 4.1: Diurnal variation of water temperature with 1.5 kg of water in two pots
(19/04,/04)
Where -iT,, - water temperature in the first pot

Tuz - water temperature in the second pot
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TABLE 4.2 SENSIBLE HEAT TEST ON COOKER WITH REFLECTORS IN

PLACE (19/04/04)
Tirme T’ O ("C) [TC) [Ta"C) (T2 "C) (Tar ((C) [Tus (°C) | (GrWim' )V mmss  IRH %
11:30am 6 26 78 76 76 26 o] B22321  [dR2 BT
12:00pm [8 55 iR 35 57 0] i) 81955 [2.361 |68
12:30pm [0 5] 75 3 70 R 1 101263 [1.541 |68.]
I:00pm 2 ] 210 b6 75 05 p3 780.00 P.ITR 7.4
1:30pm  H3 05 72 54 79 o [i3 85174 0742 9
7:00pm 3R 01 52 77 8 74 17 0I0.68 D483 j6ab
7 30pm |9 71 i) 6 54 i il B45.64 1536 [63.6
00pm |37 9 57 i 53 e 79 60806 521 634
3:30pm 32 fify 57 07 55 59 0 B60.04  [3.201 627
h00pm 2 T [ 76 58 B2 30 75918 |1.63 r‘ili

rviass Fwater =1.5kg

lNumhern!'p-ul =

[M&sﬁ of pot  =0.86kg
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Fig. 4. 3: Diurnal Variation of Water Temperature with 1.5kg of Water.( 18/04/04)
Where -:
Ty - water temperature in the first pot

Twz - water temperature in the second pot
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Where -0 T,

- absorber plate tlemperature

Tan - ambient lemperature

Gy

- global irmadiance



TABLE 4.3 SENSIBLE HEAT TEST ON COOKER WITHOUT REFLECTORS

IN PLACE {23 April, 2004).

Time  [Twy{ C) [T5{°C )} |Te, (C) [Tez{C) |[Tamb rC) [Tab(C) |[GriWindiVms  [RH%
10:00am  [29 79 10 74 74 19 15845 [1.263 9.9
[10:30am  [38 T 34 7 i 55 412.05 978 |R2
11:00am {3 4 BT 9 po [il 50299 D456 663
I1:30am 56 A1 [41 77 i r TOR.11  R.521 |63
12:00pm a6 8 s 78 32 Rl 9404 p293 i
12:30pm 74 w1 B0 Fai 33 a 7577 P93 b3

|:00pm rgl 15 g T A0 74 B72.53 10956 |60

|:30pm 87 08 52 ] A0 1E 073,59 [1.342  [59.3
2:00pm PO 00 50 4 i 125 100155 [1.234  [57.8
2:30pm (89 02 49 81 18 1E 41653 [.845  [58.4
3:00pm 0 FE 18 T 19 i 7976  [1.203 576
3:30pm |87 183 W1 70 ) AR k6947 [1.241 b6

r:l.'lﬂ'pm 2 80 6 5 ) 7 W5821  [2.56 158.3
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Fig. 4.5: Vanation of Tya, Ts, Toy, Tea, Tepe and Ty, with Time and Global Insolation

Without Reflectors in place, (23/04/04)
Where -1 T,z - water temperature in the second pot
T. - Cooker space temperature
I - outer glass cover
Tz - mner glass cover
Famin — ambient temperature
Ty - absorber plate temperature

Gy - global irradiance
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Where -; Tan - absorber plate temperature

Gy - global irradiance
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TABLE 4.4 NO LOAD TEST WITH REFLECTORS IN PLACE (21 April, 2004)

77

Time Ts(°C) [Toa(™C) Ta("C) [Tam (O [T CC) Jor (Wim') |V s RH %
9:30am |29 7L 2% 20 79 82,77 0235 75
10:00am |63 32 54 29 IR 62,78 10844 ]
[0:30am  [B1 38 i 30 106 046,57 10961 7.2
11:00am |39 40 75 79 120 1079 7 502 5.6
|1:30am 37 13 74 30 128 k2274|1324 5.2
12:00pm 92 39 72 A2 132 82315  |1.226 2.6
12:30pm 96 16 Ti) EE I T60.67 {604 642
l:lpm o3 i r.2 A0 10 B21.32  [.849 k1
1:30pm |86 s 4 il 102 BO1.BI  |1.532 61,9
T00pm |87 32 THE 7 9% 60423 1375 623
2:30pm (19 3 54 30 03 544.13  N.965 55.5
00pm |76 ol 50 o o 189,53 1.795 56,3
3:30pm  [72 78 W7 P9 30 G64.16 2228 5
B:bopm 65 79 7 79 76 25262 .55 53,1
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Fig 4.7: Diumal variation of Cooker plate Temperature without load. (21/04/04)
Where =i Ty, - absorber plate temperature

Gy - global irradiance
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Where -

1. - cooker space temperature

ey - outer glass cover temperature
Tea - inner glass cover temperature
Tuwe ~ ambient temperalure

Tan - absorber plate temperature, Gy - global irradiance
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4.3,  PERFORMANCE RATING OF SOLAR BOX COOKER

Thermal performance of solar cooker is an important parameter. Solar cookers have
been generally rated thermally according lo no-load stagnation absorber plate
lemperatures; sensible water boiling tests and cooking tesis. The above tests depend on
climatic parameters, such as insolation ambient temperature, and wind speed and thus do
not lend themselves easily 1o standardization,

The performance of the cooker is considered in terms of its thermal efficiency. This
is the ratio of sensible heat delivered by the cooker 1o heat available at the collector

surface within a specified time. This is given as

y = (1C), + (MC), JAT

4.1
)

(M.C.+M.Caxlt,—1))

= i 12
! G,

Where -

M., = Mass of waler - 1.5 kg

", = Specific heat capacity of water - 4200 J'kg K
M. = Mass of container - 0,86 kg

O, = Specific heal capacity of container — 280 1kg K
G = Glohal irradiance — 698,02 W/m'

Ai= Aperlure arca of the cooker - 0.8 x 0.5 in| m')
13 = final temperature - 96"C

ty = initial temperature - 28°C
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Table 4.5:

The work sheet for water heatfng measurement

ITEMS

S/NO SYMBOL UNITS READING
1| Weight of Hall M ke 1.5kg
(2 Average ambient temperature | T K 28°C

3 Imitial temperature of water | T K 2/C

1 Final temperature of water T; K 1o’

5 Aceumulative  direct  solar | H klim®

radiation
ﬁ Aperiure arca of solar cooker | A, m
F . .ﬂn.w:Tr:aE beam  radiation | I, Wim®
intensiy
(8| Measure time 1 N 36(0s

Y -’w:mg?: wind EII-}'I:'Elil v mis -

I .Eﬁ:ir:"m:_v . il b B

In Table 4.1 for the cooker with reflectors in place the global irradiance Gy = 698.02
Wim, temperature change AT = 66 °C, specific capacitics of water and aluminium are
4200 1kg K and 9800%ke K respectively, time interval = 60mins. The thermal efficiency

is thus calculated using equation 4.2,

_{0.85kgr980Kke " )+ (2kgx42000 (kg "C 68" €
1 698 0210 8105 x 36005
= ). 482559

48.20%
For the cooker without reflectors the value of the variable one obtained from the sensible
heat test data on table 4.3 are as follows, average global irradiance Gy= 677.91 Wim’,

time interval 65mins, the thermal efficiency calculated is

g1



_ (0L83x980) + (1.5r4200)x06.5
G770 xl) Bal) o0 x6D)

=11 4485

= 44 B5%

i

In Table 4.1, the average global irradiation, G = 698,02 Wim®, time interval 1 = 60) mins,

and temperature change AT = 66"C, Cw and Ce are 4,200 J/Kg'C and 980 I/Kg"'C

(M )AT
ol

= 1. 5x42000x06 44
GOE 023 0. 8x0.5x3600

=10,426055

=42.62%

The thermal elficiency ol the cooker with and without reflectors in place are
48.26% and 44.26%, while the thermal efficiency of water heating is 42.62%. Il is seen
from these :x|+:ﬁm=ﬁla! results thal by incorporating the plane reflectors on the cooker,
the boiling time for 1.5 kg of water is reduced from 65minutes to G0minutes, Expect
when there was cloud cover, consequently, the thermal efficiency of the cooker without

rellectors 15 less than when the reflectors were all in place.

=IM1(I.J,“;J _Fll dq

i
r

1.5x4200x66
3600
e

Ps = Actual effective power of solar cooker during measuring period
The specilic power (KW)
P=10xpgx A,

I = measuring period (S)
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4.4 Energy Efficiency

To perform energy analysis of the solar box cooker, the guantitics of input and

outpul of energy must be evaluated. The overall energy balance of the solar cooker can be

wrillen as:
Energy Input = Energy Output + Energy Loss

Energy inpul to the solar box cooker is the total solar energy incident upon the

plang of the solar cooker per unit time per unit area. Thus, encrgy input (o the solar box

cooker can he calculated as follows:
Ei=1 A, 4.6

Where E; 15 the encrgy input in the solar box cooker in W, |, is the total solar irradiance n
Wim® and A, is the surface area of the cooker

Energy output of the solar cooker is thus

£, =M,c, a T 47
At

Eo = energy oulput in W M,, = mass of water in kg; C,, » specific heal capacily of water

in Vkgk, Tu; and T,y are final and imitial temperature of water in K and t is the lime in

geeo,

Energy efficiency {m%5) of the solar cooker can be defined as the ratio of energy output

(o the energy input of the solar cooker. It is thus calculated from the equation below
n=— 4.8

n=041372%
4], 37%%

Where - M, = 1.5kg
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U = 4200 Jikg"'C
Iz =94%C

For =284

At = 3600 &

= 698.2 Wim’

A =108 x 0.5 m:

4.5 Cooker Testing

Generally cookers are thermally mted according to:
I'} stagnaltion plate temperature
23 Time required for cooking different food products.
11 Time requiu.ed bringing a known amount of water to the boiling point
Solar cookers depend on the climatic parameters. Research has been made for evaluating
the hot box type solar cooker which is independent on the climatic parameters. In this
case two Fipure of merits Fy and F; are determined by conducting the stagnation
temperature lest (without load) and by sensibly heating known amount of water, The first
Figure of merit. Fy. which is defined as follows:
Heat loss factor (L) 5) at stagnation temperature (Tps) s given as:
iely = U, (T =T ) 413
Where 1, is the optical efficiency
l5 — Solar Insolation
15— ambient temperature

T'ps — stagnation temperature
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The first figure of merit F, is given as:

F o= L e 4.14
;II.". 'F1

The determination of second figure of meril Fa involves the measurement of temperalure
ol known amount of water heated during the course of day, It is desired that the water
temperature should reach the boiling point as quickly as possible to reduce hoiling time.
Phe time interval dt required for a known thermal capacity of water (MC), 1o increase its

temperature by dT,. is given as

i 3 4.15

(2 — rate of useful heat gain by water and

O = AF g H -t (7, -T)] 4.16

A~ 1s the aperture area

F' — the heat exchange efficiency factor

Hy — 15 the solar radiation

Integrating equation 4.11 for the time interval { during which mean salar radiation is H,

and water temperature rises from T, to T, and rearranging the term we have

-t (T:r;___ T J
U, = (M), | e i,
A, ].U‘_[TH_, "
Ma i,

417

F' and 1)y are almost independent of the climatic parameters. Thus, the time interval
required to increase the known amount of water lemperature from T 1o T, will depend

on climatic parameters.
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I he secomd figure of merit Fyis given by

fre P;{Frf.'r. }= .[ffi{Fl”r }= Flrf" o

L%

Here, 11 has been assumed that heat loss Uy is approximately the same as heat loss at
stagnation lemperature. Therefore the second figure of meril F; can be given as

A_E[ﬂ!—ﬂ]
M F, H
F: — F; 1: .f{' _!II ‘r” I I

LT 4.19
A, (1T =T,
Fl H, []

For the cooker wilth reflectors in place. al stagnation plate temperature, absorber
temperature Tab = 141°C, ambient lemperature Tamb = 31°C, global insolation H
=769.67 Wim", the first and second figure of merits were calculated as F, - 0,1429
m K/W, Fr = 0.2834 m'K/W, for the cooker without reflectors at absorber temperature
Tab = 104 °C, Hml:ri.-:ni temperature Tamb = 31 “C and global insolation H = 872.52, the
cormesponding first and second figure of merits were calculated as F) = 0.0837 m KW
and Fy= (L3015 m K/W, Fy is the ratio of the optical efficiency of the heat loss factor af
stagnation determine from No Load stagnation tests. The higher the valie of Fy the better
the performance of the cooker. F; is the controlling factor in the sensible heating of the
load and is obtained from the full load water boiling tests. Fy 15 a dimensionless
parameter independent of climatic condition.

4.6  Factors Affecting the Efficiency of the Solar Cooker

The performance of a solar cooker is measured by its thermal efficiency. The

factors which could enhance or reduce the efficiency of the cooker include the

following:-
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Surface of the Cooking Pot: - The cooking pol must be painted dull black 1o

ahsorb a high percentage of the reflected solar radiation

Time of Cooking: - For effective utilization of the sun energy for cooking, it
is hest to sel up the eooking device during period of bright sunshine. The hest
time of cooking for our location al Akure of clear days ranges from 9:30am lo
4:30p.m. Outside this range, the intensity of the sun would reduce and

cooking time would be prolonged,

Season of the Year: - During the wet season, the efficiency of the cooker is

considerably low. Il is either no sunshine at all or very low sunshine,

Collector Type: - The desired temperature range of the material to be heated
15 the most imporiant factor in choosing the correct type of collector. An
uncovered absorber 1s certainly not suitable for producing process heal, The
amount of radiation on thal spot, exposure to storm, and the amount of space

must all be carefully considered when planning a solar cooker.

Effect of Cloud: - Efficiency of Solar Cooker is usually reduced by cloud,
Thin layers of cloud and scattered cloud reflecting sunlight, increase the
difTused solar irradiation falling on the cooker, thick lavers of cloud reduce
diffuse solar irradiation. Also if there is cloud between the sun and the point

ol observation, then the bean solar irradiatlion 15 weakened or eliminated.

Dust in the atmosphere: -During harmattan period in December/January, the

dust-laden wind reduces the elficiency of the performance of the cooker even
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with considerable sunshine because of the scattering of the sun radiation in the

atmosphere ( Exell, 20040).

® Geographical Location: - The latitude of the location could sigmificantly
alfect the design of a solar cooker. For locations near the equator, a simple
salar box cooker is desirable.

4.7 Economic Analysis of the Cooker

The objective ol economic analysis can be viewed as the determination of the least cost
method of meeting the energy need, considering both solar and non-solar allernatives.

In 1977, Beckman outlined the concepl of solar savings. Solar savings are the
difference between the cost of conventional system and a solar system which is
simplified in the equation.

Solar savings = cost of conventional energy — cost of solar energy

It 15 estimated that about #20,000.00 will cover the cost of producing a solar box
cooker. Solar cooker does not degrade easily and the lifespan can be upward of 2 vears
but net more than 4 years for aluminum sheet when used as a reflector and up to 10 years
for glass mirror if properly kept from dust, moisture, dew or rain. The initial cost might
be considered high for rural dwellers but it would have paid for itself by the end of the
third year considering savings on other fuel. An average of four member family will
require 4 hters of kerosene for four days for three meals a day, This will cost between
#240 - 4300, In a year, a total about #31, [I'.HU.I]U - #35, 000,00 must have been spent on
kerosene alone apart from both the initial cost and maintenance cost of stove, This if put
together will give a rough estimate of about #37, 000,00, which is about two times the

cost of producing a solar box cooker. Although solar hox cooker can not be used at all
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times, expecially during the rainy season. Solar box cooker therefore cannotl serve as
exclusive means for cooking, but will rather supplement other means, thereby saving cost

on kerosene,

4.8 Cooker costs

The costs of this box type solar cooker like those of any other manufactured items, is

dependent on the size of the cooker. The costs are summarized in Table 4.6

TARBRLE 4.6 Cost of materials
MATERIALS ITEMS COSTS N
G 18 metal sheet I 1500.00
Angle lron Bar (20x20x d)em | 3 I x 300000
Aluminum Foil {Sheet) | 2.000.00
Mirror (2" x 37) 3 ' 1,500.00
Plane Glass 2" x 37 |2 1,000.00
Aluminum Frame | 3,000.00
3 3,000.00
Paints (matt black)
Wood PMlanks (70x10x5)cm 2 1,500.00
Misleaneous Expenses 1,000.00
Mails - BE ]
Gum - = 300,00
Glue - J
Transportation - 1,500.00 i
TOTAL 20,500.00
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The cooker have a potential useful lifetime that depends on the model (how much

“ruggedness™ is built into them), on the care of the user, and on the material used for the

reflector.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS
5.0 Conclusion

A box type solar cooker have been designed and constructed at the Federal
University of Technology, Akure, Nigeria using locally available materials. This work
has demonstrated the probable shift of the dependence of a section of the citizenry on
fossil fuel.

Solar radiation can be effectively and efficiently vtilized for cooking in our
environment if proper design is used and certain procedures followed. A major factor for
effective use is the proper selection of time of cooking.

The temperature of the glass cover | and 2 was always maintained between 35°C
and 75°C and the absorber attain a temperature of 110"C, A maximum absorber plate
temperature of 141°C was recorded with reflector in place at solar radiation values of
769.67 Wim® - 107% W/m® between 11.00 am and 12,30 pm local time respectively,
Cooking chamber air temperature was also expectedly high between 29°C and 137"C for
most of the test period. For peak insolation value between 761.67 W/m® and 1079 W/m’
the peak plate temperature without reflectors was 1259C and 141"C when the reflectors
were in place. This explains the advantage of the booster reflectors in the design.

The sensible heating test shows that it took 60 minutes to hoil 1.5 kg of water in
the cooker when all the three reflectors were in place. The thermal efficiency ol water

heating with and without reflectors and the energy efficiency of the solar cooker were

48.2%, 44.85% and 41.37% respectively.
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The performance of the conker was also measured by computing the first figure of
merit (Fy) and second figure of merit (F1) for the sensible heating test, the first and
second figure of merits were calculated as 0.1429 m K/W, 02834 m K/W respectively.
For the cooker without reflectors at absorber temperature, 104 "C, ambient temperature,
31 °C and global insolation, §72.52 W/m®, the corresponding first and second figure of
merits were calculated as F; = 00837 m'K/W and F; = 0.3015 mK/W,  The
incorporation of additional two plane reflectors considerably improved the performance
of the cooker and resulted in higher stagnation plate temperature, shorter boiling time and
higher figure of merit. With the performance tests evaluation, the solar box cooker could

only be use as a back — up cooker or a pre — cooker because of its limitation.

5.1  Recommendations

(1} Users should aceept the cooker as complementary equipment bul nol a complete
substitute for other cooking systems, because of its limitation. 1t cannot be used
at night or early morning when there is no sunshine, it can also not be used during
rainfall.

(2}  For further studies the performance of the solar box cooker could be stimulated

under varying weather conditions and varying controlling parameters.

92



REFERENCES

Aalfs, A., 1992, Design and development of a Solar Cooker cum Drier, International
Journal of energy research, 12, 540 - 545

Adams W., 1976, Cooking by Solar Heat, Scientific American, 18, 376-378.

Adefolalu D). O, 1986, Rainfall trends in Migeria. Theoretical and Applied Climatology.
37, 205-219,

Adegoke. C. O, and Fasheun. T. A., 1998. Perlormance evaluation of a Solar Cooker
under a tropical humid climate, Nigeria Journal of Renewable Energy, 6, | and 2.
71 —74.

Al — Sand, M. A, and Jubran. B.A., 199]. The performance of a low - cost clay Solar
Cooker, Renewable energy. 1, 617 - 621,

ASHARAE., 1977, Methods of tasting to determine the thermal performance of Solar
Collectors  Handbook of Fundamentals. American  society of  Heating,
Refrigerating and Air Conditioning Engineers. New York, 93 - 77.

Bajpni .S, C..and Musa M., 1989, Studies on portable box — type solar cooker of
different absorbing materials, Paper presented at the National Solar Energy
Forum, Nsukka.

Bamiro LA, 1983, Empirical relationship for the determination of solar radiation in
Thadan Nigeria, Solar Energy, 31, 85— 94,

Bliss R.W. 1961. The Derivation of several plate efficiency, Solar Energy, 3, (5), 103,

Blum B., 1989, The Solar Box cooker handbook, Solar Box Cookers International,

Sacranonto, California 11.5.A, 68-89.

93



Buchberg, H. and Roulet. 1., 1976, Solar Energy, Simulation and Optimization of Solar
Cofllection and storage for house heating, 12, 31-35.

Channiwala. T. C., and Doshi, M. P, 1989, The Milization of Solar Energy,

Smithsonian Report, L1, §, A,

Cheremisinoff, A.B and Regina C, 0),. 1978, Principle ol eylindrical concentrators for

solar energy, Solar Energy, 17, 299 — 305,

Charteji. M., 1981. Energy and Environment in Developing Countries: An overall
perspective and plan for action. John Wiley and Sons, New York,
Co., New York,

Duffie, J. A and Beckman W, A, 1980, Solar Engineering of Thermal processes, Solar
Energy Laboratory. A Wiley — Interscience Publication, New York, 2-633.

Exell, R.H.B., 2000. Solar and Wind Energy, King Mongkut's University of Technology,

Thomburi, 232-265.

Garg ILP, Bandyopadhyay B, and Gouri, M., 1985, Data, Mathematical modeling of
the performance ol a Solar Cooker, Applied Energy, 14, 233 - 239

Garg, H. P., 1976, Solar oven for cooking, Indian farming, 27, (5), 6 - 10,

Garg, H. P. and Prakash, J., 1982, Solar Energy Fundamental and Applications, Tata
MeGraw — Hill Publishing Company Limited, New Delhi, 1 — 278,

Ghosh, M. K., 1986. Ltilization of Solar Energy, Science and Culture, 22, 304 — 312,

Gray. L. W., 1997, Solar Energy Collection and its utilization for House Heating. Solar
Energy. 17, 174 - 194,

Grupp. L, 1991, Thermal test procedure for Box — Type Solar Cooker cum Drier,

International Journal of Energy Research, 12, 540 - 546,

94



Hottel H.C., 1958, Evaluation of flat - plate collector performance, Transactions of the
conference on the use of solar energy, University of Arizona Press. 2, part |, 74,

Hougshen. A. L., Adams. B, and Sears. F. W., 1995, Recent Investigation in the use of
Solar Energy for Cooking. Solar Energy. 7, 3, 125-133,

Hsieh, C.K and SU, K.C., 1979, Thermal Radiative properties of Glass. ASHARAE
Trans 81, 260 - 275.

leropera. W. and Dewitts. H.L, 1983, Calculation of flat - plate loss coefficient, Solar
Energy, 17, 79

Kavs W.H., 1966, Convective Heat and Mass Transfer McGraw — Hill, New York, 142-
[48,

Klein 8.A and Beckman W.A., 1979, A general design method for close loop Solar
Energy 5}'511;.111. 5, 269282

Krath F., 1973, Principles of Heat Transfer Harper and Row, New York, 333-345,

Kreath F. and Kneider J., 1978, Principles of solar engineering McGraw — Hill Book
Company, New York, 432-454,

Kuhnke. K., 1990, Comparative study of various designs of Solar Cookers, Joumal of
Solar Energy. 14, 20 - 35,

Lofl G., 1963, Recent investigation in the use of Solar Energy lor cooking, solar energy,
7(3), 120 — 135.

Malhotra.N.E, Spever. E.and Mather. G.R, 1983, Solar energy collection with
Evacuated Tubes, Journal of Engineering for Power, 86,270.

Matiox, D. M and Sowell. R. R., 1979. High absorptivity solar absorbing coating™

Journal of Science and Technology, |5, 793 — 796,



Meinel. 1. (0. and Meinel. A. B., 1979, Resources and Policy, Addison - Wesley Pub,

Nahar, M. N., 1993, Performance and Testing of Large — sized Solar Water heater and
Solar Cooker, International Journal of Energy research, 17, 57 - 67.

Nworie, C.E., 1994, Design and construction of Hot — Box  Solar Cooker (using locally
available materials), B. Engr. Project Report, Department of Mechanical
Engineering, LLN.N.

Odukwe, A.O and Enibe 5., 1988, Energy resource and reserves in Nigeria, Solar and
Wind Technology 5, 335 — 340,

Ojosu J.O and Salawn R. L, 1990, An evaluation of Wind Energy potential as a power
generation source in Nigeria, Solar and Wind Technology, 663 — 667,

Oni, A. 0., 1992, Calculation of performance of N- Collectors from Text Data on a
Single m!leé:mr, Solar Energy, 23, 535.

Onyishi, B. U., 1992, Design and construction of Solar Cooker, (Using locally available

materials), B. Eng. Project Report, Department of Mechanical Engineering, UL N. N,

OPEC Bulletin, 1994, New investment and Trading Opportunities in the Nigerian

Petroleum Industry, xxv, 3, 5 - 6.

Pande. P.C. and Thanvi.K.P,, 1988. Design and Development of a Solar Cooker Cum

Drier, International Joumnal of Energy Research 12, 539 — 545,

Pejack E. A, 1990, Solar Cooker for developing countries, Solar Energy society

conference, Boston, 10,4, 153 - |59,

Pelemo D. A, Fasasi, M. K., Owolabi 8. A. and Shaniyi J. A.. 2000, Design,

construction and performance of focusing — Type Solar  Cooker. Nigeria Joumnal

of physics, 1, 14-18,

9%



Ren. H., ©; Guoging, Yang tianxin, Meng Linjian and Zheng Weill.,, 1997, Solar
Cooker International, Solar Energy Applications Training Workshop, Lanzhou,
China, 1-30,

SCIL. Resources Coordinator., 1995, Solar Cooker Applications training workshop,
Matural Energy Research Institute, Lanzhou, China.

Sheyin, F. T., 1995, Photovoltalics for Rural Applications in Nigeria, Conference on

Renewable and Alternative Energy Technology (CRAET, 92), Zaria.

Thulasi Das T.C, Karunakar 5.K and Rao. D. P., 19%4a.Solar box cooker, part 11 —
Analysis and simulation™ Solar Energy 273 - 282,

Thulasi Das, T.C, Karunakar 5.K and Rao ILP.1994b, Solar box cooker part | —
modeling” Solar energy. 52.(3),265 - 272

World Energy Council, 1993, Energy for Tomorrow's World- the Realities, the Options

and the Agenda for Achievement, 30" Conference, World Energy

Relomms, LS. AL

o7



