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Abstract

The fabrication of a parabolic trough solar collector system has been
experimentally designed and tested to improve of the thermal performance of
the parabolic trough solar collector. Three working fluids were used water,
distilled water with copper oxide nanoparticles, distilled water with titanium

dioxide nanoparticles with a volume concentration of 0.02.

Experimental tests are conducted at the University of Anbar-Ramadi
(32.559°N - 41.9196°E) during selected days from January 2021 to March 2021.
The performance of the PTSC system is evaluated using three main indicators
outlet water temperature, useful energy and thermal efficiency. The influence
of mass flow rate ranges from (30 to 80) L/hr. In parallel, an artificial neural
network has been proposed to predict the thermal efficiency of parabolic trough
solar collector depending on the experimental results. An artificial neural
network model consists of four inputs and one output parameter, the input
parameters include inlet water temperature, solar density, ambient temperature
and receiver temperature. While the output parameter includes thermal
efficiency. Two neural network models (4-2-2-1) and (4-9-9-1) are built by
using MATLAB. The experimental results show that distilled water with copper
oxide nanoparticles and distilled water with titanium dioxide nanoparticles have
higher thermal performance than water. Overall, it is verified that distilled water
with titanium dioxide nanoparticles achieved an enhanced thermal efficiency of
PTSC around 7.12% while the maximum increase in thermal efficiency around
19.2% is recorded for distilled water with copper oxide nanoparticles compared

to water.
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CHAPTER ONE
INTRODUCTION

1.1 Background

Solar radiation is the most evenly distributed energy resource on earth and the
most abundant. The sun constantly emits a huge amount of radiant energy in the
solar system. Earth intercepts a small portion of this energy with an average of
1,367 watts per square meter [1]. Solar energy is converted into two types of
energy. The first technique is defined as a Photovoltaic (PV) solar cell that
converts the solar energy into DC electrical energy. This energy either used
directly or stored in batteries and then converted to AC energy. While, the
second techniques are summarized as a solar thermal system which turn the
solar energy into thermal energy so as to generate mechanical energy and thus
generating electricity[2]. Solar Water Heating System (SWHS) is a simple
system that captures energy from solar radiation falling on it, which is converted
into heat energy for the fluid passing through it, which can be used for domestic,
commercial or industrial purposes [3]. SWHS consists of several parts, one
window is one of the most important parts is solar collector. In general, there
are two types of solar thermal collectors: stationary (non-concentrating) solar
thermal collectors and solar tracking (concentrating) solar thermal collectors[4].
A non-concentrating collector is permanently fixed in position and do not track
the sun besides the area for intercepting and absorbing solar radiation is the
same. Whereas, the tracking concentrating solar collector usually has concave
reflecting surfaces to intercept and focus the suns beam radiation to a smaller
receiving area, hence increasing the radiation flux. Solar concentrating
collectors are distinguished by their motion (single or two-axis tracking) and by

their operating temperature [5]. These types of collectors permit to gather the
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solar radiation on a concentrated area for increasing the thermal energy. The
principal operation of these solar collectors is used with devices like Stirling
motors, heating systems, solar kitchens, and vapor turbines or photovoltaic cells
[6]. As a result, the concentrator is making from a high-reflectance material that
permit to collect the solar radiation components (visible radiation, infrared and
ultraviolet rays). In addition, the concentrators should be directed towards the
sun by using solar tracker to correct their function. All the concentrators have
the same operating principle, but present differences regarding geometry,

amount of energy concentrated, and how the energy is used [5, 6].

1.2 Parabolic Trough Solar Collector

The parabolic trough solar collector (PTSC) is a widely used in the world among
the concentrated solar power systems, John Erksson creates the first collector
parabola in 1880, which is used to power a hot air engine. Also, a parabola had
also been devised by Germans Wilhelm Meier and Adelf Remshardt to generate
steam [7]. PTSCs are the most attractive technology used in solar thermal power
generation, as well as in industrial processes such as drying, sterilization and
seawater desalination, cooling and air-conditioning, steam generation (for
electricity power-plants), production of hot water for domestic and industrial
use and production of hydrogen gas [8]. The PTSC unit is made up of a
parabolic trough that concentrates solar beam radiation into the receiver tube
and a protective glass enclosure that reduces losses and protects the tube from
external climate restrictions, as shown in Figure 1.1. A solar tracking device is
also included with the collector to ensure that the solar beam falls
perpendicularly on the aperture region. Most commercial PTSC plants,

according to state of the art PTSC technology, run at temperatures up to 400 °C



with synthetic oil as the working fluid [7,8]. One of the most considerable
challenges in the PTSC is the thermal efficiency enhancement in order to
produce higher amount of useful heat, especially in higher temperature levels.
Thus, a lot of researchers have been focused on various techniques which can
enhance the performance of PTSC. These techniques usually aim to increase
the heat transfer coefficient between the fluid and the absorber tube in order to

achieve high useful heat rates [9].

Central
Heat Pipe

Parabolic Shaped
Reflective Trough

Reflective Coating
or Mirrors

Collector
Supports

Rotational
Axis

Figure 1.1: The main components of parabolic solar collector [10].

1.3 Solar Radiation Types

The ultraviolet radiation (UV) radiations are absorbed by the Ozone layer and
infrared radiations are absorbed by the water vapors, and carbon dioxide. So the
intensity of radiation reaches the earth decreases. Radiations reaches on the
earth are [11].

1.3.1 Diffuse Solar Radiation

Diffuse solar radiation is called as the results of absorbing, scattering and
reflecting of the sunlight due to its passing through the atmosphere [11].
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1.3.2 Direct (beam) Solar Radiation

Direct solar radiation is solar radiation that reaches the earth's surface without
being dispersed. It's also known as solar radiation that travels along the line
connecting the receiving surface to the sun. Direct beam radiation can be
reduced by 10% on clear, dry days and by 100% on heavy, cloudy days due to
atmospheric circumstances. The solar constant ( I, )is the radiant energy flux
received per second by a surface of unit area kept normal to the direction of the
sun's beams at the mean earth sun distance outside the atmosphere. Its approved

value of 1367 W/m? is largely stable throughout the year [11].

1.3.3 Methodology of Earth-Sun Angle

There are several basic angles between the sun and the earth as shown in Figure

1.2. The following are the important sun-earth angles [12]:

a. Zenith angle (0): It is the angle between sun’s ray and perpendicular line to

the horizontal plane.

b. Altitude angle (a): It is defined as the angle between sun rays and a

horizontal plane.

c. Surface Azimuth angle (y): It is the angle in a horizontal plane, between the
line due south and the projection of normal to the surface on the horizontal

plane.



Horizontal

/ plane

Apparent

sun path
/ Normal to

4 surface at P

Figure 1.2: Sun and Earth angles [12]

1.4 Mathematical Model of Design the PTSC
The design parameters of PTSC are calculated from the geometric relations of
the parabolic reflective surface, the angle of incidence of sunlight and the

receiver tube[13]. As shown in Figure 1.3.

26,,
| Solar
Radiatio
' n

1

Parabolic reflector
Wa/2

»

Figure 1.3: Design specifications of a parabolic reflector [13].



The concentration ratio is defined as the ration between the area of reflector to

the area of receiver that is given by:

CR =%a=Yal _Ya (1.1)
A, 7Dl D

Rim angle is given by:

®, = sin™* (;”—:r) (1.2)

For any point of the parabolic reflector, the local mirror radius is represented

as.

2F
r= 14+Cos®, (1.3)

Aperture width is given by:

W, = 4Ftan™" (1.4)

The Focal length can be represented as:
W,

F= (@ (1.5)
The vertical height of the parabola is given by:
j— Waz
P " 16F (1.6)

Arc length of parabolic curve (the curve length of the parabolic surface):

Bl m(®) @ @)

The half acceptance angle is given by:

®,, = sin™ (2%) (1.8)



1.5 Mathematical Model of Heat Transfer Analysis in PTSC

The heat transfer process deals with the transfer of solar radiation from the sun
to the absorber and then transfer the heat from it to the receiver as shown in
Figure 1.4. Generally, the heat transfer depends on the coefficient of heat

convection [14].

fr

W,

Figure 1.4: The schematic cross section of a typical PTSC [14]

The resultant of the collecting area (A,) and the direct beam solar irradiation |
is used to determine the solar energy Qs incident on the collector aperture, as

shown in the equation below [15]:

Qs =Aal, (1.9)
Where: Aa is the collecting area of receiver (m?) and defined as:

A, = (W, —d,)L (1.10)

Water in the absorber tube obtained useful energy rate Q, from the solar

radiation mainly through the process of convective heat transfer. Thereby, Qu
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was assumed to be equal to the heat flow convective inside the test tube and can

be expressed as [16]:
Qu =mCy (Tour — Tin) (1.11)
m=pV (1.12)

The most important index for the solar water collectors' evaluation is their
thermal efficiency nw. This parameter is calculated as the ratio of the useful

energy to the solar energy available, as indicated below by equation [17]:

= Qu_ Qu
Meh =50 = ar (1.13)
Ar=mdy L (1.14)
T, = (Tin+Tout) (1.15)

2
_ Ts1+ T5p+Ts3

T. 3

(1.16)

Reynolds number Re for circular tube for the PTSC system was expressed as
[18]:

4xm

iy = o (1.17)
_PUpdy _ AMm
Re = T (1.18)
2
Ap = du (1.19)

4

The friction factor f can be calculated using the pressure drop 4P along the tube
[19]:

i (1.20)



1.6 Nanofluids

Nanofluid technology is considered to be one of the main emerging
technologies currently attracting significant research efforts in thermal
engineering. The main goal of this technology is to improve the thermal
characteristics (heat transfer coefficient) of the working fluids and then produce
a high heat flux generating devices for effective thermal dissipation [20].
Nanofluides are formed by dispersing the powdered nanoparticles in the base
fluid. Various nanoparticle materials involve metals (Cu, Ag, Au), nitride
ceramics (AIN, SiN), ceramic oxide (Al,O3, CuQ), carbide ceramics (SiC, TiC)
and semiconductor (TiO, and SiO,). The main important parameters that are
affected on the heat transfer process in fluid with nanoparticles are viscosity,

thermal conductivity, density and specific heat [21].

There are several steps must be taken in consideration to prepare the nanofluids.
For example, good dispersion, surfactants to enhance the stability of nanofluids,
modification of the dispersed particles and application of strong force on the
clusters of the dispersed nanoparticles to increase the stability of nanofluids.
One of the main conditions for obtaining a usable nanofluid is the stability of
nanoparticles in a conventional fluid. To produce an even and stable suspension,
several techniques are applied, such as the use of ultrasonic equipment, pH
control or addition of stabilizers [22, 23]. The van der Waal force causes
nanoparticles to stick together while suspended in liquids. This force prevents
the nanoparticles from settling in the base liquid and thus prevents the formation
of a homogeneous mixture. To solve this problem, chemical or physical
treatment should be used such as modifying the surface of suspended particles,
adding surfactant or applying strong force to the suspended particle assemblies,
since the thermal conductivity of nanofluids is greatly improved due to their
stability [24].



1.7 Problem Statement

One of the most important requirements for most solar energy research is to
improve thermal efficiency, and in order to obtain as much energy as possible
and for the purpose of increasing the heat gain and enhancing the heat transfer
to the working fluid used in the concentrated solar collector used in this
research. Concentrated solar energy systems are considers one of the important
applications in heat transfer analysis. The individual analysis of the physical
associated with solar collectors is easy, but also it is very difficult in the case of
the whole system analysis. It is very difficult to understand the behavior of the
parameters of the solar system with each other, due to the complexity of the
processes that are related to the atmosphere and solar radiation and not subject
to a static state. As well as, the large variability of measurement according to
the time and place in which the experiment is performing. Most of the data
obtained of solar energy systems are not correlate; therefore, these data are
treating as physical models to predict thermal performance. Where, the data of
the current experiment can be used to develop a model based on artificial neural
networks. The application of ANN analysis is encouraged to the difficult and
critical problems of solar energy systems due to recent developments in ANN
methodology and good results. And use this data in several models of neural
networks to determine the best model to implement the behavior of this system.

1.8 Aim and Objectives
The main aim of the current investigation is to evaluate thermal efficiency of
the PTSC using artificial neural network model with nanofluids.
The current study has the following objectives:
1. To investigate the effect of working fluid on the heat transfer enhancement

in parabolic trough solar collector (PTSC).
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2. To study the effect of volumetric flow rate on the flow and thermal
characteristics of PTSC.

3. To determine the effect of local time on the performance of PTSC

1.9 Scope of Current Study

The scopes of this study that used to achieve the above objectives are:

1- The experimental is conducted at four different mass flow rates of 30 L/hr
to 80 Lt/hr and corresponding Reynolds number was calculated in the ranges
of 500 to 1500.

2- Reflected Concentration was metal of Nickel-Chrome sheet, Aperture area
A=2 m?, Focal distance F=0.24 m.

3- Using nanofluid with CuO and TiO. nanoparticle volume fraction in the
range of 0.02%, and nanoparticles diameter in the range of 30 nm on the heat

transfer characteristics and thermal performance of the PTSC system.

1.10 Thesis Outlines

The significance and objectives of this project are disclosed in the next section
of this chapter. Additional information is discussed in the balance of this thesis
to achieve its objectives. This thesis is divided into five chapters

Chapter Two: Describes the literature review of topics related to this thesis.
The literature studies were divided according to the main objective investigated
in the study including a simple introduction to the chapter. This chapter also
includes short writings on enhancing the efficiency of solar collectors using
water as a working fluid. In addition, a summary is written about solar collectors
using nanofluid as a working fluid. Finally, a summary of the literature

discussed in this research.

11



Chapter Three: Deals with the materials and project description, that are
included research requirements, preparation of nanofluids, system description
and its installation. The experimental setup components are described in details.
This chapter also includes data acquisition and experimental setup. Finally, the
methodology of Artificial Neural Networks (ANNS) is discussed, including the

definition, structure and architecture of Artificial Neural Networks

Chapter Four: Surveys and discusses the experimental and ANN results.
Comparisons between the experimental results with the predicted results of

ANN are presented.

Chapter Five: Concludes the thesis results and provides suggestions for future
studies in this field to improve and develop the behavior and performance of
PTSC system.

12
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CHAPTER TWO

LITRETURE REVIEW

2.1 Overview

This chapter introduces the previous studies that are related to the topic of
present thesis. There are a lot of the numerical and the experimental studies are
investigated to analyze the thermal performance of parabola trough solar
collector (PTSC) systems. In addition, the (ANNS) has taken up a fair number
of studies about predicting the Thermal Efficiency () of solar thermal systems.
Therefore, the outlines of this chapter will be survey according to the main
objectives and goals of the previous studies in literature. Then, this chapter

divided into three main sections as below.

2.2. PTSC System with Water

Alzahrani and Khaled [25] conducted an experimental study on a parabolic solar
collector in Saudi Arabia using a unidirectional tracking system. The main
characteristics of their study were: the sensor area about was 175 m?, the
receiver tube from glass with 3 cm inner diameter and tested at water mass flow
rate about 0.03 kg/s. The experimental results show that the maximum overall
efficiency was 38.3%.

Wahiba and Evgueniy [26] investigated the applicability of adaptive neuro
fuzzy inference system (ANFIS) approach to predict the performance of a solar
thermal energy system depending on a set of experimental data. The ANFIS
were predicted values and found to be quite close to the experimental values
with mean relative errors of less than 18% and 3.26 %, respectively, for the

warmup tank stratification temperatures and sunlight percentages. Finally, the
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findings showed that the ANFIS method was useful and reliable in predicting

the performance of energy systems.

Kajavali et al. [27] investigated an experimental study to compare between a
single tube absorber and a modified absorber that was constructed from scratch.
The experimental tests showed that the adjusted absorber was recorded a higher
solar energy recovery efficiency than a single tube where its efficiency was
about 42.1%.

Valenciaa et al. [28] designed and tested a PTSC model in dimensions of 95 cm
long and 50 cm wide with a uniaxial solar tracking unit. The highest outlet
temperature was recorded about 47.3°C in a constant flow rate of 0.2 L / min

and solar irradiance of 783.58 W/m? at 13 pm.

Sivaram et al. [29] conducted experimental and numerical study to investigate
the efficiency of a small-sized basin solar collector integrated with a thermal
energy storage device. The thermal storage capacity contains 60 liter from phase
change material (paraffin). The PTSC system consists from a collector with 3
m length, an aperture area of 7.5 m? and a focal distance of 0.976 m.
Furthermore, the output parameters estimated from the numerical model were

compared to the experimental outputs with deviations less than 10%.

Tajik et al. [30] investigated an experimental study to improve the heat transfer
and to increase the efficiency of a PTSC system using an absorber filled with
the metal of copper foam. Their study was dealt with two different absorbers.
The first one was a copper tube with black chrome coating with metal foam and
the second one without metal foam. Water was used as a working fluid in
different mass flow rate (0.5 to 1.5) L/min and Reynold number (500 to 2500).
The experimental tests showed that the overall loss coefficient decreases by

14



45% in case of absorber filled with metal foam and then lead to increase the

efficiency by 3%.

Fahim et al. [31] performed an empirical study to improve the heat transfer of
PTSC using solar tracking system. The dimensions of collector were 2.44 m
length, 1.04 m width and a focal length of 0.004 m. the absorber tube was
selected from aluminum with 2 cm inner diameter. The sun falling onto the
reflecting surface improves the heat transfer and thus the amount of distilled

water produced.

Debnath et al. [32]Carried out an experimental study of flat solar collector
modeling and improvement by predicting the performance of solar air flat
collector using the ambiguous integrated fog method. Parameter input layer
from they are the solar radiation, the air mass flow rate, and ambient
temperature and collector tilt angle. The output parameters were energy
efficiency, thermal efficiency, and temperature rise and the pressure drop. The
ifm model was they have been validated in order to demonstrate the reliability
and accuracy of the model. The results obtained they correlated with
experimental results with an accuracy of 95.5%. Moreover, the the results were
validated using the confirmatory method with experimental data, artificially
generated data and published data. The accuracy of the result obtained the solar
air collector was 97.5%

Abiem and Akoshile [33] designed and tested a PTSC to obtain output
temperatures up to 150 to 350 °C. Parabola equation was used to design the
collector and manufactured from locally available materials. The results were
recorded a high output temperature about 105 °C at a pressure of 120 kpa. In
the same manner, the highest efficiency was recorded about 46.48%.
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Harish et al. [34] used an artificial neural network and pertinent input
parameters. The thermal performance of two different types of solar air heaters
(arc shaped wire rib) and (smooth duct) were predicted. The following nine
input parameters were selected in this study (mass flow rate, solar intensity,
ambient air temperature, solar elevation, inlet air temperature, wind direction,
air mean temperature, plate temperature and relative humidity). While, the
output parameter was performance of the system. The prediction results found
that the structure of ANN-II with (8-14-1) was the optimal model as compared
to other models. The values of MRE, SSE and R? were found to be 1.82%,
0.0213 and 0.9938 respectively.

2.3 PTSC System with Nanofluids

Wang et al. [35] presented a three-dimensional a numerical simulation to
improve the performances of the PTSC system using Al,Os/synthetic oil as a
nanofluid with non-uniform heat flux distributions. The numerical study was
taken in consideration the influence of six different volumetric concentrations
of Al,O3; with size 28 nm on the thermal performance of PTSC. As compared
with traditional PTSC, using Al,Os/synthetic oil nanofluid enhanced and
improved the heat transfer and thermal performance.

Mwesigye et al. [36] presented a numerical study to analyze the thermodynamic
performance of a PTSC system using Cu-Therminol nanofluid as the working
fluid. According to the conditions of study such as inlet temperature (350-650)
K, Reynolds number (20x10* to 300x10%), and flow rates (1.22-135) md/h, the
thermal efficiency of the system was increased by 12.5% when the nanoparticle

volume fraction increased to 6%.
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Menbari et al. [37] investigated an experimental and numerical study to improve
the thermal performance of direct absorption PTSC using CuO-water nanofluid
nanofluid with a volume fraction (0.002 to 0.008) % with size <100 nm. The
results showed that the thermal efficiency of the system directly depended on
the nanoparticle volume fraction. Where, the efficiency of the system was
increased from 18 to 52 % when the volume fraction was increased from (0.002
to 0.008) %.

Subramani et al. [38] presented an experimental study to investigate thermal
performance and heat transfer characteristics of a PTSC system using
Al,Os/water nanofluids as working fluid. The experimental tests under different
nanofluid concentration, particles size, and mass flow rate showed that the
maximum efficiency was recorded 55.8 % at mass flow rate and volume

concentration (m= 0.05 kg/s and o= 0.5 %).

Mwesigye and Meyer [39] investigated a numerical study to analyze the thermal
efficiency and thermodynamic performance of a PTSC system using copper-
Therminol®VP-1, silver-Therminol, and Al,Os;-Therminol nanofluids as
working fluid. The analysis was take in account the effect of mass flow rate,
inlet temperature, nanoparticle concentration and Reynolds number. The results
showed that the using of nanofluids improve the thermal efficiency and
thermodynamic performance of a PTSC system. So, heat transfer coefficient
was increased by 7.9 %, 6.4 % and 3.9 % while, the thermal efficiency of the
PTSC system was increased by 13.9%, 12.5% and 7.2% for silver-
Therminol®VP-1, copper-Therminol and Al,Os-Therminol nanofluids,

respectively as the volume fraction increased from 0 to 6 %.
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Bellos and Tzivanidis [40] presented a numerical study to investigate thermal
efficiency enhancement of PTSC system using hybrid and mono nanofluid by
using Syltherm 800 as the base fluid. Nanofluids was used: 3 % TiO,/Oil, 3 %
Al,O3/Qil, and 1.5 % Al,03-1.5% TiO,/Oil. According to the final results,
Hybrid nanofluids was provided a greater increase in thermal efficiency when
compared to other working fluids. The enhancement in the heat coefficient was
found 35.2 % for the TiO, nanofluid, 142.1% for the hybrid nanofluid and 34.9
% for the AI203 nanofluid. The enhancement in the Nusselt number was found
23.8% for the TiO, nanofluid, 121.7% for the hybrid nanofluid and 23.4% for
the Al,O3; nanofluid. The thermal efficiency enhancement with the TiO,
nanofluid 0.341 % while with the hybrid nanofluid was found 0.74 % and with
the Al,O3 nanofluid 0.340 %. Thus, the enhancement is approximately 10%,
which is due to the increased thermal conductivity of the nano-fluids (nano-oil)

compared to the pure oil.

Bellos and Tzivanidis [41] presented a numerical study to investigate the
thermal efficiency of a PTSC system using various nanoparticles (SiO,, Cu,
Al,O3, CuO, TiO, and Fe,03) dispersed in thermal oil (Syltherm 800). The most
efficient nanoparticles, according to the results, was Cu, followed by CuO,
Fe 03, TiO,, Al;O3, and SiO,. Lower flow rates, higher inlet temperatures, and
larger nanoparticle concentrations were all reported to result in greater
enhancement. For Cu concentrations of 2, 4, and 6%, the enhancement of

thermal efficiency was found to be 31, 54, and 74%, respectively.

Subramani et al. [42] presented an experimental study to investigate the
influence of TiO,/DI-H,O (De-lonized water) on the efficiency of a PTSC
system. The results show that the convective heat transfer coefficient was

improved up to 22.76 % by using TiO, nanofluids. The maximum overall
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efficiency of the PTSC was recorded 57% when using TiO; nanofluid which is
9 % greater than that of the base fluid.

Bellos et al. [43] presented a numerical analysis to investigate CuO nanoparticle
dispersion in Syltherm 800 and nitrate molten salt (60 % NaNO3-40 % KNOs)
with a volume fraction of 6%. The use of oil-based nanofluids improves thermal
efficiency by up to 0.76 % to a pure fluid, according to the final results. On the
other hand, the results showed that using Syltherm 800-CuO gives an average
thermal enhancement of 0.65% compared to pure Syltherm, while using CuO

molten salt leads to only 0.13% of the average thermal efficiency.

Soledad et al. [44] investigated an experimental study to analyse the thermal
efficiency of a PTSC system using Al,Os/water nanofluid with a volume
fraction of 1% and 3%. The tests were run for different values of inlet fluid
temperature and ambient temperature. The results showed that using the
nanofluids instead of water as the working fluid of the PTSC improved its
thermal efficiency. The nanofluid with a 3% volume fraction reached the
maximum efficiency of 52.4 %, whereas in the case of water, this value was
40.8 %. While, in case of 1% volume concentration, a maximum efficiency was

reached to 57.7 %, while in case of the water was 46.5 %.

Milad et al. [45] carried out an experimental study to predict the efficiency of a
flat-plate collector using three methods of machine-learning. These methods
were defined as: a Radial Basis Function Artificial Neural Network (RBF-
ANN), Multi-Layers Perceptron Artificial Neural Network (MLP-ANN), and
Elman Back Propagation Neural Network (Elamn BP-ANN). The experiment
tests were done using TiO, (30 nm)/water nanofluids, mass flow rate, inlet
temperature and the weight concentration of nanofluid. While, the thermal

efficacy was considered the output data. The results revealed that all of these
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machine learning algorithms were suitable for predicting nanofluid thermal
performance in solar systems. However, as a compared between the three
methods, the MLP-ANN was the accurate method for predicting the efficiency
of flat-plate solar collector with a value of Coefficient of determination ( R?)
about 0.96.

Shahram et al. [46] predicted the performance of a nanofluid-based direct
absorption solar collector using artificial neural network (ANN) based Multi-
Layer Perceptron (MLP-ANN) system. The parameters that selected as input
for the MLP networks were the collector length, depth, working fluid flow rate,
concentration and temperature difference. While, the output was the collector
efficiency and Nusselt number. The statistical results show that the proposed
ANN approach prove that the collector depth has significant effect on the
collector efficiency while the collector length had an insignificant effect. On the
other side, the depth of collector and nanofluid flow rate had a significant effect
on Nusselt number. Generally, a significant concordance between experimental
and anticipated was considered. The findings demonstrate the MLP-ANN

model's superior ability to predict output data.

Okonkwo et al. [47] used the genetic algorithm (GA) and artificial neural
network (ANN) to minimize the entropy generation in a solar parabolic trough
collector (PTSC) with SiO,—water nanofluid as a working fluid. The results
showed that the optimal mean square error was 0.02288 for validation stage,
0.02288 for training and 0.0282 for testing with value of R? about 0.9999. It
was concluded that within the constraints of specific parameters, machine
learning techniques could be effective for predicting the rate of entropy

generation in a collector.
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Alietal. [48] used three types of basal fluids to predict the thermal conductivity
of nanofluids containing CuO nanoparticles. The researchers used the accuracy
of the group method to process data for artificial neural network and polynomial
correlation. The concentration of nano, thermal conductivity, temperature, and
nanoparticle dimension were used as inputs in both models. The values of R?
were recorded 0.9862 and 0.9996 in cases of polynomial and ANN,
respectively. Furthermore, the average absolute relative deviation values for the
two approaches were 5.25 percent and 0.881 percent, respectively. These
statistics came from statistical analysis, using an ANN-based regression to
anticipate the thermal conductivity of nanofluids containing CuO nanoparticles

yields a more reliable model.

Gholamabbas et al. [49] presented an experimental study to improve of the
thermal performance of an evacuated tube solar collector by using Cu,O/Water
nanofluid. The experiments were conducted out at three different fluid flow
rates (10, 30 and 50) L/h with various volume fractions of the Cu,O/Water
nanofluid. Artificial Neural Networks were used to verify the accuracy of the
experiment data. The performance of the constructed tubular collector was
predicted using the Multi-layer Perceptron (MLP) and Radial Basis Function
(RBF) models, respectively. The following three input parameters (nanofluid
concentration, tank volume, and flow rate) with two outputs make up the
prediction technique (energy efficiency and the difference in temperature of the
fluid flowing through the coil). The results showed that the MLP technique
might forecast collector performance more accurately than the RBF method.
The highest error rate for the MLP model was less than that of the RBF mode.
It was also discovered that increasing both the flow rate and concentration of

the nanofluid was improved the solar collector's thermal performance.
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2.4 Summary Table for Previous Researches

By reviewing the previous literature, it was found that a lot of research has been
conducted by researchers in the field of solar energy systems. Heat transfer
techniques for solar energy systems are carried out either through the design
aspect using a tracking system or changing dimensions, or by using different
nanofluids. focus on making simulations of solar energy systems using artificial
intelligence techniques Appendix A shows a summary of previous research that

was addressed in this research.
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CHAPTER THREE
EXPERIMENTAL WORK

3.1 Introduction

The current chapter attempts to describe the experimental parts of this thesis.
The description includes the preparation and fabrication of PTSC system
components, system installation and nanofluids preparation. Furthermore, the
measurements, instrumentations, data acquisition and experimental setup are
briefly covered.

3.2 Description of the Parabolic Trough Solar Collector

The PTSC is the model of the system that consists from the following parts: a
mechanical part, reflector, heat collection element, and solar tracking system

moves in two axes as shown in Figure 3.1.
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Figure 3.1: Schematic diagram of the experimental
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1- Reflective surface 8- pump

2- Receiver 9- Pressure sensor

3- Thermometer 10- Flow meter Sensor
4- Motor tracking 11- Radiator

5- Control Panel 12- Thermocouple

6- Fluid tank 13- LDR

7- By bass

Figure 3.2: Photograph of the experimental.

3.2.1 Design and Manufacture of the Structure Trough

The design and manafcture of the reflective surface arc were depended on the
dimensions obtained from the software such as length of the reflector (2 m), the
focal length (0.24 m), and the diameter of the reflecting surface (1 m) and the

angle of rim 90° as shown in (Appendix B.1). Firstly, the basement of the frame
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was made as rectangular section from steel square channel with dimensions
(40x20) mm and (20x20) mm as shown in Figure 3.3. To support the reflective
surface, the right and left edges of upper structure was manufactured from steel
square channel with dimensions (20x20) mm. In addition, four cross arches had
been installed along the structure. The arches were fabricated from iron sheet
with 4 mm thickness and prepared using CNC machine. For greater durability,
three screw of 2 m length and 14 mm diameter were used to connect between

the arches.

Figure 3.3: Frame structure of the reflector

3.2.2 Surface of the Reflector

The function of the reflector is to focus the sun's rays on the absorbing tube
placed at the focal point of the reflecting surface. There are several types of
reflective surface material. In this research, a reflective surface of nickel chrome
type was used that is characterized by a good reflectivity for the sun's rays.
After taking the required measurements, the reflector was fixed on the iron

structure by welding Alarcon Texture as shown in the Figure 3.4.
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Figure 3.4: Reflective surface structure

3.2.3 Stationary Part

The function of the stationary part is to hold and support the assembly of
reflective surface structure unit. The basement of stationary part was formed as
a cross section from iron channel (40x20) mm and length 800 mm.
Additionally, four holes with 10 mm diameter was opened at the end of iron
channel to support the basement with floor. The vertical axis of stationary part
was fabricated and welded with the basement part from iron channel (80x60)
mm and 400 mm height as shown in Figure 3.5.a another column was used from
iron channel (60x40) mm to control the length of stationary part as shown in
Figure 3.5.b.
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Figure 3.5: (a) Main base and (b) Supporting the main base.

3.2.4 Moving Parts

A moving part as half rectangular was fabricated from channel iron (30x20)
mm in length 1800 mm to make the surface of reflector moving in up and down
as shown in Figure 3.6. This part was connected to the vertical support using

screw in the middle while the its two ends connect to the structures.

Figure 3.6: parts responsible for movement

The second part responsible for the movement of the reflective surface left and

right was fabricated from iron channel (30 x 20) mm and was formed as a

27



rectangle with 1800 mm length and 740 mm width as shown in Figure 3.7.a. It
was supported with previous part in Figure 3.7.b using two screws. An electric
motor was connected between the fixed vertical support and this moving part to

be responsible for movement left and right.

Figure 3.7: (a) Rear view of the reflective surface. (b) Moving part left and right.

3.3 Experimental Equipments or Instruments

3.3.1 Digital Thermometer

A digital thermometer unit model GM-1312 SD was used to collect the
measured temperatures using a temperature recorder. Nine K-type
thermocouples (-200 to 1372) °C were used and connected to a digital

thermometer. The thermocouples were distributed as follows: the first and
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second were installed at the inlet and outlet of the tank respectively, the third
and fourth were at the inlet and outlet of the copper tube, two thermocouples
were used at the inlet and outlet of the heat exchanger. In addition, three
thermocouples were installed on the absorbent tube surface. (Appendix C.1)
showed the thermometer specifications in more details. Calibration of

thermocouples was described in (Appendix D.2).

3.3.2 Solar Cell

A standard PV solar cell was used to measure the intensity of solar radiation by
connecting with Arduino. The temperature range of solar cell (-40 to 65) °C and
solar radiation range (0-1500) W/m? with an accuracy + 0.499%. Solar cell is
presented in (Appendix B.2) and more specifications about the solar cell were
defined in (Appendix C.2).

3.3.3 Fluid Flow Measurement Sensor

Water flow sensor model YF-S201 with flow rate ranging between (1 to 30)
LPM and with an accuracy of about £10% was installed to measure the water
mass flow rate. The water flow sensor operates with maximum liquid
temperature and maximum pressure until 120°C and 2 MPa. flow sensor is

presented in (Appendix B.2). More details were defined in (Appendix C.3).

3.3.4 Pump
A booster water pump with a maximum flow rate 1.2 m3/hr, head 12 m and
operation power of about 120 W was installed to circulate the water in the

system. Pump is presented in (Appendix B.2) more details summarized in
(Appendix C.4).
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3.3.5 Pressure Sensor

Two pressure sensors type PIA works with a pressure range between (0 to 16)
bar were installed at the entrance and exit of the system. The housing material
of pressure sensors was 304 stainless steel and supported with the system by
using two triple connections. Pressure sensor is presented in (Appendix B.2) for

more specifications were defined, (Appendix C.5).

3.4 Electrical System

It is a system of great importance, especially in the solar tracking system, and

it consists of:

3.4.1 Electrical Motors

Two electric motors were used to direct the solar collector with appropriate
tracking to ensure the sun's rays were perpendicular to the reflecting surface.
One of the electric motors was responsible for the linear movement up and
down. The second electric motor was responsible for the movement to the right
and left. These two motors work with a voltage of 12 volts DC and a rotation
speed of 120 revolutions per minute (low rotation speed) as shown in Figure
3.8. The internal structure of this type of motor contains a set of gears to reduce
the rotational speed, and high torque. The electric motor was installed on the
main fixed headrest by the belt of the motor on the one hand, and on the other
hand, it was connected the electric motor to the iron structure responsible for
the movement. So, the linear movement of the solar collector in all directions
according to the electrical signal received by the electronic part of the

movement of the electric motor was considered.

30



e

Figure 3.8: Electric motor for tracking.
3.4.2 Light Dependent Resistance (LDR)

The photoresist was used as one of the important parts to control the movement
of the solar collector, depending on the intensity of the solar radiation and to
ensure that the reflective surface of the solar collector was perpendicular at any
moment to the rays of the sun falling on it. The basis of the work of the optical
was to resist the changes with the changing of the intensity of the radiation that
falling on it. This property could be used for that resistance in solar tracking
systems when the intensity of solar radiation increases, its resistance decreases,
the optical resistance decreases, and when the intensity of radiation decreases,
its resistance increases, resulting in a change in the value current, thus changing
the voltage drop across both ends of the photo resistor. Four optical resistors
had used; each resistance was responsible for movement in a certain direction.
When there was a difference in the intensity of illumination between the four
optical resistors, it was heading in the direction of seeking that all optical
resistors were in equal value. The resulting voltage through the optical
resistance could be used by entering it into an electronic circuit (Arduino) to
give commands in the form of electrical signals to the relays for the movement

of the motor responsible for the movement of the solar collector.
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3.4.3 Installing the LDR

The base for fixing the light resistance was made of a board of wood, in the
form of a cross, this wooden base was fixed in the middle of the upper frame of
the reflective surface, utilizing fixing screws. An electronic control circuit was
used to ensure that the reflective surface of the solar collector was perpendicular
to the sunlight that falls on it. This process was carried out using the Arduino
system. The Arduino circuit receives the signal from the photoresistors and
translates it into a signal outside it that controls the circuit of the four relays
responsible for the movement of the motor in order to make the movement of
the reflecting surface always perpendicular to the falling sunlight (solar

tracking) as shown in Figure 3.9.
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Figure 3.9: LDR composition.

3.4.4 Connect The Arduino to the Relay Circuit

In the solar tracking system, an Arduino Mega was used to connect all the power
connections, the entry and exit connections of the Arduino is presented in
(Appendix B.2). The operating voltage of the Arduino was 5 volts DC and was
connected the input connections with the optical resistors. And the output

32



connections of the Arduino were connected to control the circuit of the four
relays. Since the electric motors operate on a DC system with 12 volts at low
speed and high torque, Therefore, a relatively high electric current is required.
For this reason, four additional relays are used (12VDC and 10A per contact)
to take control feed from the Arduino circuit relays. The high power provided
to electric motors was employing a battery source (12 volts DC, 40 amperes
current) passing through the relay relays. Relays were also used to reverse the

rotation of the two motors when responding to the tracking system.

3.5 Heat Collecting Elements (HCE)

In this section, the parts that receive the reflected rays from the reflecting

surface and which could be used to heat the fluid were introduced.

3.5.1 Copper Tube

Copper tube was used in the solar collector parabolic trough in the most
important area of exchange and concentration of the reflected rays from the
reflecting surface. The specification of copper tube is 23 mm outer diameter,
0.7 mm in thickness and 210 cm in length as presented in (Appendix B.2). The
copper tube was installed horizontally to ensure that the center of the copper
tube is at the center of the reflecting surface, to ensure the focus of all the rays
reflected from the reflecting surface to the absorbent. The copper tube was

painted black to increase the absorption of the reflected rays.

3.5.2 Heat Exchanger

The heat exchanger is an important part of experimental work, it is installed on
the support body. The heat exchanger was used to dissipate heat from the

working fluid leaving the test section and passing inside the heat exchanger
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tubes. The presence of fins around the exchanger tubes and a fan that pushes the
air were helped to dissipate the heat of the working fluid to be used again in the

experiment (close system) as shown in Figure 3.10.

Figure 3.10: Heat exchanger.

3.6 Thermo-Physical Properties of Nanofluids

This section deals with the calculations of thermo-physical properties of
nanofluids. The thermo-physical properties include density, heat capacity,
effective dynamic viscosity, effective thermal conductivity and thermal
expansion coefficient. The density of the TiO,-water and CuO-water nanofluid

Is represented by [50]:
Prr = (1= @)ps + @ py (3.1)

The specific heat of the TiO,-water and CuO-water nanofluid is expressed by
[50]:

_ @-9)(p Cp)t 0P Co)p
Coms = Pa

(3.2)
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The dynamic viscosity of the TiO,-water and CuO-water nanofluid provided by

the equation as shown [50]:

= 1+425¢ (3.3)
Kr

The effective thermal of the TiO,-water and CuO- water nanofluid conductivity

is given as follows [50]:

kif _ kp+2ks+2@(kr—kp) (3 4)
ks kp+2Kks+@(kp—kp) '

Finally, the thermophysical properties of nanoparticles and water at T=300K

are presented in Table 3.1

Table 3-1 Thermophysical properties of nanoparticles and water [51].

Type of Thermophysical properties
nanoparticles p Cp K
(kg/m?3) (J/kg.k) (W/m.K)
Water 996.5 4181 0.613
TiO; 4230 686.2 8.95
CuO 6500 533 17.65

3.7 Preparation of Nanofluid

To prepare the nanofluid with a volume concentration of 0.02, an average
nanoparticle diameter of 30 nm and a purity of 99.99% for CuO and TiO,. The
mass of nanoparticles required, that was proportional to the specific volumetric

concentration was calculated using the following equations [50].
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Then, the weight of the nanoparticles mass was measured using a high-precision
digital scale as presented in (Appendix B.2)

The nano-powder was mixed with the distilled water inside the measuring
cylinder in the laboratories of the College of Science/ Department of Chemistry/
University of Anbar. The amount of distilled water was proportional to the
weight of nanoparticles that were calculated in Table 3.2.

The graduated cylinder was placed inside a larger graduated cylinder. Small
pieces of ice were placed to reduce the temperature rise of the nanofluid due to
the mixing process. The mixing of nanoparticles with distilled water continued
for 1 hour under an Ultra-Sonicator at frequency 60 kHz during a half-hour time
as shown in Figure 3.11. The above process was repeated until the required
volume 12 liters of the nanofluid. Then, the prepared stable solution was kept
under ultrasonic vibration frequency again for better dispersal of the resulting
nanofluid. The nanofluid was used in this experimental investigation after

several days of preparation.

Table 3-2 Volume concentrations and weight of nanoparticles

Volume concentrations (&), % Wrioz (Q) Wecuo (9)

0.02 10.15 15.60
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a) nanofluid CuO b) nanofluid TiO;

Figure 3.11: Ultrasonic device

3.8 Experimental Procedure

In this current research, a PTSC solar collector had studied for three cases and
according to the type of used fluid:

1- Using water 2- Using (0.02 Nano-CuO-water) 3- Using (0.02 nano-TiO,-
water nanofluid).

The experiments were carried out in the Department of Mechanical Engineering
Anbar University. After completing the installation of all parts of the system,
the system was built with all its recommendations and install pressure and flow
sensors and temperature sensors type k on the suction pipe (test section). The
fluid flow pipes were connected to the fluid tank, pump, and the rest of the fluid
system parts. The system was turned on half an hour before the set time for
operation and to record the first reading. The fluid passed from the fluid tank to
the test section by the pump, the fluid flow was controlled by the valves in the
pipe joints between the pump, the test section and the reverse feed pipe. The

fluid gains heat from a heated copper tube (test section) by focusing solar rays
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on it from the reflective surface of the solar collector and the fluid comes out
hot. Temperatures are calculated using temperature sensors mounted on the test
tube at specific positions to measure inlet and outlet temperatures, tube surface
temperature, and tank temperature and we can the uncertainty for all devices as

shown in Appendix D.1

3.9 Artificial Neural Network (ANNS)

The theory and design of the artificial neural network have advanced
significantly over the past years. The purpose of ANNS is to provide an
algorithms solution for complex problems such as classification, clustering,
data compression, pattern coupling, function approximation, prediction,

control, and optimization applications.

3.9.1 Artificial Neural Network Model

Artificial neural network (ANN) is defined as a mathematical model
represented by a structure has a function similar to the human brain. The
function of ANN structure is summarizing in memorizing and learning various
tasks and behaving accordingly. ANN has been successfully used in various
applications including those in the digital human model world and predicting
the performance of the system outputs, for more details are in (Appendix E.1)
Whereas, ANN is better to other regression models since it is more capable of
tackling real-world and complex situations. ANN is applied and used by
researchers in a system of prediction issues when:

1. Initialization of the input/output data for the parameters (training data).

2. It is necessary to predict the system's behavior quickly.
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3. The system is complex, and mathematical formulas are difficult to express.

In general, ANN can predict any system reliably and quickly, no matter how

complex [52].

In general, Artificial Intelligence (Al) is shaping and deeply changing modern

society along with the way acknowledges reality. Moreover, the Al has the

ability to predict things like weather or market trends. Nowadays many tasks

and services are generally assigned to Al algorithms [53].

3.9.2 Steps to build ANN model

The process of building a neural network goes through several stages [54].

1-

Preparation and collection Data: parameters must be chosen so that the
problem is well represented; some operations must be performed on the data
used, and focus on the relationship between the parameters. During the
network building stage, the data is divided into three groups to measure the
efficiency of the artificial neural network (training set, validation set and test
set) [55].

Define the network architecture: choosing the network architecture is one of
the most difficult problems in designing artificial neural networks. Choosing
the number of layers and the appropriate number of neurons in each layer is
another challenge. All these choices must be made before starting training.
Therefore, choosing of the right network depends on trial and error .
Choose a learning algorithm: the learning algorithm that matches the neural
network architecture can be selected for the purpose of network training.
One of the most important training algorithms is the back propagation
algorithm [56].

Determining the Initialization Weights and the Learning Rate: the values of

the initial weights and bias and its values for the learning rate are chosen
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before starting the training of the neural network. The learning rate is what
determines the speed of updating the weights and reaching the final weights.
The learning rate must be chosen appropriate, because if the learning rate is
slow, the update weights is also slow, but if the rate of learning is slow
Learning quickly may cause weights to fluctuate and lead to instability in
the training process [55].

Network training: the training time depends on the architecture of the
network, the number of layers, the number of processing units, initial values
for weights, and the learning rate [56].

Testing: the neural network is tested after completing the network training
process. The purpose of testing is to ensure the performance of the neural
network and its ability to calculate the correct output. The test process
depends on the final weights of the training phase and the sum of squares of
errors.

Implementation: it is considered one of the most important steps in building
a neural network model. It is defined as the ability of the neural network to
adapt the purpose for which it was built is tested, for example: prediction,
follow-up and continuous development to improve the performance of the
network [57].

3.9.3 Learning process

The learning process neural network is carried out in the same way that a person

acquires knowledge. A number of examples are given of the desired pattern of

the network are presented and identified by adjusting the weights of the

interconnections between the network units by forming an internal

representation of the desired pattern and store it in its memory to be available

for later use [57].
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The steps of building the ANN model can be represented in the flow chart, as

shown in Figure 3.12.

Experimental data: mput parameters and
oufput parameters
]
¥ )

Nomnalization Equation Numbers of layers: Input layer,
Hidden layerl &2, Output layer

I |

Training ratio-70% from Numbers of nodes of hidden
data=152 data Testing ratio-30% layers

] }
Feed-forward neural network: Weural Metwork: structures
algorithim

| |
|
Netwark training fimction

Performance fimetion

If the caloulatad
vahue < 1¥10-

Lowyest MSE
.

Good prediction
Save program outpu

!

End of program

Figure 3.12: Flow chart of Artificial Neural Network program.
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3.9.4 Neural Network Structure:
The ANN structure is made up of three layers an input layer, a hidden layer, and
an output layer, as shown in Figure 3.13. The first hidden layer has | nodes, the
second hidden layer has j nodes, and the output layer has one node. When
applied to a single hidden layer, ANN is a 5-i-1, and when applied to two hidden
layers, it is a 5-i-J-1. The number of nodes in the hidden layer is a function of
the number of input nodes as shown in Equation 3.7 [58], and is denoted as:
n/2
lorj= n (3.7)

2xn
2xn+1

Where: n is the number of input nodes.

Inputs

Hidden layer

Figure 3.13: Network structures models [58].

3.9.5 Normalization
Before training the neural networks, the input vectors and the target vectors
were normalized from O to 1 as the standard range. Equation 3.8 The input and

output data were normalized using this method. [59].

x; = ————(d; = dppin) + 0.1 (3.8)

dmax_dmin
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Overview

This chapter showed the experimental results of this work ,which was done in
Iraq / Ramadi city at the mechanical engineering department at the University
of Anbar. Three different fluids were used as a working fluid (water,
nanoparticles of CuO mixed with distilled water and nanoparticles of TiO,
mixed with distilled water) with a closed-loop system. The results showed
performance parameters of a parabolic collector as output temperature (T,),
useful heat gain (Q.), and Thermal efficiency (#) of three different used fluids.
The climate situation was taken from experimental calculations from (January
2021 to March 2021). The values of solar radiation were calculated by solar
intensity power. These experiments were performed during sunny days. The
volumetric flow rate (\O/) that were taken (30, 40, 60, and 80) L/hr and the
measured and calculated data are presented in (Appendix B.3) Then, the neural
network model was used to predict the experiment data and choose the best

model for the structure of the neural network.

4.2 Effect of Volumetric Flow Rate
4.2.1 Solar Intensity

The intensity of solar radiation is measured using the solar radiation
measurement system (solar cell, tracking system and Arduino). Solar radiation
intensity readings are recorded every 30 minutes for sunny days: (16/1/2021,
17/1/2021, 19/1/2021, 20/1/2021) when using water. (5/2/2021, 6/2/2021,
8/2/2021, 9/2/2021) when using CuO-water nanofluid nanofluid. (2/3/2021,
3/3/2021, 4/3/2021, 5/3/2021) when using TiO,-water nanofluid nanofluid. The
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intensity of solar radiation was measured from 9:00 to 15:00. Figure 4.1 shows
the behavior of solar radiation versus local time, where the solar radiation
intensity increases gradually until it reaches its peak at midday 12:30 when
using CuO-watre nanofluid due to the amount of solar radiation falling on the
tube area and also clear sky at this time. Then the intensity of solar radiation

begins to decrease gradually at the local time from 13:00 to 15:00.
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Figure 4.1: Variation of intensity solar radiation with a volumetric flow rate at (a) water (b)
CuO-watre nanofluid, (c) TiO.-watre nanofluid.
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4.2.2 Inlet Temperature

The fluid inlet temperature, which was measured by a recorded temperature
when the fluid entered the tube, gradually increases with the increase in the
intensity of the solar radiation and the inlet temperature continues to increase as
the fluid circulation system is closed. Figure 4.2 depicted that the behavior of

inlet temperature with time for the three used fluids in this investigation.
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Figure 4.2: Variation of inlet Temperature with a mass flow rate of (a) water, b) CuO-watre

nanofluid , (c) TiOz-watre nanofluid.
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4.2.3 Outlet Temperature

The outlet temperature of the fluid leaving the absorber tube is affected by the
change in the fluid mass flow rate. The average outlet temperature was:

For water (40.8, 36.1, 30.7, 30.3) °C at (30,40,60 and 80) L/hr mass flow rates
respectively as shown in Figure 4.3.a. Notice that outlet temperature of mass
flow rate (30 L/hr) is more than (40, 60,80) L/hr. for water CuO/ water
respectively (49.8, 44.7,41.3, 39.4) °C at (30,40,60 and 80) L/hr mass flow rates
respectively as shown in Figure 4.3.b. Notice that outlet temperature of mass
flow rate (30 L/hr) is more than (40, 60,80) L/hr. for water TiO,-water nanofluid
(49.6, 42.6, 37.8, 36.9) °C at (30,40,60 and 80) L/hr mass flow rates respectively
as shown in Figure 4.3.c. Notice that outlet temperature of mass flow rate (30
L/hr) is more than (40, 60,80) L/hr.

It is observed that the fluid outlet temperature decreases with the increase in the
mass flow because the high flow of fluid means the increase in the fluid velocity
inside the absorber and it passes quickly and does not have enough time for heat

exchange and this leads to a decrease in the outlet temperature when the flow

increases.
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Figure 4.3: Variation of output temperature with time of (a) water, (b) CuO-water

nanofluid., (c) TiOz-water nanofluid.

4.2.4 Pressure Drop

Figure 4.4 shows the measured pressure drop (AP) for the three fluid flow rates
(water, CuO water, TiO,-water nanofluid) that were used in this experiment. It
is observed that the pressure drop increases with the increase in the flow rate.
Because the increase in the flow leads to an increase in the fluid velocity, which

leads to an increase in the pressure drop and for all working fluids used.

Water Cuo/water Tio2/water

Pressure drope (pa)
OFRPNW,ARUIUIOONOOOO
|

30 40 60 80

Volumetric flow (L/hr)

Figure 4.4: Pressure Drop versus VVolumetric flow
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4.2.5 Useful Heat Gain

Useful heat gain is one of the most significant solar collector parameters ,
collectors to determine performance. Figure 4.5 shows the Useful Heat gain
during 9:00 to 15:00 for the three fluids used in this research. The average heat
gain became:

for water (448.4, 440.3, 434, 388.9) watt at (30,40,60 and 80) L/hr mass flow
rates respectively as shown in Figure 4.5.a. Notice that the useful heat gain of
mass flow rate (30 L/hr) is more than (40, 60,80) L/hr by (4.9, 11.1, 15.3)%
respectively.

For CuO-water nanofluid (594.5, 582.94, 572.8, 554.3) watt at flow rate
30,40,60 and 80 L/hr mass flow rates respectively as shown in Figure 4.5.b.
Notice that the useful heat gain of mass flow rate (30 L/hr) is more than (40,
60,80) L/hr by (2.3, 6.2, 8.5)% respectively.

For TiO,-water nanofluid (491.2, 479.2, 463.8, 452) watt at (30,40,60 and 80)
L/hr mass flow rates respectively as shown in Figure 4.5.c. Notice that the
useful heat gain of mass flow rate (30 L/hr) is more than (40, 60,80) L/hr by (2,
7.2, 11)% respectively.

Through these results, it has been observed that when the flow rate of the three
fluids is increased and in all cases, the useful heat extracted from the absorber
tube decreases with the increase in the flow for each fluid, because the useful
heat depends in its effect on the difference in the temperature of the inlet and
outlet of the fluid and the amount of mass flow and constant temperature
quality. Since the flow is located within the laminar flow zone and the use of
the solar tracking system, all these lead to the effect of the temperature
difference (AT) being higher than the effect of the fluid flow on the useful heat.
Therefore, the useful heat decreases with increasing fluid flow for all cases. The

highest useful heat is obtained at a flow rate of 30L/hr.
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Figure 4.5: Variation of Useful heat gain with time of (a) water, (b) CuO-water nanofluid.,

(c) TiOz-water nanofluid.
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4.2.6 Efficiency

Thermal efficiency changes were changed with time 9:00 to 15:00 for the days
during which the test was performed. Thermal efficiency was gradually
increased with the increasing the useful heat gain until midday, after which the
thermal efficiency began to decrease gradually. Efficiency was increased with
time until the maximum efficiency became: For water (45.3, 44.4, 41.7, 39.7)
% at (30,40,60 and 80) L/hr mass flow rates respectively as shown in Figure
4.6.a. Notice that the thermal efficiency of mass flow rate 30 L/hr is more than
(40, 60,80) L/hr.

For CuO-water nanofluid (54.6, 54.1, 53.2, 49.8) % at (30,40,60 and 80) L/hr
mass flow rates respectively as shown in Figure 4.6.b. Notice that the thermal
efficiency of mass flow rate 30 L/hr is more than (40, 60,80) L/hr.

For TiO,-water nanofluid (47.4, 46.4, 45.5, 44.4) % at (30,40,60 and 80) L/hr
mass flow rates respectively as shown in Figure 4.6.c. Notice that the thermal
efficiency of mass flow rate 30 L/hr is more than (40, 60,80) L/hr.

The average efficiency became: For water (33.7, 31.7, 31.5, 30.1)% at (30,40,60
and 80) L/hr mass flow rates respectively as shown in Figure 4.6.a. Notice that
the thermal efficiency of mass flow rate 30 L/hr is more than (40, 60,80) L/hr
by (6.2, 6.7, 11.8)% respectively.

For CuO-water nanofluid (38.7, 37.8, 36.4, 35.6) % at (30,40,60 and 80) L/hr
mass flow rates respectively as shown in Figure 4.6.b. Notice that the thermal
efficiency of mass flow rate 30 L/hr is more than (40, 60,80) L/hr by (2.3, 6.2,
8.5)% respectively.
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For TiO,-water nanofluid (35.6, 34.1, 33.4, 32.1) % at (30,40,60 and 80) L/hr
mass flow rates respectively as shown in Figure 4.6.c.

Notice that thermal efficiency of mass flow rate 30 L/hr is more than (40,
60,80) L/hr by (4.5, 6.8, 10.2)% respectively.

The effect of mass flow rate ranged (30 L/hr -80 L/hr) on the thermal efficiency
with time for different working fluid. From figure 4.6, It has been observed that
the thermal efficiency decreases with the increase in the mass flow rate because
the thermal efficiency is affected by the mass flow rate and the temperature
difference between the inlet and outlet of the fluid, since the mass flow of the
fluid is within the laminar flow area and the presence of a solar radiation
tracking system. Therefore, the effect of the temperature difference is greater
than the effect of mass flow for that Thermal efficiency decreases with

increasing mass flow.
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4.3 Effect of working fluid

4.3.1 Solar Intensity

The intensity of solar radiation is measured using the solar radiation
measurement system (solar cell, tracking system and Arduino). Solar radiation
intensity readings are recorded every 30 minutes for sunny days:

(16/1/2021, 5/2/2021, 2/3/2021) when using water, CuO-water nanofluid and
using TiO,-water nanofluid respectively. The intensity of solar radiation was
measured from 9:00 to 15:00. Where the intensity of radiation increases
gradually until it reaches its peak at midday 12:30, and then the intensity of
solar radiation decreases until 15:00. Figure 4.7 shows the behavior of solar

radiation.
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Figure 4.7: Variation of solar intensity with local time for different working fluid at V=30
L/hr.
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4.3.2 Inlet Temperature

The fluid inlet temperature, which was measured by a digital temperature logger
as the fluid entered the suction tube, every half hour. From Figure 4.8 it is noted
that the fluid inlet temperature increases gradually with the increase in the
intensity of solar radiation and that the use of a closed system for fluid
circulation also led to an increase in the inlet temperature. The inlet temperature
continues to increase gradually until it reaches its peak at midday, after which
it begins to gradually decrease until 15:00. Figure 4.8 shows that the behavior

of inlet temperature over time for the three fluids used in this research.
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Figure 4.8: Variation of Inlet temperature with local time for different working fluid at
V=30 L/hr.

4.3.3 Outlet Temperature

The outlet temperature of the three fluids used (water, CuO-water nanofluid and
TiO,-water nanofluid) in this experiment was measured using a digital

temperature logger, from 9:00 to 15:00 at a volumetric flow rate of 30 L/hr
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every half hour as shown in Figure 4.9. It is observe that the gradual increase in
the output temperature of the working fluid is due to the increase in solar
radiation and heat exchange between the hot absorber tube and the fluid passing
through it. Therefore, the exit temperature of the fluid begins to rise from 9:00
and continues to rise with time until it reaches the maximum value at midday
(53.7, 66.9, 64.8)°C for water, CuO-water nanofluid and TiO,-water nanofluid
respectively after which it begins to gradually decrease until 15:00.

The average outlet temperature was (40.8, 49.6, 47.8)°C for water, CuO-water
nanofluid and TiO,-water respectively for 30 L/hr mass flow rate as shown in
Figure 4.9.1t is noted that the outlet temperature of the nanofluids is higher than
that of water, because the nanoparticles have a higher thermal conductivity,
because the nanoparticles have a large surface area that they can contact with

the surrounding materials.
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Figure 4.9: Variation of outlet temperature with local time for different working fluid at
V=30 L/hr.
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4.3.4 Pressure Drop

Figure 4.10 shows the measured pressure drop (AP) for the three fluid flows
(water, CuO-water nanofluid, TiO,-water nanofluid) that had been used in this
experiment. Where the CuO nanofluid pressure drop appears larger than that of
TiO;, and greater than that of water. The real reason for this pressure drop
increase is that when nanoparticles are added to water leads to an increase in

the viscosity of the nanofluid, and this leads to an increase in pressure drop.
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Figure 4.10: Pressure Drop versus Volumetric flow.

4.3.5 Useful Heat Gain

Figure (4.11) shows the behavior of the useful heat gain with the three working
fluids used at the best flow rate of 30 L/hr. The useful heat gain begins to
increase with the time and for all fluids used, from 9:00 the increase continues
to reach the highest value at midday (759.7, 971.5,789) watt for water, CuO-
water nanofluid and TiO,-water nanofluid respectively for the mass flow rate
of 30 L/hr. Due to an increase in the intensity of the solar radiation, which leads
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to an increase in the temperature of the absorber tube and from it to an increase
in the exit temperature of the fluid, which results in an increase in the difference
in the temperature of the inlet and outlet of the fluid, which results in an increase
in the useful heat gain until midday. After that, the intensity of the solar
radiation begins to decrease gradually until 15:00 Which also leads to a gradual
decrease in the useful heat gain for the fluids used. It is noted that The average
heat gain for the working fluids used is at 30 L/hr the best flow rate of (759.7,
971.5,789) watt for water, CuO-water nanofluid and TiO,-water nanofluid

respectively.

The heat gain rate of CuO-water nanofluid is greater than TiO,-water nanofluid
and greater than that of water, because CuO-water nanofluid has a thermal
conductivity greater than TiO,-water nanofluid and the latter has a greater

thermal conductivity than water.
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Figure 4.11: Variation of useful heat gain versus local time for different working fluid at
V=30 L/hr.
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4.3.6 Efficiency

Thermal efficiency changes with time from 9:00 to 15:00 for the best flow rate
during which the test was performed. Thermal efficiency increases as the useful
heat gain increases until the maximum efficiency becomes: (50.,57.5, 51.4) %
for water, CuO-water nanofluid and TiO,-water nanofluid respectively for the
mass flow rate of 30 L/hr as shown in Figure 4.12. Note that the average thermal
efficiency for the best working fluid flow rate is (40.8,49.8 , 49.6) °C for
water,CuO -water nanofluid and TiO,- water respectively for 30 L/hr mass flow
rate. where the thermal efficiency rate for CuO-water nanofluid is greater than
TiO,-water nanofluid and both are larger than water. Because CuO-water
nanofluid has the highest thermal conductivity, which results in the highest
output temperature and the highest useful heat gain compared to TiO,-water

nanofluid and both are larger than water.
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Figure 4.12: Variation of thermal efficiency with local time for different working fluid at

V=30 L/hr.
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4.4 Designing ANN Models

Several systemic approaches are used to create ANN models. There are five
fundamental steps to follow in general: (1) data collection, (2) data
preprocessing, (3) network building, (4) training, and (5) testing and validation

performance of the model.

4.4.1 Comparing Data

The comparison between the experimental data and the structure of the trained
neural networks (ANN) (4-2-2-1) shows that the average percentage of thermal
efficiency difference between the experiment and ANN (4-2-2-1) is 14.4% with
R = 0.99965for training and R = 0.99183 for the test as in the Figure 4.13.
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Figure 4.13: Neural Network Training Regression, Epoch 68, Validation stops for structure
(4-2-2-1).
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The comparison between the experimental data and the structure of the neural
networks (ANN) on which the training is conducted (4-9-9-1) the average
percentage of thermal efficiency difference between the experiment and ANN
IS 9.45%with R = 0.9997 for training and R = 0.99998 for testing as in the
Figure 4.14.
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Figure 4.14: Neural Network Training Regression, Epoch 178, Validation stops for
structure (4-9-9-1).
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4.4.2 Predicting The Results Data

The structure of the neural network 4-2-2-1 and 4-9-9-1, after conducting the
training and examination of the experiment data in MATLAB and choosing the
command Regression, a chart appears showing the training and examination

values of the experiment data thermal efficiency.

Table 4-1: Values of ANN structures of training, validation, testing phases and the all data.

4-2-2-1 4-9-9-1

2 15 o g 2 g 2 g

Set s 3 2 3 = 3 = ks

o = o = g = =

= 3 = ] = 3 = ®
RMSE 5.292 2.167 5.278 4.403 5.533 3.398 3.951 4.603
R? 0.984 0.996 0.978 0.984 0.975 0.991 0.987 0.983
MSE 28.007 4.696 27.857 19.390 30.610 11.547 15.613 21.191

The process of training the network ends when the minimum mean square error
or the maximum of the epoch (1000). From Appendix E ,Table E.3, Table
4.1and Figure 4.15 represents the graph of the actual and expected thermal
efficiency values for the two neural network models that are used in this
experiment. It is noted that the models (4-2-2-1) and (4-9-9-1) have similar

behavior to the experimental line.
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Figure 4.15: Investigation of the similarity of the line pattern between the experimental
phase and the ANN of the test phase.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

5.1 Conclusions

PTSC may be very effective and useful in heating water applications if the cost
of the system is reduced to a certain limit.

The goal of the presented thesis is to implement an experimental work to study
the thermal performance of a PTSC system. Three working fluids were used;
water, CuO-water nanofiuid, and TiO,-water nanofiuid. Also, a comparison of
the thermal performance of a modified PTSC system with the conventional one
is done. ANN is utilized to predict the thermal efficiency of the PTSC system.
The experimental work has be conducted at four different mass flow rates of
(30, 40,60, 80) L/hr. The experimental work has been carried out in the
mechanical engineering department/ University of Anbar/ Al-Anbar city from
January 2021 to March 2021. The work has been done from 09.00 to 15.00 daily
for a whole length of the work span.

According to the data that had been obtained experimentally, ANN of the
collector was created considering four inputs and one outputs. The input
parameters included an inlet temperature of the fluid, the outlet temperature of
the fluid, temperature of the receiver tube and solar intensity. The output

parameters included thermal efficiency.
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The useful heat gains, thermal efficiency, pressure drop, and coefficient of
friction, were calculated in each case of the receiver tubes and mass flow rate.
From the experimental results, the following could be concluded:

1- The nanofluids have a thermal performance higher than the conventional
working fluid. In general, the thermal efficiency of the collector using the TiO,
was higher than the smooth absorber tube by approximately 7.12%. Also, the
experimental thermal efficiency of the collector using the CuO was higher than

the smooth absorber tube by approximately 19.2%.

2- The Thermal efficiency of the experimental and the ANN results are
compared. The results realize that there is a clear agreement between the crisp
outputs that had been obtained for both methods. The results revile that the
agreement in the thermal efficiency between the ANN analysis and the
experimental results about 91% for 4-9-9-1, and 86% for 4-2-21.

5.2 Suggestions for Future Work

There are some suggestions to improve the present work:

1- Different types of nanoparticles such as AL,Os, ZnO, SiO; etc with different
diameter and different volume fraction dispersed in water may be prepared
and examined over the wide range of volumetric flow rate.

2- The experimental work may be extended to study the effect of wind speed,
solar radiation tracking angle

3- Numerical study may be achieved to more different design parameters.
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Summary Table for Previous Researches

A.1 PTSC System with water

Ref. | Type of | Type of Results

NO. | study fluid

25 | Exp. water The experimental results show that the maximum
overall efficiency was 38.3%.

26 | adaptive | Flat The predicted values of ANFIS were found to be in
neuro | solar very good agreement with the experimental values
fuzzy |thermal | with mean relative errors (MRE) less than 3.26 %

inference | energy | and 18% for the solar fractions and the preheat tank
system | system | stratification temperatures respectively. Finally, the
(ANFIS) results demonstrate the effectiveness and reliability
of the (ANFIS) method to predict the performances

of energy systems.

27 | Exp. water The experimental tests show that the adjusted
absorber was recorded a higher solar energy
recovery efficiency than a single tube where its
efficiency was investigated about 42.1%.

28 | Num. water The highest outlet temperature was recorded about
47.3°C in a constant flow rate of 0.2 L / min and
solar irradiance of 783.58 W/m2 at 13 pm.

A-1




29 | Exp.and | water the output parameters estimated from the numerical

Num. model were compared to the experimental outputs
with deviations less than 10%.

30 | Exp. water The experimental tests show that the overall loss
coefficient decreases by 45% in case of absorber
filled with metal foam and then lead to increase the
efficiency by 3%.

31 | Num. water The dimensions of collector were 2.44 m length,
1.04 m width and a focal length of 0.004 m.

33 | Num. water The results were recorded a high output
temperature about 150 °C at a pressure of 120 kpa.
In the same manner, the highest efficiency was
recorded about 46.48%.

34 | artificial | solar air | The prediction results found that the structure of
neural heater | ANN-II with structure (8-14-1) was the optimal
network | arc model as compared to other models. The values of

shaped | MRE, SSE, and R? were found to be 1.82%, 0.02138
wire rib | and 0.99387 respectively.

and

smooth

duct
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A.2 PTSC System with nonofluids

Ref. | Type Type of fluid Results
NO. of
study
35 | Num. | Al,Os/synthetic | As compared with traditional PTSC, using
oil Al203/synthetic oil nanofluid enhances and
improves the heat transfer and thermal
performance.

36 | Num. | Cu-Therminol | The thermal efficiency of the system
increases by 12.5% when the nanoparticle
volume fraction increase to 6%.

37 | Exp. & | CuO/water The results show that the thermal efficiency

Num. of the system directly depending on the
nanoparticle volume fraction. Where, the
efficiency of the system increases from 18 to
52 % when the volume fraction increase
from (0.002 to 0.008) %.

38 | Exp. Al,Os/water The maximum efficiency was recorded 55.8
% at mass flow rate and volume
concentration (m= 0.05 kg/s and ¢= 0.5 %).

39 | Num. | Copper The results showed that the using of

Therminol VP- | nanofluids improve the thermal efficiency
1, silver and thermodynamic performance of a PTSC

Therminol, and

system. So, heat transfer coefficient increased
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Al,O3-

Therminol

by 7.9 %, 6.4 % and 3.9 % while, the thermal
efficiency of the PTSC system increased by
13.9%, 125% and 7.2% for

Therminol®VP-1, copper-Therminol

Al;O3-Therminol nanofluids, respectively as

silver-

and

the volume fraction increased from 0 to 6 %.

40 | Num. |3% Al,O4/0il,3 | The mean thermal efficiency enhancement
% TiO,/QOil and | with the hybrid nanofluid was found 0.74 %,
1.5 % Al,Os- | while with the TiO; nanofluid 0.341 % and
1.5% TiO,/Oil | with the Al,O3; nanofluid 0.340 % and the
difference between these enhancements are
about 10% and it is depended on the higher
thermal conductivities of the nanofluids
compared to the pure oil.
41 | Num. | (SiOg, Cu, | The maximum enhancement is observed for
Al20;,  CuO, | higher inlet temperatures, lower flow rates
TiO, and Fe,O3) | and higher nanoparticle concentrations. The
dispersed in | enhancement of efficiency enhancement is
thermal oil | found to be 31, 54, and 74 % for Cu
(Syltherm 800) | concentrations 2, 4, and 6 %, respectively.
42 | Exp. | TiO2/DI-H,0O The maximum overall efficiency of the PTSC
(De-lonized was recorded 57% when using TiO nanofluid
water) which is 9 % greater than that of the base

fluid.
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43 |Num. |CuO According to the final results, using of oil-
nanoparticles in | based nanofluids leads to enhance the
Syltherm 800 efficiency up to 76 % as compared to a pure
and in nitrate fluid. While, using of molten salt-based
molten salt (40 | nanofluids enhanced up to 26 %. Using of
% KNOs - 60 % | Syltherm 800-CuO leads to enhance the
NaNO;) efficiency to 65 % as compared to pure

Syltherm.
44 | Exp. Al,Os/water The nanofluid with a 3% volume fraction
nanofluid reaches the maximum efficiency of 52.4 %,
whereas in the case of water, this value was
40.8 %. While, in case of 1% volume
concentration, a maximum efficiency reached
to 57.7 % while in case of the water was 46.5

%.

45 | Radial Basis | flat-plate The study indicate that all of these
Function solar machine and deep learning algorithms

Artificial Neural
Network (RBF-

ANN), Multi-
Layers
Perceptron

Artificial Neural
Network (MLP-

ANN) and

collector

are suitable for predicting nanofluid
thermal performance in solar systems.
However, as a compared between the
three methods, the MLP-ANN was the
accurate method for predicting the
efficiency of flat-plate solar collector

with a value of R? about 0.96.
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Back

Propagation

Elman

Neural Network

(Elamn BP-
ANN)

46 | Artificial neural | direct The statistical results show that the
network (ANN) | absorption propose artificial neural network (ANN)
based Multi- | solar approach proved that the collector depth
Layer collector has significant effect on the collector
Perceptron efficiency while the collector length has
(MLP-ANN) an insignificant effect. On the other
system side, the depth of collector and

nanofluid flow rate have a significant
effect on Nusselt number. Generally, a
significant agreement between the
predicted and experimental results
confirms that the great ability of the
(MLP-ANN) model to predict the
output data.

47 |used artificial | PTSC The results show that the optimal mean
neural network | system square error (MSE) was 0.02288 for

(ANN) and the
genetic
algorithm (GA)

training stage, 0.02288 for validation
stage and 0.0282 for testing with value
of R? about 0.99999. It is determined
that, within the constraints of the stated
machine

parameters, learning
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approaches can be an effective tool for

predicting the rate of entropy formation

in a collector.

48 | artificial neural | flat-plate The values of (R?) were recorded 0.9862
network (ANN) | solar and 0.9996 in cases of polynomial and
collector ANN, respectively. Moreover, the
average absolute relative deviation
value was 5.25% and 0.881% for the

indicated methods, respectively.
49 | Artificial Neural | an evacuated | The results showed that the MLP

Networks

tube solar

collector

technique could forecast collector
performance more accurately than the
RBF method. The MLP model's greatest
error rate was lower than the RBF
model's. It was also discovered that
increasing both the flow rate and

concentration of the nanofluid improves
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Appendix B

EXPERIMENTAL WORK

B.1 Reflective Design and Manufacture

The reflector is one of the most important parts of the solar collector system; it
Is designed by the method of theoretical calculations after determining the
dimensions of the parabolic plate and applying them to the parabola equation:
x2=4Fy (B.1)

In addition, some of software is available to calculate the design parameters of
parabola. In this study, the dimensions of the PTSC were based on the Parabolic
Calculator 0.2 software to calculate the optical focus position after entering the
value of the arc diameter and depth (the vertical distance from the parabola to
the edge of the arc). Finally, the program was calculated and determined the

optical focus of the reflective surface as shown in the Figure B.1.

\y/ Parabola Calculator 2.0 x

Filte Options Wifi Calcuations Print  About

Enter the Parabola
Dimensions

Eoth dimensions must wse the
same units [integers andy)

Diameter |36 ]

Depthc |24 Al

Focal Length 24.00
Linear Diameter 11014

Segments + | [ || 16

Sawe to Text File

Exit

Figure B.1: Parabola dimensions from Parabola Calculator 2.0 software.

The length of reflector was proposed (2 m) depending on the length of the
structure that assigned reflector. The rim angle of the designed parabolic trough
was selected 90° to investigate the basis of focal length equal to the height of

the parabola collector as well easily identified on the focal line.
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B.2 Experimental instruments

.
(a) (b) (©)

Figure B.2 (a) Thermocouples K-Type. (b) Digital thermometer system. (c) Solar cell.

(a) (b) (c)

Figure B.3 (a) Fluid flow measurement sensor. (b) fluid pump. (c) Pressure sensors.
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Figure B.4 Connect the Arduino to the relay circuit.

Figure B.6 Digital balance
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B.3 Result

B.3.1 Water Experimental Results Table

Table B.1 Experimental results of water

Volumetric. Time Tin, Tamb. Tout Tr | Qu by AP f
flow () () @) @ | wm? | w) M7 1 (pas)
9:00 15.2 9.3 18 20.3 378.7 99.31 13.42 1.45 0.068
9:30 15.8 8.6 20.1 24.8 448.7 152.44 17.39 1.45 0.068
10:00 17.6 9.6 25.4 31.6 522.5 276.09 27.04 1.45 0.068
10:30 21.1 11.4 33.7 40.5 610.5 445.26 37.33 1.45 0.068
11:00 24.6 13.7 39.4 47.2 678.2 522.22 39.41 1.45 0.069
o 11:30 26.2 17.3 42.2 50.1 763.8 564.06 37.79 1.45 0.069
V=30 L/hr 12:00 31.4 23.7 51.4 53.8 823.6 703.66 43.72 1.45 0.069
Water
12:30 32.1 27.2 53.7 54.6 857.8 759.71 45.33 1.45 0.069
13:00 34.3 24.8 52.3 56.2 835.3 632.72 38.77 1.45 0.069
13:30 35.2 24.1 50.5 56 762.2 537.78 36.11 1.45 0.069
14:00 374 22.6 51.4 55.2 647.5 491.94 38.88 1.45 0.069
14:30 38.4 21.2 48.5 52.7 558.4 354.96 32.53 1.45 0.069
15:00 35.6 22.6 43.8 49.8 487.2 288.56 30.31 1.45 0.069
. Tin Tamb. Tout Tr | Qu AP
Time o n o o %
@ | @ | @ | @ |[wm| w | " | @ | !
9:00 16.3 10.2 18.6 221 397.5 108.71 14 1.6 0.042
9:30 18.6 11.6 21.8 26.2 481.6 151.10 16.06 1.6 0.042
10:00 19.1 12.9 245 334 570.7 254.79 22.85 1.6 0.042
10:30 21.8 14.8 29 41.3 643.8 339.38 26.98 1.6 0.042
11:00 23.1 18.2 32.5 48.9 730.3 442.63 31.02 1.6 0.043
o 11:30 24.9 22.8 37.2 52.1 805.5 578.78 36.77 1.6 0.043
V=40 L/hr 12:00 26.7 24.2 41.9 54.2 822.7 714.58 44.45 1.6 0.043
Water
12:30 29.2 25.1 44 56.1 838.3 695.24 42.44 1.6 0.043
13:00 31.6 25.7 44.8 56.8 794.1 619.64 39.93 1.6 0.043
13:30 34.3 25.3 455 57.2 713.6 525.34 37.68 1.6 0.043
14:00 36.1 24.8 46.2 55.8 637.4 473.67 38.03 1.6 0.043
14:30 35.2 24.1 43.3 53.6 570.4 380.11 34.1 1.6 0.043
15:00 33.6 23.6 39.4 51.4 4975 272.39 28.02 1.6 0.043
. Tin, Tamb. Tout Tr | Qu AP
Time o o o o %
@ | @ | @ | @ |wm| w | " | pay | !
9:00 15.8 9.3 17.3 21.6 433.6 106.39 12.56 3 0.035
9:30 17.2 11.3 19.5 26.4 476.3 163.03 17.52 3 0.035
. 10:00 18.2 14.8 22 33.6 560.6 269.18 24.57 3 0.035
V=60 L/hr 10:30 19.6 16.2 24.6 42.4 617.7 353.92 29.32 3 0.035
Water
11:00 20.3 18.6 26.7 49.2 684.7 452,78 33.84 3 0.035
11:30 22.5 26.4 29.7 51.4 760.2 508.90 34.26 3 0.035
12:00 25.6 23.1 34.3 54.8 8315 614.25 37.81 3 0.035
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12:30 27.3 21.3 36.5 58.6 818.1 649.03 40.6 3 0.035
13:00 30.1 20.9 38.5 57.1 727.6 592.21 41.65 3 0.035
13:30 31.6 20.8 38.8 56.8 641.5 507.44 40.48 3 0.035
14:00 33.7 18.9 40.2 56.2 609.2 458.07 38.48 3 0.036
14:30 324 19.6 37.1 53.4 535.9 331.38 31.65 3 0.035
15:00 315 18.2 349 52.1 443.6 239.83 27.67 0.035
. T Tamb. | T T
e | G e @ | @ e | "™ | e |
9:00 16.7 10.1 18.4 23.1 412.6 160.72 19.94 5 0.033
9:30 18.3 9.6 20.3 27.6 478.3 188.96 20.22 5 0.033
10:00 20.3 10.8 23.3 32.8 575.6 283.20 25.18 5 0.033
10:30 21.1 13.3 25 40.2 637.5 368.01 29.54 5 0.033
11:00 22.8 15.4 28.1 50.4 705.7 499.82 36.25 0.033
o 11:30 24.1 145 30.1 53.2 733.6 565.51 39.45 5 0.033
V?/gtlgﬁhr 12:00 26.2 15.2 32.6 58.3 776.6 602.48 39.7 5 0.033
12:30 30.1 16.4 36.4 60.5 826.1 592.30 36.69 5 0.033
13:00 32.9 24 37.8 61.2 759.4 460.45 31.03 5 0.033
13:30 33.4 20.6 38 58.6 667.9 432.32 33.13 5 0.033
14:00 32.6 21 36.9 56.1 657.8 404.28 31.45 5 0.033
14:30 31.8 19.2 34.9 53.2 578 291.62 25.82 0.033
15:00 30.5 19.1 32.7 48.4 458.5 207.04 23.11 5 0.033
B.3.2 CuO-water Experimental Results Table
Table B.2: Experimental results of CuO/ water
o Tme | @ | e E | @ || o | ™ | g | !
9:00 16.1 10.2 19.1 24.4 4475 104.13 11.91 1.7 0.082
9:30 17.7 12.8 23.9 30.8 546.4 214.85 20.12 1.7 0.073
10:00 21.6 15.4 31.7 40.1 634.3 349.45 28.19 1.7 0.073
10:30 25.1 16.5 38.9 46.6 712.5 476.74 34.24 1.7 0.073
11:00 28.6 18.8 46.3 51.6 781.8 610.67 39.97 1.7 0.073
‘07=30 L/hr 11:30 313 20.6 54.1 57.5 820.5 785.32 48.98 1.7 0.073
CuO-water 12:00 33.7 22.6 58.3 64.3 844.3 845.75 51.26 1.7 0.073
nanofluid 12:30 | 373 23.7 63.7 676 | 8503 | 90626 | 54.55 17 0.073
13:00 40.7 24.7 66.1 68.7 836.7 871.31 53.29 1.7 0.073
13:30 44.3 21.2 66.9 69.6 796.2 774,74 49.8 1.7 0.073
14:00 45.8 20.4 64.5 67.8 753.8 641.26 43.54 1.7 0.073
14:30 44.3 19.1 58.9 65.2 686.5 501.22 37.36 1.7 0.073
15:00 43.2 18.7 53.7 58.2 628.6 360.92 29.38 1.7 0.073
. T Tamb. | T T
e | @ @ @ | @ e e | " | ey |
9:00 14.6 9.3 175 28.6 491.6 136.33 14.19 2 0.048
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9:30 15.2 11.6 19.4 312 | 5464 | 19717 | 1847 2 0.054
10:00 | 188 125 25.9 426 | 6008 | 332.87 | 2835 2 0.054
10:30 21 14.7 316 475 | 6769 | 49629 | 3752 2 0.054
11:00 | 255 13.3 39.2 553 | 7984 | 640.70 | 41.07 2 0.054
11:30 | 29.8 14.8 459 617 | 8764 | 751.83 | 439 2 0.054
V=40 L/hr | 1200 | 342 18.6 52.7 671 | 9346 | 86243 | 47.23 0.055
CuO/Water | 12:30 385 203 58.1 69.2 8615 | 91274 | 54.22 2 0.055
13:00 | 438 21.8 61.6 728 | 8349 | 82796 | 50.75 2 0.055
13:30 | 476 19.2 63.4 731 | 7953 | 73460 | 47.27 2 0.055
14:00 | 471 18.6 59.8 716 | 7365 | 59049 | 41.03 2 0.055
14:30 | 451 18.2 555 662 | 6474 | 48381 | 38.24 2 0.055
15:00 | 429 17.4 50.1 621 | 5881 | 33520 | 29.17 2 0.055
. Ti Tems || N T
e | @ @ | @ | @ e e | " | e |
9:00 17.6 11.6 20 262 | 4258 | 169.38 | 20.36 44 0.047
9:30 203 124 235 312 | 5185 | 22561 | 2227 4.4 0.047
10:00 | 224 14.2 276 422 | 6226 | 36623 | 30.1 44 0.047
10:30 | 258 16.8 321 492 | 7057 | 44316 | 32.14 44 0.047
11:00 | 29.1 18.1 384 562 | 7689 | 653.07 | 4347 44 0.047
, 11:30 | 3458 20.1 462 621 | 8208 | 798.89 | 49.81 44 0.047
&??V%?:r 12:00 | 36.2 224 489 693 | 8553 | 889.43 | 5322 4.4 0.047
12:30 | 4056 233 52.2 722 | 8639 | 810.87 | 48.04 4.4 0.047
13:00 | 423 24.1 52.7 71 849.8 | 72679 | 43.77 4.4 0.047
13:30 | 442 215 52.7 741 | 8129 | 59401 | 37.4 4.4 0.047
14:00 | 431 19.6 50.6 723 | 7443 | 524.48 | 36.06 4.4 0.047
14:30 | 418 17.8 482 68.6 | 6945 | 447.90 | 33.01 44 0.047
15:00 | 39.6 17.1 4358 645 | 6328 | 29422 | 238 44 0.047
. Ti Tois, || 0 T
e | @ | @ | @ | @ || e | " | e |
9:00 19.2 9.8 21.2 232 | 3803 | 18811 | 2531 73 0.044
9:30 21.2 10.3 236 261 | 4871 | 22565 | 2371 73 0.044
10:00 | 237 134 27.3 35 5964 | 33835 | 29.03 73 0.044
10:30 | 2658 15.2 315 407 | 6983 | 44162 | 3237 73 0.044
11:00 | 29.7 17.6 36 52 7965 | 591.86 | 38.03 73 0.044
. 11:30 | 338 20.1 413 566 | 8258 | 704.52 | 43.66 73 0.044
C‘ngfvbzﬁl(arr 12:00 | 372 235 458 503 | 8524 | 807.84 | 485 73 0.044
12:30 | 416 24.4 50.7 613 | 8788 | 854.83 | 49.78 73 0.044
13:00 | 433 255 50.7 635 | 852.8 | 69515 | 41.72 73 0.043
13:30 | 451 22.7 51.8 621 | 8209 | 62938 | 39.24 73 0.043
14:00 | 423 19.8 47.7 591 | 7731 | 50725 | 3358 73 0.044
14:30 | 39.6 185 44.2 541 | 6854 | 43210 | 32.26 73 0.044
15:00 | 36.7 18 39.8 494 | 5768 | 29120 | 25.84 73 0.044
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B.3.1 TiO2- Water Experimental Results Table
Table B.3: Experimental results of TiOz-water nanofluid

Volumetric. Time Tin, Tamb. Tout Tr | Qu by AP
flow @ @ @ @ |wm? | w | " | (pas)

9:00 19.6 17.6 22.8 24.7 418.4 105.86 12.95 1.6 0.071

9:30 21 18.2 26.6 29.6 487.2 185.09 19.44 1.6 0.071

10:00 22.9 19.6 31.6 36.6 552.3 287.16 26.61 1.6 0.071

10:30 26.1 20.7 39.2 45.2 646.7 431.66 34.16 1.6 0.071

11:00 30.9 21 48.1 50.7 738.2 565.98 39.24 1.6 0.071

o 11:30 32.2 22.2 53.7 56.3 828.4 706.33 43.64 1.6 0.071
V=30 L/hr

TiO,-water | 12:00 | 357 238 57.8 611 | 8265 | 72465 | 44.87 16 0.071

nanofluid 1230 | 398 26.1 63.7 646 | 8638 | 78235 | 46.35 16 0.071

13:00 41.9 24.8 64.6 66.8 842.4 742.50 4511 1.6 0.072

13:30 44.2 25.2 64.8 65.4 786.2 673.35 43.83 1.6 0.072

14:00 45.4 23.2 62.9 64.2 718.6 572.09 40.74 1.6 0.072

14:30 43.7 22.8 57.4 60.3 626.3 448.36 36.64 1.6 0.071

15:00 42.6 22.2 52.4 56.7 558.6 321.10 29.42 1.6 0.071

. Tin, Tamb. Tout Tr | Qu AP
Time a o a a %
@ | @ | @ | @ |wmw| w | " | pay |
9:00 18.6 19.5 21.2 25 452.3 122.02 13.81 1.9 0.047

9:30 18.9 20.7 22.4 28.5 527.7 164.10 15.91 1.9 0.047

10:00 20.3 21.8 26.1 34 616.4 271.63 22.55 1.9 0.047

10:30 22.4 231 311 42.6 694.8 406.98 29.98 1.9 0.047

11:00 25.1 22.1 36.7 46.5 780.7 542.07 35.53 1.9 0.048

0 11:30 | 307 23.8 445 517 | 8332 | 64374 | 39.54 19 0.048
V=40 L/hr
TiO,-water | 12:00 | 353 24.7 51.4 585 | 8527 | 749.81 | 45 19 0.048
nanofluid 12:30 | 387 27.2 56 626 | 8723 | 80476 | 47.21 19 0.048
13:00 | 412 26.3 57.9 637 | 8419 | 77623 | 47.19 19 0.048
13:30 | 432 23.4 57 64 7863 | 64104 | 41.72 19 0.048
14:00 | 426 204 54.9 62 7259 | 57175 | 4031 19 0.048
14:30 | 408 216 495 59.3 | 6149 | 40487 | 337 19 0.048
15:00 | 374 211 44.4 554 | 5468 | 32624 | 30.53 19 0.048
. Tin Tamb. Tout Tr | Qu AP
Time o a o o %
@ | @ | @ | @ |wm| w | " | pay | !
9:00 19.3 17.3 213 25 4143 | 14082 | 174 36 0.04
9:30 19.7 185 222 285 | 4787 | 17585 | 188 36 0.04
10:00 | 203 19.8 24.9 34 546.4 | 32324 | 30.28 36 0.04
0
V=60 L/hr | 1030 | 225 | 214 | 281 | 426 | 6318 | 39304 | 3184 | 36 0.04
TiO2-water :
nanofluid 11:00 | 247 229 33 465 | 7057 | 58170 | 42.18 36 0.04
11:30 | 278 217 37.4 517 | 7872 | 67173 | 4367 36 0.04
12:00 | 326 236 428 585 | 8247 | 71260 | 44.23 36 0.04
1230 | 378 25.7 485 626 | 8403 | 746.86 | 45.49 36 0.04
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13:00 | 416 26.6 508 | 637 | 8239 | 641.90 | 39.87 36 0.04
13:30 | 433 248 51.4 64 7673 | 565.38 | 37.71 36 0.04
14:00 | 408 23.1 478 62 7559 | 489.03 | 33.11 36 0.04
14:30 | 386 225 44 503 | 6949 | 377.55 | 27.81 36 0.04
15:00 | 3638 20.9 404 | 554 | 6068 | 251.90 | 21.25 36 0.04
. Ti Tamb. | T T
e | @ @ @ @ e e | | e |
9:00 20.4 18.3 22.2 23.4 479 | 168.98 | 18.05 6.2 0.039
9:30 22.8 19.8 249 | 287 562 | 196.95 | 17.93 6.2 0.039
10:00 | 249 213 28.1 342 | 7506 | 299.82 | 2044 | 62 0.039
10:30 | 272 22.7 31.6 | 429 | 7682 | 41176 | 27.43 6.2 0.039
11:00 | 30.1 24.4 359 | 465 | 8339 | 541.99 | 33.26 6.2 0.039
V=80 L/hr | 1130 | 323 26.6 39 527 | 8867 | 62508 | 36.08 6.2 0.039
TiO,-water | 12:00 | 344 27.8 415 | 588 | 8965 | 66145 | 37.76 6.2 0.039
nanofluid 12:30 | 382 27.2 46 63.6 835 | 72592 | 44.49 6.2 0.039
13:00 | 407 25.6 468 | 648 796 | 567.48 | 36.48 6.2 0.039
13:30 | 3938 245 455 64 732 | 53048 | 37.09 6.2 0.039
14:00 | 374 23.7 425 | 625 615 | 47506 | 39.53 6.2 0.039
14:30 | 358 22.4 398 | 596 523 | 372.89 | 36.49 6.2 0.039
15:00 | 334 215 364 | 554 436 | 279.89 | 3285 6.2 0.039
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APPENDIX C
SPECIFICATIONS OF THE SYSTEM

C.1 Specifications of temperature recorder
1- Model: GM-1312 SD

2- 4 channels Temperature recorder, use SD card to save the data along with time
information

3- Real time recorder, save the measuring data along the time information (year,
month, date, minute, second) into the SD memory card and can be download to the
Excel, extra software is no need.

4- Sensor type: Type J/K/T/E/R/S thermocouple.

5- Auto recorder or manual recorder.

6- Recorder sampling time range: 1 to 3600 second.

7- Type K thermometer: -100 to 1300 C.

8- Show CH1 to CH8 or CH9 to CH12 in the same LCD.

9- Display resolution: 1 degree/0.1 degree.

10- Time information: Year, Month, Date, Hour, Minute and Second.
11- Memory card size: 1 GB to 16 GB.

12- Data hold, Record (Max., Min.).

13- RS232 (optional)/USB computer interface.

14- DC Power supply.

C.2 Specifications of cell

1-Working temperature: (-40)-(+65) C°

2-Output signal: 0-3V

3-Supply voltage: 3,3-15V DC, allowed ripple voltage - 100mV
4-Sensing element fotodiode

5-Radiation intensity range: 0 ... 1500 W/m2
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6-Sensitivity: 2mV per W/m2

7-Accuracy: +0.499%

8-Sensitivity range: 300 — 1000 nm

9-Response time: <1 second

10-Non-linearity: <+ 1%

11-Long-term stability: <+/2% yr

12-Temperature influence on the measurement-: + 0,15% C*
13-Protection: IP67

14-Weight: 138g

15-Cable length 1m, optional extension

C.3 Specifications of flow meter

1-Sensor Type: Hall effect

2-Working Voltage: 5 to 18V DC (min tested working voltage 4.5V)
3-Max current draw: 15mA @ 5V

4-Output Type: 5V TTL

5-Working Flow Rate: 1 to 30 Liters/Minute

6-Working Temperature range: -25 to +80°C

7-Working Humidity Range: 35%-80% RH

8-Accuracy: +10%

9-Maximum water pressure: 2.0 MPa

10-Output duty cycle: 50% +-10%

11-Output rise time: 0.04

12-Output fall time: 0.18

13-Flow rate pulse characteristics: Frequency (Hz) = 7.5 * Flow rate (L/min)

14-Pulses per Liter: 450



15-Durability: minimum: 300,000 cycles
16-Cable length: 15cm

17-1/2" nominal pipe connections, 0.78"” outer diameter, 1/2" of thread
18-Size: 2.5"x 1.4"x 1.4

C.4 Specifications of pump

Power Consumption 120 W

Power Supply 220V/50HZ

Max Capacity 1.2 m¥hr

Max Head : 12 m

Pipe Diameter 1/2

Max section 4 m

RPM : 2850 rpm

C.5 Specifications of pressure sensor
1-Working Voltage: 5VDC

2-Output Voltage: 0.5-4.5 VDC
3-Sensor material: Carbon steel alloy
4-Working Current: 10 mA
5-Working Pressure Range: 0-1.2 MPa
6-The Biggest Pressure: 2.4 MPa
7-Cable length: 19cm

8-Destroy Pressure: 3.0 MPa
9-Working TEMP. Range: 0-85
10-Storage Temperature Range: 0-100
11-Measuring Error: 1.5 %FSO

12-Temperature Range Error: 3.5 %FSO



13-Response Time: 2.0 ms

14-Cycle Life: 500,000 pcs

C.6 Specifications of the Arduino UNO
Microcontroller: ATmega 328

Operation voltage: 5V

Input voltage (recommended): 7-12V

Input voltage (limits): 6-20V

Digital 1/0 pins: 14 (of which 6 provide PWM output
Analogue input pins: 6

DC current per 1/0 pin: 40 mA

DC current for 3.3V pin: 50 mA

Flash memory: 32 KB (ATmega 328) of which 0.5 KB used by boot loader
S RAM: 2 KB (ATmega 328)

EEPROM: 1KB (ATmega 328)

Clock speed: 16 MHz
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D.1 Uncertainty Analysis
D.1.1 Uncertainty of Key Parameters

The uncertainties of key various parameters are presented in follow
Table.

Table D.1.1: The primary uncertainties for various parameters.

NO. Variable Uncertainty
1 Tube length, L +1.0 mm
2 The inner diameter of tube, d,; +0.1 mm
3 Inlet temperature, T;, +0.95%
6 outlet temperature, T,,; +0.95%
9 Surface temperature, T +0.95%
10 | Mass flow rate, m +5.0%
11 | Pressure drop, Ap 3.53%

D.1.2 Uncertainty of Hydraulic Diameter
The hydraulic diameter was displayed in equation 4.5 as follows:

Dy = d,; (D.1)
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The uncertainty of hydraulic diameter is expressed by:

aD, 2
Up, = + ( 5 Udn,) (D.2)
Where
Dr, _ 1 D.3
ad,; (D-3)

Substitute this value in equation D.2 as follows:

Up, =+ (Uq,)’ (D.4)

Substitute the value of dr; from Table D.1 in above equation expresses:

(D.5)

Furthermore, the relative uncertainty is determined as follows:

UDh—+O'1—+045fy D.6
D, ~—223 ~— 7 (D-6)
D.1.3 Uncertainty of Cross Sectional Area
The cross-sectional area was:
D, >
A, =—2n (D.7)

cT T4
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And the cross sectional area uncertainty (A.) is computed as follows:

U, = +i (aAC U, ) (D.8)
¢ ~A.\\aD, P°n
Where
0A; _mDy _ 24 (0.9)

Substitute the above terms in equation D.8 as follows:

2U, \?
U, =+ ( Dh) (D.10)
Cc Dh
2 % 0.141\2
= i (T) = i0.00901 mm2 (D. 11)

The relative uncertainty of A, is obtained as follows:

Ua _ 000901 4+0.00233 % D.12
A, 387076 ° (D-12)

D.1.4 Uncertainty of Surface Area
The surface area of the inner tube is given as:
Ag = md, ;L (D.13)

The relative uncertainty of Ag is evaluated as follows:
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Ua, _ 4 1 (aASU )2 +(6ASU)2 D.14
A, ~ T Ag J\adr, aL " (D-14)

Here,
0A;, A
. (D.15)
adri drl
0A, Aq
= D.16
oL L ( )
Substituting the above terms in equation D.14 gives:
U, Ug N> (U
LT f a2 — D.17
- () + (4 ®0)
_ 4 (2 2+( . )2—+04530/ D.18
T (22.3) 2000/ — 07 (D-18)
D.1.5 Uncertainty of Reynolds Number
Reynolds number can be expressed as follows:
Re = 4 (D.19)
e= D .
The Reynolds number uncertainty is presented as follows:
JdRe 2 JdRe 2
Up, = + (% Um> + (a_Dh UDh) (D.20)
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Where,

0Re 4  Re D 21
om  mDyu (D.21)

JRe B —4m B —Re (D.22)
aDh B T[thlu B Dh .

Substituting these terms in equation D.20, thus, the relative uncertainty

of Reynolds number is presented as:

Uge Ui\*>  (Up,\°

Ure _ , |(Yn bt D.23
_ (0'0000665)2 +( o )2 = +5.0202% D. 24
~ ~J\V0.00133 222) ~ 0 (D.24)

D.1.6 Friction Factor Uncertainty

The friction factor was expressed as follows:

28p p A% Dy,
= D.2
mz L (D.25)

The friction factor uncertainty is as shown by:

(7ap )+ (5i0n) + (504 .26

(5t +(570)
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Where

aaAfp_ 25;1% lzhzé (D.27)
(;37;; _ ;: Apﬁszi lzh _ —rj f (D.28)
aai: 4A}:h,zx4c DLth_fC (D.29)
aaghz ZAfnpzAg flzni (D.30)
%: _ZArfzzp A? fh _ —Lf (D.31)

Substituting above terms in equation D.26, thus, the relative uncertainty

of friction factor is expressed by:

U [ (2 ) (B (o

f Ap
Ur
f
<o 2284) ( 2% 0. 0000665)2 s (2 % 0.00901>2
- 0.00133 387.076
- - 2

|y @)
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+10.615% (D.33)

D.1.7 Uncertainty in Q,,
The heat received by base fluid was displayed given by:

Qu =1 Cpyy (Tour — Tin) (D.34)

The uncertainty of Q. is achieved by:

o2 (0, + (L0, 0.9
Where

aa% = Cpuw AT = % (D.36)
gg; =1mCpyy = g—;ﬁ (D.37)

From equations D.36 and D.37 and re-arranging equation D.35, hence the

relative uncertainty of Q,, is determined as:

o (%) + (2

Here,
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0.228\% /0.2736\2
- (5 +(55)
24 28.8

= +1.3435%

Substitute the above equation in equation D.38 gives:

Uou _ (0.0000665)2 . (0.0456>2
Q, A\ 0.00133 4.8

= +5.09%
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D.2 Calibration

D.2.1 Thermocouples (type K) Calibration

Standards were implemented on a thermometer in the laboratories of the
Standardization and Quality Control Unit. This thermometer was adopted as a
secondary reference for calibrating the K-type thermocouples used in this

research, at different temperature ranges.

100
90 | Ref
r uucC

80 F
70 F
60 -
50 F

40 |

Thermocuple reading (¢)

30
20 -

10 +

0 25 50 75 100

Reference Secondary (¢ )

Figure D.2.1: Calibration curve of K-type thermocouples.
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Artificial Neural Network

E.1. Artificial Neural Network Models (ANNs)

The theory and design of the artificial neural network have advanced
significantly over the past years. The purpose of ANNs is to provide an
algorithms solution for complex problems such as classification, clustering,
data compression, pattern coupling, function approximation, prediction,
control, and optimization applications. In this section, the concept of ANNs and
the design of ANNs structures are briefly introduced. On the other side, the
normalization process is summarized. Artificial intelligence models have
become the preferred trend for predicting the performance of solar thermal
systems due to their ability to learn and adapt to change with little human
interaction. The ANN model has a lot of capabilities compared to the traditional

methods . A simple design of ANN is shown in Figure E.1

+1=X,

Activation

Xy Function

X, () Outputyy

Summing
Junction

Input Signals

Synaptic
Weight

Figure E.1: simplified Artificial Network.
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E.1.2 Components of ANN:

E.1.2.A The basic components of an artificial neural network

The general structure of artificial neural networks is formed as shown in Figure

E.2 and consisted from:

M‘;/
X
’r'}‘{'\‘&{

A
O\
‘(vyzw/

input layer

{
\
X

:

' output layer

hidden layer 1 hidden layer 2

Figure E.2: Artificial neural network architecture model .

1. Input layer: It is the process of feeding the input data to receive it by the
processing units of the neurons. The processing unit in the input layer does
not carry out any arithmetic processing, but only transfers the input data from
the input layer to the interfaces (weights) to the processing unit that located
in the layer after the input layer .

2. Output layer: This layer consists of processing units through which the
final output of the neural network is output. This layer contains one or more
processing units depending on the network architecture. The process units in
the output layer receive the signal coming to it from the previous layer.
Usually there is only one output layer in the neural network architecture.

3. Hidden layer: This layer is located between the input layer and the output
layer. Neural networks come with no hidden layer, one or more hidden

layers. The hidden layer receives the signals coming to it from the input layer
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through the interfaces. After this, the data is processed and the necessary
calculations are made and send through the interfaces to the output layer.

4. Weights: It is the communication links between the different layers of the
neural network. It connects network layers together or units within each
layer to other units through the weights associated with each interface .

5. Neurons: Neurons are the units that connected in different ways by giving
the overall shape or architecture of the artificial neural network. Neurons
follow a parallel processing system that resembles the functioning of the

human brain.
E.1.2.B The basic components of neurons

1. Weighting Coefficients: Weight is the main element in artificial neural
networks. It represents the various links through which data is transferee
from one layer to another. Weight expresses the relative strength and
importance of each input to the processing element. Weights represent the
main meaning of neural network memory by adjusting weights and
symbolizing the weight between two processing elements Wij. Before
training the network, the initial values of the weights and biases may be set
but sometimes, these values need to re-change to get the optimum weights
which can be adopted in forecasting . However, there is no specific way to
make a good initial estimation of weights, so it relies on automatically
assigning random initial values, and when the training process is finished all
weights must be fixed.

2. Summation Function: The first operation performed by the processing unit
Is the calculation the sum of the weighted inputs coming to the unit using the
summation function. Where, this function calculates the average weights for

all the inputs to the processing unit and this is done by multiplying each
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value entered by its accompanying weight and then finding the sum of all

the products of the multiplication.
Si = ?il X; * WU +b (El)
X=input values

b = Represents the bias value. There are default values for bias values within
MATLAB.

Wi : the weight that links the processing unit between two successive layers,

there are also default values for the weights within the program.

3. Transfer function: It is translating the input signal to the output signal using
one of the transfer functions. Where this function converts the result of the
weighted summation process in the previous step to a value confined to a
specific range. The value is called the threshold value, so that the output is
determined and applied to the set, the output of this network is confined to
the range (0, 1) or the range (-1, +1). One of the most important Transfer
functions that can be used in MATLAB 2013 are:

e Linear Function (Purelin): It is a linear function gives outputs equal to the
weighted inputs of the processing unit.

e Sigmoid Function (tansig, logsig): This function is considered one of the
most widely used functions, which gives outputs that are confined to either
(0,1) or (1, +1).

e Node Functions: There are no limitations to using the node function which
can be used explicitly, the best function to use is the one that does the job
best.
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e Step Function: It is a random step function that used if the output value is
less than the threshold value or the output value is greater than the threshold
value.

e Gaussian functions: These functions are continuous, differentiable, and have
asymptotic lines used in radial-based function networks. The curves of these

functions are bell-shaped. Table E.1 show types of transfer functions.

Table E.1 Important types of transfer functions.

Function Mame Graphical lllustration hlathematical form

Linear fix)=x

v perbalic - Lot
Tangent Sigmoid flx)= g
Logistic Sigmoid » Flx)= -

N l14+e”
CGaunssian mix)= L~x|:|-| - 1_,";:—::_' ": !
as i 1‘7}_ 7 i

REF - \

4. Output function: After the summation function sums the weighted inputs

and then the conversion function converts the summation output to a value



that is limited to a certain range, the output may be in most cases equal to
the product of the transformation function.

The work of the processing unit can be summarized in neural network with the
following steps :
1. Receiving the input data.
2. Modifying the signal entering the unit by means of weights.
3. Use the addition function to add the weights.
4. Determine the output signal generated by this unit by applying a specific
activation function to the total weighted input data.
5. The output generated by this unit can be processes in several other processing
units.
E.1.3 The architecture of ANN
The architecture of a neural network is the way in which processing units are
linked to each other within each layer or between the different layers that make
up the network. Neural networks can be distinguished by the number of layers
and the form of interconnection between neurons (architectural) and the method
that determines the weights of these correlations (training, learning, algorithms)
and the type of activation function used. Network structures can be categorized
according to the number of layers into:

e Single-Layer: it is one of the simplest types of network structures, and it
consists of a single layer of processing elements that connect direct network
inputs with their outputs.

e Multi-Layer: it is contained more than one layer of processing elements
interconnected by the interfaces (weights), where the network consists of at

least an input layer, one or more hidden layers, and an output layer.
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Neural networks can be classified according to the nature of data spread and

the type of interconnection between processing units into the following types .

e Forward: it is one of the most widely used networks. This network consists
of the input layer, the hidden layers, and the output layer. The arithmetic
operations are transmuted in the forward direction from the input layer to the
output layer through the hidden layers.

e Feedback: in these networks the outputs become inputs and in a closed loop
so that the best results are given.

e Auto Associative: in this type of network, the inputs and outputs operate at
the same time, that is, they work in opposite directions.

e Self-Organizing Maps: these networks are used to deal with unexpected and
changing circumstances, and they do not have a specific target and these
networks follow the method of self-learning.

.

E.1.4 Root Mean Squared Error

Root Mean Squared Error (RMSE): it gives data on short-term performance,

which is defined as the deviation of predicted values around the measured data.

The lower of the root mean square error (RMSE) is the more accurate in the

estimation.
N _(actual efficiency—predicted efficiency)?
MSE :\/21_1( u ynp y) (E.2)
N (actual effici —predicted effici 2
RZ=1— YiL,(actual efficiency—predicted efficiency) (E.3)

YL, predicted efficiency®
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E.2 Data collection

After performing the calculations on the data of the practical part of the current
research. The data was collected and prepared, which represents the first step in
the design of neural network models and selects the Ti,, Tamp, Trand I, data as
inputs to the neural network data and represents the thermal efficiency as the

output of the neural network. as shown in Table E.2

Table E.2 Select data of the neural network

Tin, | Tamb. | Tr Tin, | Tamb | Tr

O | @ |[wm)| & | "™ [N @ | @ |[wm)| @ | "™

1 15.2 9.3 378.7 20.3 | 13.42 79 17.6 11.6 425.8 26.2 | 20.36
2 15.8 8.6 448.7 248 | 17.39 80 20.3 12.4 518.5 31.2 | 22.27
3 17.6 9.6 5225 316 | 27.04 81 22.4 14.2 622.6 42.2 | 30.10
4 21.1 11.4 610.5 40.5 37.33 82 25.8 16.8 705.7 49.2 32.14
5 24.6 13.7 678.2 47.2 | 39.41 83 29.1 18.1 768.9 56.2 | 43.47
6 26.2 17.3 763.8 50.1 | 37.79 84 34.8 20.1 820.8 62.1 | 49.81
7 314 23.7 823.6 53.8 | 43.72 85 36.2 224 855.3 69.3 | 53.22
8 321 27.2 857.8 546 | 45.33 86 40.6 23.3 863.9 72.2 | 48.04
9 34.3 24.8 835.3 56.2 | 38.77 87 42.3 24.1 849.8 71 43.77
10 35.2 241 762.2 56 36.11 88 442 215 812.9 741 | 37.40
11 37.4 22.6 647.5 55.2 | 38.88 89 43.1 19.6 744.3 72.3 | 36.06
12 38.4 21.2 558.4 52.7 | 32.53 90 41.8 17.8 694.5 68.6 | 33.01
13 35.6 22.6 487.2 49.8 | 30.31 91 39.6 17.1 632.8 64.5 | 23.80
14 16.3 10.2 3975 221 | 14.00 92 19.2 9.8 380.3 23.2 | 25.31
15 18.6 11.6 481.6 26.2 16.06 93 21.2 10.3 487.1 26.1 | 23.71
16 19.1 12.9 570.7 334 | 22.85 94 23.7 13.4 596.4 35 29.03
17 21.8 14.8 643.8 41.3 | 26.98 95 26.8 15.2 698.3 40.7 | 32.37
18 23.1 18.2 730.3 489 | 31.02 96 29.7 17.6 796.5 52 38.03
19 24.9 22.8 805.5 52.1 | 36.77 97 33.8 20.1 825.8 56.6 | 43.66
20 26.7 24.2 822.7 542 | 44.45 98 37.2 235 852.4 59.3 | 48.50
21 29.2 25.1 838.3 56.1 | 42.44 99 41.6 24.4 878.8 61.3 | 49.78
22 31.6 25.7 794.1 56.8 | 39.93 | 100 43.3 255 852.8 63.5 | 41.72
23 34.3 25.3 713.6 57.2 | 37.68 | 101 45.1 22.7 820.9 62.1 | 39.24
24 36.1 24.8 637.4 55.8 | 38.03 | 102 423 19.8 773.1 59.1 | 33.58
25 35.2 24.1 570.4 53.6 | 34.10 | 103 39.6 18.5 685.4 54.1 | 32.26
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26 33.6 23.6 497.5 514 | 28.02 | 104 | 36.7 18 576.8 | 49.4 | 25.84
27 15.8 9.3 433.6 216 | 1256 | 105 | 19.6 17.6 418.4 | 24.7 | 12.95
28 17.2 11.3 476.3 264 | 17.52 | 106 21 18.2 487.2 | 29.6 | 19.44
29 18.2 14.8 560.6 33.6 | 2457 | 107 | 229 19.6 552.3 | 36.6 | 26.61
30 19.6 16.2 617.7 424 | 2932 | 108 | 26.1 20.7 646.7 | 45.2 | 34.16
31 20.3 18.6 684.7 49.2 | 33.84 | 109 | 30.9 21 738.2 | 50.7 | 39.24
32 225 26.4 760.2 514 | 3426 | 110 | 32.2 22.2 828.4 | 56.3 | 43.64
33 25.6 23.1 831.5 548 | 3781 | 111 | 357 23.8 826.5 | 61.1 | 44.87
34 27.3 21.3 818.1 58.6 |40.60 | 112 | 39.8 26.1 863.8 | 64.6 | 46.35
35 30.1 20.9 727.6 57.1 | 4165 | 113 | 419 24.8 8424 | 66.8 | 45.11
36 31.6 20.8 641.5 56.8 | 40.48 | 114 | 442 25.2 786.2 | 65.4 | 43.83
37 33.7 18.9 609.2 56.2 | 38.48 | 115 | 454 23.2 718.6 | 64.2 | 40.74
38 324 19.6 535.9 534 | 3165 | 116 | 43.7 22.8 626.3 | 60.3 | 36.64
39 315 18.2 443.6 52.1 | 27.67 | 117 | 426 22.2 558.6 | 56.7 | 29.42
40 16.7 10.1 412.6 231 | 1994 | 118 | 18.6 195 452.3 25 13.81
41 18.3 9.6 478.3 276 | 2022 | 119 | 189 20.7 527.7 | 28,5 | 15.91
42 20.3 10.8 575.6 328 | 25118 | 120 | 20.3 21.8 616.4 34 22.55
43 211 13.3 6375 | 40.2 | 2954 | 121 | 224 23.1 694.8 | 42.6 | 29.98
44 22.8 154 705.7 504 |36.25| 122 | 25.1 221 780.7 | 46.5 | 35.53
45 241 14.5 733.6 53.2 | 3945 | 123 | 30.7 23.8 833.2 | 51.7 | 39.54
46 26.2 15.2 776.6 583 [39.70 | 124 | 353 24.7 852.7 | 58.5 | 45.00
47 30.1 16.4 826.1 60.5 | 36.69 | 125 | 38.7 27.2 872.3 | 62.6 | 47.21
48 32.9 24 759.4 61.2 | 31.03| 126 | 41.2 26.3 8419 | 63.7 | 47.19
49 334 20.6 667.9 58.6 |33.13 | 127 | 432 234 786.3 64 | 41.72
50 32.6 21 657.8 56.1 | 3145 | 128 | 42.6 22.4 725.9 62 40.31
51 31.8 19.2 578 532 | 25.82 | 129 | 40.8 21.6 614.9 | 59.3 | 33.70
52 30.5 19.1 4585 | 484 | 2311 | 130 | 374 211 546.8 | 55.4 | 30.53
53 16.1 10.2 4475 244 1191 | 131 | 193 17.3 414.3 25 17.40
54 17.7 12.8 546.4 30.8 | 20.12 | 132 | 19.7 185 478.7 | 28.5 | 18.80
55 21.6 15.4 634.3 | 40.1 | 28.19 | 133 | 203 19.8 546.4 34 30.28
56 251 16.5 7125 | 46.6 | 3424 | 134 | 225 214 631.8 | 426 | 31.84
57 28.6 18.8 781.8 51.6 | 3997 | 135 | 247 22.9 705.7 | 46.5 | 42.18
58 31.3 20.6 820.5 575 | 4898 | 136 | 27.8 21.7 787.2 | 51.7 | 43.67
59 33.7 22.6 844.3 64.3 |51.26 | 137 | 326 23.6 824.7 | 585 | 44.23
60 37.3 23.7 850.3 676 | 5455 | 138 | 378 25.7 840.3 | 62.6 | 4549
61 40.7 24.7 836.7 68.7 | 53.29 | 139 | 416 26.6 823.9 | 63.7 | 39.87
62 443 21.2 796.2 69.6 | 49.80 | 140 | 433 24.8 767.3 64 37.71
63 458 20.4 753.8 67.8 | 4354 | 141 | 408 23.1 755.9 62 33.11
64 44.3 19.1 686.5 65.2 | 37.36 | 142 | 38.6 225 6949 | 59.3 | 27.81




65 43.2 18.7 628.6 58.2 | 29.38 | 143 | 36.8 20.9 606.8 | 554 | 21.25
66 14.6 9.3 491.6 286 | 1419 | 144 | 204 18.3 479 23.4 | 18.05
67 15.2 11.6 546.4 31.2 | 1847 | 145 | 228 19.8 562 28.7 | 17.93
68 18.8 12.5 600.8 | 42.6 | 28.35| 146 | 24.9 21.3 750.6 | 34.2 | 20.44
69 21 14.7 6769 | 475 | 3752 | 147 | 27.2 22.7 768.2 | 42,9 | 27.43
70 255 13.3 798.4 55.3 | 41.07 | 148 | 30.1 244 833.9 | 46.5 | 33.26
71 29.8 14.8 876.4 61.7 | 4390 | 149 | 323 26.6 886.7 | 52.7 | 36.08
72 34.2 18.6 934.6 67.1 | 47.23 | 150 | 344 27.8 896.5 | 58.8 | 37.76
73 38.5 20.3 861.5 69.2 | 5422 | 151 | 38.2 27.2 835 63.6 | 44.49
74 43.8 21.8 834.9 72.8 |50.75 | 152 | 40.7 25.6 796 64.8 | 36.48
75 47.6 19.2 795.3 73.1 | 47.27 | 153 | 39.8 245 732 64 37.09
76 47.1 18.6 736.5 716 | 41.03 | 154 | 374 23.7 615 62.5 | 39.53
77 451 18.2 647.4 66.2 | 38.24 | 155 | 358 224 523 59.6 | 36.49
78 42.9 17.4 588.1 62.1 | 29.17 | 156 | 334 215 436 55.4 | 32.85

E.3 Data pre-processing
After data collection, the data is prepared by performing data normalization,
distribution and exclusion of anomalous data to obtain better neural network

training and more accurate thermal efficiency.

E.4 ANN Structure

The artificial neural network model was built using MATLAB 2016, where the
structure consists of an input layer consisting of four parameters (Tin, Tamp, Tr
and ;) and an output layer with one output (), and two hidden layers. The
number of neurons was calculated according to Equation 3.7. In this work, a
neural network model containing the number of neurons, the Figure E.3.a.
shows the structure 4-2-2-1 and the Figure E.3.b shows the structure 4-9-9-1

was use in this work.
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Hidden Layer 1 Hidden Layer 2 Output Layer

()

Hidden Layer 1 Hidden Layer 2 Output Layer

(b)
Figure E.3 Structure artificial neural network model (a) Structure (4-2-2-1), (b) Structure
(4-9-9-1).
E.5 Data Training
After preparing the data and building the appropriate neural network, the
process of training the network model is carried out using nn-tool in
MATLAB program. To get the best neural network architecture, the data is
divided into a training set of 70% of the total data, a check set of 15% of the

total data, and a comparison set of 15% of the total data as shown in Figure
E.4

Training Infe  Training Parameters

Training Data Training Results

Inputs input ~ Outputs netwerk?_outputs
Targets out? ~ Errors netweork2_errors

Init Input Delay States (zeros) Final Input Delay States networkZ_inputStates
Init Layer Delay States (zeros) Final Layer Delay States network?_layerStates

“] Train Network

Figure E.4 Toolbox of Training data in MATLAB program.
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E.6 Predicting the Thermal efficiency

The 4-2-2-1 neural network architecture, which has been trained and shows that
the best thermal efficiency prediction model is with the best performance

validation 0.040726 at epoch 68 as shown in Figure D5.a

The 4-9-9-1 neural network architecture trained and shows that the best thermal
efficiency prediction model with the best performance validation is 0.0049769

at epoch 178 as shown in Figure E.5.b

. Best Validation Performance is 0.040726 at epoch 68 Best Validation Performance is 0.0049769 at epoch 178
10 :
= Train == Train
= \/glidation s W alidation
— Test m— Tast
E 102 et - Best
] - b
13 E
15 17}
2 10 g
w w
3 ;
E I~
5 .0 3
& 10 g
0 7]
:
4]
= 4 = :
““““““““““““““““““““““““ P
L
102 ‘ ; ; ; ; . . . ‘ ‘ ‘ . . .
1] 10 20 30 40 50 60 70 O 20 40 60 80 100 120 140 160  180)
74 Epochs 184 Epochs
(@) (b)

Figure E.5 Best validation performances in thermal efficiency (a) for ANN structure 4-2-2-
1 and (b) for ANN structure 4-9-9-1.
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Table: E.3 Comparison of Testing ANN results with the experimental data

NO. n%, n%, ANN n%, ANN Difference,% 4- | Difference ,%
exp. 4-2-2-1 4-9-9-1 2-2-1 4-9-9-1
1 30.28 22.52 24.42 8.451 72.086
2 31.84 29.16 30.03 2.972 90.665
3 42.18 32.95 37.25 13.071 69.015
4 43.67 38.25 41.40 8.245 81.119
5 44.23 42.31 43.47 2.743 93.798
6 45.49 43.50 45.43 4.438 90.244
7 39.87 42.74 42.35 0.926 97.679
8 37.71 41.05 38.56 6.060 83.929
9 33.11 40.23 34.21 14.958 54.821
10 27.81 37.21 31.20 16.152 41911
11 21.25 32.45 28.05 13.567 36.143
12 18.05 16.98 14.99 11.684 35.286
13 17.93 19.34 18.11 6.372 64.471
14 20.44 26.26 22.02 16.175 20.873
15 27.43 31.42 26.98 14.149 48.418
16 33.26 34.75 33.33 4.082 87.727
17 36.08 40.10 38.64 3.646 89.894
18 37.76 43.50 45.08 3.629 90.389
19 44.49 43.77 43.19 1.328 97.015
20 36.48 43.01 38.75 9.905 72.851
21 37.09 41.24 35.36 14.251 61.574
22 39.53 37.53 31.04 17.279 56.292
23 36.49 33.24 29.15 12.318 66.242
24 32.85 28.92 27.09 6.330 80.734
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