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Abstract

This study presented two investigation ways (numerically and
experimentally) that used a venturi mechanism to inject air bubbles into a
wavy pipe solar water collector to improve its performance. This technique
allows air to move through the pipes, mixing with water and then flowing
together inside the solar collector's pipe. Two systems were used in each
part, an opened and closed system. The numerical part was accomplished
by generating the geometric model with SOLID WORKS 2021, followed
by being simulated with using the simulation program ANSYS 21. While
the experimental part was executed by constructing a rig of the solar water
collector system with collector dimensions of (120 x 80 x 24) cm? that is
inclined by 45°, which includes a wavy copper pipe shape with a diameter
of 0.0125 m and a length of 8 m that is painted with matt black color. The
test rig was construct in Karbala city to figure out the effect of air bubble
injection under the weather conditions of the city of Holy Karbala in Iraq
with latitude and longitude of 32.616° N and 44.0249° E during the first
months of the year (January, February, March and April). The water as a
working fluid was used with multiple flowrates to determine the collector
efficiency of each system, then the air bubbles were injected with several
discharges to the most efficient water flowrate for each system (closed and
opened), thus knowing the best flowrate of the air-water mixture for each

system.

In this work, fourteen cases were simulated and experimented to find
out the collector performance and the most efficient case, which consisted
of four various levels of only water flowrates of (0.5, 1, 1.5 and 2) L/min
as a working fluid for an opened and closed system. The air bubbles were
injected at three air flowrates of (0.15, 0.25 and 0.35) L/min mixed with

the most efficient water flowrate at each system.



However, the system efficiency was calculated after the numerical
and experimental tests were done for the four water flowrates for both
systems. The calculation shows that the most efficient case for the opened
system occurred when the water flowrate was 1 L/min, with an average
efficiency of (31.8) %, whereas the most efficient case for the closed
system was at 2 L/min, with an average efficiency of (45.5) %. The three
different flowrates of air were injected into the efficient casing for each
system. The result showed that the closed system efficiency was enhanced
by (24.98%), (37.28%), and (53.71%), whereas the opened system
efficiency enhanced by (30.89%), (37.92%), and (20.03%) after adding air
at flowrates of (0.15, 0.25, and 0.35) L/min respectively.

Numerical simulation, by ANSYS FLUENT software and experimental
results, for the model were found, to have a fairly, good agreement, under
the same, conditions. For the both systems (with and without air bubbles
injection), the maximum percentage of difference in the results is no more
than 13.5%.

I



Table of Content

SUBJECT Page
No.
Abstract I
Table of Content Il
Nomenclature VI
Greek Symbols \41
Subscripts VII
Abbreviations VIl
Chapter One: Introduction 1
Overview 1
1.1 Solar energy collectors 1
1.2 Flat plate collectors (FPC) 2
1.3 Solar water heating systems 4
1.3.1 Active systems 4
1.3.1.1 The Open loop Active System 5
1.3.1.2 The Closed loop Active System 5
1.3.2 Passive systems 6
1.4 The Two-Phase Flow 6
1.4.1 Definitions and Classifications of Flow-Pattern 7
1.4.2 A-Description of Flow Patterns in Horizontal Tubes 7
1.4.3 B-Description of Flow Patterns in Vertical Tubes 9
1.4.2 Injection of Air Bubbles 11
1.5 Statement of the Problem 11
1.6 The objectives and plan of this work 11
Chapter Two: Literature Review 13
Introduction 13
2.1 Flat Plate Collectors 13
2.2 Air Bubble Injection Technique 18
2.3 Aim of This Work 24
Chapter Three: Theoretical Model 25
Introduction 25
3.1 Part I: Numerical Simulation 25
3.1.1 System Geometry 25
3.1.2 Basic Governing Equations 26
3.1.2.1 Conservation of Mass (Continuity) 27
3.1.2.2 Momentum Equation 28
3.1.2.3 Energy Equation 28

I




3.1.2.4 The k-g Turbulence Model 29
3.1.2.5 The Secondary Phases VVolume Fraction Equation 30
3.1.3 The Boundary Conditions 30
3.1.4 Mesh Generation 30
3.1.5 Simulation Procedure 33
3.1.6 Grid Independence Mesh 34
3.2 Part II: Collector Performance Calculations 35
Chapter Four: Experimental Work 37
Introduction 37
4.1 Design Consideration 37
4.2 Opened and Closed Systems Working Principle 38
4.3 Experimental Rig Components 41
4.3.1 The Collector 41
4.3.2 Tanks 43
4.3.3 Water Pump 44
4.3.4 Check Valve 44
4.3.5 Venturi Meter 45
4.3.6 Air Compressor 46
4.4 Measurements 47
4.4.1 Water Flowmeter 47
4.4.2 Air Flowmeter 48
4.4.3 Solar Power Meter 48
4.4.4 Temperature Recorder and Thermocouple Nodes 49
4.4.5 Manometer 50
4.5 Experimental Procedures 51
4.6 Uncertainty of Measurements 52
Chapter Five: Results and Discussions 54
Introduction 54
5.1 Validation 54
5.2 Part I: Numerical Results 55
5.3 Opened System without Air Bubble Injection 56
5.3.1 Temperature Contour for Opened System 56
5.3.2 Pressure Contour for Opened System 62
5.4 Closed System without Air Bubble Injection 63
5.4.1 Temperature Contour for Closed System 64
5.4.2 Pressure Contour for Closed System 70
5.4.3 Velocity Contour for Opened and Closed System 71
5.4.4 Optimum Case for the Water Flowrates 73
5.5 The System with Air Bubble Injection 75

v




5.5.1 Open System with Air Bubble Injection 75
5.5.1.1 Temperature Contour for Opened System 75
5.5.1.2 Pressure Contour for Opened System 80
5.5.1.3 Velocity Contour for Opened System 82
5.5.1.4 Volume Fraction for Opened System 83
5.5.2 Closed System with Air Bubble Injection 84
5.5.2.1 Temperature Contour for Closed System 84
5.5.2.2 Pressure Contour for Closed System 89
5.5.2.3 Velocity Contour for Closed System 91
5.5.2.4 Volume Fraction for Closed System 92
5.6 Part Il: Experimental Results 93
5.7 Experimental Results for Opened System Without Air 93
Bubble Injection

5.7.1 Outlet Temperature for Experimental Opened System 93
5.7.2 Pressure Drops for Opened System 96
5.7.3 Opened System Efficiency 97
5.8 E)_(perimental Results for Closed System Without Air Bubble 97
Injection

5.8.1 Outlet Temperature for Experimental Closed System 98
5.8.2 Pressure Drops for Closed System 101
5.8.3 Closed System Efficiency 102
5.9 Experimental Results for Opened and Closed System Air

Bubble Injection 102
5.9.1 !Experimental Results for Opened System with Air Bubble 103
Injection

5.9.1.1 Qutlet Temperature for Experimental Opened System 103
5.9.1.2 Pressure Drops for Opened System 106
5.9.1.3 Opened System Efficiency with Air Bubble Injections 106
5.9.2 !Experimental Results for Closed System with Air Bubble 108
Injection

5.9.2.1 Outlet Temperature for Experimental Closed System 108
5.9.2.2 Pressure Drops for Closed System 111
5.9.2.3 Closed System Efficiency with Air Bubble Injections 111
5.10 Comparison Between Experimental and Numerical Results | 112
5.10.1 Opened System with and Without Air Injection 112
5.10.2 Closed System with and Without Air Injection 115
Chapter Six: Conclusions and Recommendations 119
6.1 Conclusions 119
6.2 Recommendations for Future Works 120




References 121
Appendices A: Ansys Fluent Setup
Appendices B: Calibration
Appendices C: Publications
Nomenclature
Symbol Description Units
A | Collector Area m?
Cp | Specific heat capacity at constant pressure kJ/kg.c
D Pipe diameter m
f Friction facor | ..
F Force by body N
g Gravitation acceleration m/s?
G Turbulence kinetic energy production J/kg
H Hight of solar water collector cm
h High of solar water collector m
I Hourly solar intensity W/m?
K Thermal Conductivity W/m.k
| Pipe length m
MF | Mass flowrate ka/s
q Fluid volumetric flowrate m/s
Q Energy gain W
S Total entropy JIk
T Temperature °C
U Overall heat transfer coefficient W/m2.c
\ Velocity m/s
W | Width of solar water collector m
L Length m
X Thickness of insulation cm
m Mass flow rate ka/s

VI




Greek Symbols

Symbol Description Units
\Y Gradient (vector operator) | ...
o Volume fraction | ..
B Angle of elbow

AP Pressure drops kpa

AT Temperature difference °C

€ Effectiveness | .
0 Tilt angle Degree
m Viscosity N.s/m?
p Density kg/m3
o turbulent Prandtl numper | ...
% averaged velocity m/s
n Efficienrcy | L.
d Partial differential operator | ...

Subscripts

Symbol Description
a Ambient, air
C Collector
E Total energy

eff effective
h hot
in Inlet
k Phase different characters
m Mixture
out Outlet
p plate
S Shell side
t Turbulent
u Useful
w water

vl




Abbreviation

Symbol Description
ANSYS | Analysis System

CFD Computational Fluid Dynamics

cm Centimeter

FLUENT | Fluid and Heat Transfer Code

FPSC Flat plate solar collectors

L/min Litter per minute

m Mater

mm Millimeter

NTU Number of the thermal unit

Nu Nusselt number

RANS Reynolds Averaged Naiver—Stokes equations
Re Reynold number

Vil




Introduction




Chapter One Introduction

Chapter One
Introduction
Overview
Current energy production from coal and oil is unsustainable and
bad for the environment. Many developing nations are unable to supply
these energy sources. Sustainable energy, also known as renewable or
alternative energy, is obtained from naturally occurring phenomena like
wind, biomass, solar, and hydroelectric power. They are environmentally
friendly and sustainable. Because it can meet human energy needs, has no
negative environmental effects, and can be converted into other forms of
energy, including electrical, mechanical, and thermal energy. Renewable

energy has become the first choice among the sources.

One type of clean and sustainable energy is solar energy. In recent
years, new technologies that are environmentally friendly, have low
operating capacities, and are inexpensive, such as Solar Collectors, these
technologies include the solar water heater, which effectively uses solar

energy resources to supply hot water.

1.1 Solar Energy Collectors

Solar energy collectors are special kinds of heat exchangers that
transform solar radiation energy into the internal energy of the transport
medium. The major component of any solar system is the solar collector.
This is a device that absorbs the incoming solar radiation, converts it into
heat, and transfers this heat to a fluid (usually air, water, or oil) flowing
through the collector. The solar energy thus collected is carried by the
circulating fluid either directly to the hot water or to a thermal energy

storage tank, which can be drawn for use at night and/or cloudy days.
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Concentrating and non-concentrating solar collectors are the two
most common types. A sun-tracking concentrating solar collector typically
has concave reflecting surfaces to intercept and focus the sun's beam
radiation to a smaller receiving area, increasing the radiation flux, as
opposed to a non-concentrating collector, which has the same area for
intercepting and absorbing solar radiation [1]. The solar collector can be

classified as below:

e Non - concentrating collectors

 Flat plate collector
» Evacuated tube collector
« Solar chimney

e Concentrating collectors

 Parabolic dish
 Parabolic trough
» Solar tower

1.2 Flat Plate Collector (FPC)

The most efficient and suitable solar technology for low-and
medium-temperature thermal applications in fluid heating are flat plate,
solar collector. Heat is transferred from the absorber, which has been
heated by solar radiation, to the working fluid. Flat plate solar collectors
are available for a low price, have a well-developed construction, and are
widely used in solar technology. Flat plate collectors can produce enough
temperature for household hot water, buildings, and swimming pools in
both residential and commercial applications [2]. Figure (1.1) represents a
traditional single- glazed flat plate solar collector, which can used both

beam and diffuse solar radiation as a heating source [3].
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insulated metal box

// glass cover

water in
water out

-

flow tube

absorber plate

Figure 1-1: Solar Flat Plat Collector [3].

The effectiveness of solar collection can be increased by the careful
technical design of the materials and heat transfer system. Basic parts of

standard flat plate collectors include:

* A transparent covering made of one or more layers of glass or
plastic that transmits visible and near-infrared radiation (wavelengths
shorter than 3 pum) while absorbing far-infrared radiation (wavelengths
longer than 3 um). There are three main benefits to the cover in flat plate
collectors, first one is to increase the absorber's absorptance and return the
solar radiation beam that was reflected from it. The thermal radiation
emitted from the black absorber is trapped by the cover, which reduces
thermal loss from the collection systems and is the cover's second benefit.
The last one is to separate the black absorber from the ambient temperature

so that it decreases the heat loss.

* An absorber plate with a high solar absorptance and a low thermal

emissivity that is coated with a material with high thermal conductivity.

* Metal tubes or channels that the heat transfer fluid flows through

and that are usually coated in the same substance as the absorber plate.




Chapter One Introduction

* A container or casing surrounding the above parts, with insulating
material covering the sides and rear of the absorber plate to reduce heat

losses[4].

1.3 Solar Water Heating Systems

Heating water with solar energy can be a cost effective and
environmentally responsible way to generate hot water, minimizing the
expense of electricity or fossil fuels to heat water and reducing the

associated environmental impacts.

Solar water heating systems use solar collectors to capture sunlight
to heat water (or an antifreeze liquid) that is then moved from the collector
to storage and then to its point of use. There are two types of systems, active

and passive[5].

1.3.1 Active Systems

Active systems pump water or other heat-transfer fluids through the
collectors that would use electric pumps, valves, and controllers. They are
typically more expensive but also more effective than passive systems.
Because active systems' storage tanks do not need to be put above or close
to the collectors, they are typically simpler to construct than passive
systems. However, they require electricity, so when the power goes off,

they won't work [6].
This type of system can be classified into two categories:

e Open-loop (Direct) Active System
e Closed-loop (Indirect) Active System
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1.3.1.1 The Open Loop Active Systems

Pumps are used in open-loop active systems to circulate residential
water through the collectors. Although this design is effective and lowers
operational costs, it is not recommended for use with hard or acidic water
since scale and corrosion would quickly making the system unworkable.
In nonfreezing climates, these open-loop systems are common. They
should never be set up in regions that regularly experience below-freezing

temperatures [6]. These open-loop systems are common as shown in figure

(1.3) [7].

P
/ / \\\
A N\
/'// \\:\\
/S /S . \
/ N \
NN
pump and 5 water
lcontroller S —» — hot water
v ——
cold water
e——— ‘_
<« cold water storage
tank
\_’_‘/

Figure 1-3: Open Loop System [7]

1.3.1.2 The Closed Loop Active Systems

These systems circulate heat-transfer fluids (often an antifreeze
solution of glycol and water) through collectors. Household water that is
kept in tanks is heated by using heat exchangers. Considering that they
provide effective freeze protection [7], closed-loop glycol systems are
common in regions that experience prolonged cold temperatures as shown
in figure (1.4)[6].
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Hot water

/ T (+=tohouse
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—_ o

—~ Solar storage/
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T § . AI
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[ —" Double-walled
e

Pump heat exchanger

Figure 1-4: Closed Loop Systems [6]

1.3.2 Passive Systems

In passive systems, hot water is either kept in the collector itself or
moved through a thermosyphon to a storage tank above the collectors.
Pumps are not used in passive systems to move collector fluid or water.

there are two types of passive systems[8]:

e Thermosyphon systems.

¢ Integral collector storage systems
1.4 The Two-Phase Flow

The majority of two-phase flow occurs in systems with two phases
(usually gas and liquid) separated by a meniscus. Two-phase flows include
solid-gas, solid-liquid, and liquid-liquid flows in addition to gas-liquid
flows. Numerous systems in the chemical, petroleum, bio-medical,
refrigeration, and air conditioning industries, among others, use two-phase
flows[9].
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1.4.1 Definitions and Classifications of Flow-Pattern
A- Description of Flow Patterns in Horizontal Tubes

The presence of flow patterns and flow regimes in two-phase flow
Is the most important distinction between single-phase flows and gas-liquid
two-phase flows. The overall geometrical structure of the gas and liquid
phases in the pipe is referred to as the flow pattern. The two phases can
actively distribute themselves in a variety of various flow patterns when
gas and liquid are flowing through a pipe at the same time. Due to varying
flow characteristics and velocities, the flow configurations differed
significantly from one another in terms of interface spatial distribution.
Figure (1.5) show the flow characteristics or flow regimes for horizontal
flows[9].

iii) Elongated bubble flow iv) Slug flow
v) Stratified flow vi) Stratified wavy

Figure 1-5: Flow Characteristics or Flow Regimes for Horizontal Flows[9].

Gravity forces the gas, the less dense phase, to migrate to the top of
the channel in horizontal two-phase flow as a result of the density

difference between the air and water phases.

As a result, horizontal two phase flow has the following flow

patterns that are not axisymmetrical [10]:
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1-

Bubble flow: This type shows that the flow pattern is characterized
by bubbles of air that are distributed randomly in a continuous liquid
phase. The bubbles are quite small in comparison with the pipe's
diameter. The gas bubbles typically move in the upper half of the
tube due to gravity.

Annular flow regime: In this regime, the liquid is swept up in an
annular pattern around the tube's perimeter, while the faster-moving
air flows inside the tube's core and picks up tiny droplets of liquid
that have been distributed into a mist. The liquid film may contain
tiny gas bubbles as well. This regime manifests at a reasonably high

gas phase mass flow rate.

Elongated bubbly (slug) flow: The upper half of the tube contains
an aerated continuous liquid phase that is carrying the air phase in

the form of elongated bubbles.

Stratified smooth flow: The liquid phase flows along the bottom of
the tube while the air phase goes along the top without any
significant interfacial waves. At low air and liquid mass flow rates,
the gravity separation is complete, and the stratified flow regime

OocCcurs.

Stratified wavy flow: A wavy flow pattern develops as the air
velocity rises because the faster-moving air creates waves at the air-
water interfaces. The faster moving liquid slugs are typically
accompanied by high pressure pulses and oscillations that can harm

equipment further downstream.
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B- Description of Flow Patterns in Vertical Tubes

Systems in which a gaseous phase is dispersed throughout a liquid
are commonly encountered in both nature and industry. Known as gas-
liquid flows, these systems occur in situations as diverse as the bow wave
of a ship to the cooling system in a nuclear power plant. Figure (1.6) show
the structure of a gas-liquid flow depends upon the relative flow-rates of
the two phases, and, for flow in a vertical pipe, can be categorized into
regimes[11].

L&

Wispy Annular Annular

Figure 1-6: Flow Characteristics or Flow Regimes for vertical Flow [12]

1- Bubbly flow: In this regime, a large number of small bubbles,
notably smaller than the channel diameter, are observed in the
continuous liquid phase. The bubbles may vary widely in size and
shape but they are typically rather densely packed and flowing side-

by-side and one after another, creating a very complex flow.

2- Slug flow: This regime is characterized by large bubbles that span

nearly the entire channel cross-section and are separated by distinct
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liquid slugs, the latter giving this regime its name. These bubbles
have a cylindrical shape with a hemispherical nose and a blunt
fluctuating tail; they are commonly referred to as Taylor bubbles
after the instability of that name. The bubbles are typically about

1.5 to 3.0 times longer in length than the tube diameter.

Churn flow: This regime is a very chaotic fluctuating type of flow
that is passed through during the transition from a stable slug flow
to a stable annular flow. Churn flow is typically to be avoided in
two-phase piping, because of the pressure and flow oscillations that
it induces. Some flow pattern maps treat this regime as part of the

transition region between slug flow and annular flow.

Annular flow: This regime is named after the continuous annular
liquid film that flows on the internal perimeter of the channel with
a higher velocity gas (or vapor) core in the center. The interface of
the annular liquid film is disturbed by high frequency waves and

ripples.

Mist flow: A mist flow has the gas (or vapor) as the continuous
phase and numerous very small droplets entrained in it. Mist flow
Is encountered at high vapor qualities at the point where the annular
film is thinned by the shear of the gas core on the interface until it
becomes unstable, such that all the liquid is entrained as droplets in
the continuous gas phase, or during flow boiling when the critical
heat flux has been surpassed. Impinging liquid droplets
intermittently wet the tube wall locally but heat transfer is

significantly decreased with respect to an annular flow[12].

10
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1.4.2 Injection of Air Bubbles

Air bubble injection has recently been proposed as one of the
promising methods for improving the thermal performance of heat
exchangers. However, the injection method and the fluid's characteristics
have an influence on the number, size and distribution of these bubbles.
Once bubbles have formed in the liquid, they will naturally float to the
surface due to the buoyancy force created by the difference in densities
between the liquid and the air. The liquid will be mixed and the
hydrodynamic and thermal boundary layers will be broken down by the
random motion of the bubbles, improving heat exchange in thermal
systems such solar collectors. However, many of variables including the
air bubble flow velocity, number of bubbles, the bubbles size, and the

collector design affect the mixing level [13].

1.5 Statement of the Problem

The purpose of this experimental and numerical study was to explain
how adding air bubbles to solar collectors improved the parameters (AT,
Qu and 1) and numerical performance parameters (temperature
distribution, water flowmeter distribution, AT, AP) of a wavy pipe solar
water collector for demonstrating various ratios (air - water) in Karbala

conditions.

1.6 The Objectives and Plan of this Work
This study was focused on the flat plate solar collector system
because it offers a potential way to use solar energy. Which in this thesis

can be attained by doing the following:

A. Start by researching the development of this type of solar collector
as well as the researchers who are involved in experimental or

numerical research in this area. Chapter 2 contains this information.

11
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B. Chapter three takes up the numerical design for this system. This

design included two parts:

1- Part I: The flow field in a solar collector under a heat flux was
examined using numerical simulation, a finite volume, numerical
methodologies, and the ANSYS FLUENT package code R.21.
These equations for continuity, momentum, and energy were

solved as part of the analysis.

2- Part Il: Analytical calculations can be used to determine the

efficiency of the collector.

C. A scale model of the solar collector was created in order to
investigate the performance of a solar collector experimentally. This
design was covered in chapter four, which deals with the creation of
the experimental setup and instruments needed to validate the

concept.
D. The numerical and experimental results are discussed in Chapter 5.

E. In chapter six, the performance and analysis of a scale model of a
solar collector are discussed. From the cases that were analyzed,

conclusions and recommendations were made.

12
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Chapter Two
Literature Review

Introduction

Solar technology has been used by mankind since ancient times, but
the development in this field was in the recent decades when our need for
clean and sustainable energy sources to replace our use of fossil fuel was
realized. Solar energy can be used for many applications. The climate of a
region specifies which applications are useful for that region. In Iraq and
other regions with similar climates solar energy is mainly used for space
heating, water heating, agricultural drying and electricity generation. Solar

energy can also be used in air conditioning and refrigeration.

The reason for writing the literature review is to present a large
portion of the discussions and examinations completed by the researchers.
The literature review can be divided into two categories, starting with flat

plate collectors and following by air bubble injection technique.

2.1 Flat Plate Collectors

Solar water collectors, aim to transfer heat from the sun to the fluids,
like water, which is one of the most common fluid uses. The most typical
solar water collectors are flat plate collectors, which are consists of
differently shaped pipes attached to a fixed plate and covered in glass.
Researchers hope to increase efficiency and effectiveness by modifying the
collector's shapes, cover glass, coating, liquid type, and other

characteristics.

Jinwei Ma.et al. (2012)[14] Design of solar collector that is able to
provide both hot water and hot air has been proposed to increase annual
thermal conversion ratio of solar energy. By modifying the conventional
flat-plate solar water heater, the collector with L-shape fins can also

function as a double flow solar air heater. Experiments have been

13
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conducted to investigate the dual functions of the collector. It is shown that
the thermal efficiency of the collector reached 50% in water heating, and
varied from 41% to 55% in air heating depending on the ambient condition
and flow rate. Mathematical model has been presented for the collector
working in air heating mode. The theoretical results are in good agreement
with the experiment results. Theoretical results show that the air flow rate
Is a dominant factor to determine the efficiency. The enhancement of the
L-shape fins on the performance of the collector in air heating is also

proved from the theoretic results.

Oliva.al. (2012) [15] In this work, proposed a low-cost material to
be used as an excellent absorber for solar collectors, to increase its thermal
efficiency by the high capacity to absorb solar radiation. The material,
known as “smoke black” (soot) can be obtained by the incomplete
combustion of organic materials, such as the oxygen-acetylene, paraffin,
or candles. A comparative analysis between the optical properties
(reflectance, absorbance, and emissivity) measured on three covered
copper surfaces (without paint, with a commercial matte black paint, and
with smoke black) shows amazing optical results for the smoke black.
Reflectance values of the smoke black applied over copper surfaces
improves 56 times the values obtained from commercial black paints. High
values of emissivity (0.9988) were measured on the surface covered with
smoke black by spectrophotometry in the UV-VIS range, which represents
about 7% of increment as compared with the value obtained for
commercial black paints (0.938). The proposed high absorbance material

can be easily applied on any kind of surfaces at low cost.

Bakari et al.(2014) [16] The effect of glass thickness on the
performance of flat plate solar collectors was studied. Where design four

models of solar collectors with an area of 0.72 m? and a depth of 0.15m
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and an angle of inclination of 10 degrees towards the ground level and to
the north, were built with different glass thicknesses and experimentally
tested for their performance. Low-iron (extra-pure) glass was used with
thicknesses (3, 4, 5 and 6) mm. The results showed that the change in the
thickness of the glass leads to a variation in the efficiency of the compound.
The compound with a thickness of 4 mm glass gave the best efficiency of
35.4% compared to 27.8% for glass with a thickness of 6 mm. However,
4mm thick glass is more prone to breakage so care must be taken during

use and installation.

Hossain et al. (2014) [17] A two-sided parallel solar water heater
has been proposed to improve the thermal efficiency of the system. As it is
easy to manufacture as well as lower cost and gives high thermal
efficiency. The experimental results showed that the average efficiency
during two months is 75.5% and the average temperature is 98 °C, where
the proposed shape of the solar collector was proven in the increase of
collector efficiency, especially in areas where there is plenty of sunlight to

benefit from it, especially in Malaysia.

Noghrehabadi et al. (2016) [18] experimentally investigated the
performance of a symmetric square flat-plate solar collector employing
water and a SiO2/water nanofluid with a mass fraction of 1% as working
fluids, without surfactants. The experiments were performed according to
ASHRAE Standard 93-86 at different flow rates between 0.35 and 2.8
L/min. The result shows the SiO2/water nanofluid increased the efficiency

of the square flat-plate solar collector compared with net water.

Hashim et al.(2018) [19] described the performance of flat plate
collector for solar water heating. The thermal performance system was
created with dimensions of (125x110) cm? and 25 cm width, with a pipe

length of 15.9 m. It was developed in a lope square pattern and using water
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as the fluid flow that operated at two different flow rates (5.3 and 6.51
L/min). The results demonstrate that the water heated faster at flow rates
of 5.3 L/min compared to 6.51 L/min, which increased the collector's
efficiency. As a result, the maximum temperature was respectively 51.4 °C

and 49 °C at these flow rates respectively.

Esdras Nshimyumuremyi and Wang Jungi (2019) [20] In three
different regions, solar water heaters were manufactured and installed, and
all measurements were made under the same conditions and using the same
measuring tools. The absorbent plate was made of aluminum sheets instead
of galvanized iron because it has a high thermal conductivity, the absorber
plate was (960 * 1300 * 0.6) mm? and the base of the solar collector was
insulated to avoid thermal losses. The system also consists of a tank with a
capacity of 200 L and two solar collectors with an area of 1.385 m2. The
results showed that the thermal efficiency depends on the design of the
solar collector and the materials used in the absorption plate, and the

efficiency ranged between 60 and 76%.

Moravej et al. (2019)[21] Enhanced the performance of solar water
heaters can be by number of different methods. One such method involves
altering the geometry of the collector. In this study, a symmetrical flat-
panel solar collector with circular geometry has been experimentally
evaluated. The collector has an area of one square meter, is free of risers
and features spiral tubes that flow into the collector from the side and exit
from the center. The collector was tested according to ASHRAE standards
in Aghajari, southern Iran. The experiments focused on quantifying the
efficiency and thermal performance of the collector at various conditions,
such as different water flow rates and solar radiation. The results show that,
like other flat-panel collectors, the collector efficiency increases with

increase in water flow rate and solar radiation. The efficiency increase in
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this collector is higher than that of rectangular collectors owing to the
presence of secondary currents. Furthermore, the maximum efficiency of
this collector is around 75.3%, with a maximum temperature difference
between the inlet and outlet of around 19 °C. This study offers a simple

way to improve the performance of solar water heaters.

Saffarian et al. (2020) [22] The effect of changing the flow
direction of a flat plate solar collector on raising the convective heat
transfer coefficient is being investigated numerically. Three shapes of
pipes can be used with flat plate collectors with identical pipe lengths: U-
shaped, wavy, and spiral. Nanofluids of Al203/water and CuO/water is
utilized in volume fractions of 1% and 4%, respectively. The heat transfer
coefficient and Nusselt number can be increased by using wavy and spiral
pipes, according to the results. Additionally, it has been noted that wavy
pipes have the highest pressure drop. Using nanofluid instead of water
improves the heat transfer coefficient in every situation, with the exception
of the CuO 4%. By adding nanoparticles to water, thermal conductivity
was remarkable increased, which resulted in a decrease in the Nusselt
number. According to the result, the heat transfer coefficient can rise to
78.25% when wavy pipes and a 4% volume fraction of CuO/water

nanofluid are used.

Mohammad et al. (2020)[23]compare between two scenarios of
spiral collector; the first one without lens and the other with lens. In the
two scenarios, the spiral collector was fabricated from copper tube with 10
mm inner diameter, 15 m length and absorber area 0.5 m2. The lens was
selected as acrylic flat lens with transmittance (80 to 90)% and focal
distance is 1.3 m. Experiments were carried out at water mass flow rate 0.5
kg/min under the period between 1st to 31th of December over the ambient

temperature range of 12 to 17 °C and hourly solar radiation range of 525 to
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654 W/m2. The experimental results show that the maximum outlet-
temperature, useful energy and efficiency was found to be about 19 °C, 109
W, 35% respectively in scenario of spiral collector without lens. While, in
the scenario of spiral with lens was found to be about 21 °C, 178 W, 60%
respectively. As compared between the two scenarios, the lens was

enhanced the efficiency of spiral collector by 25%.

Muthuraman et al.(2021) [24] modified the tube geometry of solar
water collector flow to be straight, curved, and spiral to enhance the
system’s performance. The flow pipes of the solar water heater are made
of copper material, which has higher thermal conductivity to recover the
water's heat as thermal energy. The influence of the mass flow rate on the
flow pipes with respect to the surface temperature for various
configurations of the flow tubes is investigated. The mass flow rate of
0.0045 kg/s and 0.006 kg/s are tested. The mass flow rate of 0.006 kg/s
yields the maximum efficiency of 73% compared to the other mass flow
rate. The straight, curved, and spiral tubes yielded the highest efficiencies
of 58%, 62%, and 69%, respectively, at 0.0045 kg/s. Similarly, the mass
flow rate of 0.006 kg/s obtained an efficiency of 62%, 65%, and 73% for

straight, curved, and spiral flow tubes, respectively.

2.2 Air Bubble Injection Technique

A novel experimental technique will be proposed for injecting small
air bubbles into a solar flat plate collector's riser tube. It will be compared
the changes in solar radiation intensity to find out how the forced water
flow rates, tube design, and air bubble injection effect on the thermal

efficiency of solar flat plates.

Baylar. et al. (2009) [25]The water passes through a restriction in a
pipe, it forms a vacuum at the end of the restriction. A hole bored into the

pipe at a point where this vacuum occurs will cause air to be drawn into
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the main flow. One example of this mechanism is seen in the venturi tube.
When a minimal amount of differential pressure exists between the inlet
and outlet sides of the venturi tube, a vacuum occurs at suction holes of the
venturi tube. Venturi aeration is a method of aeration that has become
popular in recent years. In present paper, air injection rates of venturi tubes
are analyzed using Computational Fluid Dynamics modeling. These
analyses are carried out by means of the program FLUENT V6.2 that uses
finite volume theory. There is a good agreement between the measured air
injection rates and the values computed from FLUENT CFD program. The
results obtained from CFD analyses will lead air suction mechanism of a
venturi tobe understood better. There is a good agreement between the
measured air injection rates and the values computed from FLUENT V6.2
CFD program. Therefore, CFD analyses can be used to determine optimum
dimensions of venturi to get higher air injection rate. The harmful effect of
cavitation can be prevented by watching changes in velocity and pressure.
The pressure-velocity characteristics of venturi are not affected too much
by changing of venturi and throat diameters. But the diameters affect the

length of non-aerated flow region of venturi.

Moosavi. et al. (2016) [26] focuses on improving the efficiency of
the shell-and-coiled-tube heat exchangers by air bubble injection (with a
constant air flow rate) inside the heat exchangers. Only the shell side of the
heat exchanger, not the coil side, has had air flow pumped inside it. The
range of the air flow rate was 1 to 5 L/min. Shell side water flow rate was
adjusted between 1L/min and 5L/min (inlet temperature of 15 °C), while
coil side water flow rate was maintained at 1L/min (inlet temperature of 40
OC). The pressure drop is also measured. Observations revealed that the
effect of bubble injection into heat exchangers is significantly influenced

by the air flow rate and injection side (shell and coil). The outcome
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demonstrated that an increase in air flow rate results in an improvement in

the total heat transfer coefficient.

Panthalookaran and George (2016)[27]developed a novel
technique of solar collector cooling that uses a humidification-
dehumidification cycle to simultaneously make hot water and saturate air,
enabling an effective sun distillation unit to operate . The impacts of the air-
to-water ratio and the inner diameters of the absorber tubes in the solar
collector were studied in detail. The results showed that air-water flows
can successfully cool solar collectors, resulting in superior cooling of solar

collector absorber plates.

Heyhat et al. (2018) [28] focused on an experimental analysis of the
influence of air bubble injection as an active technique in the thermal
efficiency of a twin pipe heat exchanger. Air bubbles are injected into the
annulus side using various injectors. Experimental data are compiled for a
range of tube and annulus side flow rates. The effect of air flow rate and
heat exchanger positioning angle on thermal performance is investigated
using energetic analysis. The results show that air bubble injection can

increase the overall coefficient of the heat transfer with 10.3% to 14.9%.

Kreem. et al. (2019)[29] studied the impact of the influence of
introducing small air bubbles on heat exchanger temperature distribution
with a vertical shell and helical coiled tubes. There were four
thermocouples installed along the shell side of the heat exchange unit in
addition to the inlet and exit thermocouples. At a constant air temperature
of 18 °C for each flow rate, experiments were carried out with three
different shell water flow rates (4, 6, and 8 L/min) and five different air
flow rates (2, 4, 6, 8, and 10 L/min). Both the coiled tube and the shell's
fluid (water) input temperatures were maintained at 37 °C and 17 °C,

respectively. The findings demonstrated that there was reciprocal thermal
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mixing. As a result, a considerable heat transfer rate was seen, as shown by

the heat exchanger's temperature rising quickly.

Viacheslav Shemelin and Tomas Matuska (2019)[30]In the
present work, the detailed mathematical model of a dual air/water solar
collector has been developed and experimentally verified. To demonstrate
the application of Thea dual air/water solar collector, three buildings with
different energy performance levels and three building locations were
chosen in analyzed case studies. Four solar collector systems were
compared with one another. The solar yield of the described systems was
determined by simulation using the detailed theoretical model of a dual
air/water solar collector. The results indicate that in the case of combining
a domestic hot water preparation system and recirculating-air heating
system based on a dual air/water solar collector, it is possible to achieve up
to 30% higher solar energy yield compared to a conventional solar
domestic hot water preparation system dependent on climate and building

performance.

Mohammed et al. (2020) [31] Investigate experimentally the
influence of small air bubble injection on a flat plate solar collector's
efficiency with tube rises in an opened system. Both the change in water
flow rate and the variation in the air bubble injection with air flow rates
have an effect on the thermal efficiency of the solar flat plate collector.
When solar radiation intensity varied, the effects of forced water flow rates
and air bubble injection on the thermal efficiency of solar flat plates were
compared. With intake water temperatures ranging from (19 to 23.5) °C,
water and air flow rates were varied between (1.5 - 2.5) L/min. The thermal
efficiency is improved by injecting small air bubbles, and it increased by
(3.5-5.25) %.
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Hasan et al. (2021)[13] Experimental research is done to determine
the effect of air bubble size on the thermal efficiency of a vertical counter-
current shell and coiled tube heat exchanger. The studies were carried out
in a cylinder-shaped heat exchanger with an outer diameter of 15 cm and a
height of 50 cm. The heated water was transported using a copper coil with
an outer diameter of 0.6 cm and an equivalent length of 3.939 meters.
Constant hot (coil side) flow rate fluid rates 1 L/min, four different injected
air flow rates (0.5, 1, 1.5, and 2) L/min, and four varied cold fluid (shell
side) flow rates (2, 4, 6 and 8) L/min under laminar flow conditions (316 <
Re < 1223), and constant bubble’s number (1400). The experimental
results clearly showed that the heat exchanger’s thermal efficiency
significantly improved with increasing the shell side flow rate and the
injected air flow rate. The maximum improvement in U, NTU, and
effectiveness was 153%, 153%, and 68%, respectively. The thermal
performance of the heat exchanger was shown to be improved with

increasing the bubble size.

Sajida Lafta Ghashim, Ayser Muneer Flayh (2021)[32]
investigated the addition of air bubbles influenced on the enhancement of
heat transfer and the turbulent flow pressure drop in two helical coil heat
exchangers. The experiment used a turbulent hot water flow with a
Reynolds number (Re) ranging from 9000 to 50000 and a constant mass
flow rate of cold water at 0.0331 kg/s. Injection of air bubbles into hot
water at rates of (1.5, 2.5, and 3.5) L/min. The effectiveness is increased
by adding air bubbles to the hot water, and at a flow rate of 3.5 L/min it
reaches its maximum value of 0.22. With increasing bubble injection, the
friction factor tends to rise from 0.1 to 0.31 at Reynolds number 9823.
Injection of air bubbles increases the Nusselt number in all cases where the

flow rate of the air bubbles is present. The greatest enhancement ratio of
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the Nusselt number was determined to be between 2.4 and 3.1 at an injected

air flow rate of 3.5 L/min with Reynolds number between 9823 and 48028.

Jawad et al. (2022)[33] In their study, the impact of adding small
bubbles of air to a water stream that was flowing through two copper spiral
tubes that 15 m long, 0.012 m diameter, and had 11 coils was investigated.
A matte black paint with a nanomaterial mixture was also coated on the
internal surface of the solar collector (thermal dye with 5 % of TiN). Using
a venturi mechanism, the air and water were combined and then flowed
together inside the tube of the solar water collector at different water
flowrates (1, 1.5, 2, 2.5) L/min used. The result show that the outgoing
temperature increases as mass flow rate decreases, widening the difference
between inlet and outlet temperatures in both the opened and closed
systems. In the closed system, the largest temperature difference was
36.1°C. The greatest temperature difference in the opened system was 12.5
°C for water and air bubble flow rates of 1 L/min and 0.3 L/min,

respectively.

The table (2.1) illustrate a brief for the previous researches for the

researchers in this field.

Table 2-1: Literature Reviews for Experimental and Numerical Studies.

No. Researches Country System type Inve_ls_tlgatlon
ype

1. | Jinwei Ma.et al. (2011) China solar collector fpr both hot Experimental
water and hot air

2. | Oliva.al. (2012) México Three surfaces of copper for Theoretical
solar collector

3. | Bakari. et al. (2014) Tanzania | Flat plate solar collectors Experimental
Flat plate solar water heater

4. | Hossain.et al. (2014) Malaysia | concerning the two-sided Experimental
parallel serpentine flow

5. (Nz%gl%r)ehabadl. e Iran Square flat-plate solar collector | Experimental

6. | Hashim et al. (2018) Iraq ﬁgw water heater type square Experimental
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Esdras Nshimyumuremyi

7. and Wang Jungi (2019) China | Solar water heating Experimental
8. | Moravej et al. (2019) Hungary S.O lar water heating with Experimental
circular geometry
9. | Saffarianetal. (2020) Iran Changed the flow dlr_ectlo_n, U- Numerical
shaped, wavy and spiral pipes
10. | Mohammad et al. (2020) Iraq spiral solar_ collector without Experimental
lens and with lens
11 Muthuraman. et al. India Solar water collector, curved Exoerimental
© 1 (2021) and spiral type flow P
12. | Baylar. et al. (2009) Turkey l;llumerlcal Modeling of Venturi Numerical
ows.
Heat exchangers with shell-
13. | Moosavi. et al. (2016) Iran and-coiled-tube that have air Experimental
bubble injection.
solar collectors using a single
14. Panthalookaran and India | fluid to cool it with water or Experimental
George (2016) o
with air only.
Double Pipe Heat Exchanger .
15. | Heyhat. et al. (2018) Iran with Air Bubble Injection, Experimental
Air bubble injection on Helical :
16. | Kreem. et al. (2019) Iraq Coiled Tube Heat Exchanger. Experimental
. . Experimental
17. Viacheslav Shemelin and Czech | A dual air/water solar collector. and
Tomas Matuska (2019) :
Theoretical
18. | Mohammed. et al. (2020) Iraq Air bubble injection Experimental
The effect of injecting air .
19. | Hasan. et al. (2021) Iraq bubble size. Experimental
Sajida Lafta Ghashim Air bubble injection in a heat
20. | and Ayser Muneer Flayh Iraq exchanger with two helical Experimental
(2021) coils.
. Experimental
21. | Jawad. et al. (2022) Iraq S&Sed and open system Spiral and
' numerical
: T Experimental
22. | Zahraa Mohammed Iraq A}lrebubble Injection in wavy and
PIPE. numerical

2.3 Aim of This Work

The current thesis focuses on the air bubble injection technique for

wavy pipe of solar water flat plate collector. Investigating the effects of

adding tiny air bubbles to a model that was examined numerically and

experimentally. A flat plate solar collector's efficiency for both opened and

closed systems with multi water flowrate.
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Chapter Three

Theoretical Model
Introduction

ANSYS Fluent gives extensive modeling capabilities for a large
variety of incompressible and compressible, laminar and turbulent fluid
flow issues. It is possible to accomplish steady-state or transient analysis.
In ANSYS Fluent, a wide range of mathematical models for transport
phenomena (such as heat transmission and chemical reactions) is

connected with the ability to represent complicated geometries[34].

Simulation programs have been very helpful in the development of
various scientific applications. These programs have made it much easier
and less expensive for researchers to create simulations that would help
them solve many problems involving the design and operation of different

systems

3.1 Part I: Numerical Simulation
3.1.1 System Geometry

Geometric models created with the SOLID WORKS 2021
application are used to depict the real dimensions of study case geometries.
The system's configuration is shown in figure (3.1) and detailed in table
(3.1), which contains a (120*80) cm? rectangle area with a wavy tube that
Is designed to cover the largest possible collector area by taking into
account the symmetrical pitch and pipe bending and curves to each line
with the other pipe lines. Eight-meter-long copper tubes are placed on top

of the aluminum plate with 1 mm thickness.
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_, 120 cm

80 cm

Figure 3-1: Solar Water Collector

Table 3-1: Designed Dimensions of Flat Plate Solar Collector.

Collector length L. 120 cm
Collector width w 80 cm
Collector height H 24 cm
Thickness of insulation X 3cm
Tilt angle O 45°
Pipe diameter D 0.0125m
Pipe length | 8m

3.1.2 Basic Governing Equations

In order to evaluate and create a mathematical model, the
mathematical formula for water flow and heat transfer in the forced
convection of a solar water collector was established according to the

following assumptions:

1. Steady state.

2. Incompressible fluid.
3. Newtonian fluid.

4. Turbulent flow.

5. Three-dimensional.
6. Gravity on
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The continuity, momentum and energy conservation equations for
each phase were solved using a mixture model, which is particularly useful

when the phases move at different speeds.

The mixture model is the simplest multiphase model which can be
used in a variety of applications. It has the ability to simulate multiphase
flows in which the phases move at various speeds but remain in local
equilibrium over small spatial length scales. Moreover, mixture models can
be used to calculate non-Newtonian viscosity for homogenous multiphase
flows with very strong coupling and phases moving at the same velocity.
The mixture model solves the following equations: continuity equation,
momentum equation, energy equation, and the volume fraction equation

for the secondary phases [34].

3.1.2.1 Conservation of Mass (Continuity)
A control volume's internal mass growth must be equal to the mass
inflow minus the mass outflow through the surface. For an incompressible

fluid, this may mathematically be stated as[34]:

d
a_ (pm) + V. (pmﬁm) =0 (3'1)

The averaged mass velocity, 7, , is denoted as

n A0,V
ﬁm _ Yk=1 Ak Pr Uk (3_2)
Pm

And p,, is the mixture density:

n

Pm = z Ak Pk (3-3)

k=1
ay 1s the volume fraction of phase k.
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3.1.2.2 Momentum Equation

The second law of Newton is the source of the other fundamental set
of equations that regulate fluid flow (the conservation of momentum). The
equations are known as the Navier-Stokes equations, and they have the

following form for incompressible fluids[34]:

a - - -
a_ (vam) + V. (pmvmvm)
t
= —Vp + V. [ty (Vi + VB + pd + F
n
V. (Z PV gr, 13 ar, )
k=1 (3-4)

Where u,, is the mixture viscosity F is a force by body, n is the

phases number; u,,is given by:

n

Um = Z Qi (3-5)

k=1
where vy, . is the secondary phase k drift velocity.

17dr,k = Vi — Uy (3-6)
3.1.2.3 Energy Equation

The transfer of heat inside the flow field is represented in the

following equation[34]:

n n
0 -
= (@pB) + V. ) (i (B + ) =V. (kepsVT) _
0, (3-7)
k=1 k=1
+ Sg
The original term in the correct side of equation (3-7) denotes the

conduced energy transfer.

Sg includes all other heat volumetric sources, where k.r is the

conductivity effective, Y a; (ki + k¢)) and k.,is the thermal conductivity

turbulent.
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3.1.2.4 The k-¢ Turbulence Model

The main purpose of using turbulence modeling is to prompt the
equations to anticipate the time-averaged velocity, pressure, and
temperature fields, without calculating the complete turbulent flow pattern
as a function of time. The following equations were used to set the
turbulence k- ¢ parameter of the conventional mixture model to the
discrepancy between the computational and experimental data based on the

two-phases model [34]:

d 4 He,
3, OmlO) + V. k) = V(52 k) + G = pime (3-8)
a -
3. (om €) + V. (P U €)
t (3-9)

Ht, €
- V.( = VE) + E(CleGk,m — C2ePm €

O-E
where € is the turbulent dissipation percentage, and G, is the
generation of turbulence kinetic energy, o for k and e, is the turbulent
Prandtl number. The following formulas are used to calculate the mixture's

density and speed:

n

Pm = z a;p; (3-10)
k=1
n >
5 = i:ll aipiv; (3-11)
i=1 %iPi

The turbulence kinetic energy production, G .,, and turbulent

viscosity, u; ,, , are calculated as follows:

kZ
Htm = pmcm? (3-12)
Grm = #t,m(vgm + (Vf}m)T); VI_7>m (3-13)
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3.1.2.5 The Secondary Phases VVolume Fraction Equation
The secondary phase p volume fraction equation can be obtained

from the continuity equation for secondary phase p [34]:

0 S
a_t (“ppp) +V. (“pppvm)

(3-14)

n
= —V.(apppParp) + Z(mqp — Mpg)
=1

3.1.3 The Boundary Conditions

The flow and thermal variables on the physical model's boundaries
are specified by boundary conditions. Thus, it is an important component
of the FLUENT simulations and must be properly specified. The Table

(3.2) displays the zone's boundary conditions for model elements.

Table 3-2: Demonstrating the Boundary Conditions

Boundary — Inlet Water

Mass flowrate: Water Flow rate (0.5, 1, 1.5 and 2) L/min
Air Flow rate (0.15, 0.25 and 0.35) L/min

Estimated upon the weather conditions for the first four
months in Holy Karbala.

Boundary — Outlet water
Outlet Mass flowrate
Pressure (Gauge pressure) |0 Pa

Inlet

\Water Inlet Temperature

Boundary — Wall

Type Walls
Heat Flux (Solar intensity)|Calculated from equations as in [35]

3.1.4 Mesh Generation

The solution in ANSYS is based on the finite element method,
commonly known as a grid, which divides the geometry into small parts.
This means that a liquid or solid body can be created from a network of
elements connected to points and lines, which could in turn forms the

network necessary for the program to proceed with the solution beginning
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with Point one to first-line to the first item, and etc., to run thousands or

hundreds of computations which verify each iteration.

Tetrahedrons that shown in figure (3.2) are the suggested lattice type
for this simulation. Choosing a network, or more precisely, understanding
how to select a network that is appropriate for the current case, is the key
to each stage of a numerical solution. Having a better network is the key to
developing the ANSYS network in the 3D example. Geometric patterns
must be specified in as many blocks as possible in order to obtain
trustworthy results. After multiple iterations of testing, the feature network
findings were created as depicted in table (3.3). The figure (3.3) shows
computational grid for the flat plate solar water collector that using in this
study, while figure (3.4) illustrates megascopic mesh for sections (A and

B) that was taking from figure (3.3).

0¢ v ]

Figure 3-2: Tetrahedron Cells [36].
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Figure 3-3: Computational Grid for Solar Water Collector

Figure 3-4: Megascopic Mesh Section from Figure (3-3)
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igure 3-4: otd. |

Table 3-3: Mesh Details

Details of the Mesh Values
Number of Elements 2870905
Number of Nodes 968084
Rate of Growth 1.2
Normal Curvature Angle 18.0°
Diagonal Bounding Box 1314.1 mm?
The Average Surface Area 7999.1 mm?
Length Edge 2.0 mm

3.1.5 Simulation Procedure

FLUENT solves the governing, integral equations for, the
conservation of mass, momentum, energy, and other scalers. There are two
processors, used to solve the flow and heat transfer equations. The first
preprocessor is the program structure, which creates the geometry, and
grid by using the SOLID WORKS 2021 application. The second post-
processor is solving Navier-Stokes equations, that include continuity,

momentum, and energy. The Simulation procedure for the fluent was
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shown in Appendix (A) and these procedures were illustrated in the

numerical simulation chart (3.5).

) Modeling Gemometry

) Mesh Generation

) Selection Model Equation

) Initial and Boundary Condition Settings

) Problem Solving

) Results Analysis

Figure 3-5: Numerical Simulation Chart

3.1.6 Grid Independence Mesh

For the grid independence study, working substance has been taken
as water and the simulation was run at flowrate of 0.5 L/min. Grid
independence test was carried out to discover the optimum grid size for the
present study. Six different elements of mesh from (9.5x10° to 4x10°) were
tested to find out the effect on the outlet temperature. It has been found that
there is no significant change in outlet temperature beyond the mesh
elements of 2.87x10° which is shown in figure (3.6) and table (3.4).
Therefore, for the present study, the mesh elements of 2.87x10° has been

used to perform all the simulations.
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Table 3-4: Grid Independence Mesh Test

No. No. of element T out (°C)
1 9560000 36.2
2 1578443 37.6
3 2147566 38.45
4 2870000 39.02
5 3453222 39.07
6 3984775 39.1
39.5
%9 Qe o o)
385 o
S 315 0
= 37
2 365
36 L
0 1000000 2000000 3000000 4000000 5000000
No. of element in mesh

Figure 3-6: Grid Independence Mesh Test

3.2 Part I1: Collector Performance Calculations

The thermal properties of the collector materials and collector design
can be thoroughly analyzed under controlled settings. Solar radiation
mainly depends on local weather and location. In for the first months
(January, February, March and April), the experimentations were carried
out with clear sky conditions. The performance of a flat plate solar collector
with various flowrates was evaluated. The energy collected is converted to
the thermal energy of water in the pipes [24]. The following variables need

to be known for the tests:

Solar radiation at the collector plane, I.
Ambient air temperature, Ta.
Water temperature at the collector inlet, Tip.

Water temperature at the collector outlet, Toyt.

o &~ W nhpoE

Fluid volumetric flowrate, q.
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The amount of useful energy gained is calculated using the following
equation:
Q, = mCy, AT (3-15)
where:
Cy is water specific heat capacity (kJ/kg. °C),
AT = The temperature difference between the outlet and inlet of water
(°C), AT = (Tout — Tin).
m is the fluid mass flow rate (kg/sec) which can be calculated from
the equation (3-16).

m = pq (3-16)
Where q is the fluid volumetric flowrate (m®/s) and p is the water

density (kg/m3) and that can be calculated for the air-water mixture from
the equation (3-17).

P = QwaterPwater T Qair Pair (3-17)

Where « is the volumetric void fraction which is the ratio of the air

volumetric flowrate over the mixture volumetric flow rate written as [10]:

Qa

CQut+0Qq
Where Q, and Qy are air flow rate and water flow rate, respectively.

a, (3-18)
The efficiency, n of the transform the radiation of solar energy into
functioning heat in the collector results from the ratio of beneficial
transported medium of thermal flow by the of heat transfer Q,, to the total
radiation occurrence on the collector area, as in equation (3-19)
_Qu

T=T4,
u = useful energy gained (watt)

(3-19)

| = solar radiation (w/m?)

A. = collector area (m)
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Chapter Four
Experimental Work

Introduction

The most important studies on thermal performance and various
methods for improving the performance of solar water collectors were
covered in chapter two. The use of bubble injection technology through the
solar water collector has not been studied widely in the previous literature.
This technique has studied the effects of the air bubbles on the thermal
performance of the solar water collector in two situations; opened and
closed. The solar system has been installed with tilt angle 45°[37] based on
the location of experiments, (32.6160 °N) and (44.0249 °E) latitude and
longitude respectively for Karbala city (Iraq). Several parameters are taken
into consideration to achieve the objectives of this work, such as inlet
temperature, outlet temperature, plate temperature, air flow rate, water
flow rate, pressure drop, efficiency.
4.1 Design Consideration

A new model was designed, and manufactured. As illustrated in
table (4.1), the dimension of the solar water collector was chosen from the
research [38]which was an experimented in Babylon city that has almost
the similar weather condition in Karbala city. Determining angle of tilt
taking latitude of location and adding 15° for winter season [37].The wavy
shape design by adoption of [22] and [39]and manufactured and tested

experimentally for the first time with pipe copper with diameter 0.5 inch.
Table (4.1): Model Solar collector System

Property This work
Collector dimensions (120X80X24) cm?®
Pipe diameter 0.0125 m
Pipe length 8m
Inclination angle 45 degree
Pipe Arc angle 45 degree
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4.2 Opened and Closed Systems Working Principle

The working principle of the opened system which sketched in
figure (4.1), started when the pump draws water from the tank and pumps
it to the solar collector passing through the water flowmeter to control the
amount of water that through a one-way valve to prevent the water from
returning in reverse and then enters the solar collector from the bottom,
which is tilted at an angle of 45°. The collector contains wavy pipes, a shape
that was not used practically before in the previous researches. The
absorbing surface of the collector was coated by black paint to ensure that
the maximum amount of solar radiation is absorbed. The water will then
be heated by the solar radiation that fall on the collector area and exited
from the upper side of the collector then stored in an isolated storage tank

for use whenever it needed.

For the closed system, the working principle is the same procedure
at the opened system except that exit water is return to the tank that the
water was drawing from, which pumped to the collector again and again.
for many applications, the tank in the closed system was contained heat
exchanger to transfer the heat from the water to the fluid in the heat

exchanger as shown in figure (4.2).

To inject the air bubble into the systems (opened and closed), an air
compressor was used to supply the air to the system. The air was passed
through into air flowmeter to control the amount of air entering, then
passed through a venturi as shown in figures (4.1) and (4.2) to create an air
bubble that mixed with the water that flowed in the system. A data logger
with twelve sensors for digital temperature, solar power meter to measure
the intensity of solar radiation, a manometer to measure the pressure

difference and a computer for saving data were used in this experiment.
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Figure 4-1: Schematic Diagram of the Experimental Rig for Opened System
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Figure 4-2: Schematic Diagram of the Experimental Rig for Closed System
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4.3 Experimental Rig Components

The main components of the system are:
1. The collector.

Tanks.

Water pump.

Check valve.

Venturi.

o g bk~ w D

Air compressor.
4.3.1 The Collector

The main components of the solar collector are the casing, the glass
cover, the absorber plate, the pipe, and the insulation. Figure (4.3) shows
the construction of the collector frame by using angle iron bars, which
consists of a base for the storage tank welded by a rectangular frame tilted
45° from the horizon, that is used to hold the collector that consists of
aluminum alloy/white box with (120*80*24) cm?® with a 6 mm thick glass
top, inside which is an absorbent plate made of aluminum and coated with

a matte black paint to increase the absorption ability.

Figure (4-3). Steps of Collector Construction
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In order to design pipe shape, the unique wavy shape was chosen to
complete the collector design requirement. For the first time, such a shape
was manufactured and experimentally tested, and only a similar shape has
been tested numerically as in research [22]. A copper pipe with 0.0125 m
diameter was selected with 8 m long. The pipe was corrugated by using
special tool to make the wavy shape. The wavy pipe located in the pipeline
Is expected to be able to modify the way of interaction between air and
water and further affect the flow behavior in the whole pipeline system.
The angle of elbow (B) is selected to allow the wavy pipe to match the
pipelines upstream and downstream. Therefore, the elbow angle, f, is
45°[39].The wavy tubes are installed in the absorber plate using metal
pieces fixed with screws and fixed on the absorber plate to ensure a high
conduction ability as shown in figure (4.4) while table (4.2) show the

specifications of the flat plate solar collector.

Figure 4-4: Wavy Shape Pipe Manufacturing.
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Figure 4-4: Contd.

Table 4-2: The Solar Collector's Specifications

Parameters Specification
Sizes of the collector (120 x 80 x 24) cm?®
The Casing White aluminum alloy
Cross-sectional area 0.9600 m?
Material for Absorber Aluminum with black coating
Material of the tube Copper

e o Length: 8 m
Specifications for tubes Diameter: 0.0125 m
Material for insulating Fiberglass, Thickness:3cm
Covered glass Thickness: 6 mm
Angle of tilt 45°
4.3.2 Tanks

There are two kinds of tanks, the first tank (capacity 250 liters) was
used as a reservoir to contain the water. Before operation of the system, it
prefers to fill the tank more than half to get almost constant inlet
temperature for the system. The second tank was a storage tank (an isolated
tank) that stores hot water after it has left the solar water collector so it can
stay warm before it is used for other purposes, as shown in Figure (4.5).
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Figure 4-5: Isolated Tank

4.3.3 Water Pump
To discharge water from the tank to the water flowmeter, which is
attached to the flat plate solar collector system, the water pump TM20 type

was used. Table (4.3) contains a list of its specs.

Table 4-3: Specifications of the electric water pump

Parameter Comment
Power 150 W
Frequency 50 Hz
Maximum head 12m
Flow rate 25 LPM
Voltage 220V
Pressure 10 bar
Type TM20

4.3.4 Check Valve
The system used the check valve to ensure maximum accuracy in
the work and that no water or air bubbles returned to the storage tank as

indicated in figure (4.6).

Figure 4-6: Check Valve
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4.3.5 Venturi Meter

Microbubble generation techniques have been proposed in former
investigations. An effective technique using air bubbly flow into a
convergent-divergent nozzle (venturi tube), which consist of the intake
cylinder, converging section, ring, and diverging section as shown in figure
(4.7). Venturi injectors work by forcing water through a conical body
which initiates a pressure differential between the inlet and outlet ports.
This creates a vacuum inside the injector body, which initiates air suction
through the suction port. Water flow from up to down; air is introduced
into the middle. Air is sucked into a venturi injector then small bubbles
present after the suction port. The injector bubbles, greatly increasing the

surface area of air in contact with the water [38].

WATER FLOW ==p

OUTLET

«— THREAD
HASTELLOY® —»
C-28PRNG =
PORT BALL
KELF GASKET —> |
«— SUCTION PORT C#P
THREAD —>
“— HOSE BARB

f

SUCTION

WATER
FLOW

SUCTION

Figure 4-7: The Components and Schematic View for the Venturi Tube.
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4.3.6 Air Compressor

A refrigerator motor (type C-BZN200L) was used as an air bubble
Injector to provide the amount of air that was needed for the system, which
Is shown in figure (4.8). The characteristics of the air compressor are
illustrated in table (4.4). An air flowmeter was used to control and compute
the quantity of airflow entering the system by attaching a tube to one end

of the compressor and the other to the air flowmeter.

Table 4-4: The Specification of the Air Compressor.

Parameter Comment
Model C-BZN200L
Type CSIR
power 1/3 HP

Frequency 50 Hz

Voltage 220V

Figure 4-8: Air Compressor
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4.4 Measurements
There are several measurement devices utilized in the experimental

work, which they are:

Water flowmeter.
Air flowmeter.
Solar power meter.

Temperature recorder and Thermocouple.

o &~ WD e

Manometer.

4.4.1 Water Flowmeter

The water flowmeter type (ZY1A) was used in this experiment, with
a flow rate range of (0.8-8) LPM, high-specification materials and a + 4 %
accuracy, which has been calibrated manually by using a bucket of known
volume and stopwatch. The flowmeter was installed between the water
pump and the inlet section of the collector, to control the amount of water

that enters the system from the reservoir, as shown in figure (4.9).

Figure 4-9: Water Flowmeter
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4.4.2 Air Flowmeter

The air flowmeter is used to control the amount of air entering to the
system, which placed in between the air compressor and the venturi that
inject air bubbles into the solar collector, the flow range of (0.2-4) LPM,

as in figure (4.10).

Figure 4-10: Air Flowmeter
4.4.3 Solar Power Meter
The TES132 data logging solar power meter, which has an accuracy
of + 10% and range of (200-2000) w/m?, was used in the experiment to
measure the amount of solar radiation, as depicted in figure (4.11). The
device was calibrated by the central organization for standardization and

quality control as shown in appendix B.

Figure 4-11: Solar Power Meter

48



Chapter Four Experimental Work

4.4.4 Temperature Recorder and Thermocouple Nodes

The temperature measurements instrument is a digital thermometer
reader type (Lutron BTM-4208SD Temperature Recorder Data Logger
Meter) that shown in figure (4.12).

As numbered in table (4.5) and illustrated in figures (4.13) and
(4.14), six thermocouples are used to measure the temperature of the
system, they distribute as one in the center of the inlet pipe and other in the
center of outlet pipe. While three thermocouples for the absorber plate's
(top, center and bottom) fixed inside the plate by using an insulating
adhesive tape, allowing it to measure the plate's temperature alone,
independently of its surroundings. Also, there was one thermocouple to

measure the ambient temperature.

The device was calibrated by the central organization for

standardization and quality control as shown in appendix B.

Figure 4- 12: Temperature Recorder Figure 4-13: Thermocouple Type K
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Table 4-5: Location of the Thermocouples

Thermocouple No. Location
1 Tube inlet
2 Tube outlet
3,4and 5 Absorber plate
6 ambient

Figure 4-14: Thermocouples Location

4.4.5 Manometer

With twin inputs for differential pressure measurement, the Comark
C9555 pressure meter combines high accuracy with speed response with
range of pressure measurement of (0 £ 140) mbar. It measures the pressure
difference between a point on the pipe entering the solar collector and a

point on the tube leaving it, as shown in figure (4.15).

Figure 4-15: Digital Pressure Meter.
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4.5 Experimental Procedures

The rig was established in Karbala city with latitude and longitude
equal 32.616 ° N and 44.0249 ° E respectively with a 45° collector tilt angle
as showed in figure (4.16). Fourteen experiments were carried out in this
study, every experiment was carried out in outside on a cleared day, and

readings were recorded once the system had stabilized.

The tests were classified in to two types of system, opened and
closed type. Four water flowrates were taking (0.5, 1, 1.5 and 2) L/min for
both opened and closed systems, while air flow rates of (0.15, 0.25, and
0.35) L/min were employed for the most efficient case in both systems. All

of above classifications were illustrated in the table (4.6).

Figure 4-16: Photos for The Experimental Rig
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Table 4-6: The Experiment Procedure for opened and closed System

Type of System Type of working fluid Flowrate
Water (0.5,1,1.5,2) L/min
Opened system Air (0.15,0.25,0.35) L/min
Water + Air (0.15,01.2L5/,rg.i3r,]5\;vit/er;in Air
Water (0.5,1,1.5,2) L/min
Closed system Air (0.15,0.25,0.35) L/min
Water + Air 2 L/min water

(0.15,0.25,0.35) L/min Air

4.6 Uncertainty of Measurements

For accurate findings, each experiment was carried out three times
under identical operating circumstances. The calculation of uncertainty due
to systematic error and random error was evaluated using the following
equation was used to quantify the variance of the experimental results and
the estimated uncertainties. The variables which are measured their
Uncertainty are the solar intensity, ambient temperature, inlet temperature,

outlet temperature, temperature difference.as shown in the table (4.7).

The mean value of the variable x calculated as:

— Y xi

Xmean = Xaverage = — (4-1)
The standard deviation of x given by: c= /% (4-2)
The standard error is given by: Ome—s (4-3)

The uncertainty of the variable x is givenby: x=X + 6 m =X + — (4-5)
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Table (4.7) The Uncertainty calculations

No The Number | The tested 7 X Uncertainty
Variable of values value meany O om Percentage
X1 900
907.94
Solar X2 950
1 Intensity X3 832 880 | 55.88 9794 - 0.0015929
X4 838 -
X1 18
Ambient X2 164 | 17.3 | ) paag 17.717 01996
2 | Temperature X3 17.6 75 ' 0.342 17.033 .
X4 17.5 :
X1 20.5
19.995
Inlet X2 19.3 194
3 | Temperature X3 20 75 | 104 ) 025 18,055 0.0854
X4 18.1 '
X1 25
22.895
Outlet 21.6
4 | Temperature X2 20.5 g | 249 | 1245 0.0357
X3 21.9 20.405
X4 19.2
T t ié ‘1“;’ )17 2.97
emperature : ,
5 | Difference X3 1.9 5 | 199|079 L8 0.0559
X4 1.1 '
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Chapter Five
Results and Discussions
Introduction
Discussions of the numerical and experimental results are presented
in this chapter. In Holly Karbala City in (January, February, March, and
April) 2022, the study employed a solar water heater collector model with
various water and air flowrates. The effect of the following parameters on

the model was studied:

Solar intensity (w/m?).

Ambient Temperature (°C).

Inlet and outlet temperature (°C).
Pressure drops (kpa).

Temperature difference (°C).

o a k~ w b -

Solar collector efficiency.
All these variables were studied and investigated for different
weather conditions of incident solar radiation and ambient temperature to

show their effect on the collector's performance.

5.1 Validation

The results of the experimental parts of the current work were
compared with other experimental research in the same area of competence
in order to validate the findings. An opened system examination at a flow
rate of 1.5 L/min was compared with Khwayyir [40] as illustrated in figure
(5.1) for outlet temperature with time. Another research project in the same
field of study will investigate the flow rate of 0.5 L/min in closed systems.
The efficiency with time was validated with Mohammad [23] as shown in
figure (5.2). A good agreement was achieved with the experimental results

of the two studies and not exceed 10%.
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Figure 5-1: Variation in Outlet Temperature with Time Compared with Khwayyir [40]
Study for Open System With 1.5 L/min
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Figure 5-2: Variation in Efficiency with Time Compared with Mohammad [23] Study for
Closed System With 0.5 L/min

5.2 Part I: Numerical Results

Under the effect of various amounts of water flowrates, the
performance of the solar water collector was tested using ANSYS R1 2021.
The work was done by taking into account different time work to simulate
the FPSC(Flat plate solar collector) on different days throughout the
months (January, February, March and April) under nearly identical

conditions in terms of solar radiation, air temperature and wind speed, all
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of which had a clear impact on the performance of the solar water

collection device.

The work done in the program on multi parts, which first divided to
two working systems (opened and closed). These systems were simulated
and tested in four selective times with only water as working fluid. After
that, the efficiency was calculated to obtain the most efficient case to inject
air bubble to it.

5.3 Opened System without Air Bubble Injection

In this part, four water flowrate (0.5, 1, 1.5 and 2) L/min were
simulated for the opened system as shown in the contours figures from
(5.3) to (5.7), which is illustrate the temperature and pressure contours in
four different selective hours. Based on previous research, working hours
were adopted from (10 am to 3 pm) because the intensity of solar radiation
before 10 pm is low, as well as after 3 pm in the winter season and by
taking into account the weather boundary condition of Holly Karbala city

for the first four months of the year.

5.3.1 Temperature Contour for Opened System

The numerical study reveals that the best results are obtained in four
period time between (10:00 AM to 3:00 PM), the average range of solar
intensity for the solar collector area of (0.96) m? with title angle of 45
degree was (520 -1050) W/m? which can be calculated from solar
equations as in [35]. When the water flow rate (0.5 L/min) due to the
sluggish water flow through the copper tubes in the solar collector, which
offers the absorber plate more time to transfer the needed heat to the water.
At this flow rate, the resulting water is as hot as it can be, with the greatest
water outlet temperature in the opened system being (37.1°C), as shown in
figure (5.3). Figure (5.4) shows the effect of the water flowrate of (1 L/min)

on the temperature difference between inlet and outlet water during
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working hours (10 am - 3 pm) and shows the highest amount of water outlet
temperature is (30.1 °C). While figure (5.5) shows the effect of the water
flowrate of (1.5 L/min) on inlet and outlet water temperature difference
during working hours (10 am - 3 pm) and shows the highest amount of
water outlet temperature is (29.5 °C). Figure (5.6) shows the effect of the
water flowrate of (2 L/min) on the temperature difference during working
hours (10 am - 3 pm) and shows the highest amount of water outlet

temperature is (28.8 °C).

It was observed that lowering the mass flow rate (0.5, 1, 1.5, and 2)
produces an increase in the water output temperature, and thus an increase
in the difference between the outlet and inlet water temperature in the two
systems of closed and opened. This is because the heat transfer time
between the working fluid and the absorption plate has increased, so the
fluid exposed to solar radiation for a longer period, thus increasing the

heating of the fluid and obtaining a higher outside temperature
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Figure 5-3: Temperature Distribution Contours (°C) for the Time Period from 10:00 Am to
03:00 Pm for Opened System with 0.5 L/min Water Flowrate Without Air Injection.
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5.3.2 Pressure Contour for Opened System

In a solar collector, the total pressure drop is given by the sum of
two types of pressure losses: friction (or major) losses and local (or minor)

losses. The friction loss along a straight pipe of constant cross section is a
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function of the flow velocity, pipe length, pipe diameter and a friction
factor which strongly depends on whether the fluid flow is turbulent or
laminar. Figure (5.7) illustrates the values of pressure drops that almost
constant for each various water discharge (0.5, 1, 1.5 and 2) L/min, which
show the highest values are (5.09, 5.78, 6.5 and 6.9) kpa respectively. As
friction results between the fluid and the inner surface of the pipe Pressure
drop occurs. also, the higher the flow rate, the greater pressure drop that

because the relationship is direct depending on Darcy's equation.
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Figure 5-7: Pressure Distribution Contours (kpa) for Open System with (0.5, 1, 1.5 and 2)
L/min Water Flowrate Without Air Injection.

5.4 Closed System without Air Bubble Injection
As shown in the contours in figures (5.8) to (5.12), four flowrates
(0.5, 1, 1.5, and 2) L/min were simulated for closed systems. To simulate

the temperature and pressure contours for the first four months of the year,
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the weather boundary conditions of Holly Karbala city were taken into

consideration during four separate chosen hours from 10 AM to 3 PM.

5.4.1 Temperature Contour for Closed System

The numerical analysis reveals that the optimal results are obtained
during the four-hour period between (10 AM to 3 PM), according to solar
equations that can be seen in [35], the average range of solar radiation for
the solar collector area of (0.96) m? with a title angle of 45 degrees was
(520 -1050) W/m2. When the water flow rate is (0.5 L/min), which gives
the absorber plate more time to transfer the required heat to the water. The
resultant water is as hot as it can possibly be at this flow rate, with the
highest water outlet temperature in the closed system being (56.1°C), as
represented in figure (5.8). Figure (5.9) shows the effect of the flow (1
L/min) on the water temperature difference during working hours (10 am -
3 pm) and shows the highest amount of water outlet temperature is (38.3
°C). In the figure (5.10) shows the effect of the flow (1.5 L/min) on the
water temperature difference during working hours (10 am - 3 pm) and the
highest amount of water outlet temperature is (46.7 °C). In the figure (5.11)
shows the effect of the flow (2 L/min) on the water temperature difference
during working hours (10 am - 3 pm) and shown, as is the highest amount
of water outlet temperature is (43.8 °C). It was discovered that lowering
the mass flow rate (0.5, 1, 1.5, and 2) produces an increase in the water
output temperature, and thus an increase in the difference between the
outlet and inlet water temperature in the two systems of closed and opened.
This is because the heat transfer time between the working fluid and the
absorption plate has increased, so the fluid exposed to solar radiation for a
longer period, thus increasing the heating of the fluid and obtaining a

higher outside temperature
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5.4.2 Pressure Contour for Closed System

The pressure drop for the various water discharges is shown in

Figure (5.12). The contours demonstrate that as water flowrate increases,

the pressure difference also rises as a result of the direct relationship

between pressure drop and fluid velocity. The values of pressure drop that

almost constant for each various water discharge (0.5, 1, 1.5 and 2) L/min,
which show the highest values are (5.58, 6.12, 6.66 and 7) kpa respectively.

As a result of friction between the fluid and the pipe's inner surface There

Is a pressure drop. Furthermore, because the relation is direct according to

Darcy's equation, the higher the flow rate, the larger pressure drop.
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Figure 5-12: Pressure Distribution Contours (kpa) for Closed System with (0.5, 1, 1.5 and 2)

L/min Water Flowrate Without Air Injection.

70




Chapter Five Results and Discussions

Total Prassure ANSYS Total Prassuny ANSYS
Conlowr 1 2001 Contour 1 2000
6.651 7004
. 6. ZZS . 6.568
5820 818
5412 5691
4.9% £253
4580 4815
41863 4372
3747 3940
3331 3502
2914 3084
24% 2827
2082 2189
1.665 1751
g 1243 1313
I 0833 0878
0418 0438
0000 0000 .
[kPa) ( 4 ) kPa) ( /j
{ 4
|" v
| \‘
‘ .
q 230 4D o 3 L) 0.0
Water Flowrate 1.5 L/min Water Flowrate 2 L/min

Figure 5-12: Contd.

5.4.3 Velocity Contour for Opened and Closed System

During the simulation process, it was observed that there is a
matching in the velocity contours for both closed and opened systems to
the same discharge, due to the cross-sectional area of the tube is constant.
Figures (5.13) to (5.16) show the velocity contours for the case when the
system work at (0.5, 1, 1.5 and 2) L/min only in the present work for both
opened and closed systems, by taking into account the timework from
(10:00 AM to 03:00 PM) to simulate the flat plate water solar collector.
When 0.5 L/min of water flows, the average velocity is (0.067 m/s), while
at 1 L/min of water flows, the average velocity is (0.135 m/s), the results
show at 1.5 L/min of water flows, the average velocity is (0.19 m/s), but at
2 L/min of water flows, the average velocity is (0.25 m/s). The contour
sections for all cases show a water steady stream through the pipes with
increasing water velocity in the bending of the pipes. This was due to the
fact that the flowrate was constant along the pipe cross section area,

resulting in constant fluid velocity according to the discharge formula.
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Figure 5-14: Velocity Distribution Contours (m/s) for the Time Period from 10:00 Am
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Figure 5-16: Velocity Distribution Contours (m/s) for the Time Period from 10:00 Am
to 03:00 Pm for Both Systems with 2 L/min Water Flowrate Without Air Injection.

5.4.4 Optimum Case for the Water Flowrates
After completing the simulation to the two-type system (Opened and

Closed) for the four flowrate categories (0.5, 1, 1.5 and 2) L/min, the
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efficiencies were calculated to each flow rate to find the most efficient case
to inject the air bubble. By using equation (3-15), the useful energy was
calculated and applied to the efficiency equation (3-19), it was observed
that the useful energy reached its maximum value when the water flowrate
for the opened system was 1 L/min and 2 L/min for the closed system
comparing with the other flowrates. These results led to conclude that 1
L/min was the most efficient flow rate for the opened system and the closed

system was 2 L/min water flow rates shown in the figures (5.17) and (5.18).

50%

40% | :
S T——%
?30% i ——2 L/min
é o006 | 0.5 L/min
L —a—1 L/min

10% 1.5 L/min

0% - - - -

10:00 AM 11:00 AM 12:00 PM 3:00 PM
Time

Figure 5-17: The System Efficiency for All Cases of the Opened System Without Air
Injection for (0.5, 1, 1.5 and 2) L/min
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Figure 5-18: The System Efficiency for All Cases of the Closed System Without Air
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5.5 The System with Air Bubble Injection

Due to the air bubbles' buoyant force and movement, there is
significant mixing occurring inside the heat exchanger pipe. The random
motion of bubbles will mix the liquid bulk and break down the
hydrodynamic and thermal boundary layers, enhancing heat exchange in
thermal systems. In order to choose the suitable air flowrates to mixed with
the most efficient water flowrate of (1 and 2) L/min for both opened and
closed system respectively, a simulation was carried out for several
discharges of the air flowrates, three discharges were chosen which are
(0.15, 0.25 and 0.35) L/min. It was observed that when the amount of air
flowrate is greater than 0.35 L/min, choking occurs in the fluid stream due
to the large amount of air compared to the specifications of this system
cause a stop in the flow stream and the occurrence of high pressure drops.
As for pumping air flowrate less than 0.15 L/min, it was observed that there
was no significant effect of the added air to improve the thermal

performance of the system.

5.5.1 Opened System with Air Bubble Injection

After finding the most efficient case in opened system without air
bubble injection, which was (1 L/min water). The air bubbles were injected
to the system at three different air flowrates of (0.15, 0.25 and 0.35) L/min
and simulated by using Ansys program to find the most efficient case in

four period time between 10:00 a.m. to 3:00 p.m.

5.5.1.1 Temperature Contour for Opened System

Simulation is carried out using ANSYS R21 program the
performance of the solar water collector was tested numerically. The work
was done in four period time form (10 Am to 3 Pm) with average solar
calculated range of (600-1200) w/m?, which injected three different air
flowrates of (0.15, 0.25 and 0.35) L/min to the most efficient case in the
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opened system, which was 1 L/min. The simulation results in figure (5.19)
shows the temperature contours of flowrate (1 L/min water and 0.15 L/min
air) during working hours (10 am - 3 pm) and shows the highest value of
water outlet temperature is (42.2 C). While the figure (5.20) shows the
temperature contours of flowrate (1 L/min water and 0.25 L/min air) during
working hours (10 am - 3 pm) and illustrated that the highest value was
(415 C) for the outlet water temperature. Finally, the figure (5.21)
illustrated that (37.7 C) was the highest degree for the flowrate (1 L/min
water and 0.35 L/min air) during working hours (10 am - 3 pm). The results
show that air flowrate at 0.15 L/min gives a small enhancement comparing
with 0.25 L/min. when the flowrate was 0.25 L/min, the enhancement
being much better because the relation between the water and air reach to
it perfect value. After adding 0.35 air with the 1 I/min water, the mixture
being not satisfied to the system and gives less enhancement which can

observe in the results below.
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Figure 5-19: Temperature Distribution Contours (°C) for the Time Period from 10:00 Am to
03:00 Pm for Opened System with 1 L/min Water Flowrate with 0.15 L/min Air Bubble
Injection.
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5.5.1.2 Pressure Contour for Opened System

For air bubbles that were injected by the air flowrates of (0.15, 0.25
and 0.35) L/min, the pressure drop was simulated and shown in figure
(5.22). As expected, given the same conditions and flow rate, the pressure
drop for the air/water mixture was larger than that of water. The values of
pressure drop for each various air flowrates (0.15, 0.25 and 0.35) L/min,

which show the highest values are (12.04, 9.6 and 10.48) kpa respectively.

80




Chapter Five Results and Discussions

Total Pressus ANSYS i ANSYS
Contour 1 071™ 1 200 W
12.049 0
. 11.296 00
10.543 00
9700 79
9.037 7.1
8.284 599
7531 409
6,778 399
6.024 ' 4708
521 4198
4518 3598
3.765 2448
3012 2398
2258 1798
1508 1147
0.753 0.587
0.000 -0.002
[kPa) [kPa)
3
),
V4
g
. I - P © [
o B .
(1 L/min water and 0.15 L/min air) (1 L/min water and 0.25 L/min air)
Total Pressure ANSYS
Conlour 1 09 W
10.482
Q827
817
8516 \
7861
7206
8551 \
$.896 |y
| 32-1\ )
586
2431 &
2278 {
2620 \
1985
1310
0455
0400
[kPa)

A
T —

(1 L/min water and 0.35 L/min air)

Figure 5-22: Pressure Distribution Contours (kpa) for Opened System with Air Injection at
(0.15, 0.25 and 0.35 L/min) for 1 L/min Water Flowrate.

The lower the pressure drop led to less additional power is required
to transport the fluid in the pipeline and lower energy consumption. so that,
according to the figure (5.22), the injection of 0.25 L/min air flowrate is

lowest pressure drops for the opened system.

By taking into the account the efficiencies of the three air bubble
injection cases (0.15, 0.25 and 0.35) L/min, which they simulated by the
Ansys program. It found that injected 0.25 L/min air into 1 L/min water
was the most efficient case according to the schematic figure (5.23). When
mixing 0.35 L/min air with 1 I/min water, the results show that the mixture
does not satisfy the system's requirements and gives less improvement, as

shown in the results below. When compared to air at flowrate of 0.25
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L/min, air flowrate at 0.15 L/min provides a slight improvement. The
enhancement was significantly better when the flowrate was 0.25 L/min

because the mixing between the water and air reached its perfect value.
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Figure 5-23: The System Efficiency for the Opened System with Air Injection flowrates of
(0.15, 0.25 and 0.35 L/min) for 1 L/min Water Flowrate

5.5.1.3 Velocity Contour for Opened System

Figure (5.24) show the velocity contours for the most efficient case
when the system works at water flow rate 1 L/min mixed with 0.25 L/min
air flowrate by taking into account the time period from (10:00 AM to
03:00 PM). The air flow creates better turbulence in the flow and thus
enhances the heat transfer coefficients of the tube surfaces in contact with
the air-water mixture. Section (A and B) were taken from the air contour

at the elbows, showing the flow vortex that mixed the flow.

82



Chapter Five

Results and Discussions

AIR.Velocity
Contour 1

0.904 A
0.847
L 0.791
0.734
0.678
0.621

A {
[m s”-1] i

0.200

0.100

Section A .;

B ANSYS

2021

\ DN
\ VRN
AR

Ao\
Section B

Figure 5-24: Velocity Distribution Contours for the Time from 10:00 Am to 03:00

Pm for Open System with 1 L/min Water Flowrate with 0.25 L/min Air Injection.

5.5.1.4 Volume Fraction for Opened System

Volume fractions represent the space occupied by each phase, and

the laws of conservation of mass and momentum are satisfied by each

phase individually. The volume fraction is defined as the ratio of the

volume of one phase divided by the total volume of the mixture passing

through the cross-section per unit of time. The volume fraction for the air

water mixture is shown in the figure below (5.25), and the flow type of the

mixture was stratified.
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Figure 5-25: Volume Fraction Contours for the Time from 10:00 Am to 03:00 Pm

0
0.4¢0 0300

for Open System with 1 L/min Water Flowrate with 0.25 L/min Air Injection.

5.5.2 Closed System with Air Bubble Injection

After determining that the closed system with water flowing at the
rate of (2 L/min) was the most effective water flowrate. Meanwhile to
obtain the most effective case for the air-water mixture, the air bubbles
were injected into the system over a four-hour period between 10:00 a.m.
and 3:00 p.m. at three different air flowrates of (0.15, 0.25, and 0.35
L/min).

5.5.2.1 Temperature Contour for Closed System

The performance of the solar water collector was investigated
numerically by using the ANSYS R21 program. The work was carried out
during a four-hour period (10 Am to 3 PM) with average solar calculated
range of (600-1200) w/m?, with three different air flowrates of (0.15, 0.25,
and 0.35) L/min being injected into the closed system's most efficient case,

which was 2 L/min.

The simulation's results, shown in figure (5.26), illustrates the

temperature contours of a flowrate of (2 L/min of water and 0.15 L/min of
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air) during working hours (10 am to 3 pm). It reveals that the water outlet
temperature reached its greatest value of (51.5 °C). While the figure (5.27),
which shows the temperature contours of the flowrate (2 L/min water and
0.25 L/min air) during working hours (10 am to 3 pm), shows that the outlet
water temperature reached its highest value of (51 °C). Finally, the figure
(5.28) showed that the flow rate (2 L/min water and 0.35 L/min air) during
working hours reached a maximum temperature of (53.8 °C). (10 am - 3
pm). This is because the heat transfer time between the working fluid and
the absorption plate has increased, so the fluid exposed to solar radiation
for a longer period, thus increasing the heating of the fluid and obtaining a
higher outside temperature. so that, Lowering the mass flow rate (0.5, 1,
1.5, and 2) causes a rise in the water output temperature, and consequently
an increase in the difference between the outlet and inlet water temperature

in both closed and opened systems.

ANSYS
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A

[ 2% 0510 s 00
— m— — mm—
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Figure 5-26: Temperature Distribution Contours (°C) for the Time Period from 10:00 Am to
03:00 Pm for Closed System with 2 L/min Water Flowrate with 0.15 L/min Air Bubble

Injection.
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5.5.2.2 Pressure Contour for Closed System

Figure 5-28: Contd.

The pressure drops for air bubbles injected at air flowrates of (0.15,
0.25, and 0.35) L/min was simulated and illustrated in the figure (5.29).

Given the same environment and flowrate, it was showed that the pressure

drop for the mixture of air and water would be greater than for only water.

The maximum values for pressure drop for the different air flowrates (0.15,
0.25, and 0.35) L/min are (10.38, 10.125, and 10.09) kpa respectively. So
that, according to the figure (5.29), the injection of 0.35 L/min air flowrate

Is lowest pressure drops for the closed system.
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Figure 5-29: Pressure Distribution Contours (Kpa) for Closed System with Air Injection at
(0.15, 0.25 and 0.35 L/min) for 2 L/min Water Flowrate.

Based on the simulation by using Ansys program for the closed
system to the three air flowrates injection (0.15, 0.25, and 0.35 L/min),
which they took into account. It was discovered that the most effective
case, as shown in the schematic (5.30) was injecting 0.35 L/min of air into
2 L/min of water. The enhancement was significantly better when the air
flowrate was 0.35 L/min with water flowrate of 2 L/min because the
mixing between the water and air reached its perfect value comparing with
the other air flowrates 0.15 and 0.25 L/min.
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Figure 5-30: The System Efficiency for the Closed System with Air Injection flowrates of
(0.15, 0.25 and 0.35 L/min) for 2 L/min Water Flowrate

5.5.2.3 Velocity Contour for Closed System

When the closed system operates at a water flowrate of 2 L/min
mixed with an air flowrate of 0.35 L/min, Figure (5.31) illustrates the
velocity contours for the time period of (10:00 AM to 03:00 PM). The heat
transfer coefficients of the tube surfaces in contact with the air-water
mixture are improved by the air flow because it increases turbulence in the
flow. The flow vortex that was mixing the flow appeared in sections (A

and B) taken from the air contour at the elbows.

AIR . Velocity
Vector 1

- 1.083 A

\

0.271

ANSYS

20211

0.000
[m sA-1]

,‘_I
0128

Figure 5-31: Velocity Distribution Contours for the Time from 10:00 Am to 03:00
Pm for Closed System with 2 L/min Water Flowrate with 0.35 L/min Air Injection.
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Figure 5-31: Contd.

5.5.2.4 Volume Fraction for Closed System

Each phase occupies space measured in volume fractions, and each
phase independently satisfies the principles of conservation of mass and
momentum. The ratio of the volume of one phase divided by the overall
volume of the mixture flowing through the cross-section per unit of time is
known as the volume fraction. The volume fraction for the air/water

mixture is presented in the figure below (5.32).
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Figure 5-32: Volume Fraction Contours for the Time from 10:00 Am to 03:00 Pm
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for Closed System with 2 L/min Water Flowrate with 0.35 L/min Air Injection.
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5.6 Part Il: Experimental Results

The experimental work done in the Karbala city on multi parts,
which first divided to two working systems (opened and closed). These
systems were tested in four period time each 30 minutes from (10 Am to 3
Pm) with only water as working fluid. After that, the efficiency was

calculated to obtain the most efficient case to inject air bubble to it.

5.7 Experimental Results for Opened System Without Air Bubble
Injection

The experiments were carried out in four different water flowrates
for the opened system to determine the performance of the flat plate solar
collector with only water as a working fluid without air injection. With the
fluid's entering temperature, incoming solar radiation, and air temperature
all known, the exit temperature was determined. this section explores the
temperature differential between the inlet and outlet of the water, system
pressure drops and the system efficiency, as well as knowing which

flowrate is best for the system.

5.7.1 Outlet Temperature for Experimental Opened System

Figure (5.33 a) shows the system's inlet water temperature (Ti,) to
the water outlet temperature (Tou) during working hours (10 am to 3 pm)
and demonstrates that the maximum value of water outlet temperature
when the water flowrate is 0.5 L/min was (32.4 °C). While figure (5.33 b)
compares the water outlet temperature during working hours (10 am to 3
pm) with the system's input water temperature and demonstrates that the
maximum amount of outflow temperature was (30.1 °C) is occurs when the
water flowrate was 1 L/min. But the figure (5.33 c¢) shows the effect of the
water flowrate 1.5 L/min on the inlet and outlet temperature during
working hours (10 am - 3 pm) and shows the highest amount of outlet

temperature is (28.5 °C). Finally, the effect of the water flowrate 2 L/min
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on the inlet and outlet temperature during working hours (10 am - 3 pm)
was illustrated in figure (5.33 d), which shows the highest value of water
outlet temperature is (28.4 °C). Figure (5.34) show the plate temperature
for all flowrates of (0.5, 1, 1.5 and 2) L/min, which illustrate that the
average plate temperature was (47.25, 42.08, 39.06 and 37.65) °C
respectively. These results shows that the decrees in the amount of
discharge with remaining the cross-sectional area of the pipe is constant
leads to a decrease in the water flow velocity, and therefore the low
velocity of the water leads to an increase in the heat transfer gained from
the absorber plate to the pipe then to the fluid, which leads to a rise in the

temperature difference between the outlet and inlet water temperature.
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Figure 5-33 (a, b, ¢ and d): Water Outlet Temperature (°C) for Opened System Without

Air Injection with Time at Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min
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Figure 5-34: Plate Temperature (°C) for Opened System Without Air Injection with Time
at Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min
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Figure (5.35) show the temperature difference with time (10 am -
3pm) for different flowrate of water (0.5,1,1.5, 2) I/min, which it shows
that the largest temperature difference was (6.6 oC) at (0.5 L/min) at
average solar intensity of (980) W/m2, while the temperature difference
for (1, 1.5 and 2) L/min water flowrates were (3.9, 2.8 and 1.4) oC.

7 ~
3
Sor
551
53 [ /‘/‘/‘\‘_A\‘\‘
() B .
= i A .
51 4’———0—0——0—0—3*«3 — o
Iq—) 10:00 10:30 11:00 11:30 12:00 12:30 1:00 1:30 2:00 2:30 3:00
AM AM AM AM PM PM PM PM PM PM PM
Time
—o—for2l/min —m—for0.51/min —aA—for 11/min for 1.5 I/min

Figure 5-35: The Temperature Difference (°C) for all Cases of Opened System Without Air
Injection with Time at Different Water Flowrate (0.5, 1, 1.5 and 2) L/min
5.7.2 Pressure Drops for Opened System
The pressure drop was taken at different flow rates and the following
was noted that in the figure (5.36). It shows the pressure drop for the
different flowrate of water (0.5,1,1.5, 2) L/min which is almost constant
for each flowrate at working hours (10 am - 3 pm) and shows the amounts

of pressure drops is (5.3, 5.7, 6.13 and 6.65) kpa respectively.
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Figure 5-36: The Pressure Drop of all Cases for Opened System Without Air Injection with
Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min
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5.7.3 Opened System Efficiency

Figure (5.37) shows the efficiencies of the opened system without
air injection with different water flowrate (0.5, 1, 1.5 and 2 L/min) during
working hours (10 AM- 3PM), which can be observe the average
efficiencies is (27.5%, 31.8%, 27.8% and 20.6%) respectively. It was clear
that the maximum efficiency will occur with the water flowrate of 1
L/min). Efficiency was calculated for each flow rate to figure out the best
case for injecting the air bubble. When the useful energy was calculated
and applied to the efficiency equation (3-19) using equation (3-15), it was
discovered that the useful energy reached its maximum value when the
water flowrate for the opened system was 1 L/min compared to the other
flowrates. These results led to the conclusion that the most efficient flow

rate for the opened system was 1 L/min.
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Figure 5-37: The System Efficiency of all Cases for Opened System Without Air Injection
with Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min

5.8 Experimental Results for Closed System Without Air Bubble
Injection

To find out the performance of the flat plate solar collector using

only water as the working fluid, experiments were done in four different

water flowrates for the closed system. The outlet temperature (Tou) Was

e
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measured by taking into account the fluid's inlet temperature (Tin),
incoming solar radiation, and ambient air temperature. In addition to
determining the most efficient water flowrate for the closed system, this
part also looks at the temperature difference between the water's inlet and

outlet, system pressure drops, and system efficiency.

5.8.1 Outlet Temperature for Experimental Closed System

Figure (5.38 a) shows the effect of the flow (0.5 L/min) on the outlet
temperature (Tou) during working hours (10 am - 3 pm) compering with
the inlet water temperature (Ti,) and shows the highest amount of outlet
temperature is (51.1 °C). But the figure (5.38 b) shows the effect of the
water flowrate (1 L/min) on the inlet and outlet temperature during working
hours (10 am - 3 pm) and shows the highest amount of outlet temperature
Is (35.5 °C). The figure (5.38 c) illustrates the effect of the flow (1.5 L/min)
on the temperature difference during working hours (10 am - 3 pm) and
shows the highest amount of outlet temperature is (45.8 °C). For the water
flowrate (2 L/min), the figure (5.38 d) shows the outlet temperature for the
system with inlet water temperature during working hours (10 am - 3 pm)
and shows the highest amount of outlet temperature is (44.3 °C). Figure
(5.39) show the plate temperature for all flowrates of (0.5, 1, 1.5 and 2)
L/min, which illustrate that the average plate temperature was (61.14,
47.74, 52.35 and 54.55) °C respectively.
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Figure 5-38 (a, b, ¢ and d): Water Outlet Temperature (°C)for Closed System Without Air
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Figure 5-39: Plate Temperature (°C)for Closed System Without Air Injection with Time at
Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min

Figure (5.40) show the different flowrate of water (0.5,1,1.5, 2)
L/min with the temperature difference at time (10 am - 3pm), which it
shows that the largest temperature difference was (9.1 °C) at (0.5 L/min),
while the temperature difference for (1, 1.5 and 2) L/min water flowrates
were (3.9, 2.8 and 1.4) °C at average solar intensity of (1180) W/m?. These
results demonstrated that changes in discharge volume while maintaining
a constant pipe cross-sectional area result in a decrease in water flow

velocity. As a result, the low water flow velocity increases heat transfer
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from the absorber plate to the pipe and then to the fluid, which raises the

temperature difference between the outlet and inlet water temperatures.
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Figure 5-40: The Temperature Difference (°C) for all Cases of Closed System Without Air
Injection with Time at Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min

5.8.2 Pressure Drops for Closed System

The pressure drop was taken at different flow rates and the following
was noted that in the figure (5.41). It shows the pressure drop for the
different flowrate of water (0.5,1,1.5, 2) L/min which is almost constant at
working hours (10 am - 3 pm) for each flowrate and shows the amounts of

pressure drops is (5.42, 5.8, 6.12 and 6.78) kpa respectively.
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Figure 5-41: The Pressure Drop of all Cases for Closed System Without Air Injection with
Different Water Flowrates of (0.5, 1, 1.5 and 2) L/min
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5.8.3 Closed System Efficiency

As can be shown in figure (5.42), the average efficiencies are
(32.5%, 27.5%, 30.6% and 45.5%) for the closed system without air
Injection with varying water flowrates of (0.5, 1, 1.5, and 2 L/min)
respectively during working hours (10 AM- 3 PM). It was obvious that a

water flow rate of 2 L/min would result in the highest efficiency.

Efficiency %
N
Q
X
*
Y

10:00 10:30 11:00 11:30 12:00 12:30 1:00 1:30 2:00 2:30 3:00

AM AM AM AM PM PM PM PM PM PM PM
Time
——2 L/min 05L/min —A—1 L/min 1.5 L/min

Figure 5-42: The System Efficiency of all Cases for Closed System Without Air Injection
with Different Water Flowrate (0.5, 1, 1.5 and 2) L/min

5.9 Experimental Results for Opened and Closed System with Air
Bubble Injection

Air bubbles are created inside the test section (wavy pipe) of an
inclined flat plate collector by using the Venturi tube. The heat transfer
mechanism is improved by the injection of air bubbles in the pipe. After
calculating the efficiency for both systems, it shows at the time period
every 30 minutes of (10 AM to 3 PM), that the most efficient cases for
opened system was when the water flowrate was 1 L/min and when the
water flowrate was 2 L/min for closed system with water only as shown in
previous figures (5.36 and 5.40). So, air bubble was injected to the both
systems at air flowrates of (0.15, 0.25 and 0.35) L/min for opened and

closed system according to the analysis results.
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5.9.1 Experimental Results for Opened System with Air Bubble
Injection

5.9.1.1 Outlet Temperature for Opened System

The influence of water flowrate of (1 L/min) and air flowrate (0.15
L/min) on the water outlet temperature (To,) comparing with the water
inlet temperature (Ti,) during working hours (10 am to 3 pm) is shown in
figure (5.43 a), with the largest value of water outlet temperature being
(42.2 °C). The figure (5.43 b) shows the effect of the water flowrate of (1
L/min) with air flowrate (0.25 L/min) on the performance of heat
exchanger that effect on the water outlet temperature during working hours
(10 am - 3 pm) and shows the highest value of outlet temperature is (37.7
°C). Figure (5.43 c) illustrates how the water outlet temperature (Tou)
compared to the water intake temperature (Ti,) during working hours (10
am to 3 pm) was affected by the water flowrate of (1 liter per minute) and
the air flowrate of (0.35 L/min) and shows the highest value of outlet
temperature is (36.8 °C). Figure (5.44) show the plate temperature for all
air flowrates of (0.15, 0.25 and 0.35) L/min with 1 L/min water flowrate,
which illustrate that the average plate temperature was (71.03, 75.71 and
66.97) °C respectively.
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Figure 5-43 (a, b and ¢): Water Outlet Temperature (°C)for Opened System with Air
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Figure 5-44: Plate Temperature (°C)for Opened System with Air Injection and Time at
Different Air Flowrate of (0.15, 0.25 and 0.35 L/min) with (1) L/min Water Flowrate

Figure (5.45) show the different air flowrate (0.15,0.25 and 0.35)
L/min for 1 L/min water flowrate with the temperature difference at time
(10 am - 3pm), which it shows an enhancement for the temperature
difference with respect to the water only at 1 L/min without air injection.
The enhancement for temperature difference was (40.98%), (43.10%) and
(22.62%) at (0.15,0.25 and 0.35L/min) respectively at average solar
intensity of (1100) w/m?. This enhancement due to the air bubble influence
on the heat transfer process, the air bubbles create more turbulence in the
flow, which enhances the performance of heat transfer from the inner

surfaces of the tubes that come into contact with the air-water mixture.
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Figure 5-45: The Temperature Difference (°C) for all Cases in Opened System with Air
Injection of (0.15, 0.25 and 0.35 L/min) for 1 L/min Water Flowrate

5.9.1.2 Pressure Drops for Opened System

The pressure drop was taken at different flow rates and the following
was noted that in the figure (5.46). It shows the pressure drop for the
different air flowrate (0.15,0.25,0.35) L/min with the pressure drop for 1
L/min water only. The pressure drops with air injection become unstable
and fluctuated at working hours (10 am - 3 pm) for each flowrate and shows
the amounts of pressure drops is (6.4-11.9) kpa for 0.15 L/min air, (5.4-
9.3) Kpa for 0.25 L/min air and (6.07-10.3) kpa for 0.35 L/min air
respectively. When air is injected, the discharge value will increase, and
thus the pressure drop will increase according to the Hagen-Paseuille
equation. Because of the random movement of air bubbles, it leads to
pressure disturbance and instability of the readings when air is injected into
the system. The least difference in pressure was when injecting air with a

discharge of 0.25 liters / minute, as shown in the figure below.
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Figure 5-46: The Pressure Drop of all cases in (Opened System with Air Injection
at 0.15, 0.25 and 0.35 L/min) for 1 L/min Water Flowrate

5.9.1.3 Opened System Efficiency with Air Bubble Injections

Figure (5.47) show the solar collector efficiencies for different air
flowrate (0.15,0.25 and 0.35) L/min for 1 L/min water flowrate with time
period of (10 am- 3pm). To figure out the optimum case, efficiency was
calculated for each air flowrate (0.15, 0.25, and 0.35) L/min with a water
flowrate of 1 L/min. When the useful energy was computed by using
equation (3-15) and applied to the efficiency equation (3-19), it was
observed that the useful energy reached its highest value when the water
flowrate for the opening system was 1 L/min and the air flowrate was 0.25
L/min compared to the other flowrates. Which it shows an enhancement
for the system efficiency with respect to the water only at 1 L/min without
air injection. the enhancement for system efficiency was (30.89%),
(37.92%) and (20.03%) at (0.15, 0.25 and 0.35 L/min) respectively.
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Figure 5-47: The System Efficiency for all cases in Opened System with Air Injection of
(0.15, 0.25 and 0.35 L/min) for 1 L/min Water Flowrate

5.9.2 Experimental Results for Closed System with Air Bubble
Injection

5.9.2.1 Outlet Temperature for Closed System

The figure (5.48 a) shows the effect of the water flow (2 L/min) with
air flowrate (0.15 L/min) on the performance of heat exchange during
working hours (10 am - 3 pm) for the outlet water temperature (Tou) With
the inlet water temperature (Ti,) and shows the highest value of water outlet
temperature is (53.2 °C). While the figure (5.48 b) shows the effect of the
water flow (2 L/min) with air flowrate (0.25 L/min) on the outlet water
temperature during working hours (10 am - 3 pm) and shows the highest
amount of outlet temperature is (51.2 °C). Figure (5.48 c) illustrates how
the water outlet temperature (Toui) compared to the water intake
temperature (Ti,) during working hours (10 am to 3 pm) was affected by
the water flowrate of (2 L/min) and the air flowrate of (0.35 L/min) and
shows the highest value of outlet temperature is (52.3 °C). Noted that the
average plate temperature was (67.22, 73.15 and 82.80) °C for the above

cases, which illustrate in figure (5.49).
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Figure 5-49: Plate Temperature (°C)for Closed System with Air Injection and Time at
Different Air Flowrate of (0.15, 0.25 and 0.35 L/min) with (2) L/min Water Flowrate

Figure (5.50) show the different air flowrate (0.15,0.25 and 0.35)
L/min for 2 L/min water flowrate with the temperature difference at time
(10 am - 3pm), which it shows an enhancement for the temperature
difference with respect to the water only at 2 L/min without air injection.
The enhancement for temperature difference was (20.00%), (35.20%) and
(50.59%) at (0.15,0.25 and 0.35L/min) respectively, at average solar
intensity of (1130) W/m2. The air bubbles' influence on the heat transfer
process results in increased flow turbulence, which improves heat transfer

from the inner surfaces of tubes that come into contact with the air-water

combination.
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Figure 5-50: The Temperature Difference (°C) for all cases in (Closed System with Air
Injection at 0.15, 0.25 and 0.35 L/min) for 2 L/min Water Flowrate
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5.9.2.2 Pressure Drops for Closed System

The pressure drop was taken at different flow rates and the following
was noted that in the figure (5.51). It shows the pressure drop for the
different air flowrate (0.15,0.25,0.35) L/min with the pressure drop for 2
L/min water only. The pressure drops with air injection become unstable
and fluctuated at working hours (10 am - 3 pm) for each flowrate and shows
the amounts of pressure drops is (6.8-10.2) kpa for 0.15 L/min air, (6.6-
9.8) kpa for 0.25 L/min air and (6.5-9.1) kpa for 0.35 L/min air

respectively.
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Figure 5.51: The Pressure Drop of all cases in (Closed System with Air Injection at 0.15,
0.25 and 0.35 L/min) with 2 L/min Water Flowrate

5.9.2.3 Closed System Efficiency with Air Bubble Injections

The solar collector efficiencies for various air flowrates (0.15, 0.25,
and 0.35 L/min) for 2 L/min water flow rate with the time period (10 am -
3 pm) was illustrated in figure (5.52). Efficiency was computed for each
air flowrate (0.15, 0.25, and 0.35 L/min) with a water flowrate of 2 L/min
to determine the best case. When the useful energy was calculated using
equation (3-15) and applied to the efficiency equation (3-19), it was
discovered that when the water flowrate for the closed system was 1 L/min
and the air flowrate was 0.35 L/min compared to the other flowrates, the

useful energy was at its highest value. which demonstrates an improvement
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for the system efficiency compared to the water only at 2 L/min without
air injection. It was improved by (24.98%), (37.28%), and (53.71%) at
(0.15, 0.25, and 0.35 L/min) respectively.
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Figure 5-52: The System Efficiency for all cases in Closed System with Air Injection at air
flowrate of (0.15, 0.25 and 0.35 L/min) with 2 L/min Water Flowrate

5.10 Comparison Between Experimental and Numerical Results
5.10.10pened System with and without Air Injection

The results from the experimental and numerical analyses for
opened system without air injection were quite similar and did not differ
from each other as shown in figure (5.53). The biggest variance rate of
13.5% to 5% occurs at a water flow rate of 0.5 L/min. At 1.5 and 2 L/min,
the highest variance rate was 8%. While at 1 L/min, the highest disparity
was 12% to 0%.
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Figure 5-53: Comparison of Outlet Temperature (°C) between Experimental and Numerical
Results for Opened System without Air bubble Injection
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Figure 5-53: Contd.

For the opened system with air bubble injection, the comparison
shows a good agreement between the numerical and experimental results.
Which illustrated in figure (5.54) that the largest disparity was 4% for 0.15
L/min air flowrate, with 12% and 8.5% for 0.25 and 0.35 air flowrate

respectively.
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Figure 5-54: Comparison of Outlet Temperature (°C) between Experimental and
Numerical Results for Opened System with Air bubble Injection
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Figure 5-54: Contd.

5.10.2 Closed System with and without Air Injection

For closed system without air injection, both the numerical and
experimental results could be compared and they did not significantly
differ from one another. For 0.5 L/min water flowrate the biggest
difference rate of 13% to 7%. At 1 L/min, the percentage varied from 13%
to 8%. The maximum disparity rate is 9 percent at 1.5 L/min. Noted that it

reaches 8 % at 2 L/min as shown in figure (5.55).
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(c) For 1.5 L/min only water
Figure 5-55: Comparison of Outlet Temperature (°C) between Experimental and

Numerical Results for Closed System without Air bubble Injection
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The comparison reveals good agreement between the numerical and
experimental results for the closed system with air bubble injection. The
biggest variance was 6 % for 0.15 L/min air flowrate, with (13 to 3) percent
and (12.5 to 0) % for 0.25 and 0.35 air flowrates, respectively, as shown in
figure (5.56).
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Figure 5-56: Comparison of Outlet Temperature (°C) between Experimental and

Numerical Results for Closed System with Air bubble Injection

117



Chapter Five Results and Discussions

—8-Tin —@—ToutExp. —A—T outNum.
60
50 r
40 | /
30 r
20 r
10 r

Temperature °c

10:00 AM 11:00 AM 12:00 PM 3:00 PM
Time

(b) For 0.25 L/min Air flow rate

—-Tin —@—ToutExp. —A—T out Num.

a1 o
o O
T 1

o
T

o
T

Temperature °c
N W b
o
T

'_\
o
T

o

10:00 AM 11:00 AM 12:00 PM 3:00 PM
Time

(c) For 0.35 L/min Air flowrate
Figure 5-56: Contd.

118



Conclusions and
Recommendations




Chapter Six Conclusions and Recommendations

Chapter Six

Conclusions and Recommendations

6.1 Conclusions

The wavy solar water collector's performance in single-phase and

two-phase flow is described:

1.

The calculation shows for the numerical and experimental works that
the most efficient case for the opened system when the water flowrate
was 1 L/min by an average efficiency (31.8) %, while for the closed
system the most efficient case was at 2 L/min for an average efficiency
of (45.5) %.

The closed system efficiency enhanced by (24.98%), (37.28%), and
(53.71%) by adding air flowrate of (0.15, 0.25 and 0.35) L/min

respectively.

The efficiency enhancement for the opened system after adding air
flowrate of (0.15, 0.25 and 0.35) L/min was (30.89%), (37.92%) and
(20.03%) respectively.

When the working fluid was only water, the pressure drop was almost
stable for each flowrate and for the both systems. After injected air to
the system, the pressure drop became unstable and fluctuated. It was
observed for the opened system that the lowest fluctuating value for the
pressure drop was changed between (5.4 - 9.3) Kpa when the air was
injected at flowrate of 0.25 L/min with water flowrate of 1 L/min.
However, for the closed system when the air was injected at flowrate of
0.35 L/min with water flowrate of 2 L/min, the lowest fluctuating value

for the pressure drop was changed between (6.5 — 9.1) kpa.

When the water was the only working fluid at flowrate of 1 L/min, the

results shows that the average temperature difference for the opened
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system was (2.75°C). In the other hand, the air injection to the system
with flowrates of (0.15, 0.25 and 0.35) L/min enhanced the temperature
difference to (40.98%), (43.10%) and (22.62%) respectively with the

same water flowrate.

6. For the closed system when the water was the only working fluid at
flowrate of 2 L/min, the average temperature difference for the system
was (2.1 °C). In comparison, air injection into the system at flowrates
of (0.15, 0.25, and 0.35) L/min increased the temperature difference
with the same water flowrate to (20.00%), (35.20%) and (50.59%)

respectively.

7. Under the same conditions, it was found that there was a reasonable
agreement between the numerical simulation from the ANSYS R21
program and the experimental results. The percentage of various results

IS no more than 13.5%.

6.2 Recommendations for Future Works
The following suggestions are made as further topics of research
within the field of this study:

1. Using nanofluid as a working fluid.
2. Using a helical tube instead of a smooth-surface tube to obtain a
higher mixing ratio.

3. Using lenses to get more focus on solar radiation.
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Aeeendix B Calibration

Table (1) : Comparison between Standard solar Power meter and
TES 132 Data Logging Solar power meter Accuracy: ( (10 %) under testing

TES 132
Solar Power Sol :
. 6 olar Power
No. Time wj 3 meter
m 2
Standard Wim
under testing
| 10:06 648 649
2 10:48 735 733
3 11:30 765 776
4 11:54 795 801
5 12:25 790 784

Table (2): Comparison between two Data Logger ; the Standard Data logger and
Data Logger under the testing

et ey Time Data Logger Data Logger
.‘\ under testing Standard
e ¢C) (C)
1-‘. \ - s/ 10:30:59 307.3 308.3
Tt S 10:35:59 299.3 300.1
el 10:40:59 283 283.6
10:45:59 266 266.5
10:50:59 249.4 249.7
10:55:59 2334 234
11:00:59 218.9 219.4
11:05:59 205.4 205.8
11:10:59 192.8 1934
11:15:59 181.2 181.9
11:20:59 170.4 171.2
11:25:59 160.3 161.3
11:30:59 126.1 1233
11:35:59 102.6 102.6
11:40:59 86.4 86.6
11:45:59 74.9 753
11:50:59 66.2 66.4
11:55:59 59.1 59.4
12:00:59 53.6 53.9
12:05:59 49 49.2
12:10:59 453 £5.6
12:15:59 422 424
12:20:59 39.4 39.8
12:25:59 26.4 26.5
12:30:59 239 253
12:35:59 20.1 21.2
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Appendix B Calibration

Acevedited Lauh

?,.!u

A Coreddicntian we.
<CLO0R

Calibration Certificate
Central Organization for Standardization and Quality Control (COSQC)

Metrology Department - Physics Section
P.0. Box13032 Aljadriya street, Baghdad , Tel:7785180 - E-Mail : cosqc@cosqc.gov.iq

{FOR-TC-012)

Certificate No.: PHT 677 / 2021
Date of issue : 12/08/2021
Customer
Name: Laazgll LK / o3 S dmals
Address: il o2 S 3 el
Item under calibration
Description: Temperature Recorder 12 CH With TC (K) I Res.: 01 °C
Manufacturer: LUTRON
Model: BTM - 4208SD
Serial number: 1.144597
Other identification: (-200 ~--=-=- 1370)°C
Date of reception: Orderno.: (260) , Date of Reception:3/08/2021
Condition of reception: As Found
Standard(s) used in the calibration
Description: Digital Nano volt / Micro Ohm meter PT100
Manufacturer: Agilent _—
Model: 34420A —_—
Serial number: MY42000734 (1;3)
Other identification: ID : PHT-01- 17 ID: PHT-01-84, 86

* Calibration information -

Date of calibration:

10/08/2021 , Due to: 10/08/2022

Place of calibration:

PH LAB. 1

Method(s) of calibration:

Calibration method using - PROC-TC-012 (C)

Calibrated quantity:

Temprature °C

Results of calibration:

Attached a complete result in Annex 1 of this certificate

Measurement uncertainty:

The reported expanded uncertainty is based on UKAS M3003 Standard and the standard
Uncertainty multiplied by coverage factor k=2 to give confidence level of 95%

Metrological traceability:

The traceability of measurement results to the SI units is assured by the National standard
maintained at Central Organization for standardization and Quality Control through calibration at :~

UME /CER. NO (G1KS-0127)
Environmental conditions .
IoF calibration: Temp. [37.51°C RH. [23.5%
Observanons,f) el The results in Annex 1 should %\ﬁ ﬁ""‘i‘o\id\l*lon
recommendations:
Appro}l-ﬁby Rigd %
é f k
&\ QC Moy sser Ali Ta
\\ /! Head/0f Physics Section
\\;// 12/08/2021
1of 2
This isissued in with the laboratory an-n-dhlion requirements.it provides tracibility of to national to the units of measurement
d other than in full by photographic process.This certificate refers only to the

d. This fmay not be reprod;

realized at the COSQC or other 13

national
particular item submitted for calibration

Ref. Proc.Tc-012
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[Accrediten tan |
).U e,
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Acervdiarinm
Croow

Calibration Certificate
Central Organization for Standardization and Quality Control

Metrology Department - Physics Section  rorrcan)
P.0. Box13032 Aljadriya street, Baghdad , Tel:7785180 - - E-Mail : cosqc@cosqe.gov.iq

Certificate No.: PHT 677 /2021
Date of issue:  12/08/2021

Annex 1
Results
The results of the measurements are given on table below.
TC No. Set. Value Ref. (R) uucC (M) Error (M)-(R) Uncertainty +
¢ ¢ c° G c
T€1 25 25.01 259 0.85 1.04
TC2 35 34.98 35.7 0.74 0.95
TC3 45 45.04 45.8 0.76 0.88
TC4 55 55.01 55.80 0.79 0.92
TCS 65 65.02 65.70 0.68 0.79
TC6 75 23.02 2340 0.38 0.45
TC7 95 94.19 95.00 0.81 0.94

.

<5\

/ R\

Calibrated by: Revised /35, - TP f;"x Approved by:
Khalid Naser Hanaa Mohamihed ¢y )~ -Moyasser Ali Taher

12/08/2021 12/08/2021 / o) 12/0872021

N /

\:f/r‘;“‘
20f 2
This certificate is issued in with the fab Y d /| It provides tracibility of to recognized national

standards,and to the units of measurement realized at the COSQC or other recognized national standards laboratories.This certificate may not be reproduced
other than in full by photographic process.This certificate refess only to the particular item submitted for calibration

Ref. Proc.Tc-012
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ICEMEA-2022 < V7 Sy

ACCEPTANCE LETTER

Dear, [Zahraa Mohammed Kadhum, Mohammed Wahhab Aljibory, and Farhan Lafta Rashid]

We are pleased to inform you that your manuscript entitled (Experimental study to
investigate the influence of air bubble injection on solar water collector performance) has been
accepted for oral presentation at the 3™ International Conference on Electromechanical
Engineering and its Applications (ICEMEA-2022) to be held on July 19th - 20th, 2022 at the
University of Technology, Baghdad, Iraq. Decision was made upon double-blind review
process. The exact date, time and place of your presentation will be posted at the
conference website.

On behalf of the organizing committee of ICEMEA 2022, we are looking forward to
seeing you at the University of Technology, Baghdad, Iraq. If you have any further

questions, please do not hesitate to contact us.

Sincerely,

The Chairman of ICEMEA-2022
Professor Dr. Hosham Salim -

l1 .1 '




Appendix C Publications

AI I 6™ International Conference on Engineering Sciences
et Physcs ICES 2022

ID-Code: ICES-63

Authors: Zahraa Mohammed Kadhum, Mohammed Wahhab Aljibory, Farhan
Lafta Rashid

Date: 20/11/2022

Dear Authors,

On behalf of the scientific and organizing committees of the 6™ International Conference
on Engineering Sciences (ICES 2022), 1 am pleased to inform you that your manuscript
entitled “Numerical and Experimental Investigations for the Thermal Performance
of Flat Plate Solar Water Collector with Air Bubble Injections.” has been accepted for
publication in the conference proceedings of ICES2022. The accepted paper will be
published in the AIP Conference Proceedings which is indexed in the Scopus Journals
database. The 6" ICES will be held on 21-22 December 2022 Thank you for your interest
in participating in the 6™ ICES.

Best Regards

\_ .S\«.RA-&\,\_&_A

Prof. Dr. Laith Sh. Rasheed
Chair of the Organizing Committee -ICES
Dean of Engineering College at Kerbala University

https://sites.google.com/view/ices-
2022/home

+964-771-5907020 ices@uokerbala.edu.iq
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Appendix C

C:_cmqm&‘. of AlKafeel

Aeceptance Letter

Author(s) :Zahraa Mohammed Kadhum',Mohammed Wahhab )ﬂ__coég__umam: Lafta Rashid®

Affiliation : Mechanical Engineering Department, University of Kerbala, Karbala 56001, _Bn._ .Petroleum Engineering Department,
University of Kerbala, Karbala 56001, _BnN

Email of Corresponding Author : zahraa.khadim@s.uokerbala.edu.iq

Dear (author) We are pleased to inform you that your manuscript

Numerical Simulation for the Effect of Air Bubble Injection
after being peer- reviewed , has been accepted for participating in the

4 INTERNATIONAL SCIENTIFIC CONFERENCE OF ALKAFEEL UNIVERSITY , ISCKU 2022

in Al-Najaf Al-Ashraf, Iraq ,December 20th -21st , 2022 . Given that your manuscript will be published after passing.
the conference Scopus-indexed journals requirements

With Best Regards

AN BLDAHA mnOUC S’ AlP Publishing

Prof. Dr. N. Al-Dahan
Rector of Alkafeel University
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