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Abstract
A solar ovenis a device that converts solar energy into useful heat in a confined space

(oven chamber) which can be utilised for cooking and baking purposes.The oven consists of plane
reflectors to concentrate the solar radiation on the collector. The heat gain is maximum if the collector
and reflectors are continuously adjusted such that the incidence angle of the reflected and direct
radiations are minimised. In practise, it is always difficult to manually track the movement of the
sun and the use of trackers can be very expensive. As such, an analytical model was developed to
evaluate the optimum monthly collector and reflector tilts for maximum output hen employing
the single axis tracking mode. The operation of the different components of the oven was
modelled using TRNSYS, Microsoft Excel and EES programs alongside solar data for Zaria.
Optimisation of the design was carried out based onweather conditions prevalent on the average
day of the design month i.e. the month with the least solar radiation. The tilt angles of collector
and reflectors required for the optimum collection of solar irradiation for each month were
obtained from the simulation results of the oven model carried out for 12 months of the year. The
optimum collector area and insulation thickness were also obtained through parametric studies
by varying the aforementioned parameters until a stagnation temperature of 100 C was obtained
for the average day of the design month. The simulation results for the design with different
collector areas and insulation thickness show that an area of 0.49m? and thickness of 0.12m
yields a stagnation temperature of 100" C. However, the stagnation temperature achieved was

insensitive to larger values of the design parameters.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Energy is the focal point of all human activities; it is the basis of industrial civilization.
Without energy, modern life would cease to exist. In the past, the demand for energy sources was
minimal because it was primarily used for cooking and local production. But as time went on,
population increase and technological advancement led to more demand for energy. The major
sources of energy are the conventional sources, which include: fossil fuels, and nuclear fuels.
Fossil fuels, which include petroleum, coal, and natural gas, provide most of the energy need of
modern industrial society. Other uses are found in the transportation, residential heating, and
electric-power generation. Nuclear fuels are used to generate electricity, but it is utilised mainly in
the developed countries due to high level of supervision and maintenance required. The non-
conventional (renewable) sources of energy include: hydroelectric power, solar energy, wind
energy, biomass, ocean thermal energy, tidal energy, and geothermal energy, but the potential of
these sources is still underutilised because they are much more expensive to harness than energy
derived from fossil fuels. Hydroelectric power requires a large capital investment, so it is often
uneconomical for a region where coal or oil is cheap. As such, they contribute a little percentage
to the massive energy requirement of the world population. However, the fear of depletion of
fossil fuels due to the fast rate of consumption has provoked further development of these

alternative energy sources, such as solar energy.

Household energy need is one of the biggest issues in the daily lives of people around the

world. The most important energy-consuming activities in most households are cooking, lighting



and use of electrical appliances. Cooking accounts for a staggering 91 percent of household
energy consumption, lighting uses up to 6 percent and the remaining 3 percent can be attributed to
the use of basic electrical appliances such as televisions and pressing irons (Temilade, 2008).
Cooking is an activity that must be carried out almost on a daily basis for the sustenance of life.
An enormous amount of energy is thus expended regularly on cooking. Cooking may be classified
in four major categories based on the required range of temperature, viz. baking (85-90°C),
boiling (100 to 130°C), frying (200 to 250°C) and roasting (more than 300°C).

The primary household energy carriers are fuel wood, kerosene, electricity and liquefied
petroleum gas (LPG). In Nigeria, Fuelwood is the most widely used, supplying over 80 percent of
household energy, while less than 20 percent is supplied by the other sources and complemented
by small quantities of coal and charcoal (Temilade, 2008). Fuelwood is often collected from the
local environment in rural areas or purchased through markets in urban areas. Renewable energy
alternatives include biogas, which is used for household heating, cooking and lighting, as well as
agricultural and industrial activities.

Solar radiation presents an alternative energy source for a variety of applications. Solar
radiation has been identified as the largest renewable resource on earth. The maximum intensity
of solar radiation at the earth’s surface is about 1.2kW/m?, but it is encountered only near the
equator on clear days at noon. Under these ideal conditions, the total energy received is from 6 - 8
kWh/m? per day (Abdulrahimet al., 2011). Its intensity varies according to season, geographical
location, and orientation of the collector. Solar energy is not available continuously because of the
day/night cycle and cloud cover.

Solar cooking offers an effective method of utilising solar energy for meeting a

considerable demand for cooking energy and hence, protecting the environment. Fortunately,



Nigeria is among the twenty one countries with the highest potential for solar cooking
(www.solarcooking.wikia.com). Nigeria lies within a high sunshine belt and thus, has an
enormous solar energy potential. The mean annual average of total solar radiation varies from
about 3.5 kWhm2day™ in the coastal latitudes to about 7 kWhm?day™ along the semi arid areas
in the far North(Sambo, 2009). The country receives an average solar radiation at the level of
about 19.8 MJm ™ day™. Average sunshine hours are estimated at 6hrs per day. Solar radiation is
fairly well distributed. The minimum average is about 3.55 kWhm“day™ in Katsina in January
and 3.4 kWhm2day™ for Calabar in August and the maximum average is 8.0 kWhm2day™ for

Nguru in May (Sambo, 2009).

1.2 Statement of the Problem

Cooking is a major necessity for people all over the world. The problem arises when
cooking fuel is either scarce or highly expensive. Around the globe, hundreds of millions of
people have limited access to cooking fuels (www.solarcookers.org). In situations where
electricity and gas are not affordable, charcoal and fuel wood are the major substitutes and even
charcoal can be very expensive. So fuel wood is the cheapest alternative left. Families either have
to walk for hours to collect cooking wood, or spend the little money they have on fuel, leaving
less money to buy food.

The problems related to the use of biomass as an energy source have been an issue of
concern for more than three decades. The traditional stoves commonly used for burning biomass
have long been found to be highly inefficient and to emit copious quantities of smoke due to the
incomplete combustion of fuels. This inefficiency has also consequences on the environment,

since intense collection of fuel wood has resulted into deforestation in highly populated areas. The


http://science.howstuffworks.com/electricity.htm
http://money.howstuffworks.com/currency.htm
http://recipes.howstuffworks.com/food.htm

use of such fuels has also adversely affected health. Fires release gasses into the air. This smoke,
filled with particulates, is bad for the environment, but it is even worse for the people who are
breathing that air. When people use open fires to cook indoors, they end up inhaling micro
particles that can cause all sorts of health problems, including both lung and heart disease. Every
year, the smoke from open fires and traditional stoves kills 1.5 million people
(www.solarcookers.org).

Production and consumption of almost any type of energy have environmental impacts.
Harvesting of fuel wood, in particular, contributes to deforestation, soil erosion, and
desertification. In Nigeria, harvesting of fuel wood contributes to deforestation at a rate of about
400,000 hectares per year. If this trend continues the country's forest resources could be
completely depleted by 2020 (Oleg and Ralph, 1999).

For the rural and urban poor, connection to the electricity supply is often prohibitively
expensive or unavailable, even though the price of electricity itself may be low enough to
encourage a switch from other fuels. As at the year 2003, less than 45% of the Nigerian

population had access to electric power (Suleiman, 2011).

1.3 The Present Work

The present work focuses on designing, simulating and constructing a solar oven that can
augment conventional ovens in rural areas. The oven consists of plane reflectors to concentrate
the solar radiation on the collector. The oven box is rotated about the vertical axis in order to track
the movement of the sun (east to west). Oven inclination is also adjusted monthly to ensure
optimum collection of solar radiation. Much emphasis was laid on the materials with suitable

properties needed to give high temperatures required for most cooking operations as well as
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rigidity needed to keep the assembly in place in case of wind. Numerical simulation of the design
model was carried out using transient system simulation programme (TRNSYS), Engineering
equation solver (EES) and Microsoft excel to obtain optimum design parameters which would
yield acceptable performance. The solar oven was then fabricated and finally subjected to

experimental tests to validate the results obtained from the simulation.

1.4 Aim and Objectives

The aim of the present work is to design, simulate, construct and test an optimized solar
box oven equipped with two plane reflectors that would be technically efficient, user friendly and

cost effective in Zaria, Nigeria.

The specific objectives of the work are:

I. Select appropriate materials (bearing in mind cost, availability and durability) for the
various parts of the solar oven.

ii. To study the influence of the following parameters on the solar oven’s performance:

» Collector slope
» Angular orientation of the reflectors
> Area of collector

> Insulator thickness

iii. Simulate its performance and validate it with experimental results from a test.

iv. Estimate the cost of a prototype of the system.



1.5 Justification of the Work

i. The energy supply mix in Nigeria is presently dominated by oil and gas. In spite of a
considerable solar resource in the country, it is still underdeveloped (Etiosaet al., 2008).
Solarenergy contributes very little to Nigeria’s energy mix as it is currently at the early stage of
development. Energy/electricity insufficiency in Nigeria can be alleviated through exploitation of

the enormous renewable resources available to the country.

ii. It is normally estimated that areas of the world lying between latitudes 35°N and 35°S of the
equator and which have at least 2000 hours of bright sunshine per year are ideal for the utilisation
of the sun’s energy. Nigeria, located between latitudes 4°N and 14°N of the equator is very much
within this area (Abdulrahimet al., 2011). A modest estimate of the solar energy potential in
Nigeria with 5% device efficiency is put at 15x10™ kJ of useful energy annually. This translates
to about 258.62 million barrels of oil equivalent or 4x10°GWh of electricity production annually

(Sambo, 2009).

iii. With the high cost of cooking fuels in Nigeria and the epileptic supply of electricity, majority
of Nigerians are left with no option but to use fuel wood for cooking. The health and
environmental hazards associated with this practice cannot be over emphasized. As such, solar

cooking would provide an alternative to reduce total dependence on fuel wood.

iv. The use of solar energy for cooking will have a great impact in reducing electricity

consumption. This energy saving could be used for other activities.



CHAPTER TWO

LITERATURE REVIEW

2.1 Preamble

Solar cooker is a device that cooks food using only solar radiation and can save
conventional fuels to a significant amount. It is the simplest, safest, most convenient way to cook
food without consuming fuels or heating up the kitchen. It however, supplements the cooking fuel
and cannot replace it in total. In recent times, rigorous studies were carried out on the method of
utilisation of solar energy. Solar cookers like box type and concentrator type have offered
important tools for these studies. Efforts have been specially geared towards the design,
development and testing of these devices around the globe. Out of these types of solar cookers,
the box type and the parabolic solar cookers, which are simpler in terms of operation and
fabrication, have been so far studied extensively within the West African sub-region.
Temperatures of between 80°C-100°C have been achieved in most cases

(www.solarcookers.org).

2.2 Solar Radiation
The sun radiates energy approximately as a blackbody (perfect absorber and emitter of
radiation at all wavelengths) at an effective temperature of 6000 K(Duffie and Beckman, 2001). It
showers the atmosphere and the earth surface with an enormous quantity of electromagnetic
energy. The total amount of energy emitted by the sun and received at the extremity of the earth's

atmosphere is constant — 1367 W/m? (Duffie and Beckman, 2001).



2.3 Applications of Solar Radiation

Solar energy (radiant light and heat from the sun) has been harnessed by humans since
ancient times using a range of technologies. Solar energy technologies include solar heating, solar
drying, solar still, solar photovoltaic, solar thermal electricity and solar architecture, which can
make considerable contributions to solving some of the most urgent energy problems

(www.iea.org, 2012).

Solar technologies are broadly characterised as either passive or active, depending on the
way they capture, convert and distribute solar energy. Active solar techniques include the use of
photovoltaic panels and solar thermal collectors to harness the energy. Passive solar techniques
include orienting a building to the Sun, selecting materials with favourable thermal mass or light
dispersing properties, and designing spaces that naturally circulate air. Active solar technologies
increase the supply of energy and are considered supply side technologies, while passive solar
technologies reduce the need for alternative resources and are generally considered demand side

technologies.

2.3.1 Solar power applications

Solar power is the conversion of sunlight into electricity. Sunlight can be converted
directly into electricity using photovoltaic (PV), or indirectly with concentrated solar power

(CSP) devices.

o Photovoltaic Cell (PV): A solar cell or photovoltaic cell is a device that converts
light into electric current using the photoelectric effect. Solar cells produce direct current

(DC) power, which fluctuates with the intensity of the irradiated light. This usually
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requires conversion to certain desired voltages or alternating current (AC), which requires
the use of inverters. Multiple solar cells are connected inside the modules. Modules are
wired together to form arrays, then tied to an inverter, which produces power with the
desired voltage, and frequency/phase.

o Concentrating Solar Power (CSP): CSP systems use lenses or mirrors and tracking
systems to focus sunlight onto a small area. The concentrated heat is then used as a heat
source for a conventional power plant. A wide range of concentrating technologies exists;
the most developed are the parabolic trough, the concentrating linear Fresnel reflector, the
Stirling dish and the solar power tower. Various techniques are used to track the Sun and
focus light. In all of these systems a working fluid is heated by the concentrated sunlight,

and is then used for power generation or energy storage.

2.3.2 Solar thermal applications

o Solar Hot Water Systems: Use sunlight to heat water. In low geographical
latitudes (below 40 degrees) from 60 to 70% of the domestic hot water use with
temperatures up to 60 °C can be provided by solar heating systems ( www.iea.org). The
most common types of solar water heaters are evacuated tube collectors and glazed flat
plate collectors generally used for domestic hot water. Unglazed plastic collectors are
used mainly to heat swimming pools (www.iea.org). In order to heat water using solar
energy, a collector, often fastened to a roof or a wall facing the sun, heats a working fluid
that is either pumped (active system) or driven by natural convection (passive system)
through it. The collector could be made of a simple glass-topped insulated box with a flat

solar absorber made of sheet metal, attached to copper pipes and dark-coloured, or a set of
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metal tubes surrounded by an evacuated (near vacuum) glass cylinder. For industrial
purposes, a parabolic mirror can concentrate sunlight on the tubes.

e Solar Still: A solar still is a low-tech way of distilling water, powered by the heat of the
sun. Two basic types of solar stills are box and pit stills. In a solar still, impure water is
contained outside the collector, where it is evaporated by sunlight shining through clear
plastic. The pure water vapour (and any other included volatile solvent) condenses on the
cool inside plastic surface and drips down from the weighted low point, where it is
collected and removed.

e Solar Dryer: Solar dryers are mechanised methods of using solar radiation to dry
agricultural crops that excludes the traditional method of open to sun or air drying.
Different types of solar crop dryers produced by many agencies include solar dryer for

grains such as maize, rice, beans, vegetable, pepper, melon, and root crops.

2.3.3 Solar powered cooling systems

Solar powered cooling has become very attractive during the last twenty years, since the
amount of solar radiation and cooling loads both reach peak levels in the same season. It is to this
end that there has been technological advancement to utilise this low grade energy to attain
cooling of buildings for industrial applications, thermal comfort, thereby achieving energy
savings. The solar cooling system is generally comprised of three sub systems: the solar energy
conversion system, refrigeration system and cooling load. The appropriate cycle in each
application depends on the cooling demand, power, and temperature levels of the refrigerated

object, as well as the environment.
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2.4 Solar Cookers

A solar cooker or solar oven is a device which uses the energy of sunlight to heat food or
drink to cook or sterilise it. High-tech versions, for example electric ovens powered by solar cells,
are possible, and have some advantages such as being able to work in diffuse light. However at
present, they are very unusual because they are expensive. The vast majority of solar cookers
presently in use are relatively cheap, low-tech devices, because they use no fuel and cost nothing
to operate. It takes several successive steps to transmit and convert solar energy from its reception
to the point of actually heating food. Depending on the type of solar cooker being used, those

steps differ from case to case.

2.4.1 Solar box oven

A solar box oven basically consists of a black painted metallic tray and is usually covered
with a double glass window. It is fixed in an insulated outer casing. The incoming radiation falls
onto the double glass lid and passes through it to strike the blackened interior of the oven box.
The glass covers while transmitting radiation of short wave length which forms a major part of
the solar spectrum is almost opaque to long wave radiation emitted within the box. Thus, the
temperature of the box rises until a balance is reached between the heat absorbed and heat lost by
the exposed surface. A plane reflecting mirror of about the same size as the aperture area can be
used to augment the solar radiation on the aperture. The reflector is set in such a way as to reflect
the radiation falling on it to the box oven aperture. A simple setup of a solar box oven is shown in

Figure 2.1.
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Adjust reflector to
bounce sun into box.

Sunlight heats the
container and
solar abhsorber
plate. ~

The absorber plate must be supported
above the hox bottom to prevent heat loss.

Figure 2.1: Side view of a box type solar cooker. Source: www.solarcooking.org, 2012

2.4.2 Parabolic cookers

This type of cooker consists of a reflector with parabolic shape. Reflector cookers exploit
only the radiation that impinges directly onto the reflecting mirrors, which redirect it toward the
cooking pot as shown in Figure 2.2. The dark-coloured bottom and sides of the pot absorb the
radiation and transfer the heat to the food. The concentrated radiation has a higher power density
and is therefore able to generate higher temperatures and temperature gradients at and within the
pot. While that does make for faster cooking, it also makes the food more susceptible to burning

than would be the case in a solar box oven.
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Parabolic Solar Cooker

Figure 2.2: A parabolic solar cooker. Source:www.panasia.org, 2012

2.4.3 Panel cookers

Panel cookers are flat reflective panels which focus the sunlight onto a cooking vessel
without the inner box in box cookers. Panel cookers are the easiest and least costly to make,
requiring just four reflective panels and a cooking vessel, but they are unstable in high winds and
do not retain as much heat when the sun is hidden behind clouds. Figure 2.3 shows a panel cooker

with a dark cooking vessel wrapped in a plastic oven bag.
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Figure 2.3: Sketch of a panel solar cooker. Source: www.solarcooking.org, 2012

2.4.4 Heat-accumulating solar cookers

Heat-accumulating solar cookers store heat in a solid or liquid medium. In a cooking box
equipped for heat storage, the process of heating up the storage mass can be exactly the same as
for heating food: radiation absorption, thermal radiation, convection, heat conduction. The food
(in a pot in or on the heat store) gets most of its heat by conduction and radiation from the heat
store. The more advanced types of heat-accumulating solar cookers have very elaborate heat
transfer mechanisms. They collect solar energy not directly in the cooking containment, but in
highly efficient tube/flat-plate collectors. The heat is transferred at a relatively high temperature to
the heat store by heat pipes or a thermal oil loop; in the former case a solid store is used, and in
the latter case the heat is stored in a volume of liquid serving as an integral part of the collecting

cycle.

14


http://www.solarcooking.org/

2.5 Historical Background of Solar Cookers

The contemporary solar cooking movement began in earnest in mid 19" century. In the
late 1950s, the M.I.T.(Massachusetts Institute of Technology) scientist, Maria Telkes, interest on
solar cooking occurred in the context of her professional activities in the housing field,
particularly in using solar thermal energy to heat buildings. That interest led her to construct a
classic box cooker, an insulated box of plywood with an inclined top of two layers of glass (with a
small airspace between them) and four large flared reflectors. The design is used, in infinite
variations, to the present day. George Lof, a former director of the Industrial Research Institute at
the University of Denver, Colorado, was also an early pioneer of solar-powered technology,
including solar cooking. In the 1950's, he experimented with a parabolic solar cooker design that
he dubbed the "Umbroiler" because of its umbrella-like structure. He marketed the design, but it

was a commercial failure for the times.

After that period, the years of the latter half of the 20th century show a number of
individuals and groups experimenting with, demonstrating the potential, and conducting small and
large projects using solar cooking devices. As early as 1955, a group of individuals in Phoenix
organised themselves into an Association for Applied Solar Energy and held their first
conference. Ultimately the group was the foundation of the American Solar Energy Society and
its international counterpart, the International Solar Energy Society. Growing fuel wood and other
energy shortages, coupled with expanding populations in China and India, encouraged
governmental research on alternatives in the 1970s, with China holding its first seminar on solar
cooking in 1973. China began distribution of subsidized cookers in 1981. Additional drive for

investigating the potential of solar energy came from the oil shocks of that era, with considerable
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experimentation in both Europe and the United States as well as in Asia. The ULOG group in
Switzerland and EG Solar in Germany, as well as Solar Cookers International in the United
States, originated in the 1987. The founding of Solar Cookers International was the beginning of
an effort to link solar cooking promoters everywhere in the networking sense, since its intent was
largely educational and networking. Also in 1980, an Arizona woman, Barbara Kerr, with other
colleagues, continued to develop solar cooker models, to test their efficiency, to experiment with
various materials, and to promote the technology. In 1980, Barbara Kerr and a neighbour, Sherry
Cole, designed a cardboard box cooker "kit" that could be largely built by a customer, and was
highly valued by those who purchased one. This work of these two women inspired the formation
of Solar Cookers International. A few years later, the organization, again with the technical
assistance of Barbara Kerr, pioneered the introduction of a different type of cooking device, the
panel cooker, a hybrid between box and parabolic. This invention was a breakthrough, as it was

less expensive and thus able to serve the needs of the world's poorest inhabitants.

2.6 Review of Past Works

Dasinet al., (2011) designed and simulated a parabolic dish solar cooker which could be
used for boiling water and cooking. A simulation model was used to predict the temperature of
the various parts of the cooker. The simulation results were compared with experimental results
and they yielded similar outputs. An average instantaneous efficiency of 84% was obtained for

beam radiation of 650W/m?.

Ekechukwu (2001) designed a box type solar cooker with a plane reflector. Aluminum
plate absorber and fibre glass wool insulation were used. Experiments were carried out in Nsukka.

Test results showed stagnation absorber plate temperatures of 138°C with reflector and 119°C
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without reflector. Boiling times for 1kg of water were 60 min and 70 min with and without

reflectors, respectively.

Taura and Musa (2012) constructed a solar cooker with single glazing for use in the city of
Kano. A temperature of 90°C was achieved during rainy season and 100°C during dry season.

The efficiency of the cooker was 31.57%.

Fayadh (2011) investigated the thermal performance of a solar cooker with reflector.
Figure of merit F; and F, methods were employed. Efficiencies obtained fell within the

international standard test range of 0.12 and 0.4 respectively.

Huseynet al., (2010) evaluated the efficiency of a solar cooker using both exergy and
energy analysis. They found that exergy efficiency measure is more significant than that of

energy, as such exergy analysis should be considered in the evaluation of solar cookers.

Nahar (2009) carried out the design and construction of a large size non tracking solar
cooker. Stagnation temperatures of up to 118.5°C were achieved. The efficiency was found to be

27.5%.

Abdulrahimet al., (2011) developed and tested a solar tracking bi-focal collector system.
Two paraboloids, each having an aperture area of 1.53 m® with concentration ratio of 22 were
used. The tracking mode adopted in their work was the mechanical clockwork system using
chains and sprockets. Performance evaluation of the developed solar collector revealed that a
maximum outlet flow water temperature of 78°C was achieved in the month of September in

Maiduguri environment.
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Balogun (2006) carried out design and construction of a solar box oven comprising of
reflectors glazing layers and absorber plate. Plywood was used as box frame. Experimental results

yielded an oven air temperature 0f218 'C under no load and 142 'C with 1.1kg mass of cake.

Gwani(2010) constructed a solar cooker with adjustable reflectors at the sides. Fabrication
was carried out using locally available materials that satisfy the necessary requirements.

Temperatures as high as 97°C for cooker chamber were obtained.

Ogunwole (2006) designed, and constructed a solar cooker. The solar cooker was made of
a casing and an absorber. The absorber was a square base pot, blackened with smoke, and it was
made of stainless steel. The casing was made of two boxes to minimize heat loss. Aluminium foil
was used as reflectors. The test involved cooking and it was observed that rice took 1 hour 45

minutes, beans took 2 hours 30 minutes, and yam took 1 hour 30 minutes. An average

temperature of 1000C was obtained from the collector for an ambient temperature of 340C.
Kimambo (2007) carried out a comprehensive study involving theoretical review,
development work, experimental testing on six different types of solar cookers. The cookers were
the sun stove box cooker, wooden box cooker, panel cooker, reflector cooker with unpolished
aluminium reflectors, reflector cooker with polished aluminium reflectors and reflector cooker
with glass mirror reflectors. Results obtained indicated that many of the cookers could be used to
cook food for households in areas with medium and high insolation, with appropriate selection of

the type and specification of the cookers, based on the measured insolation data of the location.

Ishanet al., (2007) modelled a box type solar cooker employing non-tracking planar
reflectors which was designed and fabricated. Its thermal performance was investigated

experimentally. The cooking power of the laboratory model was found to be 25-50% higher than
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that of the conventional cooker in various pre-specified test conditions. It was also concluded that
the solar cooker utilising non-tracking reflectors provides increased heat collection and faster

cooking, compared to the conventional box type solar cooker.

2.7 Theoretical Background

Solar radiation reaching the earth surface is comprised of beam and diffuse radiation.
Diffuse radiation is due to the scattering of sunlight by the atmosphere, while beam radiation is
the unaffected part. The beam component forms a larger part of the total radiation.

Solar cookers with reflectors convert both the beam and diffuse components of solar

radiation into thermal energy through the following processes:

i. Reflection
il. Transmission

iii. Absorption
2.7.1 Incident radiation

In order to determine the incident beam radiation on a surface of arbitrary orientation, it is

necessary to evaluate the geometrical ratio, R, given by (Duffie and Beckman, 2001):

R, = <% (2.1)

cos By,
Where: 8; is the angle of incidence of beam radiation relative to the normal of asurface

0,is the zenith angle of the sun

cos B;andcos 6,are evaluated as follows (Duffie and Beckman, 2001):

19



cos B; = cos B, cosf + sinb,sin B cos(ys —y) (2.2)
cos B, = sind sin@ + cos d cos ¢ cos w (2.3)

Where: g is the inclination of the surface
¥,is the surface azimuth angle
yis the azimuth angle
dis the declination
@is the latitude of the location

whour angle

The beam and diffuse radiation on a tilted surface are then given by (Duffie and Beckman,
2001):

Iyr = IpRy (2.4)
: (1+cosp)
2

Ia'lT =1y (2.5)

Where: T, is the beam radiation on a horizontal surface (W/m?)

I;is the diffuse radiation (W/m?)

2.7.2 Reflection of radiation

Plane reflectors are used to increase the amount of radiation flux onto the aperture of the
oven box. When sun ray strikes a specular reflecting surface, the angle of incidence is equal to the
angle of reflection. Reflectivity is the ratio of the reflected energy to the incident energy.

The intensity of reflected radiation is given as (Pejack, 2003):

I = p.Ipr (2.6)

Where: I, is the reflected radiation, (W/m?)
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I,7is the incident beam radiation on a tilted surface (W/m?)
pis the reflectivity
2.7.3 Transmission of radiation

The direct and reflected radiations incident on glazing is transmitted into the oven
chamber. When solar radiation is transmitted through the glazing, some part of the radiation is
reflected at the surface, absorbed within the glazing, while the remaining is transmitted (Pejack,

2003).
L =t(l; +1) (2.7)
Where: I is the transmitted radiation, (W/m?)
I7is the global radiation, (W/m?)
Tis the transmissivity
2.7.4 Absorption

When solar radiation is incident on an opaque surface, part of it is reflected, and the rest is
absorbed. The absorbed radiation manifests as a heat input at the surface. The fraction of the

incident radiation that is absorbed is termed absorptance, a.

The effective absorptance of a cavity receiver in a direct-gain passive solar heating

application like a solar oven is given by (Duffie and Beckman, 2001):

(Uopp = — (2.8)

2
ai+(1—ai)TdA—‘i1
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Where:
;s the absorptance for diffuse radiation of the inner surface of cavity.
741 the transmittance of the glazing for isotropic diffuse solar radiation.
A,is the area of aperture (m?).
A;is the area of the inside cavity (m?).

The energy absorbed in the solar oven chamber can therefore be expressed as:

Qu = a’efffr (2.9)
2.8 Performance Evaluation of Solar Oven

Although there are many test procedures for thermal rating of flat plate collectors in
different countries of which the most widely accepted and used is ASHRAE standard, yet there is
no universal standard test procedure for solar cookers (Garg and Prakash, 2000). There are many
standards which have been proposed by different organisations for testing and evaluating solar
cookers. One of such standards is the ASAE (American Society of Agricultural Engineers)
standard known as ASAE S580. The standard was initiated by the tests standard committee at the
third world conference on solar cooking held in India in 1997. It was developed by the ASAE
solar energy committee (SE-414) march, 2012 and approved by ASAE structures and
environment division standards committee January 2003. This standard is intended to (ASAE,
2003):

I Promote uniformity and consistency in the terms and units used to describe, test, rate

and evaluate solar cookers, solar cooker components and solar cooker operation.
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ii. Provide a common format for presentation and interpretation of test results to facilitate
communication.
iii. Provide single measure of performance so that consumers may compare different
designs when selecting a solar cooker.
2.8.1 Test protocol
The average temperature inside a container of water is measured and averaged over ten
minute intervals. Ambient temperature and normal irradiance are also measured and recorded.
The primary figure of merit used in the ASAE standard is the cooking power, P, defined by

(ASAE, 2003).

P, = =2 MC, (2.12)
Where:

P.is the cooking power (Watts)

T, is the final temperature ("'C)

T,is the initial temperature ("'C)

Mis the mass of water (kg)

C,1s the specific heat of water (kJ/kgk)

The cooking power is normalised for solar radiation of 700W/m? as (ASAE S580, 2003):

P, =P (ﬂ) (2.13)

Iav
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Ambient temperature for each interval is subtracted from the average cooking vessel

contents temperature for each corresponding interval.
T, =T, —T, (2.14)
Where:
T,is the temperature difference
T, is the water temperature
T,is the ambient air temperature

The standardised cooking power, P, is plotted against temperature difference Tq, for each

time interval.

A linear regression of the plotted points are used to find the relationship between cooking
power and temperature in terms of intercept a(W) and slope b(W/" C) given as (ASAE S580,

2003):
P, = a+ bT, (2.15)

The coefficient of determination (r%) or proportion of variation in cooking power can then
be attributed to the relationship found by regression and should be higher than 0.75 or specially
noted. The value for standardised cooking power is computed for temperature difference T4 of

50 'C using the regression relationship (ASAE S580, 2003).
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CHAPTER THREE

MATERIALS AND METHODS

A solar oven was designed, simulated, fabricated using an optimised model and tested in
the study. The test was carried out in the Mechanical Engineering Workshop of Ahmadu Bello

University, Zaria.

3.1 Description of Solar Oven System

The solar oven was designed to achieve heating by direct exposure to solar radiation. The
system consists of the following components as shown in Figure 3.1; reflectors, cavity collector
and inverted T-frame support. The design is such that the collector and the reflectors can be

adjusted to track the movement of the sun.
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Figure 3.1 Schematic representation of the solar oven

KEY

1- Reflectors

2- Glazing

3- Leveling tray

4- Pot

5- Oven chamber (absorber)

6- Insulation

7- Outer casing

8- Inverted T-frame

9- Rollers

10- Door
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3.2 Materials
In order to construct an effective solar oven, the choice of materials has to be given
considerable thought. The materials chosen must be structurally sound, able to withstand high
temperatures, safe, and effective with regard to the capture of solar energy and retention of heat.

Finally, cost has to be considered in order to make it affordable for the target population.

3.2.1 Reflectors

Concentrating solar collectors require the use of reflective surfaces to direct the beam
component of solar radiation onto a receiver. This requires surfaces of high specular reflectance
for radiation in the solar spectrum (Duffie and Beckman, 2001).

Specular surfaces are usually metals or metallic coatings on smooth substrates. Specular
surfaces can also be applied to transparent substrates including glass or plastic. Back silvered
glass can have excellent specular reflectance, and if the reflective coatings are adequately
protected, durability is excellent. Typical values of specular reflectance of surfaces for solar
radiation are shown in Table 3.1.

Back silvered low-reflectance glass is considered due to its high reflectance and low cost.

Table 3.1: Normal specular solar reflectance of surfaces(Duffie and Beckman, 2001)

Surface Reflectance
Back-silvered low-reflectance glass 0.94
Electroplated silver, new 0.96
High-purity Al, new clean 0.91
Sputtered aluminium optical reflector 0.89
Brytal processed aluminium, high purity 0.89
Back silvered water white plate glass, new clean 0.88
Al, SiO coating, clean 0.87
Aluminium foil, 99.5% pure 0.86
Back aluminized 3M acrylic, new 0.86
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3.2.2 Glazing

Glazings are transparent covers used to prevent heat loss by convection from the collector.
The properties of glazing materials that have been considered for solar collector covers are given

in Table 3.2.

Table 3.2 Average refractive indexof some coversin the solar spectrum (Mahavaret al., 2012)

Glaze Refractive Extinction coefficient Density Thickness
material index (m™) (kg/m®) (mm)
Glass 1.52 15 2450 3.94
Polymethyl 1.49 0.05 1172 2.75
methacrylate

(PMMC)

Polycarbonate 1.58 0.05 1177 2.9

(PC)

From Table 3.2, it can be seen that PMMC and PC have favourable properties required for
effective solar radiation collection, but glass is considered because it is cheaper and withstands

high temperatures.

3.2.3 Insulation

The material property that governs the ability of a material to conduct heat is the thermal
conductivity. For effective insulation, low thermal conductivities are desired. Other properties
that determine the suitability of insulators for solar oven application are rigidity and thermal
stability. Table 3.3 gives typical values of thermal conductivity for various insulation materials.

Saw dust was considered, due to low thermal conductivity, low cost and availability.
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Table 3.3: Thermal conductivities of various insulating materials (Pejack, 2003)

Material Thermal conductivity
(W/m(IC)

Air 0.03
Foam(polyurethane)  0.03
Fibre glass 0.04
Corkboard 0.04
Felt Wool 0.05
Cotton 0.06
Saw dust 0.06
Paper 0.18
Wood 0.1-0.2
Sand 0.3

3.2.4 Casing

Galvanized iron, steel, aluminium, wood and fibre sheet are commonly used casing
materials. These materials have very good weather stability as well as durability, but these differ
in cost and weight. Properties of some casing materials are shown in Table 3.4. Hard board was

chosen for the casing due to its low conductivity, density and cost.

Table 3.4: Properties of casing materials(Mahavar et al., 2012)

Material Thermal conductivity Density (kg/m°) Thickness (m)
(W/mK)

Fibre sheet 0.048 240 0.002

Galvanized iron 59 7880 0.00088

Aluminium 228 2700 0.00071

Stainless steel 15.6 7913 0.00046

Hard board 0.15 730 0.0025
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3.3 Solar Data

Global solar radiation measurements are required for the design, optimisation and
prediction of the performance of solar energy systems (Sanusiet al., 2011). Metrological data of
the city, where the test was carried out (Zaria) was used. This data include: solar radiation, wind
speed, ambient temperature, and number of sunshine hours.

Solar radiation measurements are often available in form of daily and hourly radiation on
a horizontal surface. Hourly radiation on a horizontal surface can be generated from the TMY
(typical meteorological year) data using TRNSYS simulation software.

A TMY data is a collation of selected weather data for a specific location, generated from
a data bank much longer than a year in duration. It is specially selected so that it presents the
range of weather phenomena for the location in question, while still giving annual averages that

are consistent with the long-term averages for the location.

3.4 Design Theory

The design model of the solar box oven was based on the following assumptions:
I. Specular reflection takes place from the reflectors.
ii. The absorber includes the blackened interior walls of the insulated box.
iii. Adjustment is constantly made so that surface azimuth is always equal to solar
azimuth.

iv. The transmittance of the glazing is a function of the angle of incidence.

V. The air mass in the oven is constant and only acts as a medium for convective heat
transport.

Vi, The collector and reflector have the same area.

vii.  The temperatures of the side walls and base of the oven chamber are equal.
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3.4.1Tracking mode

Collectors can be continuously adjusted in prescribed ways to minimise the angle of
incidence of beam radiation on their surfaces and thus maximise the incident beam radiation.

The collector azimuth and tilt angles can be adjusted periodically to maximise the
radiation incident on the collector. The tracking method employed is that for a surface at a
fixed slope and variable azimuth, rotating about a vertical axis as depicted in Fig 3.2. In this

case the beam radiation is maximised when solar azimuth is equal to surface azimuth.

Vertical

A

South

Figure 3.2: Tracking mode of collector surface (TRNSYS 16 — Mathematical Reference,2007)

The energy absorbed by a solar collector depends on the angle of incidence of the direct
and reflected radiation on the collector surface. The geometric relationship between the plane
of the collector, reflectors and the position of the sun can be described in terms of several

angles as shown in Figure 3.3.
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Figure 3.3: A schematic representation of the radiation incident on the collector-reflector

assembly.

The collector and reflectors are denoted as C, Ry, and R, respectively.

3.4.2 Angle of incidence of reflected radiation

The reflectors are more effective when the solar incidence angle increases with the
position of the sun and becomes less effective when the incidence angle on the reflector
surface decreases. The expressions for the angles of incidence on the collector for the

reflected rays are (Rakeshet al,. 1994):

c0s0,..1 = —uysinf.cosy, — visinf.cosys — w,cosf, (3.1
€080y, = —U,SiNP.cosys — V,SinfB.cosys — w,cosf, (3.2)
Where:

U, = —sinf,cosy + 2cos8,,sinf,1cosy; (3.3)
U, = —sinf,cosy — 2co0s0,,sinf,,cosy; (3.4)
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v; = —sinf,siny + 2cos0,,sinf,,siny; (3.5

v, = —sinb,siny — 2c0s60,,5inf,,siny; (3.6)
w; = —cos8, + 2cos0,,c0sfr1 (3.7)
wy = —c0s80, + 2c050,,c05 (3.8)
Where:

Br1is the tilt angle of reflector R1.
Bqr-is the tilt angle of reflector R2.
Bis the collector tilt angle.
0,.11s the angle of incidence of solar radiation on R1.
0,,is the angle of incidence of solar radiation on R2.
3.4.3 Exchange and shading factors

If e; and e; are the position vectors of the points on the incident solar rays after reflection,

then (Rakeshet al,. 1994):

€1 = eyl + ey, ]+ e,k (3.9)
€, = el + ey] + ek (3.10)
Where:
ex1 = —(a/2)siny; — acosf,1cosys + Coquy (3.11)
ey1 = —(a/2)sinys; — acosPr1cosys + Ce1vy (3.12)
e;1 = asinfl,1cosys + Coqwy (3.13)
ex2 = —(a/2)siny; — acosB,,cosys + Coou, (3.14)
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ey2 = —(a/2)sinys — acosP,,cosys + Cop¥; (3.15)

€z = aSinfy, + Coywy (3.16)
Co1 = asin(Br1 — B.)/c0S0,c1 (3.17)
Cez = asin(Bry + Bc)/c050rc, (3.18)
Where:

ais the length of collector.

Expressions for the exchange factors with respect to different regions of the reflectors are

given in Tables 3.5 and 3.6

Table 3.5: Exchange factors with specified boundary conditions between the reflector R-1 and the
collector for six different regions (Rakeshet al,. 1994).

Region Boundary conditions Exchange factors (fic1)

1 R>0, S1<-0.5 05R1/W1(O5-81)
(R1+81W1)<0.5W1

2 Ri>Wy, $1<0.5 05[2-(05-51)W1/R1]
(R1+51W1)20.5W1

3 -0.5<8:1<0.5 05(15+51)R1/W1
0<R;<W;

4 S$:>0.5, Ri>W; 05[2-(81-05)W1/R1]
(R1-81W1)>0.5W1

5 0.5<5<1.5 05R1(25-51)/W1
0<Ri<W;

6 S$,>0.5, Ri>0 05R1/W1(Sl-05)

(R1-S1W1)<0.5W;

Where S;, R; and W are given by (Rakeshet al,. 1994):

S, = —(ex1/a)siny + (ey1/a)cosy (3.19)
R, = (ey1/a)cosy + (eyl/a)siny (3.20)
W, = cosp. (3.21)
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Table 3.6: Exchange factors with specified boundary conditions between the reflector R-2 and the
collector for six different regions (Rakeshet al,. 1994).

Region Boundary conditions Exchange factors (frc2)

1 R,<0, S,<-0.5 05R2/W2(05-52)
(R2+82W2)>0.5W1

2 Ro<W5, S,<0.5 05[2-(05-82)W2/R2]
(R2+82W2)<0.5W2

3 -0.55,<0.5 0.5(1.5+5;)Ro/W,
0>R,>W>

4 5,05, R<W, 0.5[2-(5,-0.5)W,/R5]
(R2-32W2)<-0.5W2

5 0.5<S5,<1.5 05R2(25-Sz)/W2
0>Ro>W>

6 S,>0.5, R,<0 0.5R2/W2(52-0.5)

(R2-82W2)>-0.5W1

Where S;, R, and W, are given by (Rakeshet al,. 1994):

S, = —(exz/a)siny + (ey,/a)cosy (3.22)
R, = (e,,/a)cosy — (eyz/a)siny (3.23)
W, = cosf, (3.24)

Shading of reflectors on collector is also calculated in the same fashion. In this case, the
incoming beam radiation passing from points on the reflector to the collector is considered. The
position vectors of points for which the incoming beams are incident on the collector are

(Rakeshet al,. 1994):

é\l = e;cli + e:;/1]_+ e;llz (325)

éz = e;czi + 65,2]_+ eézlz (326)
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Where:

€x1

—(a/2)sinys; — a cosf,1cosys — C,15in6,cosys

ey, = —(a/2)siny; — a cosfysinys — C,15inB,cosy;

~

e,1 = asinf,4 — C,1cosb,

ey, = —(a/2)siny, — a cosP,,cosys — Copsind,cosys
ey, = —(a/2)siny; — a cosf,cosys — C,,sinb,cosy;

~

e, = asinf,, — C,ocos6,
C,, = asin(S,; — S.) /cos@,

C.p = asin(S,, + S.) /cos6,

(3.27)
(3.28)
(3.29)
(3.30)
(3.31)

(3.32)

(3.33)
(3.34)

Expressions for the shading factors with respect to different regions of the reflectors are

obtained using Tables 3.7 and 3.8

Table 3.7: Shading factors with specified boundary conditions between the reflector R-1 and the

collector for six different regions (Rakeshet al,. 1994).

Region Boundary conditions Shading factors (Syc1)

1 R[>0, S[1,<-0.5 0.5R[11/W4(0.5-S11y)
(R14+S11;W;)<0.5W,

2 RI;>W;, S[11<0.5 0.5[2-(0.5-
(RO4+S11;Wp)>0.5W, S)W/R4]

3 -0.5<S11;<0.5 0.5(1.5+S))R[1/W,
0<R[1;<W;

4 S11;50.5, R{I;>W; 0.5[2-(S[ ;-
(R114-ST1;W1)>0.5W, 0.5)W4/R114]

5 0.5<S11;<1.5 0.5R174(2.5-S171)/W,
0<R[11<W;

6 S[1:>0.5, R[>0 0.5R171/Wy(S1;-0.5)

(RI13-S[15W;)<0.5W;

Where ST11, R[J; and W are given by (Rakeshet al,. 1994):

Sy = —(&x1/a)siny + (&,1/a)cosy

Ry = (éy1/a)cosy + (é,,/a)siny
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W, = cosp,

(3.37)

Table 3.8: Shading factors with specified boundary conditions between the reflector R-2 and the
collector for six different regions (Rakeshet al,. 1994).

Region Boundary conditions Shading factors (Sic2)

1 R1,<0,S1,<-05 0.5R 12/W(0.5-S 1)
(RD2+SD2W2)>O.5W1

2 R1,<Wa, 51 1,<0.5 0.5[2-(0.5-
(RD2+SD2W2)<O.5W2 SDz)Wz/R[z]

3 -0.5<S11,<0.5 0.5(1.5+SD2)R[2/W2
0>ROo>W,

4 S[1,>0.5, RO0,<W, 0.5[2-(8[2-
(RD2-812W2)<-0.5W2 0.5)W2/R[2]

5 0.5<S01,<1.5 0.5RD2(2.5-S[2)/W2
0>R [o>W,

6 S[1,>0.5, R[1,<0 0.5RD2/W2(SD2-0.5)

(R2-82W2)>-0.5W1

Where S,, R, and W, are given by (Rakesh et al,. 1994):

Sy = —(&xz/a)siny + (&,,/a)cosy (3.38)
R, = (&x2/a)cosy — (é,,/a)siny (3.39)
W, = cosf, (3.40)

3.4.4 Energy absorbed by collector

The total radiation on the collector is given by the sum of the radiation directly incident on
the collector and the reflected radiation from the reflectors R; and R,. The absorbed energy is

then given as (Rakeshet al,. 1994):

Qa = (1 - Sc){(Ta)bclbc + (Ta)dcldc + p[(Ta)rcllbrlfrcl Cos ercl + (Ta)rczlbrzfrcz Cos 91‘62]} (341)

Se =Sre1 + Srez (3.42)
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Where:
S.1s the shading factor of the reflectors R1 and R2 on collector.
I,.is the beam component of radiation on collector (W/m?)
1,.is the diffuse component of radiation on collector (W/m?)
I, is the radiation reflected from reflector R1 (W/m?)
I,,»is the radiation reflected from reflector R2 (W/m?)
(za)is the transmittance absorptance product.

3.4.5 Heat balance equations

SOLAR RADIATION

—> -
hy L‘ K/ hs
Usp &— J K_/ hw hpt </ — Uy

Figure3.4: Physical model of solar oven with plane reflectors
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The physical model postulated for the solar oven is shown in Figure 3.4. The oven cavity
is heated by the radiation transmitted through the glazing. Heat is transferred from the side and
bottom walls of the oven chamber at temperature,T,, to the ambient air at T, through the side and
bottom loss coefficient Uy, to the air in the oven chamber at temperature T, through the
convection coefficients h, and hs, to glazingat temperature T, through the linearised radiation
heat transfer coefficient h,. Heat is transferred to the cover glass from the air in the oven chamber
through the heat transfer coefficient hy, to the pot through the heat transfer coefficient hy, and
finally to the water at temperature T,,,through the heat transfer coefficient hy:. Energy is lost from

the glazing to the ambient air through the combined convection and radiation coefficient U;.

Energy balances carried out under steady state on the glazing, oven walls, air in the oven

chamber, tray, pot and water yield the following equations (Duffie and Beckman, 2001):
Glazing: Uy(T, = Te) + he (T, = To) + by (Tio = Tc) = 0 (3.43)
Oven walls: A.Q, + UspAsp(Ty — Tp) + {Achy + (Asp — A)h3}(Tio — Tp) + hyA (T, —T,) = 0 (3.44)

Air in oven chamber: hy A (T, — Tio) + {Achs + (Asp — A)hs}(T, — T;p) = 0(3.45)

AptK
pt;tpt (Tpt - Tt) - 0 (346)

Pot: % (Tye = Tp) + Agpe(Tio = Tpe) + Aw—pehone (T — Tpe) = 0 (3.47)

Water: Ay —prhuwe (Tpe — Twe) = qu(3.48)

MC,,AT,,
Where:
Us = hy + hyeq (3.50)
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h, = 2.8 + 3V, (3.51)

hrea = c8(T.2 + T ) (T, + To) (3.52)
h, = % (3.53)
1
Nu, = 0.27Ra;3 (3.54)
h, = 2 (3.55)
1
hy = ~2%8 (357)

T;,is the temperature of oven chamber(' C)
Nu is the Nusselt number.
Ra is the Rayleigh number

K. is the thermal conductivity of air (W/mk)

3.5Solar Oven Model and Optimisation

Simulation is very essential in the design of any solar device. TRNSY'S (Transient System
Simulation), EES (engineering equation solver) and Microsoft excel were used to model and
simulate the operation of the system.

TRNSYS consists of many subroutines that model subsystem components. It also has the
capability of interconnecting system components in any desired manner. Each component is
represented as a box, which requires a number of constant parameters and time dependent inputs
and produces time dependent outputs. A given output can however be used as an input to any

number of other components. When a flow diagram is drawn in TRNSYS, a deck file is created
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containing information on all the components of the system, weather data file and the output
format. TRNSYS also has a provision for calling external programs like Microsoft excel, EES
(engineering equation solver) and so on.
3.5.1 Thermal system modelling

The system model consists of different components with inputs and outputs. The model
shown in the TRNSY'S simulation studio evaluates the average power absorbed by the solar oven
within the time interval specified in the control cards. The model with the TRNSYS components
and all interconnections are shown in Figure 3.5. The solar thermal system consists of weather

data, reflectors and collector.

a. Weather data
TRNSYS typel09-tmy2 component was used to model the weather data. This
component reads weather data at regular intervals from a data file, converts and processes
the solar radiation data to obtain tilted surface radiation and other solar angle geometries
for the collector surface.
b. Plane Reflectors
The type 62 EXCEL component of TRNSYS was used to model the concentration
of radiation by the reflectors. This TRNSY'S type implements a link with Microsoft excel.
The exchange and shading factors of the reflectors as well as the angle of incidence of the
reflected radiation were evaluated using the input values from TMY weather component.
The result output was sent through the link to the equations component.
c. The collector
The collector was modelled as a macro which consists of the type 35b and the

equations components. The type 35b component calculates the transmissivities of the
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glazing for the incident and reflected radiation. Equation 3.41 was modelled in the
equations component which calculates the solar energy absorbed per metre square of the
collector. The parameters required for the model are given in Table 3.9. The type 55
periodic integrator component was used to calculate the integral of the energy absorbed in
the collector within a specified period of time. Type 25c printer component was finally

used to display the results at the end of each time interval.

Table 3.9: Simulation parameters for solar oven box model

Parameter Value

Number of glazing 1

Extinction coefficient of glazing 0.037

Refractive index 1.526
Absorbtivity 0.9
Reflectivity 0.9
Collector depth 0.3m
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Figure 3.5: Trnsys studio model of solar oven.

3.5.2 Determination ofmonthlyoptimum collector slope

The TRNSYS model used to determine the collector tilt angle required for optimum
interception of solar radiation is shown in Figure 3.6. Typel09 weather component evaluates the
solar radiation incident on the surface with tilt angle specified in the equations component. The

type 55 component integrates and calculates the average radiation incident on the surface for the

period specified in th

e control card.
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Figure 3.6Trnsys studio model for determining monthly optimum tilt angle

The Trnedit program was used to create a parametric table with tilt angles varying from 0-
50 degrees using the TRNSYS deck file shown in appendix A. Trnedit evaluates the monthly
average solar radiation incident on the surface for each tilt angle from 8a.m to 3p.m for the whole

month.

3.5.3 Determination of Monthly Optimum Tilt Angles of Reflectors R; and R;

Trnedit was used to edit the deck files for the TRNSYS model shown in figure 3.15. A
parametric table was created with both reflectors set at a number of varying tilt angle
combinations. The average power absorbed by the solar oven model for various combination of

reflector tilt angles (Br1 and Br2) within each month of the year was obtained.

3.5.4 Determination of Design month
The design month is the month with the lowest solar irradiance when the least system
performance is expected. The weather condition for the recommended average day for the
month was utilized. The recommended average day for each month of the year is given in

Table 3.10 (Duffie and Beckman, 2001).
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Table 3.10: Recommended Average Days for months and Values of n; (Day of theYear) by

months

Month Date n; Hours
January 17 17 384 — 408
February 16 47 1104 — 1128
March 16 75 1824 — 1848
April 15 105 2496 — 2520
May 15 135 3216 — 3240
June 11 162 3864 — 3888
July 17 198 4728 — 4752
August 16 228 5448 — 5472
September 15 258 6168 — 6192
October 15 288 6888 — 6912
November 14 318 7608 — 7632
December 10 344 8256 — 8280

3.5.5 Determination of optimum collector area and insulation thickness

The economic problem in solar system design is to find the lowest cost system. In
principle, the problem is a multivariable one, with all of the components in the system and the
system configuration having some effect on the thermal performance and thus on cost (Duffie and
Beckman, 2001). The optimisation process in this work was carried out using weather data for
Zaria, based on a minimum oven temperature of 100 degree Celsius. The subsequent sizing of
collector area and insulation thickness was such that a stagnation temperature of 100 'C was
attained in the average day of the design month. The flow chart of the optimisation process is

shown in appendix A.
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3.5.6 Temperature calculations

The transfer of heat generated in the solar oven was modelled using engineering equation
solver (EES).

With the collector and reflector tilt angles set at optimum values obtained for the design
month, the average energy absorbed was evaluated using TRNSYS at a time step of one minute.
These values were used in the EES model (appendix D) to calculate the temperature of the
lumped system as a function of time for six different areas and insulation thicknesses. The table
value function and parametric table were employed in solving the differential equation
numerically using Euler’s method. The parametric table calculates the temperature of the oven at

the end of each minute.

3.6 Production of Oven Components

The assembly and working drawing of the solar oven are shown in appendix C.The system
was constructed in Ahmadu Bello University (A.B.U) Zaria Mechanical Engineering Department

workshop based on theoptimumsystem dimensions obtained.

3.6.1 Insulated oven box

The inner and outer casing of the oven compartment was fabricated with plywood of
thickness 0.015m. The dimension for the inner casing is 0.7m x 0.7m x0.3m, while the outer
casing has dimension 0.9m x 0.9m x0.45m. A 0.6m x 0.2m rectangular opening was cut on one
side of each box to serve as a door. A 0.1m x 0.1m hard wood was nailed along the top of the
inner sides of the outer casing. The inner casing was then nailed to the hard wood at a distance of

0.05m from the top after which the sides of the door were sealed with plywood. The whole
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assembly was turned upside down after which the space was filled with saw dust and then finally

covered with 0.9m x 0.9m plywood.

3.6.2 Absorber

Aluminium roofing sheet was flattened and used to fabricate a 0.7m x 0.7m x 0.3m box
with 0.6m x 0.2m rectangular opening on one side. It was then inserted in the oven box and nailed

at the sides using 2mm nails.

3.6.3 Level tray

The level tray consists of a 0.6m x 0.2m angle bar frame with a steel plate of the same
dimension welded to the bottom of the frame. The tray is suspended from pivots through 0.1m flat

bars welded at right angles to the midpoint of the sides of the tray.

3.6.4 Glazing

White tempered glass of thickness 4mm and dimension 0.73m x 0.73m was placed on top

of the inner box. The space at the sides was sealed with silicone sealant.

3.6.5 Reflectors

Two 3mm thick, silver plated mirrors, 0.7m x 0.7m in dimension were each mounted on
0.7m x 0.9m plywood with the aid of clips. Each reflector was hinged by the opposite sides of the
oven box. The reflectors were held at the sides using flat bars, with one end permanently fixed to
the midpoint of the adjacent side on the collector and the other end sliding on the 3mm hole along
the angle bar screwed to the plywood. A butterfly screw was used to tighten the flat bar to the

angle bar when the reflector was at the desired position.
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3.6.6 Door

Aluminium sheet was used to fabricate an open box with dimension 0.6m x 0.2m x 0.1m.
It was filled with sawdust and then covered with plywood of dimension 0.7m x 0.3m. Two

cupboard handles were finally screwed to the plywood cover.
3.6.7 Support frame

The oven box was suspended from an inverted T-frame with rollers welded to the base for
easy movement. The oven box was rotated about the horizontal axis and the inclination can be
adjusted using a link which has one end fixed to the frame and the other end to the side of the
oven box. A butterfly screw was used to tighten the link to the oven when the oven is at the

desired inclination.
3.7 Simulation of Solar Oven Chamber Temperature

The solar oven model was simulated using Zaria solar data for 3" and5™ April. The
stagnation temperature of the oven was simulated from 9:00am to 3:00pm on 3" April, while
simulation with 1.5kg of water as load was carried out for 5™ April.

The tilt angles of the collector and reflectors were set to the optimum values obtained for the
month of April as given in Tables 3.10 and 3.11 respectively, in the equations component of the
TRNSYS environment. The model evaluates the energy absorbed in the oven chamber at intervals
of one minute as specified in the control cards. These values were used in the EES model to
calculate the temperatures of the glazing, oven chamber and water after every time step of one
minute. The cooking power, standardised cooking power and temperature difference were also
evaluated at these intervals. When the temperature of water reached 90 C, the oven chamber was
reloaded and simulation restarted.
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3.8 Experimental Setup
The system was setup as shown in appendix C. One end of each of the three thermocouples
was attached to the glazing, levelling tray and pot. A pyranometer was placed on the collector
with its plane parallel to the plane of the collector. The anemometer was mounted on the same
level as the solar oven. The reflectors R1 and R2 were tilted at 85 and 30" respectively, which

are the optimum tilt angles for the month of April.

3.9 Test Procedure

Tests were conducted to determine the performance of the solar oven based on the ASAE
S580 standard.

The test was carried out on 3 and 5" April 2014, at the Department of Mechanical
Engineering workshop, Ahmadu Bello University, Zaria. The objective of the test was to obtain
the continuous measurement of the system performance. In doing this, a consistent procedure was
followed.

The surface azimuth was adjusted every ten minutes to make up for the change in solar
azimuth. Temperature, solar radiation, and wind velocity readings were recorded every ten
minutes as required. On the first day, the temperatures of the oven chamber, glazing and ambient
air were recorded from 9:00am to 3:00pm with no load. On the second day, the system was setup
with 1.5 kg of water in the pot. The pot was emptied and refilled when the temperature of water
reached 90" C. This procedure was repeated three times in order to obtain an average value of the

performance coefficient.
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3.10 Error Analysis
The root mean square error (R.M.S) was used to determine the level of deviation of the
predicted result from the actual result. The R.M.S measures the quality of fit between the actual
data and the predicted model (Julien et al., 2013).
The RMSE of a model prediction with respect to the estimated variable Xoder IS defined as
the square root of the mean squared error (Neil, 2010).

n
RMSE = \/zi=1(X0bSi - Xmodel,i)2

n

(3.57)

Where:
Xobs 1S 0bserved values

Xmodel IS modelled values

The lower the Mean Absolute Error or the Bias Percentage value, the better the
performance of the model (Neil, 2010).

Furthermore, the Nash-Sutcliffe Coefficient of Efficiency (NSE) defined as follows:

NSE =1— Zi‘:(x""s" _ )(”‘_“‘e')z , (3.58)
D (Kopsi = Xops)?
Where:
Xobs 1S Observed value
Xmodel 1S modelled value
NSE is generally used to quantitatively describe the accuracy of model outputs. Nash-

Sutcliffe efficiencies can range from -0 to 1. An efficiency of 1 (NSE = 1) corresponds to a
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perfect match between model and observations. An efficiency of O indicates that the model
predictions are as accurate as the mean of the observed data, whereas an efficiency less than zero
(-o< E < 0) occurs when the observed mean is a better predictor than the model (Julien et al.,
2013).

Equations 3.62 and 3.63 were modelled in EES and used to determine the RMSE and NSE
values of the results obtained from the experiments and simulations. The model is shown in

appendix E.
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CHAPTER FOUR

RESULTS AND DISCUSSUION

4.10ptimisation of Design Parameters
4.1.1 Monthly optimum collector slope
Figures 4.1 and 4.2 show simulated average monthly solar radiation incident on surfaces at
different tilt angles for each month of the year in Zaria. The tilt angle at which the highest average
radiation value is observed is the optimum collector slope for the month. The optimum collector

tilt angles for each month is summarised in table 4.1.
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Figure 4.1: Variation of the average radiation incident on tilted surface for different values of tilt
angles (Bc) for the months of January to June.
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Figure 4.2: Variation of the average radiation incident on tilted surface for different values of tilt
angles (Bc) for the months of July to December.

Table 4.1: Monthly optimum tilt angles of collector

Month Slope (°)

January 45
February 35
March 30
April 0
May 0
June 25
July 25
August 0
September 0
October 35
November 40
December 45
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4.1.2 Monthly optimum tilt angles of reflectors,R; and R,
The monthly average absorbed solar radiation was simulated as a function of reflector tilt
angles (Br1 and Br2). The results plotted for each month of the year are shown in figures 4.3

through 4.14.
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Figure 4.3: Variation of average power absorbed by the solar oven with By, for different values of
Br1 for the month of January.
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Figure 4.4: Variation of average power absorbed by the solar oven with By, for different values of
Br1 for the month of February.
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Figure 4.5: Variation of average power absorbed by the solar oven with By, for different values of
Br1 for the month of March.
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Figure 4.6: Variation of average power absorbed by the solar oven with By, for different values of
By for the month of April.
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Figure 4.7:Variation of average power absorbed by the solar oven with B, for different values of
Br1 for the month of May.
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Figure 4.8: Variation of average power absorbed by the solar oven with B, for different values of
Br1 for the month of June.
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Figure 4.9: Variation of average power absorbed by the solar oven with B, for different values of
Br1 for the month of July.
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Figure 4.10: Variation of average power absorbed by the solar oven with B, for different values

of By1 for the month of August.

1410

1390

1370

1350

1330

1310

Average power absorbed(kJ/hr/m?)

1290

»

= ~
| N Bri(1)
—o—80
] —B—385
X A —4—90
| ——95
—%—100
0 10 20 30 40 50
pr2(11)

Figure 4.11: Variation of average power absorbed by the solar oven with B, for different values

of By for the month of September.
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Figure 4.12: Variation of average power absorbed by the solar oven with P, for different values
of Byy for the month of October.
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Figure 4.13: Variation of average power absorbed by the solar oven with B, for different values
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Figure 4.14: Variation of average power absorbed by the solar oven with P, for different values

of By for the month of December.

From Figures 4.3 to 4.14, the optimum tilts for reflectors R1 and R2 for each month of the

year are obtained. This is summarised in Table 4.2.

Table 4.2: Optimum monthly tilts of reflectors R1 and R2

Month Br1 (degrees) Br2 (degrees)
January 30 110
February 30 105
March 30 100
April 30 85
May 30 85
June 40 95
July 30 95
August 10 85
September 85 0
October 105 30
November 105 30
December 110 20




4.1.3 Design month

From Figures 4.1 and 4.2, it is observed that August has the lowest monthly average solar
irradiance which makes it the design month. The weather condition for the recommended average
day for the month of August (16™ August) was utilized.

Figure 4.15 presents the incident solar radiation on a horizontal surface and
ambient temperature on16™ August (5448-5472hrs) in Zaria.lt can be observed that there is steady
increase in solar radiation intensity from 12 noon (5460hrs) until it reaches its peak at about 3
p.m. (5463hrs), from then it decreases gradually till 8p.m (5468hrs) when the sun sets. The solar

oven model was simulated within this time interval (12noon-3:00p.m).
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Figure 4.15: Solar radiation and ambient temperature variation for 16™ August for Zaria.
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4.1.4 Optimum collector area and insulation thickness

Figures 4.16 to 4.21 show the temperature profile of the solar oven at stagnation (no load)

between 12pm and 4pm on 16" August for the different areas and insulation thicknesses.
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Figure 4.16: Temperature profile of oven box for collector area of 0.25m?, with insulation
thickness of 0.05m, 0.07m, 0.10m and 0.12m
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Figure 4.17: Temperature profile of oven box for collector area of 0.36m?, with insulation
thickness of 0.05m, 0.07m, 0.10m and 0.12m
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Figure 4.18: Temperature profile of oven box for collector area of 0.49m?, with insulation
thickness of 0.05m, 0.07m, 0.10m and 0.12m
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Figure 4.19: Temperature profile of oven box for collector area of 0.64m? with insulation
thickness of 0.05m, 0.07m, 0.10m and 0.12m
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Figure 4.20: Temperature profile of oven box for collector area of 0.81m? with insulation
thickness of 0.05m, 0.07m, 0.10m, and 0.12m.
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Figure 4.21: Temperature profile of oven box for collector area of 1.00m?, with insulation
thickness of 0.05m, 0.07m, 0.10m and 0.12m

From Figures 4.16 through 4.21, it is observed that: for collector areas of 0.36m? and
below, the stagnation temperature is less than 100" C. For collector area of 0.49m? and insulation
thickness of 0.12m, the stagnation temperature is 100 C. Further increase in area (0.64m?,
0.81m?, 1.00m?) does not yield any significant increase in stagnation temperature, therefore a

collector area of 0.49m? and insulation thickness of 0.12m were selected for the oven box design.
4.2 Experimental Results

The results of the experiments and theoretical results are presented in figures 4.22 through
4.34. Temperatures as well as the solar radiation (on primary y-axis) are plotted with local time.
The results obtained from experiments were compared with the simulated results. The aim was to

obtain the trend and the level of agreement of the experimental results with the simulated ones.
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The root mean square error (RMSE) statistical tool was used to analyse the predictive power of

the simulation model.

4.2.1 Observations

Figure4.22shows the radiation incident on the collector surface on 3™ April, 2014. It can
be observed that the experimental values fluctuate around the simulated values. This may be
attributed to the intermittent cloud cover. However, the simulated values appear to be an average
of the experimental values. On 5™ April 2014, the actual incident radiation is underestimated from
9:00am to 11:50am as can be observed from figure 4.23, but the simulated radiation seems to be

in close agreement with the actual radiation for the rest of the time.
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Figure 4.22: Experimental and simulated incident solar radiation with local time (3April, 2014).
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Figure 4.23: Experimental and simulated incident solar radiation with local time (5th April,
2014).

The actual and predicted values of ambient temperature for 3 April follow a similar
trend, with the actual values higher than the simulated values as observed from figure 4.24. This
may be due to lower wind velocities on the experimental day. The experimental and simulated
values of ambient temperature on 5™ April seem to be in close agreement for most part of the time

period.
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Figure 4.24: Experimental and simulated values of ambient temperature with local time (3" April,
2014).
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Figure 4.25: Experimental and simulated ambient temperature with local time (5th April, 2014).

Figure 4.25 shows the actual and simulated values of the stagnation temperature of the

solar oven without load. Both values follow the same trend from 9am to 10:20am. From 10:20am
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to 12:40pm, lower actual values are noticed, after which the actual temperatures become higher.

However, both values are in close agreement for most time of the duration.
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Figure 4.26: Experimental and simulated temperatures for oven chamber with local time (3 April,

2014).
The experimental and simulated temperature profiles of the cooking fluid (water) are

shown in Figures 4.27 through 4.34. The results indicate that the solar oven was loaded eight
times when the temperature reached 90" C. A summary of the duration of each stage of loading
and final temperature at the end of each stage is presented in Table 4.1. Although the
experimental results show higher temperatures, the simulated values are in close agreement with
values.

the actual
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Figure 4.27: Experimental and simulated temperature profile of water from 9:00am to 10:00am

(5th April, 2014).
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Figure 4.28: Experimental and simulated temperature profile of water from 10:00am to 10:40am
(5th April, 2014).
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Figure 4.29: Experimental and simulated temperature profile water from 10:50am to 11:30am (5th

April, 2014).
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Figure 4.30: Experimental and simulated temperature profile of water from 11:40am to 12:10pm

(5th April, 2014).
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Figure 4.31: Experimental and simulated temperature profile of water from 12:20am to 12:50pm
(5th April, 2014).
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Figure 4.32: Experimental and simulated temperature profile of water from 1:00am to 1:40pm
(5th April, 2014).
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Figure 4.33: Experimental and simulated temperature profile of water from 1:40am to 2:20pm
(5th April, 2014).
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Figure 4.34: Experimental and simulated temperature profile of water from 2:20am to 3:00pm
(5th April, 2014).
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Table 4.3: Duration and final temperature of water at the end of each loading stage

TIME Duration (min) Final temperature(C)
Experiment Simulation
9:10am-10:00am 60 91 80
10:10am-10:50am 50 90 92
11:00am-11:40am 40 95 92
11:50am-12:20pm 40 94 92
12:30pm-1:00pm 40 94 90
1:10pm-1:40pm 40 92 86
1:50pm-2:20pm 40 96 88
2:30pm-3:00pm 40 96 90

4.2.2 Error analysis

The RMSE and NSE analysis of the experimental and simulation based on the results for
3 April 2014 and 5™ April 2014 were obtained using the EES code shown in appendix E. The
results are presented in appendix E. The experimental and simulation results of 3 April
(stagnation test) show a RMSE value of 8.75"'C and NSE of 0.6. The results of 5™ April (sensible
heat test) show RMSE of 5.72 and NSE of 0.85. The outcomes of the analysis indicate minimal

deviation of predicted result from the actual result and also a good quality of fit.

4.2.3 System performance measurement
Thesystemperformancewas evaluated from the experimental results of 5™ April, 2014
using the ASAE standard. The temperature difference and the standardised cooking power
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evaluated from the results of the experiment and simulation is presented in appendix E. The
plotted results of the experiment and simulation together with the regression equation obtained
using EES are shown in Figures 4.35 and 4.36 respectively. The coefficients of determination (R%)
for the results of experiment and simulation were found as 97.54% and 95.71% respectively

which are within the limits recommended in the ASAE standard.
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Figure 4.35: Adjusted cooking power plotted over temperature difference and the resulting
regression line for experimental results.
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Figure 4.36: Adjusted cooking power plotted over temperature difference and the resulting
regression line for simulation results.

The values of standardised cooking power for a temperature difference of 50 C are
computed as 84.87W and 75.63W using the regression equations for the experimental and
simulation results respectively.

4.2.4 Cost evaluation

Evaluation of the cost of oven was based on material, labour and overhead costs. The
material cost involves the detailed breakdown of materials. Labour cost involves the expenses
incurred during the manufacturing process. Overhead cost entails the transportation and

miscellaneous expenses. Table 4.4 and 4.5 give details of the system cost.
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Table4.4: Materialcost

COMPONENT MATERIAL COST(Naira)

1 Inner and outer box Plywood 8 000

2 Insulation Saw dust 300

3 Inner chamber Aluminium sheet 1800

4  Glazing Glass 1400

5 Reflectors Back-silvered glass 2 000

6  Frame stand Mild steel 1 000

7 Bolts, nuts and washers Grade 4.8 steel 80

8 Paint Oil paint 900

9 Levelling tray Mild steel 600

Subtotal=N16 080

Table 4.5: Labour and Overhead Cost

TYPE OF LABOUR

COST (NAIRA)

Cost of producing the collector with reflectors, insulation,

glazing etc

Cost of cutting the frame and producing the stand

Cost of transportation and miscellaneous expenses

2 500

1800

1200

Subtotal= N5 500

Grand total=N21 580
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

A solar oven with reflectors was designed, simulated and constructed at Ahmadu Bello
University Zaria, Nigeria. The system design was modelled using TRNSY'S, Microsoft Excel, and
EES. The design was modelled in four parts;

First, the typical meteorological year (TMY) solar data of Zaria obtained from
www.solaranalytical.com was processed to obtain the monthly average daily solar resources of
Zaria using the solar radiation and weather data processor TYPE 109 component of TRNSYS 16
software. Since solar radiation varies randomly with time, the month with the least average daily
solar radiation was considered as the design month. The result showed that the month of August
has the least solar radiation and therefore, considered as the design month.

Second, the enhancement of radiation by the plane reflectors on the collector at any hour
of the day for random tilt angles and azimuth angles of collector and reflectors was modelled.
Shadowing effect of the reflector on the collector was also taken care of.

Third, the energy absorbed by the collector was modelled in TRNSYS studio as a function
of the design parameters.

Finally, the mechanism of heat transfer within the oven chamber and the heat loss to
ambient air was modelled in EES. The model therefore calculates the temperature of the different
components of the system after a time interval specified in the EES codes.

Optimisation of the system was carried out based on long term solar data for Zaria latitude

11.2°N and longitude 7.8° E) by:
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I Determining the collector slope and reflector tilts required for optimum interception of
solar radiation.
ii. Continuously varying the collector design parameters (Area and insulation thickness)

until a desired outcome was observed.

A summary of the tilt angles of reflectors R;, R, and collector obtained for optimum
collection of solar energy is given in table 5.1. The optimum collector area and insulation

thickness based on the design month (August) was found to be 0.49m? and 0.1m respectively.

The designed components of the oven were carefully constructed using available methods and
materials. The system was coupled and tested in the workshop of mechanical engineering
department of Ahmadu Bello University, Zaria. The oven model was also simulated for the days
on which the tests were performed. The results were analysed and the performance of the oven

was evaluated using the ASAE standard. A cost evaluation of the system was carried out.

5.2 CONCLUSIONS

The modelling, simulation, optimisation, construction and testing of a solar box oven with

plane reflectors were carried out and the following outcomes were obtained.

I. Monthly optimum tilt angles for the collector and reflectors.

ii. The optimum collector area and insulation thickness, based on a stagnation
temperature of 100" 'C were 0.49m? and 0.12m respectively.

iii. The solar oven was tested and simulated in accordance to the ASAE standard. The

regression line for the experiment and simulation was obtained and used to compute
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the cooking power of the oven. The experimental and simulated cooking powers are
84W and 75W respectively.

v, The test results were used to analyse the predictive power of the solar oven model with
the aid of the RMSE and NSE statistical tools. The RMSE values were 8.75 C and
5.72 C, while the NSE values were 0.6 and 0.85 for the stagnation temperature test
and sensible heat test respectively. The results show little deviation of predicted values
from actual values and also a good level of fit, thereby validating the model used for

simulating the solar oven.

5.3 RECOMMENDATIONS

The following recommendations would help to improve and ease further research in solar

oven design and construction:

1. Alternative methods of heat retention in the collector should be explored. Most of the heat
is lost by convection from the glass cover. Top loss from the collector could be reduced by
using multiple glazings. The side and bottom loss could also be reduced by using
alternative insulating materials.

2. Tracking devices could be used to enhance solar radiation collection. Solar panels may be
used to power such devices.

3. Alternative construction materials should be explored with a view to reducing the size and
weight of the oven for easy handling and transportation.

4. The use of various oven cavity geometries should be investigated in collector design, in

order to study the effect of various geometries on the performance.
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APPENDIX A

FLOW CHART FOR THE OVEN BOX OPTIMISATION PROCESS

Read weather data.

v
Run TRNSYS for different
collector areas.

A

Run EES for temperature
profile, given different
insulation thicknesses.

A\ 4

No

Analyse results. Is minimum
oven temperature achieved?

Yes
\ 4
Read corresponding
area and insulation
thickness

END
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APPENDIX B

TRNSYS DECK FILE: ENERGY ABSORBED BY SOLAR OVEN

VERSION 16.1

R R R I R R I I I I I I I I I I I I I I I I I I I I b I I I b I e I I I I b I e b b I I I I e b I b b b b I b I I b b I b b b I i b 4

*

*%% TRNSYS input file (deck) generated by TrnsysStudio

*** on Saturday, August 09, 2014 at 10:27

*** fromTrnsysStudio project:
C:\Users\SHEIK\AppData\Local\VirtualStore\Program

Files\Trnsysl6 1\MyProjects\Projectl2\Projectl2.tpf

* k%

*** Tf you edit this file, use the File/Import TRNSYS Input File function in
*** TrnsysStudio to update the project.

* Kk k

***% Tf you have problems, questions or suggestions please contact your local
*** TRNSYS distributor or mailto:software@cstb.fr

*** Units

*** Control cards

KA AR A A A A A A A A A A A A A A A A A A A A A A A A AR A A A A A AR A A AR A AR A A AR A AR A A A A AR A A AR A A ARk A A A ARk kK
* START, STOP and STEP

CONSTANTS 3

START=2256

STOP=2280

STEP=0.016666666

* User defined CONSTANTS

SIMULATION START STOP STEP ! Start time End time Time step
TOLERANCES 0.001 0.001 ! Integration Convergence

LIMITS 30 30 30 ! Max iterations Max warnings Trace
limit

DFQ 1 ! TRNSYS numerical integration solver method
WIDTH 80 ! TRNSYS output file width, number of characters
LIST ! NOLIST statement

! MAP statement
SOLVER 0 1 1 ! Solver statement Minimum relaxation

factor Maximum relaxation factor
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NAN CHECK 0 ! Nan DEBUG statement

OVERWRITE CHECK O ! Overwrite DEBUG statement
TIME REPORT O ! disable time report
EQSOLVER 0 ! EQUATION SOLVER statement

* EQUATIONS "Tilt angles"
*

EQUATIONS 5

gamma r2 = [5,11]+180
beta ¢ = 30

beta rl = 100
beta r2 = 30
a =1

*SUNIT NAME Tilt angles
*$LAYER Main
*$POSITION 263 488

* Model "Exchange factor" (Type 62)

*

UNIT 3 TYPE 62 Exchange factor

*SUNIT NAME Exchange factor

*SMODEL .\Utility\Calling External Programs\Excel\Type62.tmf
*SPOSITION 451 420

*SLAYER Main #

PARAMETERS 4

0 ! 1 Mode

8 ! 2 Nb of inputs

4 ! 3 Nb of outputs

1 ! 4 Show Excel

INPUTS 8

6,11 ! Zaria weather-2:solar azimuth angle ->input-1

a ! Tilt angles:a ->input-2

6,22 ! Zaria weather-2:angle of incidence for tilted surface -1 -
>input-3

6,34 ! Zaria weather-2:angle of incidence for tilted surface -3 -
>input-4

6,10 ! Zaria weather-2:solar zenith angle ->input-5
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6,23 ! Zaria weather-2:slope of tilted surface-1 ->input-6
6,29 ! Zaria weather-2:slope of tilted surface-2 ->input-7
6,35 ! Zaria weather-2:slope of tilted surface-3 ->input-8
***x INITIAL INPUT VALUES

00000O0O0DO

LABELS 1

"C:\Users\SHEIK\Desktop\facing north.xls"

* Model "Shading factor" (Type 62)

*

UNIT 4 TYPE 62 Shading factor

*SUNIT NAME Shading factor

*SMODEL .\Utility\Calling External Programs\Excel\Type62.tmf
*$POSITION 457 207

*SLAYER Main #

PARAMETERS 4

0 ! 1 Mode

8 ! 2 Nb of inputs

4 ! 3 Nb of outputs

1 ! 4 Show Excel

INPUTS 8

6,11 ! Zaria weather-2:solar azimuth angle ->input-1

a ! Tilt angles:a ->input-2

6,28 ! Zaria weather-2:angle of incidence for tilted surface -2 -
>input-3

0,0 ! [unconnected] input-4

6,10 ! Zaria weather-2:solar zenith angle ->input-5

6,23 ! Zaria weather-2:slope of tilted surface-1 ->input-6
6,29 ! Zaria weather-2:slope of tilted surface-2 ->input-7
6,35 ! Zaria weather-2:slope of tilted surface-3 ->input-8

*** INITIAL INPUT VALUES

00000O0O0O

LABELS 1

"C:\Users\SHEIK\Desktop\facing south.xls"

* Model "Zaria weather" (Type 109)
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*

UNIT 5 TYPE 109 Zaria weather

*SUNIT NAME Zaria weather

*SMODEL .\Weather Data Reading and Processing\Standard Format\TMY2\Typel09-
TMY2 . tmf

*$SPOSITION 188 296

*$LAYER Main #

PARAMETERS 4

2 ! 1 Data Reader Mode

36 ! 2 Logical unit

4 ! 3 Sky model for diffuse radiation
1 ! 4 Tracking mode

INPUTS 3

0,0 ! [unconnected] Ground reflectance
0,0 ! [unconnected] Slope of surface
0,0 ! [unconnected] Azimuth of surface

**% INITIAL INPUT VALUES

0.2 30 0.0

*** External files

ASSIGN "C:\Users\SHEIK\Desktop\Solar Oven\SOLAR

LIB\Zaria Nigeria SPtMasterTable 472122 19790101 20100101 tmy2.tm2" 36
*|? Weather data file |1000

* Model "Zaria weather-2" (Type 109)

*

UNIT 6 TYPE 109 Zaria weather-2

*SUNIT NAME Zaria weather-2

*SMODEL .\Weather Data Reading and Processing\Standard Format\TMY2\Typel09-
TMY2.tmf

*$SPOSITION 332 307

*SLAYER Main #

PARAMETERS 4

2 ! 1 Data Reader Mode

37 ! 2 Logical unit

4 ! 3 Sky model for diffuse radiation
1 ! 4 Tracking mode

INPUTS 7

0,0 ! [unconnected] Ground reflectance
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beta rl ! Tilt angles:beta rl ->Slope of surface-1

5,11 ! Zaria weather:solar azimuth angle ->Azimuth of surface-1
beta c ! Tilt angles:beta ¢ ->Slope of surface-2

5,11 ! Zaria weather:solar azimuth angle ->Azimuth of surface-2
beta r2 ! Tilt angles:beta r2 ->Slope of surface-3

gamma_r2 ! Tilt angles:gamma_ r2 ->Azimuth of surface-3

**% INITIAL INPUT VALUES

0.2 0.0 0.0 0.0 0.0 0.0 0.0

*** External files

ASSIGN "C:\Users\SHEIK\Desktop\Solar Oven\SOLAR

LIB\Zaria Nigeria SPtMasterTable 472122 19790101 20100101 tmy2.tm2" 37
*|? Weather data file 1000

* EQUATIONS "Absorbed energy"

*

EQUATIONS 16

alpha eff = alpha i/ (alpha i+ (l+alpha i)*[9,7]*A c/A sb)
alpha i = 0.93*alpha n

alpha n = 0.9

I rl = [6,19]*cos([3,1])*[3,3]

I r2 = [6,31]*cos([3,2])*[3,4]

rho = 0.9

A c = a*a

A sb = A ctd*a*d

Trcl = [3,1]

Trc2 = [3,2]

Tc = [6,28]

I tc = [6,24]*(1000/3600)*A c
d=20.3

Q ab = A c*(1-

S c)*([6,24]1*[9,5] *alpha eff+rho*([6,19]*[8,6]*alpha eff*[3,3]*cos([3,1])+[6,3
11*[10,6]*alpha eff*[3,4]*cos([3,2])))*(1000/3600)

S c = [4,1]+[4,2]

T amb = [6,1]

*SUNIT NAME Absorbed energy

*SLAYER Main

*SPOSITION 558 306



* Model "theta rcl" (Type 35)

*

UNIT 8 TYPE 35 theta rcl

*$SUNIT NAME theta rcl

*SMODEL .\Loads and Structures\Window\Theoretical\Type35b.tmf
*$SPOSITION 590 189

*$LAYER Main #

PARAMETERS 5

! 1 Window mode
1.50 ! 2 Area
1 ! 3 Number of glazings
0.037 ! 4 Extinction
1.526 ! 5 Refractive index
INPUTS 6
0,0 ! [unconnected] Room temperature
0,0 ! [unconnected] Ambient temperature
0,0 ! [unconnected] Loss coefficient
I rl ! Absorbed energy:I rl ->Total solar radiation
I rl ! Absorbed energy:I rl ->Beam radiation
Trcl ! Absorbed energy:Trcl ->Incidence angle

***x INITIAL INPUT VALUES
22.0 10.0 3.0 0.0 0.0 20.0

* Model "theta c" (Type 35)

*

UNIT 9 TYPE 35 theta c

*$UNIT_NAME theta c

*SMODEL .\Loads and Structures\Window\Theoretical\Type35b.tmf
*SPOSITION 713 189

*SLAYER Main #

PARAMETERS 5

! 1 Window mode
1.50 ! 2 Area
1 ! 3 Number of glazings
0.037 ! 4 Extinction
1.526 ! 5 Refractive index
INPUTS 6
0,0 ! [unconnected] Room temperature
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0,0 ! [unconnected] Ambient temperature

0,0 ! [unconnected] Loss coefficient

I tc ! Absorbed energy:I tc ->Total solar radiation
0,0 ! [unconnected] Beam radiation

Tc ! Absorbed energy:Tc ->Incidence angle

***x INITIAL INPUT VALUES
22.0 10.0 3.0 0.0 0.0 20.0

* Model "theta rc2-2" (Type 35)

*

UNIT 10 TYPE 35 theta rc2-2

*SUNIT NAME theta rc2-2

*SMODEL .\Loads and Structures\Window\Theoretical\Type35b.tmf
*SPOSITION 813 184

*SLAYER Main #

PARAMETERS 5

! 1 Window mode
1.50 ! 2 Area
1 ! 3 Number of glazings
0.037 ! 4 Extinction
1.526 ! 5 Refractive index
INPUTS 6
0,0 ! [unconnected] Room temperature
0,0 ! [unconnected] Ambient temperature
0,0 ! [unconnected] Loss coefficient
I r2 ! Absorbed energy:I r2 ->Total solar radiation
I r2 ! Absorbed energy:I r2 ->Beam radiation
Trc2 ! Absorbed energy:Trc2 ->Incidence angle

**% INITIAL INPUT VALUES
22.0 10.0 3.0 0.0 0.0 20.0

* Model "Typeb5" (Type 55)

*

UNIT 11 TYPE 55 Type55

*SUNIT NAME Type55

*SMODEL .\Utility\Integrators\Periodic Integrator\Type55.tmf
*SPOSITION 684 307

*SLAYER Main #
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PARAMETERS 21

1 ! 1 Integrate or sum input-1

8 ! 2 Relative starting hour for input-1
9 ! 3 Duration for input-1

24 ! 4 Cycle repeat time for input-1
0.016667 ! 5 Reset time for input-1

0 ! 6 Absolute starting hour for input-1
8760 ! 7 Absolute stopping hour for input -1
1 ! 8 Integrate or sum input-2

8 ! 9 Relative starting hour for input-2
9 ! 10 Duration for input-2

24 ! 11 Cycle repeat time for input-2
0.016667 ! 12 Reset time for input-2

0 ! 13 Absolute starting hour for input-2
8760 ! 14 Absolute stopping hour for input -2
1 ! 15 Integrate or sum input-3

8 ! 16 Relative starting hour for input-3
9 ! 17 Duration for input-3

24 ! 18 Cycle repeat time for input-3
0.016667 ! 19 Reset time for input-3

0 ! 20 Absolute starting hour for input-3
8760 ! 21 Absolute stopping hour for input -3
INPUTS 3

Q ab ! Absorbed energy:Q ab ->Input-1

I tc ! Absorbed energy:I tc ->Input-2

T amb ! Absorbed energy:T amb ->Input-3

***x INITIAL INPUT VALUES

* Model "Type25c" (Type 25)

*

UNIT 12 TYPE 25 Type25c

*$SUNIT NAME Type25c

*SMODEL .\Output\Printer\Unformatted\No Units\Type25c.tmf
*SPOSITION 684 136

*SLAYER Main #

PARAMETERS 10

0.016667 ! 1 Printing interval
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2265 ! 2 Start time

2271 ! 3 Stop time

38 ! 4 Logical unit

0 ! 5 Units printing mode

0 ! 6 Relative or absolute start time

-1 ! 7 Overwrite or Append

-1 ! 8 Print header

0 ! 9 Delimiter

1 ! 10 Print labels

INPUTS 5

beta rl ! Tilt angles:beta rl ->Input to be printed-1
beta r2 ! Tilt angles:beta r2 ->Input to be printed-2
11,3 ! Typeb55:Mean value of input-1 ->Input to be printed-3
11,13 ! Typeb55:Mean value of input-2 ->Input to be printed-4
11,23 ! Typeb55:Mean value of input-3 ->Input to be printed-5

***x INITIAL INPUT VALUES

beta rl beta r2 Q abI cT a

*** External files

ASSIGN "C:\Users\SHEIK\Desktop\Solar Oven\New folder\TOTALl.txt" 38
*|? Output file for printed results [1000
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APPENDIX C

ASSEMBLY AND WORKING DRAWINGS
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APPENDIX D
PICTURES OF THE SOLAR OVEN BOX

D1Thermocouple wires attached to glazing, D2 Pyranometer placed on collector
Levelling tray and pot

D3 Output meters for reading temperatures, D4 Overall set up with anemometer
and incident radiation.
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APPENDIX E

(A) EES CODE: EVALUATION OF SOLAR OVEN TEMPERATURES

"Raleigh number (air)"

FUNCTION RA(T_s,T_infinity,L_x)

T _fl=(T_s+T_infinity)/2

beta=1/(T_fl+273)

G_r=(L_x"3*9.81*beta*(DENSITY/(Air, T=T_fl,P=101.320))"2*(T_s-

T_infinity))/(VISCOSITY(Air, T=T_fl))*2

P_r=(CP(Air,T=T_fl)*1000*VISCOSITY(Air, T=T_fl))/CONDUCTIVITY(Air, T=T_fl)

R_a=G_rP_r

RA=R_a

END RA

"Raliegh number (water)"

FUNCTION RA_w(T_s,T_infinity,L_x)

T_fl=(T_s+T_infinity)/2

beta=1/(T_fl+273)
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G_r=(L_x"3*9.81*beta*(DENSITY(Water, T=T_fl,P=101.320))"2*(T_s-

T_infinity))/(VISCOSITY(Water, T=T_fl,P=101.320))"2

P_r=(CP(Water, T=T_fl,P=101.320)*1000*VISCOSITY(Water,T=T_fl,P=101.320))/ CONDUCTIVITY

(Water, T=T_fl,P=101.320)

R_a=G_rP_r

RA wW=R_a

END RA w

FUNCTION TEMP(row, T_abt)
IF row=1then T_as:=T_abt ELSE T_as=TableValue('Table 1',row-1,2)
TEMP:=T_as

END

"Temperature of water"

T _io_old=TEMP(row, T_a)

row=Time/delta+1

delta=600

"HEAT BALANCE EQUATIONS"

U t%(T_a-T_c)+h_r*(T_p-T_c)+h_a*(T_io-T_c)=0 “"cover"

A c*S+A _sb*U_sb*(T_a-T_p)+(A_sb*h_a)*(T_io-T_p)+A _c*h_r*(T_c-T_p)=0 "absorber"
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A c*h_a*(T_c-T_io)+(A_sb*h_a)*(T_p-T_i0)+0.24*h_t*(T_t-T_i0)+0.12426*h_pt*(T_pt-T_io)=0 "air"

0.24*h_t*(T_io-T_t)+6300%(T_pt-T_t)=0 "tray"

6300%(T_t-T_pt)+0.12426*h_pt*(T_io-T_pt)+0.06*h_wt*(T_f-T_pt)=0 "pot"

g_u=0.06*h_wt*(T_pt-T_f) "water"

g_u=m*c*(T_f-T_io_old)/t

t=600;

“Area of side and bottom”

A_sb=A_c+4*d*sqrt(A_c);

m=1.5; c=4190;A ¢=0.49;d=0.3;

"Convective heat transfer coefficient of water (h_wt)"

N_u_wt=0.68+0.67*R_a_wt’(1/4)/(1+(0.492/P_r_wt)\(9/16))(4/9)

P_r wt=(CP(Water, T=(T_f+T_i0)/2,P=101.320)*1000*VISCOSITY(Water,T=T_f,P=101.320))/CONDUCTIV

ITY(Water, T=T_f,P=101.320)

R_a wt=RA_w(T_io,T_f,0.3)

h_wt=N_u_wt*CONDUCTIVITY(Water,T=T_f,P=101.320)/0.3

"Convective heat transfer coefficient of air (h_a)"
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N_u_a=0.52*(RA_a)\(1/4)
h_a=(N_u_a*CONDUCTIVITY(Air, T=T_i0))/1.3
"h_a=(0.061*CONDUCTIVITY(Air, T=T_io)*(RA_a)\(1/3))/d"

RA_a=RA(T_p,T_i0,1.3)

"Radiative heat transfer coefficient of air (h_r)"
h_r=(4*sigma#*(T_io+273)"3)/((1/e_1)+(1/e_2)-1)

e_1=0.88; e_2=0.95;

"Radiation coefficient of cover to air (h_c_r_a)"

h_r ¢ _a=e 1*sigma#*((T_c+273)"2+(T_a+273)"2)*(T_c+T_a+546)

"Wind heat transfer coefficient (h_w)"

h_w=5.7+3.8*V

" Top loss coefficient (U_t)"

U t=h_ w+h_ r c a; V=0.2

" Side and bottom loss coefficient (U_sb)"

U_sb=1/(x_1/k_1+x_ilk_i+x_2/k_2)

"Convective heat transfer coefficient of tray (h_t)"
N_u_t=0.52*(RA_t)*(1/4)

h_t=(N_u_t*CONDUCTIVITY(Air, T=T_i0))/0.6
"h_a=(0.061*CONDUCTIVITY(Air, T=T_io)*(RA_a)(1/3))/d"

RA_t=RA(T_io,T_t,0.6)

"Convective heat transfer coefficient of pot (h_pt)"
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N_u_pt=0.52*(RA_pt)(1/4)
h_pt=(N_u_pt*CONDUCTIVITY(Air, T=T_i0))/0.1
"h_a=(0.061*CONDUCTIVITY(Air, T=T_io)*(RA_a)\(1/3))/d"

RA_pt=RA(T_io,T_pt,0.1)

x_1=0.015; x_2=0.015; x_i=0.1; k_1=0.2; k_2=0.2; k_i=0.06

(B) EES SIMULATION CODE: DETREMINATION OF RMSE AND NSE

N=35

DUPLICATE i=1,N {Set T_sim[i] and T_exp]i] to values in Lookup table}

T_sim[i]=lookup(i,#T_sim)

T_exp[i]=lookup(i,#T_exp)

END

sigma=sqrt(sum((T_sim[i]-T_expl[i])"2,i=1,N)/N) {sigma is the Root mean square error(RMSE)}

A=sum((T_expl[i]-T_sim[i})"2,i=1,N)

B=sum((T_expl[i]-(AvgLookup('Lookup 1','T_exp")))"2,i=1,N)

C=AvgLookup(‘'Lookup 1','T_exp")

alpha=1-(A/B) {alpha is the Sutcliffe Coefficient of Efficiency (NSE) }
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APPENDIX F

EXPERIMENTAL AND SIMULATION RESULTS

Tablel. Experimental results of 5 April, 2014 with corresponding values of the temperature difference

and standardised power for each interval.

TIME Tw(C) | To(C) | T4(C) | Ps(W)

9:00am 45 29 16 | 170.8
9:10am 58 29 29 | 132.7
9:20am 69 30 39| 106.7
9:30am 78 30 48 | 82.74
9:40am 85 30 55| 64.48
9:50am 91 31 60 | 52.58
10:00am 50 31 19| 169.9
10:10am 64 32 32| 1315
10:20am 75 33 42 | 102.7
10:30am 83 33 50 | 74.16
10:40am 90 33 57 | 58.76
10:50am 54 35 19 168
11:00am 68 34 34 | 125.7
11:10am 79 37 42 | 100.6
11:20am 88 38 50 | 78.17
11:30am 95 39 56 | 62.89
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TIME Tw(C) | TL(C) | T4(C) | Ps(W)
11:40am 56 38 18 | 1723
11:50am 73 38 35| 1304
12:00noon 84 38 47 | 97.21
12:10pm 94 37 57 74.8
12:20pm 56 38 18 | 172.4
12:30pm 72 37 35| 1293
12:40pm 85 38 47 | 99.71
12:50pm 94 38 56 | 74.04
1:00pm 56 38 18 | 172.4
1:10pm 72 38 34| 130.3
1:20pm 83 38 45 | 95.03
1:30pm 92 39 53| 76.38
1:40pm 56 39 17 174
1:50pm 74 39 35| 1341
2:00pm 87 41 46 | 101.7
2:10pm 96 41 55| 75.94




Table 2. Simulation results of 5 April, 2014 with corresponding values of the temperature difference

and standardised power for each interval.

TIME Ty (C) | Ta(C) | T4(C) Ps (W)

9:00am 37.62 27.9 | 9.719 | 169.7
9:10am 47.21 28,5 | 1871 | 1411
9:20am 56.57 29.1 | 27.47| 1193
9:30am 65.32 29.7 | 35.62 | 100.5
9:40am 73.14 30.3 | 42.84| 84.01
9:50am 80.04 31| 49.04| 70.48
10:00am | 86.23 31.7 | 54,53 | 60.11
10:10am 91.8 325 59.3 | 51.79
10:20am | 52.36 335 | 18.86| 168.7
10:30am | 67.54 346 | 3294 | 1314
10:40am 79.5 35.7 43.8 | 102.2
10:50am | 88.84 36.7 | 52.14| 79.49
11:00am | 96.15 37.7 | 58.45| 62.06
11:10am | 55.45 386 | 16.85| 173.6
11:20am | 71.12 395 | 3162 | 1331
11:30am | 83.14 40.4 | 42.74| 102.2
11:40am | 92.32 41.2 | 51.12 | 78.47
11:50am | 55.46 40 | 15.46 | 175.9

103

TIME To(C) | T.(C) | T4(C) | Ps(W)
12:00noon | 70.85 40 | 30.85 | 1334
12:10pm 82.54 41 | 41.54 | 102.3
12:20pm 91.25 41 | 50.25 | 77.02
12:30pm 54.87 41 | 13.87 | 177.9
12:40pm 69.73 41 | 28.73 | 135.1
12:50pm 80.75 41 | 39.75| 101.9
1:00pm 88.6 41 47.6 | 75.17
1:10pm 94.32 41 | 53.32 | 55.93
1:20pm 52.55 40 | 12.55| 177.3
1:30pm 65.96 40 | 25.96 | 135.8
1:40pm 76.89 41 | 35.89 | 107.4
1:50pm 85.63 41.2 | 44.43 | 84.04
2:00pm 93.08 41.1| 51.98 | 68.15
2:10pm 54.75 41.1| 13.65| 178.1
2:20pm 69.75 41.2 | 28.55| 135.7
2:30pm 81.34 41.3 | 40.04 | 103.9
2:40pm 90.27 41.3 | 4897 | 79.53




Table3. Experimental and simulation results of stagnation temperature test (3" April 2014).

TIME Tio(exp) (C) | Tiogsim) (C) TIME Tio(exp) (C) | Tiogsim) (C)
9:00am 78 75.76 12:10pm 123 123
9:10am 83 87.92 12:20pm 121 122.2
9:20am 90 96.44 12:30pm 106 121.3
9:30am 106 103.3 12:40pm 118 120.3
9:40am 111 107.9 12:50pm 122 119
9:50am 108 111.9 1:00pm 125 117.4
10:00am 113 115.6 1:10pm 123 116.9
10:10am 114 118.9 1:20pm 123 115.2
10:20am 118 121.2 1:30pm 118 114.9
10:30am 111 123.7 1:40pm 125 116.4
10:40am 112 125.2 1:50pm 133 118.6
10:50am 113 125.6 2:00pm 133 119
11:00am 109 125.7 2:10pm 132 119.8
11:10am 106 125.7 2:20pm 135 120.5
11:20am 113 125.6 2:30pm 133 121.1
11:30am 115 125.3 2:40pm 129 1214
11:40am 118 1249 2:50pm 134 121.6
11:50am 121 124.4 3:00pm 131 121.6
12:00noon 123 123.7
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