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Abstract

This work presents an experimental study to utilize Fresnel lens to
increasing the concentrator of solar radiation using a solar tracking system. The
experimental rig consists of a freely rotating two-axis frame that is controlled by
an electronic circuit that implements Arduino and stepper motors as a control
system to adjust the position of the Fresnel lens focal by moving the motors
accordingly. The focal of the sunray is to be maintained stationary at a fixed
position to ensure continuity of heat flow on the absorption system.

The experimental study presents the thermal characteristics of heat focal
provided by Fresnel lens. As an initial test, two plates made of different metals
are exposed to the focal of the sunlight to study the temperature distribution on
the receiver. The experimental tests are performed with local weather condition
in Najaf city/lraq at latitude 31.59 degrees north, 44.19 degrees east, during winter
session from November 2019 to February 2020. The results showed that the focal
temperature reached as high as 400 °C when the ambient temperature was 20 °C.
Observing the results, gives an idea of promising abilities to use the Fresnel lens
in a wide range of renewable energy applications such as water desalination, water
heating.

For water desalination, two models of a cylindrical with con solar still
(10cm and 20cm in height) and for water heating, two models of the heat
exchangers, and cubical steel water container are used.

The experimental tests were performed during arbitrary days of January
and February 2020. The results showed that the largest cumulative productivity
for six hours for the solar still is (500 ml). The experimental tests were conducted
on February 2020. The results showed that the highest useful heat gain recorded

for the conical pipe heat exchanger is 92 W when the intensity of solar radiation



is 1206 W/m? and the ambient temperature is 14 ° C. The highest obtained useful
heat gain of the cubical tank heat exchanger was 91 W when the intensity of solar
radiation is 1387 W/m? and the ambient temperature is 18 ° C. The experimental
tests were performed during arbitrary days of November 2019. The results showed
that for steel finned cover the highest recorded temperature is 258.6 ° C at the
focus when the ambient temperature is 24.6 ° C and the intensity of the solar
radiation is 1251 W/m?. Whereas, the results of using an aluminum finned cover
showed that the highest temperature recorded at the focus is 81.3 ° C when the
ambient temperature is 22.4 ° C and the intensity of the solar radiation is 1008
W/m2,

Vi
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Nomenclature

Symbol Definition Unit
AST apparent solar time min.
CFR Circular Fresnel lens -
CPV concentrated photovoltaic -

Cp specific heat J/kg°C
DHI direct Horizontal irradiance W/m?2
DNI direct normal irradiance W/m?
E-W East - West axis -

ET equation of time min.

F focal length
GHI global horizontal irradiance W/m?2

H prisms height

H hour angle Deg.

I solar irradiance W/m?
I Incident angle on the lens back surface Deg.

LL local longitude Deg.
LST local standard time Min.

L local latitude Deg.
LFR Linear Fresnel reflector -
LFL Linear Fresnel lens -

M mass flow rate Kg/s

N day of the year -
N-S North — South axis -
PDC Parabolic Dish Collector -
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PTC Parabolic trough Collector -
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SL standard longitude Deg.
T Temperature °C
T fluid inlet receiver temperature °C
To fluid outlet receiver temperature °C
Z Solar azimuth angle Deg.
Greek Symbols
A solar altitude angle Deg.
I thermal efficiency %
A solar declination angle Deg.
B’ refraction angle of the prisms Deg.
B slope angle Deg.
Tc transmittance of the cover
ac thermal diffusivity
Qu useful heat gain w
Ug overall loss coefficient of the still basin
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Chapter One Introduction

1. INTRODUCTION

1.1 General

Energy generation is a significant factor in economic development. During
the past century, fossil fuel was used as main energy source but with limited and
decreased availability. In addition, fossil fuel pollutes the environment as a result
of the emissions of the combustion.

Nowadays, one of the enormous challenges is how to reduce the demand
on fossil fuels, using of renewable energy is the best option and has been the
subject of research around the world. recently, considerable efforts have been
made to find alternative energy sources and improve their efficiency to reduce
problems resulting from the use of fossil fuels and the focus on renewable energy
use [1].

Humanity requires sources of energy that solve environmental issues with
long-term and sustainable capabilities. Solar energy is one of the alternative
solutions with its great potentials in many parts of the world. The greatest benefit
of solar energy compared to other energy sources is that it is pure and can be
generated without any pollution of the atmosphere [2].

Although Iraq has plenty of sources of fossil fuel, it is limited and is
expected to be consumed in the next hundred years [3]. And solar energy is the

only uninterrupted option that helps to reduce pollution from fossil fuel burning.

1.2 Solar Radiation Resource

Two main components of solar radiation are direct solar radiation and
diffuse radiation. The component summation on a horizontal surface called global
solar radiation. Where the instantaneous solar radiation unit described by w/m?.
The average total solar radiation unit for a specific location or region represents
in KWh/ m? [4]
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1.2.1 Beam Radiation

Beam radiation, also called direct normal irradiance (DNI), is the amount
of solar radiation obtained on a surface perpendicular the radiation that comes
from the sun without spreading in the atmosphere. Direct radiation is the one that
is effective in solar concentrations because it can be reflected or refracted to a

focus.

1.2.2 Diffuse Radiation

The diffuse radiation, also known as Diffuse Horizontal Irradiance (DHI),
is the amount of radiation received per unit area of the surface of the collector that
does not reach directly from the sun. However, its path changed by molecules of

the atmosphere, and it comes equally from all sides

1.2.3 Total Solar Radiation
Total solar radiation, also known as global horizontal irradiance (GHI), is
the amount of direct and diffuse solar radiation on a horizontal surface received

from the sun.

1.2.4 Distribution of Solar Radiation

The distribution of solar radiation depends on the location of the region in
relation to longitude and latitude, as shown in Fig. (1.1). The figure shows the
annual amount of global horizontal irradiance worldwide varies from (803-2702)
kWh/m?. The annual of direct normal irradiance varies from (365-3652) kWh/m?
as shown in Fig. (1.2) [5].

Irag has a great potential of solar energy that can be employed to developed
technologies that used in many renewable energy applications. The reason behind
that is its geographical location at latitude 31.59 degrees north, 44.19 degrees east,
which gives the advantage of a large amount of solar radiation, as shown in Fig.
(1.3). The figure shows that the annual amount of global horizontal irradiation is
(1753- 2191) kWh/m?. Fig. (1.4) shows that the annual amount of direct normal

irradiance for Iraq is (1680-2410) kWh/m?2.[6]. In addition, Iraqg has a long periods
2
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of daylight. For instance, on an annual basis, it is possible to collects more than

3000 hours of solar irradiance in Baghdad [3].

Long-term average of ghobal horizontal irradiation (GHI}
Dy totals 22 26 30 34 38 42 46 50 54 38 62 66 70 74

L S S e

Yealytotals  BO3 049 1095 1241 1387 1534 1680 1826 1972 218 2264 2410 2556 2702

Fig. 1.1: Global horizontal irradiation for world [5].
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Long-term average of drect normal irradiation (ONI)
Daily totals: 10 20 10 40 50 60 10 80 90 0.0

— B

Yearly totals 365 730 1095 1461 1826 2191 2556 2 2922 3287 3652

Fig. 1.2: Direct normal irradiance for world [5].
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Fig. 1.3: Global horizontal irradiation for Iraq [6].
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1.3 Solar Concentrators

Solar Energy can be utilized in many different forms, one of which is the
solar concentrators. Since long time ago, the solar concentrator systems used
sunlight to generate solar thermal energy. Solar concentrators are devices that
focus the sunlight from a large area, by reflection or refraction using parabolic or
lens, respectively, on a small receiver. Such action increases the amount of solar
radiation on surface of the small receiver. There are several types of concentrates
as follows [1] [7]:

1.3.1 Parabolic Trough Collector (PTC)

The parabolic trough collector consists of a cylindrical receiver and a
parabolic basin. The cylindrical receiver is a pipe along the focal point of the
basin. The basin tracks the sun in one axis and heats the fluid that passes through

the receiving pipe to about 400 °C, as shown in Fig. (1.5) [8]

Reflector
Absorber tube

<« Solar field piping

Fig. 1.5: Parabolic trough collector [8]

1.3.2 Linear Fresnel Reflector (LFR)
The linear Fresnel reflector consists of a series of mirrors placed at different
angle that reflects the sunlight on a fixed receiver, as shown in Fig. (1.6).

Comparing to PT, the LFR shows lower performance[9].

5
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Curved

-
mlrrors Q

Absorber tube
and reconcentrator

Fig. 1.6: Linear Fresnel reflector [9]

1.3.3 Central Receiver

The central receiver consists of a solar Tower and many of big mirrors,
called heliostats, which tracks the sun and act as reflectors of the sunlight. The
heliostats focus the sunlight on a receiver located on top of the tower, as shown

in Fig. (1.7). the existing liquid heats up to temperatures of about 1500 °C [8].

Solar Tower

5

A

%
<KW B Bpy

Heliostats

Fig. 1.7: Central receiver [8]
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1.3.4 Parabolic Dish Collector (PDC)

The parabolic dish collector consists of a parabolic dish-shaped
concentrator and a receiver that is placed in the focus to absorb the sunlight
reflected on the dish, as shown in Fig. (1.8). The important advantages of PDC
systems are their high performance (up to 30%), and modularity (5-50 kW) [9].

Receiver/, . —

; - A

engine, /">
/

Reflector
Fig. 1.8: Parabolic dish collector [9]

1.3.5 Fresnel lens Concentrator

Fresnel lens is a solar concentrator with lower volume, lower weight,
shorter focal length, and lower manufacturing cost compared to conventional lens
[10]. In 1820 Augustin-Jean Fresnel built the first sample, in which the material
between the two surfaces was eliminated because the surface consists of a series
of concentric grooves, since each groove acts as a single prism.
The angles of the prisms increase as the groove becomes farther from the center.
The sunlight passing through each prism is refracted at an angle corresponding to
the location of the prism then focuses on a focal point, as shown in Fig. (1.9).

Before the 1950s the lenses were made of glass, then, poly-methyl-meth-
acrylate (PMMA) was used to create the lens. The PMMA considered resistant
to the side-effects of the sunlight and withstands heat up to 80 °C. the Refractive
index of the PMMA lens is 1.49 which considered close to the glass refractive

index [11]. In addition, the expected practical life can be up to 30 years [12].
7
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P
N

Conventional lens Fresnel lens

Fig. 1.9: Conventional and a Fresnel lens [7].

There are two Fresnel lens types: Linear and Circular Fresnel lens,
described as follows:

Linear Fresnel lens LFL: linear Fresnel lens has a rectangular shape with
the grooves formed in parallel lines and a linear focus, as shown in Fig. (1.10-a).

Circular Fresnel lens CFL: In the circular Fresnel lens the grooves are in
the form of concentric circles and the focus is in the form of a small circle, as
shown in Fig. (1.10-b) [7].

(a) (b)

Fig. 1.10: (a) Linear and (b) circular Fresnel

8
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1.4 Some Applications of Solar Concentrator

1.4.1 Solar Water Distillation

Water is essential for life for plants, animals and humans. The demand for
water for domestic, industrial and agricultural purposes increases significantly
due to the large population growth. It is estimated that more than two-thirds of the
Earth's surface is known to be filled by water, 97% water on Earth is salt, and 3%
fresh water. [13].

Water pollution is due to waste and wastewater, in addition to that the ocean
water contains high salinity. In some arid regions the water is scarce and not clean.
Therefore, water purification by using solar energy is essential in these areas.

Due to the lack of traditional energy sources in some areas or being
expensive, water purification by distillation is one of the most primitive types of
water treatment. The treatment process consists of two stages, the evaporation of
water by solar energy and condensation of moister air to produce pure water.

The purification of water used in many countries of the world is the solar
still device, which has easy steps to manufacture, low maintenance, and

economical cost. However, the solar still device has a low productivity [14].

1.4.2 Solar Water Heater

In the last two decades, there has been a significant increase in the use of
domestic solar water heater around the world. Solar water heaters are solar
thermal applications that convert solar radiation into heat for heating water,
cooking, etc. The solar water heater is a reliable process that saves a lot of
electricity or fuel. Domestic solar water heating provides close to 60% of the
energy needed to heat water annually at household [15].

On the other hand, solar water heaters are used in concentrating solar power
plants (CSPPs). Several studies worldwide have shown that the (CSPPs) are
economical in generating solar electricity. Where these plants use concentrated

solar radiation to achieve the high temperatures needed for processing thermal
9
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power plant dynamics. Which ends with the generation of electrical energy output.

The first commercial station was built in California in the late 1980's. In addition,

when thermal energy storage (TES) is incorporated into (CSPPs), a great method

for converting solar to electricity , which can operate 24 hours a day and seven

days a week [3].

1.5 Objectives

The aim of the study is presented in the following:

Using Fresnel lens to increasing the concentration of solar radiation.
Using a solar tracking system to be the focal of the sunlight is maintained
stationary at a fixed position to ensure continuity of heat flow on the
absorption system.

The experimental rig consists of a freely rotating dual-axis tracking system
using two discs to provide an appropriate space in the focus allowing for
using various types of thermal applications to benefit from the heat that
generated in the focal of the lens.

Four different applications models are proposed using Fresnel lens

concentrator in lragi extreme weather.

1.6 Outline of the Thesis

The present thesis is divided into five chapters, as flowing:

Chapter one is a general introduction to the renewable energy, solar
radiation resource, solar concentration technology, and finally the Fresnel
lens concentrator.

Chapter two presents a review of the literature that is relevant with the
topic of the present thesis. These studies include the Fresnel lens
concentrator, solar tracking system, solar still, solar water heating.
Chapter three describes the experimental work. A description of the

prototype and current apparatus and the solar thermal systems applications.
10
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e Chapter four presents the discussion of the experimental results that
obtained from various solar thermal systems applications.
e Chapter five about the conclusions obtained from the experimental study

and provides some recommendations for future

11
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2. LITERATURE REVIEW

2.1 Introduction

The continuous increase in fossil fuel combustion emissions and the limited
resources of conventional fuels are the main driving forces behind efforts to use
different energy sources more effectively.

The use of Fresnel lenses for generating electricity and heating water is
very powerful equipment for meeting this requirement. Thus, the use of renewable
energy is the best option for this reason and has been the subject of research
around the world. [16].

In this chapter, works from the literature that study (Fresnel lens, solar

tracker, and some applications of solar concentrators) are summaries.

2.2 Fresnel lens

W.T. Xie et. al. (2011) [17] developed and investigated a circular Fresnel
lens solar concentrator with different cavity receiver configurations (conical,
cylindrical, and spherical receiver), as shown in Fig. (2.1). the prototype collector
consisting of high concentration Fresnel lens solar concentrator and a two-axis
tracking mechanism.

The different cavity receivers were used to compare the thermal output of
the collector. The aperture diameter of all cavities is 50 mm, the vertex angle of
the cross-section is set around the conical cavity receiver's symmetrical axis, and
a spherical cavity is 60 mm, and the cylindrical cavity depth is set at 50 mm. The
result showed that, among the three types of receivers, the best shape was the

cone, which has the highest thermal efficiency and the lowest heat loss.

12
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(a) (b) (c)

Fig. 2.1: (a) Conical, (b) spherical, and (c)cylindrical cavity receiver [17]

M.M. Valmiki et. al. (2011) [18] presented a circular Fresnel lens as a
prototype of a solar cooking stove useful for solar cooking and heating. The stove
has a fixed heat area at the focal point of the lens, where the solar tracking device
rotates the lens around its focal point, as shown in Fig. (2.2). The tracking is
carried out by a rotating motion of two rotating arms holding the lens, and a
horizontal rotation of the platform on which the lens system is positioned. The
results showed the possibility of obtaining temperatures up to 300 ° C on the

stovetop surface. The heat can be used for cooking and internal heating.

Fresnel lens
Protection shield

Outdoor
Heating

Secondary heating

E—
Mineral oil

(HHHHHHHHHHHHHHHHHHHHHHH]

N\
4holovollajc panel : 5

Fig. 2.2: Schematic view of the system [18].
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P.J. Sonneveld et. al. (2011) [19] presented a linear Fresnel lens with a
concentrated photovoltaic (CPV) system. The goal of the work is to reduce global
warming in the summer to reduce the need for cooling. The CPV system absorbs
direct solar radiation and allows for the entry of indirect radiation into the
greenhouse system. The direct radiation is focused on a photovoltaic/thermal
(PV/T) module and converts it into electricity and thermal (hot water) energy,
uses a portion of the electricity generated in a tracking system to keep the PV/T
module in position. The generated thermal energy can be stored and used for
winter heating with a pad and ventilator system or a desalination system as shown
in Fig. (2.3).

The result show that the direct radiation resulted in a thermal yield of 56%
and an electric yield of 11%. The findings show a promising method for
greenhouse system lighting and temperature control, and roof building,

simultaneously given that electricity and heat.

Fig. 2.3: Fresnel lenses and modules with PV/T.[19]

luliana Soriga, Constantin Neaga (2012) [20] used a linear Fresnel lens

solar collector with a cylindrical cavity receiver. The aim of the research is to
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calculate the efficiency of the collector using mathematical analysis in Matlab. In
the collector being examined, sunlight is centered on the receiver by a linear
Fresnel lens to heat up the working substance. The receiver is formed by a copper
"U" tube inside a glass vacuum tube, as shown in Fig. (2.4).

The results showed that the design parameters in addition to the effect of
the environmental and operational factors on the performance of the collector. In
this case, as opposed to the evacuated CPC with the same type of receiver, a higher
value for the Fresnel collector output was observed. Though the graphs show

clearly the Fresnel collector's supremacy.

T _ __/J X_;’

Fig. 2.4: Flat linear Fresnel lenses with absorbers [20].

M. Lin et. al. (2014) [21] presented a linear Fresnel lens solar concentrator
with different forms of cavity receiver (triangular, arc cavity, rectangular and
semi-circular). The experimental and numerical methods are used to obtain the
optimum optical and thermal performance of collector. "five" Small rectangular
lenses with inward facing grooves were placed on an stainless-steel frame, each
piece of Fresnel lens was 0.4 m long and 0.32 m wide, 0.6 m focal length and
0.001 m prism size, using closed loop, single axis tracking system, as shown in
Fig. (2.5). The results showed a better optical and thermal efficiency of the
collector with triangular cavity receiver (81.2%and 30% at 120 °C respectively)

another form of a receiver.
15
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Fig. 2.5: linear Fresnel lens concentrator [21].

T. Prakash Kumar et. al. (2014) [22] developed a Fresnel lens to generate
electricity. This model resembles a power plant in a miniature with a Fresnel lens
for a heat source and heat exchanger with a heat energy storage tank. The heat
that the Fresnel lens produces is used to heat molten salt. The molten salt will be
stored in a hot store. Then, this molten salt is transferred to a heat exchanger where
it transmits heat to water and turns it into steam. The temperature of the salt in a
cold storage tank is then reduced. The salt is pumped from the cold storage tank
to the heater, where the salt temperature rises. Steam is used to power a turbine

and turbine paired generator that generates electricity, as shown in Fig. (2.6).

Molten
Fresnel lens = |
— slot

I

[ —

‘age o Cold
ot storage J Heat ; .
tank py | @xcChinger e /| Storage

Il

Steam "
I'urbine v Generator

Fig. 2.6: Block diagram representing our prototype [22].
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M. Hasan Nia et. al. (2014) [11] investigated a circular Fresnel lens with a
thermoelectric unit receiver (TE module) for sunlight focuses and electric power
generation, respectively. The aim of the work is to generate electricity and heated
water, electricity is generated as a result of the heat transfer through the TE
module. The solar radiation is concentrated by the Fresnel lens on the oil-filled
tanks in the lens focus, as shown in Fig. (2.7). the heat absorbed by the oil is
transferred to the water tank connected to the TE module. The results showed that
power output is 1.08W with an efficiency of 51.33 % when the intensity of the
solar radiation 705.9 W/m?.

Fig. 2.7: Experimental solar system [11]

M. Imtiaz Hussain et. al. (2015) [12] examined a two types of Fresnel lens
collectors, linear Fresnel lens (LFL) and circular Fresnel lens (CFL), to compares
the thermal performance characteristics. Both types had the same surface area.
The collector's assembly schemes along with a thermally attached storage tanks,

150 L maximum storage capacity, and greenhouses.
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The module for greenhouse, thermal storage tank and solar collector was
connected through thermally insulated rubber pipes, using programmable, dual
axis tracking system, as shown in Fig. (2.8). Two centrifugal pumps were used
for each type. The result shows that (CFL) performance is 7-12% higher than
(LFL) collector.

(a) (b)
Fig. 2.8: Experimental setup (a) SFL (b) LFL collector system [12].

M. Imtiaz Hussain et. al. (2015) [23] described a circular Fresnel lenses
concentrator and U-shaped solar energy receiver with concentrated photovoltaic
thermal (CPV/T) to find the maximum possible power generation. The system
consisted of eight parts of silicon of glass (SOG) Fresnel lens, a thermal fluid-
carrying copper receiver tube and eight triple-junction solar cells against each
lens, using dual axis tracking system, as shown in Fig (2.9). The results showed
that the energy released depends on the ambient temperature and the intensity of

the solar radiation.
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Thermocoupl Fresnel lens Pyrometer Sun sensor

Solar
tank

U-shaped solar Dual axis Flow meter  Pump
energy receiver tracking system

Fig. 2.9: Photograph of experiment setup [23].

Tsung Chieh Cheng et. al. (2016) [24] use a circular Fresnel lens with the
sun tracking device and two optical cells are installed to supply the tracking device
with electrical power. The device is used in solar thermal applications (such as
the Stirling engine). The concentrated solar tracking system of altitude-azimuth
type biaxial as shown in Fig. (2.10) the following subsystems are included in this
study: solar cells and batteries, control system, structural mechanism, and Fresnel
lens.

The results showed that when focusing the sunlight on the Stirling engine's
heating head, temperatures of more than 1000 °C were obtained, and it was found
that when the intensity of the solar irradiance decreases, it causes a slight decrease
in the temperature of the heating head due to the latent heat of copper, as well as

a slight loss of heat in the heating head.
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Fig. 2.10: dual-axis tracking system: (a) system photograph; (b) Sunlight
focussed on the Stirling engine's heating head in the solar center tracker

(arrow pointing) [24].

Simoni Perini et. al. (2017) [25] presented a number of a PMMA Fresnel
lens solar concentrator with a receiver pipe heat transfer configuration . It
determine the performance of the collector using experiment and theoretical
analysis. The concentrator consists of three modules, each module consists of 36
Fresnel lens having a whole aperture area of 75 m?, the length of each lens is 1 m
and width is 0.7 m. The receiver is a 13 meters carbon steel pipe, with closed loop,
dual axis tracking system, as shown in Fig. (2.11).

The results showed that the collector's efficiency was limited to less than
20%. The reason for the lower efficiency due to the losses of energy due to the

optical loss in the lens and the low solar absorption of the receiver pipe [25].
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Figure 2.11 Experimental test scheme at Bourne, UK .[25]

Nawar Saif Al-Dohanil et. al. (2018) [26] developed a Fresnel lens to
generate steam and electricity. The device consists of a Fresnel lens with a heat
exchanger. The heat produced from a focal point of the Fresnel lens is
concentrated into the heat exchanger, and the molten salt in a heat exchanger is
melted and transfers the heat to the water. Thus, steam is generated, and the
resulting steam is used to spin the engine along with a generator as shown in Fig.
(2.12).

The maximum power output of 30W was produced at 700W/m? is
reasonable compared to the size of the Fresnel lens and the amount of steam

generated.
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Fig. 2.12: Block diagram of Fresnel power house [26].
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Krzysztof Sornek et. al. (2018) [27] improved the efficiency of the
photovoltaic modules by using Fresnel lens. The experimental part of this study
was performed using a linear Fresnel lens (75 x 50 cm dimensions) with a 20 W
photovoltaic cell characterization was a 12-volt open circuit voltage and a short
circuit current of 1.27 A (with dimensions of 45 x 34 cm), as shown in Fig. (2.13).
The aim of the research is to improve the efficiency of the PV unit. The results

show that the performance of the tested PV unit increased by approximately 7%.

Fig. 2.13: The configuration of the rig[27].

2.3 Solar Tracker Design

The output power produced by solar concentrator's or photovoltaic systems
is related to the amount of solar energy obtained by the device, therefore it is
necessary to track the sun's location with a high degree of precision.

The solar tracker is a device that tracks the sun wherever you go in the sky
with the payload on it. This payload may be a solar cell or solar concentrate. There
are two main types of solar tracking systems, which are single-axis solar tracking

systems and dual-axis solar tracking systems based on their movement degrees of

22



Chapter Two

Literature Review

freedom, [28]. The Solar tracking system can be categorized, dependent on their

type of signal operation, as either closed-loop or open-loop type, [29]. A review

of various types of solar tracking systems with solar concentrators is presented in
Table 2.1.

Table 2.1 Review for various types of solar tracker with solar concentrators

Ref. | Researcher name | year Application type

[30] | Palavras, Bakos | 2006 | Dish solar concentrator with flat aluminum
plate absorber. Using sensors-electronic circuit
and dual axis tracking system.

[31] | Kosuke, et. al. 2006 | Heliostat with screen placed at 70 m from
heliostat, With photo-sensor and dual axis
tracking system.

[32] | Hassanain , 2011 | Parabolic solar concentrator with stainless steel

Hayder arc receiver, With Automatic east-west rotation
tracking and manually north-south rotation.

[33] | Venegas, et. al. | 2012 | Parabolic trough concentrator with receiver
tube unshielded and without a glass cover. With
LABVIEW interface and single axis tracking
system.

[34] | Fareed, et. al. 2012 | Dish solar concentrator with cavity receiver.
Using sun light tracking circuit system.

[35] | Xiaoshan, et. al. | 2013 | Large dish solar collector, with programmable
logic controller and dual axis tracking system.

[36] | Jafari, et. al. 2015 | Parabolic trough collector with pipe receiver.
with  microcontroller polar N-S axis,
mechanism E-W tracking system
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[37] | Pallavi, et. al.

2016 | Parabolic dish concentrator. Using Arduino unit
for automatic control and dual axis racking

system.

2.4 Some Applications of Solar Concentrators

A review of various

Table 2.1. Solar concent

types of solar concentrator applications is presented in

rators typically fall into two broad categories: type

concentrated and type non-concentrated. The two most commonly used non-

concentrating forms are th

e flat plate collectors and evacuated tube collectors.

The concentrated type generally employs parabolic, mirrors, and lens to

focus on the collector surface of the total solar energy incident. So the surface of

the collector is typically very large and the achieved temperature is very high.

Some of the collectors are parabolic troughs, parabolic dish, Fresnel lens in this

group [38].

Table 2.2. Review for various types of solar concentrators applications

Ref. | Researcher name

year Application type

[39] | Ramalingam and

Marimuthu

2011 Parabolic dish solar concentrator with flat
surface absorption receiver. the efficiency
Is 63.3% for the straight flow path receiver
with 80L/h, and the efficiency is 67.1 %
for the curved flow path receiver during
the 110 L/h

[40] | Atul A. Sagade

2013 Parabolic solar collector and a new helical
coiled receiver in the form of a cone. the
efficiency is 48.36% with a flow rate of
0.0076 kg/ s.
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[41]

Arunkumar, et. al.

2013

Concentrator coupled with hemispherical
basin solar still with and without PCM. the
productivity is 4.46 L/m?/day with PCM
3.52 L/m2/day with-out PCM

[42]

Imtiaz, Gwi Hyun

2014

Conical solar water heater (CSWH) , with
or without a vacuum glass absorber. the
maximum efficiency is 72% and 60% with
and without vacuum glass absorber at
6L/min.

[36]

Jafari Mosleh, et.

al.

2015

Parabolic through collector combined with
a heat pipe and a twin-glass evacuated tube

collector. The productivity is 0.27 kg/m2.h

[43]

Arunkumar, et. al.

2016

Compound parabolic concentrator with
tubular solar still (CPC-TSS), The
productivity is (1.9 L/m2/day), and
compound parabolic concentrator with
concentric tubular solar still (CPC-CTSS)
(2.5 L/m2/day), and pyramid solar still
(2.6 L/m2/day) and single slope (2.9
L/m2/day) solar stills.

[44]

Srithar, et. al.

2016

Triple basin glass solar still (TBSS), and
parabolic dish concentrator (PDC). The
productivity is 16.94 kg/m?2.day

[45]

Rajamohan, et. al.

2016

Parabolic dish concentrator and conical

absorber tube. the efficiency is 65.00 %

[46]

Bin Zou, et. al.

2016

Parabolic trough collector with direct
water and a thermal storage tank with

insulation. the efficiency is 69%
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[47] | Reza, et. al. 2017 Parabolic dish collector (PDC) with
cylindrical cavity receiver. Receiver

thermal efficiency is 80 to 90%.

[48] | Ramalingam and | 2017 Scheffler parabolic dish and circular tank

Marimuthu. solar receiver with PCM. the efficiency is
45-58% without PCM, efficiency 60-65%
with PCM

[49] | Ahmad Sedaghat | 2018 Tank solar still combined with dish solar
et. al. collector. Productivity is 2.6 L/day

2.5 Summary of Literature Review

Recently, many studies have been accomplished to investigate the
effectiveness of solar concentrators to increase the concentration of the solar
radiation using a solar tracking system, yet only a limited number mentioned in
the literature examined the effect of Fresnel lens concentrator with solar tracking
system.

The review of literatures presented in this chapter were classified in three
sections for simplicity. Papers published to investigate the use of Fresnel lens
were thirteen, of which five were linear type Fresnel lens and seven were circular
type. The design of different solar tracker were inspected in ten papers, and twelve
papers to investigate some applications of solar concentrators.

This work presents an experimental study of the use of Fresnel lens solar
concentrator in the lraq weather to produce very extreme temperature during
wintertime. Two-axis tracking system are used to track the sun and maintain the
focal stationary during the day. Various types of thermal applications models are

proposed to check the efficacy of the system.
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3. THEORETICAL STUDY

3.1. Introduction

This chapter explains the details of theoretical analysis of the device. The
Fresnel lens solar concentrator with several different applications that installed in

the focal point will be explain the theoretical analysis, as follows:

3.2 Fresnel lens Concentrator Geometry

The Fresnel lens geometry can be analyzed by calculates the angles of each
surface of the prisms. The angles of the prisms increase as the groove becomes
farther from the center. The refraction angle of the prisms (B’) can be calculates

by using the fallowing equation [25]:

H

p' = tan™? (7> + B (3.1)

Where H is the height of the prism with respect to the reference system and f is
the focal length, as shown in Fig. (3.1).

The prisms angle (5') can be calculates According to the Snell’s law as follow
[25]:

!

sinf n

sinf'  n (32)

The parameters n and n’ represent the refractive indices for air and PMMA

respectively, which equal to 1 for air and 1.49 for PMMA.
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Fig. 3.1: Prims geometry and refraction principle [25].

3.3 The Sun Position

The sun position at a given time can be determined at a specific location of
known longitude and latitude. The celestial coordinates needed to determine its
position for a given location on Earth are the solar altitude angle (o) and the solar
azimuth angle (Z). The time involved is the apparent solar time (AST) to express
the time of day for a given location, which describes the exact time of the sun in

relation to the local time, and is given by [50]:

AST = LST + ET + 4(SL — LL) (3.3)

Where LST is local standard time, SL is standard longitude, LL is local

longitude, and the ET is equation of time in minutes and is given by:

ET = 9.87 sin (2B) — 7.53 cos (B) — 1.5 sin (B) (3.4)
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Where

(N — 81)360
B=—ry (3.5)

Where (N) is day of the year, and If the location is east of Greenwich, the
sign of Eq. (3.1) is minus (-), and if it is west, the sign is plus (+).

The solar altitude angle (a) and solar azimuth angle (Z) are calculated
mathematically for each month, day and hour of the year using Eq.3.6 and Eq.3.7
[50]:

sin(a) = sin(L) sin(8) + cos(L) cos(8) cos(h) (3.6)
_ B cos(8) sin(h)
sin(Z) = cos(@ (3.7)

Where L is local latitude, § is solar declination angle, h is hour angle and
are given by [50]:

§ = 2345 si (284 + N)360 18
= 23.455sin 365 (3.8)
h = £0.25 (Number of minutes from local solar noon) (3.9)

Where the sign of Eq. (3.7) is plus (+) applies to afternoon hours and the

sign is minus (-) to morning hours.

3.4 Thermal Analysis for the Solar Still Model

The distillation process consists of two stages, the evaporation of water by

solar energy and condensation of moister air to produce pure water. The energy is
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transfer from basin to cover occurs by evaporation-condensation in addition to

convection and radiation, and from the back of the still to the ground [4].

The energy balance for the water in the basin of solar still per unit area of basin,

can be written as [4]:

ar

Itcac=q.+ Qrp-g t dep-g T qr t (m Cp)bd_tb (3.10)

where e is evaporation-condensation, r is radiation, ¢ is convection, K is
conduction, The b and g refer to basin and glazing (cover), 7.is the transmittance
of the cover, a, absorptance (thermal diffusivity).
The energy balance on the cover can be written as [4]:

de t Qrp-g T dcp—g = Ar.g-a T dc,g-a (3.11)

The radiation exchange between basin and cover is given by :

Qrp—g = 0.90( Tp* — T,*) (3.12)

The convection heat transfer between the basin and cover is calculated by:

Aep-g = he' (Ty — Ty) (3.13)

The convection coefficient in the still k.’ is calculated mathematically using
Eq.(3.14)

’ Pwb—Pw,
h, =0.884[(T,—T )+ (2011’6—_29;;) T, 1V/3 (3.14)
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Where p,,,and p,,4are the vapor pressures of water.
The heat transfer by evaporation-condensation is calculated by:
ge = 9.15x 107 h. (Dyp — Pwg) hyg (3.15)
The heat loss to the ground can be written as:
ax = Ug(T, — Ty) (3.16)

Where U, is an overall loss coefficient of the still basin.

3.5 Thermal Analysis for the Heat Exchanger Model

The useful heat gain Q,, by the heat transfer flued in the receiver is expressed [48]:
Qu =m Cp(To —Ti) (3.17)
The collector thermal efficiency () was computed by the following equation [17]:

_ m Cp(To —Ti)
B IA

(3.18)

Where m- is mass flow rate of heat transfer fluid in kg/s, Cp is specific heat
of fluid at the outlet temperature, T; is fluid inlet receiver temperature in °C, T, is
fluid outlet receiver temperature in °C, I is direct solar radiation in W/m? and A is

the area of the high concentration point focus imaging Fresnel lens in m2,
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4. EXPERIMANTAL WORK

4.1 Introduction

This chapter explains the details of the device design. This work presents
an experimental study to utilize Fresnel lens to increasing the concentrator of solar
radiation using a solar tracking system. The experimental rig consists of a freely
rotating two-axis frame that is controlled by an electronic circuit that implements
Arduino and stepper motors as a control system to adjust the position of the
Fresnel lens focal by moving the motors accordingly. The focal of the sunray is
to be maintained stationary at a fixed position to ensure continuity of heat flow on
the absorber. Several different applications are used as absorption systems such
as solar still, heat exchanger, container tank receiver. The experimental tests are
performed with local weather conditions at the Engineering Technical College of
Al Najaf, AL- Furat AL-Awsat Technical University located in Najaf - Iraq, at
latitude 31.59 degrees north, 44.19 degrees east as shown in Fig. (4.1), thorough

details about weather in Najaf city- Iraq from research unit in the college [51].
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Fig. 4.1: Location of experimental test
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4.2 Apparatus Components
The experimental apparatus consists of two main parts, namely the Fresnel
lens solar concentrator and the some applications model of solar concentrators,

manufacturing, properties, and operating of each part will be explained as follows:

4.2.1 Fresnel lens Solar Concentrator

The solar concentrator, used in this experiment, is a mechanism that allows
a two-axis free motion to track the sunray during daylight. As shown in Fig. (4.2),
the Fresnel lens was mounted to an aluminum frame that was connected to a one-
direction moving joint (vertical direction) by four arms, which was controlled
using a screw rod. When the screw rod moves to the top and bottom, the lens
moves in the vertical direction. In order for the lens to be able to move in the
second direction (horizontal direction), the moving joint is connected to a moving
base. For the apparatuses to be stable, the two bases were placed on a stationary

frame.

Moving frame

Fresnel lens
Screwed road

Steppers motors

Moving base

Stationary frame

Fig. 4.2: Direct photograph the components of the Fresnel lens solar

concentrator
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The size of the Fresnel lens plays a crucial role in the amount of heat
produced at the focal spot. In this work, the smaller available Fresnel lens is
chosen, where a square Fresnel lens with the following specification is used
(dimensions: 520 x 520 mm, Focal Length: 620 mm, thickness: 3 mm, Material:
Optical PMMA), as shown in table. (4.1). The focal temperature is rather suitable

for moderate solar applications in Iraqg.

Figure (4.3) illustrates the details of the solar concentrator components,
which are two discs and lens frame. The two arcs (fixed arc and rotating arc) are
used to rotate the whole assembly towards the sun related to the vertical axes. The
arcs were selected to provide an appropriate space in the focus allowing for
various types of thermal applications. The outer diameter for each arc was 50 cm
and the inner diameter for each arc is 46cm. The fixed arc was connected from
the bottom side to a stationary frame and from the upper side was connected to
the rotating arc by nine ball bearings to reduce friction between the two arcs. A
stepper-motor was used to generate the motion around the vertical axis; the motor
was placed on the rotating arc and, by a belt, connected to the fixed arc. The
stationary frame was designed to be wide enough to balance the whole assembly
while the lens is rotating.

The lens was mounted to a square aluminum frame with a side length of
540 mm; the frame has a rectangular cross-section with a special groove to hold
the lens. The aluminum frame was connected to four arms to rotate the lens toward
the sun related to the horizontal axes. The length of each arm is (640 mm). The
lens frame is rotated toward the sun by using a second stepper-motor. The motor
was connected with a rotating arc from one end by using a rotating base and
connected to one of the arms by using a screwed rod from the second end. When
the lens moves toward the sun, the focal of the sunray is to be maintained

stationary at a fixed position.
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Screwed road

Stepper motors

Stationary Frame

Fig. 4.3: Schematic diagram Fresnel lens solar concentrator

4.2.2 Sun Tracker Control System

The sun path can be tracked efficiently by sensing sunlight to specify the
position and direction of the sun. Another way to track the sunlight efficiently is
to calculate the position of the sun in the sky via calculation of altitude and
azimuth angles for a given region, time and date. In this work, the second
approach is used, where a control system is implemented to track the sunlight.
The control system consists of a controlling circuit represented by an Arduino unit
and two stepper motors to apply the motion to the tracking frame, one motor to
move the frame vertically and the other one is to rotate the circular base
horizontally. The Arduino unit is programmed such that the altitude and azimuth
angles are calculated simultaneously based on the given date and time, as shown
in Fig. (4.4). The control system is initiated by feeding the date and time
beforehand.
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Digital Calendar
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A

Use equations 3.3 to 3.9 to
calculate solar altitude [
angle (a) and solar azimuth
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date and time

Move the stepper motors
with @ & (2

Fig. 4.4: Sun Tracker algorithm flowchart for Arduino control

It is worthy to mention that the tracking system cost can be divided into
two costs, namely the initial cost which the price for each components
individually where each motor has the pries of 10$, the tracking system frame has
50% and Arduino has 108, so the initial cost of the tracking system is 80$. Also
there is a daily operating cost the system operate for six hours a day and because

it moves every minute for a period of about one second of a motion then the entire
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operation period for the two motors is going to be about 45 (3/4=0.75 hour)
minutes a day. Moreover, the motor consumes a power of 25W (5V, 5A) hence,

the operating cost for two motors is 50 Watt per day.

4.3 Applications Models

The applications consist of different types of solar thermal systems, solar
still, heat exchanger, container tank receiver. That can be placed in the focus of
the Fresnel lens concentrator to benefit from the continuity of solar heat energy
by helping the solar tracking system. Following is a detailed illustration of the

applications:

4.3.1 Model |

Two square plates (10 X 10 cm) made of different metals are used to study
the thermal characteristics of the heat focal provided by the Fresnel lens. Two
different plates are used, namely steel and aluminum, to study the temperature
distribution on the plate, as shown in Fig. (4.5). This application can be useful for

surface modifications of metallic materials [52].

Thermocouples

Fig. 4.5: Absorbing plate with the focal of the Fresnel lens and the thermocouples
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4.3.2 Model 11

The solar still, used in this experiment, is a model placed in the focus of the
Fresnel lens concentrator. Two models of a cylindrical with con solar still (10 cm
and 20 cm height) were manufactured from a cylinder glass with an angled italic
32 - glass upper surface, the diameter of the cylinder is 13 cm as shown in Fig. 4.6
(aandb). It is placed in the focus of the lens to receive the refracted solar radiation
from the lens. The still was connected with two plastic tubes, the first to inlet
saline water and the second tube to outlet freshwater. An aluminum square water
container (9x9cm) and height 1 cm, was placed at the still base to absorb the
concentrated heat energy. The test was performed by putting the solar still at the

lens' focus.

10 cm

(a)

20 cm

(b)

Fig. 4.6: Cylindrical with con solar still; (a) 10 cm height, (b) 20 cm height
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4.3.3 Model 111

Two models of the heat exchanger receivers are manufactured and tested.
The models are conical pipe [17] and cubical tank heat exchangers [48]; both
models are used to capture the concentrated thermal energy in the focus. The
conical pipe heat exchanger consists of a copper tube with a diameter of 5 mm,
twisted in a conical shape with an aperture of an upper diameter of 10 cm, a lower
diameter of 4 cm, and a height of 10 cm, as shown in Fig (4.7). The outside of the
conical pipe is covered by an aluminum plate with a thickness of 1 mm. Both the
conical pipe and the aluminum plate are placed in an aluminum cylindrical
container. The receiver is isolated from the surrounding by filling the space
between the cylindrical container and the aluminum plate by polyurethane foam,
to reduce the thermal loss by convection with the ambient.

The second model is the cubical tank heat exchanger which consists of an
aluminum tank of a height of 1 cm, a length of 10 cm, and a width of 10 cm, as
shown in Fig (4.8-a). The heat exchanger is provided with a number of internal
grooves to circulate the water flow inside the tank, as shown in Fig (4.87-b). The

model is painted with black to increase the absorption of solar radiation.

Fig. 4.7: conical pipe heat exchanger model
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Inlet

Groves

Qutlet

Fig. 4.8: cubical tank heat exchanger model

4.3.4 Model 1111

Cubical steel water tank (20 cm each side) which was manufactured with
different metal finned cover is used to study the thermal characteristics of the heat
focal provided by Fresnel lens as shown in Fig. (4.9-a). Two different metals
finned covers are used, namely steel and aluminum. To study the temperature
distribution in the tank, as shown in Fig. (4.9-b). The purpose of using fins is to
evaluate the temperature distribution in the (depth) far away from the heat source
(plate subjected to focal).
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Fmns

Thermocouples

Uppercover

(®)

Fig. 4.9: Container tank receiver; (a) Cubical steel water tank, (b) fins cover.
4.4 Measuring Devices

Table 4.1. Geometrical specification of Fresnel lens concentrator and
applications models system

Parameter Value Unit
Fresnel lens dimensions 52x52 cm
Fresnel lens Focal length 62 cm
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Fresnel lens material Optical PMMA -
Fresnel lens thickness 0.3 cm
Fresnel lens frame material Aluminum pipe -
Fixed arc and rotating arc square steel pipe -
material

Fixed arc and rotating arc 50 cm
outside diameter

Fixed arc and rotating arc 2 cm
thickness

Stationary frame thickness 2 cm
Stationary frame material square steel pipe -
Cylindrical type solar still 13 cm
diameter

Cylindrical type solar still glass -
material

Conical pipe aperture diameter 10 cm
Pipe coil diameter 0.5 cm
Cubical tank receiver dimensions 10x10x1 cm
Plate receiver dimensions (steel, 10x10 Cm
aluminum)

Container tank receiver 20x20x20 cm
dimensions

Thermal conductivity of steel 50.2 W/m .k
Thermal conductivity of 205.0 W/m .k
aluminum

Thermal conductivity of copper 386.11 W/m .k
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4.4.1 Measuring Temperature

To measure the temperature distribution of the receiver, the temperature of
water inlet and outlet are obtained by using thermocouples type-K. It has a wide
range of measuring the temperature from (-270 to 1260 °C). Thermocouples are
joined with data logger temperature modal Applent 32 Channels Temperature
Recorder for Heating Appliance (AT4532) with Measurement range (-200 — 1300
°C) and accuracy 0.2% + 1°C as shown in Fig. (4.10-a).

4.4.2 Intensity of Solar Irradiance Measurement

To calculate solar radiation reached on a Fresnel lens (Tenmars TM-207
Solar Power Meter) W/m? model is used. It has a range to measure solar intensity
from (0 to 2000) W/m? as shown in Fig. (4.10-b); the accuracy of solar irradiation
is (£ 0.5%)

(b)

Fig. 4.10: Measurement system; (a) Temperature meter(data logger) (b)

Solar radiation measurement.
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5. RESULT AND DISCUSSIONS

5.1 Introduction

This chapter presents the results obtained from the experiments that were
conducted using the Fresnel lens concentrator and the solar tracking system to
simulate some applications of solar concentrator. In total, the study includes, three
experiments to observe the temperature distribution on the surface of square plates
(10x10 cm) made of different metals, six experiments to investigate the
productivity of solar distillation for a cylindrical with con type solar still, six
experiments to compute the useful heat gain for two types of heat exchangers, and
two experiments to study the temperature distribution inside a container. The

following is a detailed illustration of the experiments.

5.2 Model |

Practical experiments were conducted during the period 5 - 9 of Dec. 2019
from (9 AM - 3 PM), where the ambient temperature ranged from (12 - 22) °C
and the solar radiation ranged from (824 - 1320) W/m?, as shown in Fig. 5.1 (a
and b).

The experiment was performed on 9-Dec.2019, where a square steel plate
(10 X 10 cm) is used, and the sky was clear from the clouds and dust. The results
are illustrated in Fig. (5.2-a), where the highest recorded temperature is 422 ° C
at the center of the plate and 134 ° C at the edge when the intensity of the solar
radiation is 1140 W/m? and the ambient temperature is 17 ° C. It is clear from Fig.
(5.2-a) that the temperatures increase when the intensity of the solar radiation
increases [39]. Whereas the temperature decreases significantly when the sky is
unclear or cloudy weather, as it can be seen clearly in Fig. (5.2-b) where the test
was performed on 5-Dec. 2019, at 11:00 the temperature decreased due to low

solar radiation. Observing that, the increase in plate temperature is attributed to

44



Chapter Five Result and Discussions

the increase of the amount of solar incident radiation on the plate surface. Because
of using the solar concentrator that focuses the sunlight from a large area on a
small receiver, which was the result of using the solar tracking system that

attributed to increase of solar energy collected, [49].
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Fig. 5.1: Climatic conditions under which the experiments have been conducted

of plate receiver: (a) ambient temperature, and (b) solar radiation, versus time.
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The same experiment was repeated on 8-Dec. 2019, where a square
aluminum plate (10 X 10 cm) is used with the exact distribution and locations of
thermocouples. Figure (5.2-c) illustrates the temperature distribution for the
aluminum plate where the highest temperature obtained was at the focus which is
317 ° C and 130 °C at the edge when the intensity of the solar radiation is 1069
W/m? and the ambient temperature is 16.2 °C. However, it can be noticed that the
steel plate recorded higher temperature than the aluminum and that is because of
the difference in the coefficient of thermal conductivity which causes more heat
dissipation to the surrounding, and also the solar radiation in the aluminum plate

test was less, comparing by the other days.

Observing the results in experiments above, it gives an idea of promising
abilities to using Fresnel lens in Iragi weather, which can produce very extreme
temperature up to 400 °C during winter time where the concentrator can be
utilized efficiently in a wide range of renewable energy applications such as water
desalination, water heating, and heat storage. On the other hand, the two-axis
tracking system which is modeled and design to track the sun, can be maintain the
focal stationary during the day without being affected by the weather condition,

it continues to track the sun even when the weather is cloudy.

5.3 Model I1

Practical experiments were conducted using cylindrical with con solar stills
with different heights, 10 cm, and 20 cm. where in total, the study included six
experiments. For the (10 cm height) solar still the experiments were performed
three times in three days with similar weather conditions; and a similar procedure
was followed for 20 cm height solar still, and the following is a detailed

illustration of the experiments:
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5.3.1 Solar Still of 10 cm in Height

The experiments were conducted during the period 25-27 of Jan. 2020 from
(9AM — 3PM), where the ambient temperature ranged from (5 - 15) °C and the
solar radiation ranged from (1150 - 1347) W/m? as shown in Fig. 5.3 (a and b).
The three experiments were performed by using cylindrical with con solar still

and can be summarized as follows:

Table (5.1) Summary of the experimental results for solar still of 10 cm in height

Run| Date Weather | Ambient Temp. | Solar Radiation | Cumulative
(2020) | Conditions| min-max °C | min - max W/m? | Productivity

for six hours

ml
1 | 25-Jan cloudy 7-13 170-1316 200
2 | 26-Jan clear 5-15 1160-1347 500
3 | 27-Jan clear 8-16 1150-1307 490

The results are summarized in table (5.1) are illustrated in figures 5.3 (aand
b) and (5.4), where the Fresnel lens provides sufficient heat to generate steam for
distillation from refracted solar radiation. The change in the amount of solar
radiation affects the productivity of the freshwater. The greatest amount of
freshwater production was on Jan-26 when the solar radiation was at its highest
where the sky was clear (no clouds or dust). While the productivity of freshwater
decreases when the intensity of the solar radiation decreases due to the unclear
sky or cloudy weather [49], as it can be seen clearly where the test was performed
on 25-Jan the cumulative productivity for six hours of fresh water was only
200ml, however this is not always true since most of the time the weather is sunny
in Iraq.
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Fig. 5.4: Cumulative productivity for six hours for solar still of 10 cm height.
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5.3.2 Solar Still of 20 cm in Height

The experiments were conducted during the period 30- Jan. through 1- Feb.
2020 from (9AM - 3 PM), where the ambient temperature ranged from (8 - 21)
°C and the solar radiation ranged from (980 — 1301) W/m?, as shown in Fig. 5.5
(a and b). The three experiments were performed by using cylindrical with con

solar still and can be summarized as follows:

Table (5.2) Summary of the experimental results for solar still of 20 cm in height

Run| Date Weather | Ambient Temp. | Solar Radiation | Cumulative
(2020) | Conditions | Min-Max °C [ Min - Max W/m? | Productivity

for six hours

ml
1 | 30-Jan cloudy 10-19 635-1010 350
2 | 31-Jan clear 12-21 980-1278 500
3 1-Feb Partial 8-16 420-1301 490

cloudy

The results are summarized in table (5.2) are illustrated in figures 5.5 (a and
b) and (5.6). Where the greatest amount of fresh water cumulative productivity
for six hours on Jan-31 is 500 ml, and the lowest amount on Jan-30 is 350 ml.
This difference is caused by the variation in the intensity of solar radiation, which
influences the evaporation process. Therefore, the amount of freshwater
production is directly proportional to the intensity of solar radiation [53].
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In the experiments, focus in the main parameter investigated was the height
of the solar still, we nominate the two values of the height 10 and 20 cm,
respectively which implies the change of condensation area where the side area is
doubled. As previously mentioned, the experiments were performed in six
consecutive days so that the other contributing parameters, such as ambient
temperature and solar radiation, will be in the same range. The results showed that
the productivity of the solar still increased as the solar radiation increased. On the
other hand, productivity is influenced by the height of the solar still and ambient
temperature. However, the main parameter that affects productivity is the amount

of solar radiation which has significant influence on the performance of solar still.

In solar stills, the area of condensation and temperature difference over the
condensation glass cover surfaces play crucial roles in the productivity of the solar
still. In this work the area was doubled in sake of showing that the increasing of
the condensation area would cause a sensible difference in the results. The
prototype can be modified to include a glass dome of a large area that is mounted
on the top of the cylindrical with con solar still to ensure better condensation.
Moreover, the amount of the water at the base of solar still can be decreased so as
to improve the chance of evaporation with presence of extreme temperature

produced by the focal of the Fresnel lens.

5.4 Model 111

Practical experiments were conducted using two models of heat
exchangers, namely conical pipe and cubical tank heat exchangers. In total, the
study included six tests. For conical pipe heat exchanger, the experiment was
performed three times in three consecutive days with different water flow rates
(1,2 and 4 L/h, respectively), and similar procedure was followed for cubical tank
heat exchanger. The data was collected using two thermocouples type-K that are

installed on the inlet and outlet pipes of the receivers. The temperature
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measurement is recorded by means of a digital data logger and the experiments

are performed as follows:

5.4.1 Conical Pipe Heat Exchanger

Practical experiments were conducted during the period 13-15 of Feb. 2020
from (9 AM - 3 PM), where the ambient temperature ranged from (8 — 19) °C and
the solar radiation ranged from (950 — 1353) W/m?, as shown in Fig. 5.7 (a and

b).
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Fig. 5.7: Climatic conditions under which the experiments have been

conducted of conical pipe heat exchanger: (a) ambient temperature, and (b) solar
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Figure (5.8-a) shows the relationship between the temperature of water
inlet, outlet and useful heat gain versus time for the conical pipe heat exchanger
at water flow rate was 2 L/h during the 13" Feb. 2020 , where the ambient
temperature ranged from (8 — 16) °C and solar radiation in W/m? ranged from
(950 — 1311). The average inlet water temperature is 14.2 °C and the average
water outlet temperature is 41 °C. Useful heat gain ranged from (48 — 69) W.

results were compared with the researchers Simoni Perini et. al. [25]

Figure (5.8-b) shows the relation between the temperature of water inlet,
outlet and useful heat gain versus time for the conical pipe heat exchanger at water
flow rate was 4 L/h during the 14-Feb. 2020 , where the ambient temperature
ranged from (9 — 19) °C and the solar radiation in W/m? ranged from (972 — 1220).
The average inlet water temperature is 15.7 °C and the average water outlet

temperature is 32 °C. Useful heat gain ranged from (64 — 92) W.

Figure (5.8-c) shows the relationship between the temperature of water
inlet, outlet and useful heat gain versus time for the conical pipe heat exchanger
at water flow rate was 1 L/h during 15-Feb. 2020, where the ambient temperature
ranged from (10 -19) °C and the solar radiation in W/m? ranged from (902 — 1353).
The average inlet water temperature is 15 °C and the average water outlet
temperature is 71°C. useful heat gain ranged from (43 — 80) W. Noting that at
14:00 the sky turned partially cloudy resulting in a reduction in amount of solar
radiation to 982 W/m? causing a decrease in temperature of the water outlet to
69°C.
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Fig. 5.8: Temperature of water inlet, outlet and useful heat gain versus time of
conical pipe heat exchanger (a) 2 L/h (b) 4 L/h (c) 1 L/h.
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In experiments 1, 2, and 3, the main parameter investigated was the water
flow rate, 2, 4, and 1 L/h, respectively. As previously mentioned, the experiments
were performed in three consecutive days so that the other contributing
parameters, such as ambient temperature and solar radiation, will be in the same
range; for example, the minimum solar radiation was about 900 and the maximum
solar radiation was about 1300. The difference in average temperature of water
between outlet and inlet was 27, 17 and 56 °C respectively, which reflects a
decreased temperature as the flow rate increased [47]. On the other hand, the
useful heat gain increased with the increase of the flow rate, where the maximum
useful heat gain was 92 W with a flowrate of 4 L/h [40].

5.4.2 Cubical Tank Heat Exchanger

Practical experiments were conducted during the period 22-28 of Feb. 2020
from (9AM — 3PM), where the ambient temperature ranged from (15 —24) °C and
the solar radiation ranged from (855 — 1387) W/m?, as shown in Fig. 5.9 (a and
b).

Figure (5.10-a) shows the relation between the temperature of water inlet,
outlet and useful heat gain versus time for the cubical tank heat exchanger at water
flow rate of 1 L/h during 22°Feb., where the ambient temperature ranged from (17
— 24) °C and the solar radiation in W/m? ranged from (950 — 1225) . The average
inlet, outlet water temperatures and useful heat gain are 16 °C, and 58 °C and
48.9W respectively. Noting that at 13:00 the sky turned partially cloudy resulting
in a reduction in amount of solar radiation to 412 W/m?, causing a decrease in

temperature of the water outlet to 34 °C.

Figure (5.10-b) shows the relationship between the temperature of water
inlet, outlet and useful heat gain versus time for the cubical tank heat exchanger
at water flow rate was 2 L/h during 26- Feb. 2020, where the ambient temperature

ranged from (15- 21) °C and the solar radiation in W/m? ranged from (1159 —
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1387). The average inlet, outlet water temperatures and useful heat gain are 17.5

°C, 50°C and 76 W respectively.

Figure (5.10-c) shows the relationship between the temperature of water
inlet, outlet and useful heat gain versus time for the cubical tank heat exchanger
at water flow rate was 4 L/h during 28 Feb. 2020, where the ambient temperature
ranged from (17 — 22) °C and the solar radiation in W/m? ranged from (855 —

1387). The average inlet, outlet water temperatures, and useful heat gain are 18

°C, 33°C and 68 W respectively.
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Fig. 5.9 : Climatic conditions under which the experiments have been conducted

of cubical tank heat exchanger: (a) ambient temperature, and (b) solar radiation,

versus time.
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Fig. 5.10 : Temperature of water inlet, outlet and useful heat gain versus time of
cubical tank heat exchanger (a) 1 L/h (b) 2 L/h (c) 4 L/h.
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In experiments 4, 5, and 6, the main parameter investigated was the water flow
rate, 1, 2, and 4 L/h, respectively. As previously mentioned, the experiments were
performed in three consecutive days so that the other contributing parameters,
such as ambient temperature and solar radiation, will be in the same range. The
difference of average Temperature of water between outlet and inlet was 42, 33
and 15°C respectively, which reflects a decrease in the temperature as the flow
rate increased [23]. On the other hand, the useful heat gain increased with the
increase of the flow rate, where the maximum useful heat gain was 91 W with a
flowrate of 4 L/h [48].

5.5 Model I111

Practical experiments were conducted using cubical steel water container
(20 cm each side), which manufactured with vertical metal fins connected to the
upper cover of the container. Two different metals were used to manufacture the

fins and the upper cover, namely steel and aluminum (one experiment for each

type).

The data was collected using thermocouples type-K that are installed on the
fins and the upper cover. Thermocouples were installed on the upper surface, to
measure the heat distribution, and on the fins to measure the heat distribution
inside the container depth. The temperature is recorded by means of a digital data

logger. Following is a detailed illustration of the two experiments.

The first experiment was performed using steel fins and upper cover on 22-
Nov.2019. The experiment started at 9AM and completed at 3PM. The ambient
temperature ranged from (17 — 26) °C and the solar radiation in W/m? ranged from
(1130 — 1251), as shown in Fig. (5.11).
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Figure (5.12) shows the relation between temperature distributions versus

time for the steel upper cover. The average focus temperature is 183.8 °C, the

average edge temperature is 79.6 °C and the average plate temperature is 100.5

°C.
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Fig. 5.12: Temperature distribution of upper cover versus time of container of

steel cover.
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Figure (5.13) shows the relationship between temperature distributions
along the steel fins versus time. The average temperature at 6 cm depth is 38.8
°C, the average temperature at 13 cm depth is 32.2 °C, and the average
temperature at 19 cm depth is 29.9 °C. Noting that at 15:00 the sky turned partially
cloudy resulting in reduction in amount of solar radiation to 260 W/m?, causing a
decrease in temperature of the focus to 48 °C. The results showed that the highest
recorded temperature is 34 ° C at the depth 19 cm of the fins, which is suitable for

melting some types of the (PCM).
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Fig. 5.13:Temperature distribution along the fins of the container of steel fins.

The other experiment was performed using an aluminum fins and upper
cover of the container on 27-Nov. 2019. The experiment started at 9AM and
completed at 3PM. The ambient temperature ranged from (19.6 - 25.3) °C and the
solar radiation in W/m? ranged from (764 — 1008), as shown in Fig. (5.14).
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Figure (5.15) shows the relationship between temperature distributions

versus time for the aluminum upper cover. The average focus temperature is 60.9

°C, the average edge temperature is 51.6 °C and the average plate temperature is

53.5 °C.
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Fig. 5.15: Temperature distribution of upper cover versus time of container of

aluminum cover.

Figure (5.16) shows the relationship between temperature distributions

along the aluminum fins versus time. The average temperature at 5 cm in depth is
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30.4 °C, the average temperature at 15 cm in depth is 24.5°C, and the average
temperature at 19 cm in depth is 24.1 °C. It can be noticed that at 14:00 the sky
turned partially cloudy resulting in a reduction in the amount of solar radiation to
182 W/m?, causing a decrease in the temperature of the focus to 40.7 °C. From
the results shown in figures above, one can see that the highest recorded
temperature is 30 ° C at the depth 15 of the fins, which is suitable for melting
some types of the (PCM). Note that the steel fins and upper cover recorded higher
temperature than the aluminum fins and upper cover of the container and that is
because of the difference in the coefficient of thermal conductivity which causes
more heat dissipation to the surrounding, and also the solar radiation in the

aluminum finned cover test was less, comparing by the other test [54].
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Fig. 5.16:Temperature distribution along the fins of the container of aluminum

fins.
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Chapter Six Conclusion and recommendation

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

This work presents an experimental study to utilize extreme sunlight
temperature via a Fresnel lens concentrator using a solar tracking system. The
experimental tests are performed with the local weather condition in Najaf
city/lraq at latitude 31.59 degrees north, 44.19 degrees east. The experimental rig
consists of a freely rotating two-axis frame that is controlled by an electronic
circuit that implements Arduino and stepper motors as a control system to adjust
the position of the Fresnel's lens focal by moving the motors accordingly. The
focal of the sunlight is to be maintained stationary at a fixed position to ensure
continuity of heat flow on the absorption system. Different types of solar thermal
receivers, heat exchangers, solar still, and container tank were placed in the focus
of the Fresnel lens concentrator. Therefore, the following conclusions can be

stated based on the study results.

6.2 Conclusion

1. The results of the experiments show the focal temperature on the absorption
steel plate reached as high as 400° C when the ambient temperature was 20°
C. Whereas, The temperature distribution for the aluminum plate where the
highest temperature obtained was at the focus which is 317 °© C when the
ambient temperature is 16.2 ° C. However, the temperature of the focal for
both aluminum and steel plates is high and can be implemented in many

different solar applications.
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2. The productivity of the freshwater in the solar still is strongly proportional to
the amount of the solar radiation, where the intensity of the solar radiation
influences the heat produced by the focal and hence it increases
the productivity of the solar still. Although, the area of the solar still is
increased to enhance the productivity, but the effect of the solar radiation is
still the dominant parameter that rules the performance of the solar still at same
weather conditions (ambient temperature and wind speed). The results show
that the maximum freshwater cumulative productivity for six hours output for,
10 and 20 cm height, solar still during the experiment period was 500 ml when

the average solar radiation was 1280 W/m? and 1165 W/m? respectively.

3. For solar water heater the experimental tests are performed using two models
of heat exchangers, namely conical pipe and cubical tank heat exchangers. The
experiments was performed three times in three consecutive days, for each
models of heat exchangers, with different water flow rates (1, 2 and 4 liter per
hour, respectively). The results showed that the highest useful heat gain
recorded for the conical pipe heat exchanger is 92 W when the intensity of
solar radiation is 1206 W/m? and the ambient temperature is 14 ° C. The
highest obtained useful heat gain of the cubical tank heat exchanger was 91 W
when the intensity of solar radiation is 1387 W/m? and the ambient temperature
is18 ° C.

4. The experimental tests was performed using cubical steel water container (20
cm each side) vertical metal fins connected to the upper cover of the container.
The results show that the steel fins and upper cover recorded higher

temperature than the aluminum fins and upper cover of the container and that
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Is because the difference in the coefficient of thermal conductivity which
causes more heat dissipation to the surrounding, and also the solar radiation in

the aluminum finned cover test was less, comparing by the other test

2.6 Recommendation

Observing the conclusion above, gives an idea of promising ability to use the
Fresnel lens, during wintertime under Iragi weather, in a wide range of renewable
energy applications such as heating, heat storage, and water desalination
applications. However, the following recommendations for future work

1. Using a larger Fresnel lens for greater amount of solar radiation to
obtain a larger solar thermal energy, which can beneficial for domestic
or industrial uses.

2. Using further modification in solar applications models such as using a
glass cover for the conical pipe heat exchanger to reduce convection
heat loss in the cavity aperture.

3. For the solar still can be modified to include a glass dome of a large
area or a glass chimney that is mounted on the top of the cylindrical

with con solar still to ensure better condensation.
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APPENDICES

Appendices- A Sun tracker programming for Arduino control system

#include <LiquidCrystal_I2C.h>

LiquidCrystal_I12C Icd(0x27,2,1,0,4,5,6,7,3, POSITIVE);
#include <LCD.h>

#include "RTClib.h"

RTC_DS1307 rtc;

int smDirectionPinl = 11; //Direction pin

int smStepPinl = 12; //Stepper pin

int smDirectionPin2 = 10; //Direction pin

int smStepPin2 = 9; //Stepper pin

void setup () {
pinMode(smDirectionPinl, OUTPUT);
pinMode(smStepPinl, OUTPUT);
pinMode(smDirectionPin2, OUTPUT);
pinMode(smStepPin2, OUTPUT);
pinMode(AO, INPUT_PULLUP); // sets analog pin for input
Icd.begin(16, 2);

while (!Serial); // for Leonardo/Micro/Zero

Serial.begin(57600);

if (! rtc.begin()) {
Serial.printIn("Couldn't find RTC");
while (1);

}

if (! rtc.isrunning()) {
Serial.printin("RTC is NOT running!");
// following line sets the RTC to the date & time this sketch was compiled
rtc.adjust(DateTime(F(__DATE_ ), F(__TIME_)));
/[ This line sets the RTC with an explicit date & time, for example to set
/[ January 21, 2014 at 3am you would call:
I/ rtc.adjust(DateTime(2020, 2, 11, 23, 39, 0));

}



void loop () {

DateTime now = rtc.now();

int S=now.second();
int M=now.minute();

int H=now.hour();

Icd.setCursor(0,0);
lcd.print("TIME: ");
Icd.print(now.hour(), DEC);
lcd.print(":");
Icd.print(now.minute(), DEC);
lcd.print(":");
Icd.print(now.second(), DEC);
led.print(" ");

Icd.setCursor(0,1);
lcd.print("DATE: ");
Icd.print(now.year(), DEC);
lcd.print("/™);
Icd.print(now.month(), DEC);
lcd.print("/™);
Icd.print(now.day(), DEC);
int x=0;
[[----- from hear vertical axis -----------------
if( now.second()== 1&& now.hour()==9 ){
while(x<  ){
digitalWrite(smDirectionPin1,LOW);
digitalWrite(smStepPinl,HIGH);

delayMicroseconds( );
digitalWrite(smStepPinl,LOW);

delayMicroseconds( );



X++;

if( now.second()== 1&& now.hour()==10 ){
while(x<  ){
digitalWrite(smDirectionPin1,LOW);
digital Write(smStepPin1,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin1,LOW);
delayMicroseconds( );

X++;

if( now.second()== 1&& now.hour()==11 ){
while(x<  ){
digitalWrite(smDirectionPin1,LOW);
digital Write(smStepPin1,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin1,LOW);
delayMicroseconds( );

X++;

if( now.second()== 1&& now.hour()==12 ){
while(x<  ){
digitalWrite(smDirectionPin1,HIGH);



digitalWrite(smStepPinl,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin1,LOW);
delayMicroseconds( );

X++;

if( now.second()== 1&& now.hour()==13 ){
while(x<  ){
digitalWrite(smDirectionPin1,HIGH);
digitalWrite(smStepPinl,HIGH);
delayMicroseconds( );
digitalWrite(smStepPinl,LOW);
delayMicroseconds( );

X++;

if( now.second()== 1&& now.hour()==14 ){
while(x< X
digitalWrite(smDirectionPin1,HIGH);
digitalWrite(smStepPinl1,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin1,LOW);
delayMicroseconds( );

X++;



J e e e e for hear vertical axis ---------------

/! -—-- ---from hear horizontal axis ---------------
if( now.second()== 20&& now.hour()==9 ){
while(x< )

digitalWrite(smDirectionPin2,HIGH);
digitalWrite(smStepPin2,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin2,LOW);
delayMicroseconds( );

X++;
¥

}

if( now.second()== 20&& now.hour()==10 ){
while(x<  ){
digitalWrite(smDirectionPin2,HIGH);
digitalWrite(smStepPin2,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin2,LOW);
delayMicroseconds( );

X++;
}

}

if( now.second()== 20&& now.hour()==11 ){
while(x< )
digitalWrite(smDirectionPin2,HIGH);
digitalWrite(smStepPin2,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin2,LOW);
delayMicroseconds( );

X++;
}
¥

if( now.second()== 20&& now.hour()==12 )}{



while(x<  ){
digitalWrite(smDirectionPin2,HIGH);
digitalWrite(smStepPin2,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin2,LOW);,
delayMicroseconds( );

X++;
¥

}

if( now.second()== 20&& now.hour()==13 ){
while(x<  ){
digitalWrite(smDirectionPin2,HIGH);
digitalWrite(smStepPin2,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin2,LOW);
delayMicroseconds( );

X++;

¥

}

if( now.second()== 20&& now.hour()==14 ){
while(x<  ){
digitalWrite(smDirectionPin2,HIGH);
digitalWrite(smStepPin2,HIGH);
delayMicroseconds( );
digitalWrite(smStepPin2,LOW);
delayMicroseconds( );

X++;
}
¥

e e for hear horizontal axis ---------------

delay(1000);
}




Appendices-B: Table of Experimental data calculations

date Time, | T.In | T.Out | IW/m2 | VL/h m kg/s QuWw
h °C °C
13/02/2020 | 9;00 14 35 950 2 0.000551 | 48.37653
13/02/2020 | 10:00 | 14 38 1083 2 0.000551 | 55.28747

13/02/2020 | 11:00 | 14 43 1285.35 2 0.000551 66.80569

13/02/2020 | 12:00 | 14 43 1282.5 2 0.000551 66.80569

13/02/2020 | 13:00 | 15 45 1311 2 0.000551 69.10933

13/02/2020 | 14:00 | 15 45 1288.2 2 0.000551 69.10933

13/02/2020 | 15:00 | 14 40 1178 2 0.000551 | 59.89476
date Time | T.n | T.Out | IW/m2 | V L/ m kg/s QuWw
h °C °C

14/02/2020 | 09:00 | 14 28 972.8 4 0.001106 64.69711

14/02/2020 | 10:00 | 14 28 921.5 4 0.001106 64.69711

14/02/2020 | 11:00 | 14 34 1206.5 4 0.001106 92.42444

14/02/2020 | 12:00 | 14 33 1159 4 0.001106 87.80322

14/02/2020 | 13:00 | 17 37 1220.75 4 0.001106 92.42444

14/02/2020 | 14:00 | 18 35 1161.85 4 0.001106 78.56078

14/02/2020 | 15:00 | 19 34 1102 4 0.001106 69.31833




date Time | T.n | T.Out | IW/m2 | V L/h m kg/s QuWw
h °C °C
15/02/2020 | 09:00 | 12 50 902.5 1 0.000274 43.54863
15/02/2020 | 10:00 | 12 60 1045 1 0.000273 | 54.78587
15/02/2020 | 11:00 | 13 84 1353.75 1 0.00027 80.1306
15/02/2020 | 12:00 | 15 84 1330 1 0.00027 77.8734
15/02/2020 | 13:00 | 16 76 1116.25 1 0.000273 68.552
15/02/2020 | 14:00 | 19 69 982.3 1 0.000272 56.77833
15/02/2020 | 15:00 | 19 74 1151.4 1 0.000272 62.45617
date Time | T.n | T.Out | IW/m2 | V L/h m kg/s QuWw
h °C °C
22/02/2020 | 09:00 | 14 56 950 1 0.000273 47.93763
22/02/2020 | 10:00 | 15 68 1197 1 0.000273 60.49273
22/02/2020 | 11:00 | 16 68 1225.5 1 0.000273 59.35136
22/02/2020 | 12:00 | 16 66 1187.5 1 0.000273 57.06861
22/02/2020 | 13:00 | 16 34 412.3 1 0.000276 20.7746
22/02/2020 | 14:00 | 17 68 1168.5 1 0.000273 58.20998
22/02/2020 | 15:00 | 18 52 855 1 0.000273 38.80666
date Time | T.In | T.Out | IW/m2 | VL/h m kg/s QuWw
h °C °C




26/02/2020 | 09:00 | 16 45 1159 2 0.000549 66.60366
26/02/2020 | 10:00 | 17 ol 1296.75 2 0.000548 77.92913
26/02/2020 | 11:00 | 16 53 1382.25 2 0.000548 | 84.80523
26/02/2020 | 12:00 | 17 52 1387 2 0.000548 80.22117
26/02/2020 | 13:00 | 19 53 1358.5 2 0.000548 | 77.92913
26/02/2020 | 14:00 | 19 53 1358.5 2 0.000548 77.92913
26/02/2020 | 15:00 | 19 48 1187.5 2 0.000549 66.60366
date Time | T.n | T.Out | IW/m2 | V L/h m kg/s QuWw
h °C °C
28/02/2020 | 09:00 | 17 27 855 4 0.001096 45.79422
28/02/2020 | 10:00 | 16 28 902.5 4 0.001096 54.95307
28/02/2020 | 11:00 | 17 37 1387 4 0.001092 91.30978
28/02/2020 | 12:00 | 17 33 1187.5 4 0.001092 73.04782
28/02/2020 | 13:00 | 19 36 1197 4 0.001092 | 77.61331
28/02/2020 | 14:00 | 20 37 1187.5 4 0.001092 77.61331
28/02/2020 | 15:00 | 22 35 1121 4 0.001092 59.35136




Appendices C: Calibration of thermocouples.

The calibration of temperature sensor (thermocouples) was done by
recording readings at three different grades, then comparing them with the reading
of the mercury thermometer at freezing temperature (0 °C), boiling water
temperature (100 °C) and human body temperature (32 °C). The result of
calibration as shown in Table. C-1

Table.C-1: Temperature Sensors Calibration.

Device No. Freezing Human body Boiling
temperature =0 ° C | temperature =37 °C | temperature =

100°C
Hg thermometer 0 36.5 99.6
Sensor 1 0.17 36.2 98.8
Sensor 2 0.14 36.4 98.5
Sensor 3 0.15 36.7 99.4
Sensor 4 0.19 36.2 98.7
Sensor 5 0.18 36.3 98.6
Sensor 6 0.19 36.7 99.3
Sensor 7 0.2 36.6 98.9
Sensor 8 0.16 36.5 98.5
Sensor 9 0.17 36.6 98.8
Sensor 10 0.14 36.7 98.7
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Fig. C.1: Calibration curves of thermocouples

Appendix-D: Calibration of solar power meter
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Fig. D.1: Calibration of solar power meter
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