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ABSTRACT 

Water is necessary for human survival; individuals consume (10-30 

L) of clean water daily for drinking, cooking, and other household 

activities. Contaminated water is not only unsanitary but also dangerous to 

one's health. The main aim of this study is to investigate this problem and 

improve freshwater productivity by developing a solar desalination unit 

(SDU) containing a solar still (SS) and a parabolic trough collector (PTC) 

that has a positive effect on cumulative productivity. Improving the heat 

transfer coefficient of the PTC is the key point of this study, which is 

performed by inserting a newly designed hollow cylindrical turbulators 

inside the parabolic trough receiver (PTR). The designed cylindrical 

turbulators inside a PTR are expected to improve the heat transfer 

coefficient and heat transfer area between a PTR and water as a heat 

transfer fluid (HTF) compared with other turbulators reported in the 

literature (twisted tape, rods, fins, etc.). The work was carried out 

numerically and experimentally under the climatic circumstances of 

Babylon city, Babil (32.77° N, 44.29° W), at the College of 

Engineering/Al-Musayab from 9:00 to 15:00, during selected days from 

October 2023 to May 2024. 

Numerically, the best design for the reflector of PTC was selected 

using the Parabola Calculator tool 2.0 then the resulted Excel sheet 

introduced into the ANSYS FLUENT 20.0 R-2 to perform the simulation. 

The PTC and cylindrical turbulators were designed and simulated using 

Solidworks and computational fluid dynamics (CFD) tools, respectively. 

The PTC is designed with dimensions of 2.00 m in length and 1.00 m in 

width. The related reflector is made of lined sheets of aluminium, and the 

tubes are made of stainless steel used to absorb heat. They have an outer 

diameter of 0.051 m and a wall thickness of 0.002 m. The cylindrical 

turbulators are coupled axially and also radially joined to the interior of the 
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PTR. Eighty different internal cylindrical receivers are examined and 

compared with the plain tube. The lengths, thicknesses, and numbers of 

turbulators are tested at varied values, and all these tubes are examined 

under a constant inlet temperature of 300 K and mass flow rates in the 

range of (0.6-1.0 kg/s). The developed model is validated with 

experimental correlations for plain tube from the literature review. The 

simulation findings demonstrated that the addition of hollow cylindrical 

turbulators may greatly enhance the uniformity of the temperature gradient 

between the wall of the PTR and the water. The optimum model of the 

cylindrical turbulators was selected to be a length of 0.040 m, a thickness 

of 0.002 m, and a number of 15 turbulators. This model recoded the 

Nusselt number ratio of 1.79, the friction factor ratio of 1.10, and the 

highest performance evaluation criteria 1.73. Moreover, the outlet water 

temperatures of the plain tube and modified tube are increased from 300 K 

to 325.5 K and 339.7 K, respectively. Based on the numerical findings, the 

optimum model of the hollow cylindrical turbulators was considered for 

the experimental work. 

Experimentally, the outlet water temperatures recorded 61.5°C and 

57.0°C for the modified PTR (tube with novel cylindrical turbulators) and 

the plain tube (tube without novel cylindrical turbulators), respectively. 

The heat gain reaches 1053.9 W in the modified PTR and 903.3 W in the 

plain tube. Compared to the PTC with a plain tube, the PTC with modified 

PTR showed 38% enhancement in thermal efficiency. It is concluded that 

the experimental results are in a good agreement with the numerical results 

of the optimal model of cylindrical turbulators. Also, the PTC performance 

is evaluated by comparing the experimental and numerical outcomes: the 

outlet temperature, useful heat, and thermal efficiency for modified PTR 

and plain tube. Finally, the productivity of freshwater from the modified 
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SDU (MSDU) (SS+PTC contained cylindrical turbulators) improved by 

89% and 15% compared to the conventional SS and SDU, respectively. 
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1 Chapter One: Introduction 
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1.1 Background  

Water treatment and purification are the procedures of getting rid of 

unfavorable chemicals, natural contaminants, as well as suspended solids 

from water. There are many technologies to produce freshwater, such as 

distillation, ion exchange, and membrane processes. Distillation is the most 

established desalting process that uses thermal processes for applications 

that are not applicable to be performed by electro dialysis reversal (EDR), 

for example, feed water with high salinity or where the feed water 

conditions would negatively affect the performance and the membrane life 

[1]. Many power plants produce freshwater and electrical power, such as 

the Umm Al Houl power plant in Qatar has a capacity of 2520 MW of 

electricity and 136.5 million imperial gallons of freshwater, and the Ras Al 

Khair power plant in Saudi Arabia has a capacity of 2400 MW. These 

power plants depend on non-renewable energy, so they are very costly. 

Therefore, the trend has shifted to producing freshwater using renewable 

energy, such as the Sydney station, which operates entirely using 

renewable energy sources (solar energy) to desalinate seawater [2]. 

Renewable energy is defined as energy found in nature in an 

unlimited state. It is constantly renewable, clean, and its use does not 

pollute the environment. There are many sources of renewable energy, 

including solar energy (which is the main source of energy on the surface 

of the earth), wind energy, tidal energy (resulting from the gravitational 

forces between the earth, the moon, and the sun), wave energy, geothermal 

energy, and temperature gradient energy in solar ponds [3]. The energy 

generated from burning agricultural and household waste is classified as 

renewable energy by scientists [4]. 

Because fossil fuels cause environmental pollution, the last two 

decades have witnessed a relatively large increase in the use of renewable 

energy compared to the use of non-renewable energy (natural gas and 
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coal). Therefore, it is expected that the use of renewable energy sources 

will increase in the coming decades, as shown in Fig. (1-1) [5]. 

 

Figure (1-1): The share of renewables in global power generation continued to 

increase [5]. 

The characteristics of renewable energy sources, which primarily 

derive directly or indirectly from the sun, contribute to their increasing use. 

There are some limitations associated with using renewable energy that can 

be succinctly outlined as follows [6]: 

1) It has a higher cost because the use of these sources requires 

many large areas and sized equipment, which results in a high 

initial cost to implement such a project. 

2) Since this energy is not available regularly and varies 

constantly with the time of day and season, energy storage in 

renewable energy systems is critical. 

3) Different forms of existence require the development of 

specific technical equipment for each energy source.  

Countries with mild climates and high temperatures have several 

opportunities to use solar energy systems with optimal performance. One 
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of these countries is Iraq, which possesses the capacity to use solar 

radiation for approximately 4000 hours annually in strategically 

advantageous locations with solar energy potential [7]. 

Recently, the availability of clean drinking water sources has become 

a big problem in the world, especially in Iraq. The water desalination 

process consumes a lot of fossil fuels and thus has an impact on the 

environment and human life, in addition to the high financial cost. Thus, 

attention has been driven toward utilizing solar energy for water 

desalination. 

1.2 Solar Radiation 

The sun creates solar radiation through a nuclear fusion process that 

generates electromagnetic radiation. The solar radiation spectrum, which 

has a temperature of roughly 5800 K, is comparable to that of a black body 

in the visible short-wave component of the electromagnetic spectrum, 

which contains nearly half of the energy. The second half of the spectrum, 

which includes some ultraviolet light, is more in the near-infrared range. 

Because of its influence on living matter and the potential to be used for 

practical purposes, solar radiation is becoming more valuable. It is a never-

ending source of natural energy with enormous promise for a wide range of 

uses, as well as other renewable energy sources, because it is abundant and 

readily available. [1]. 

It is categorized into three groups: 

1) Direct (Beam) radiation: This is the sun’s radiation that 

reaches the earth without being scattered. 

2) Diffuse radiation: It is the sunlight that travels across the 

atmosphere and clouds. 

3) Reflected radiation: The amount of solar radiation reflected 

from a surface of earth ground into the solar collector. 
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Position, atmospheric conditions, such as cloud cover, aerosol 

content, and ozone layer state; solar rotation and operation; time of day; 

and earth/sun distance all affect the amount of solar radiation reaching the 

earth's surface, as shown in Fig. (1-2) [8, 9]. 

 

Figure (1-2): The three major solar radiation components. 

1.2.1 Solar Radiation in Iraq 

Theoretically, Iraq is considered at the first level (white area) of solar 

exposure radiation, as shown in Fig. (1-3). According to Iraq's daily 

averaged solar insolation contour map, almost all of Iraq has the potential 

to establish large-scale solar utilities. In Iraq, the annual average of energy 

received daily from the sun ranges between 5.0 and 6.0 kWh/m
2
 as 

illustrated in Fig. (1-4) [10, 11]. 

Beam Radiation 

Diffuse Radiation 

Reflected 

Radiation 
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Figure (1-3): The world's solar radiation indicates that white areas have a higher 

potential for energy [10]. 

 

Figure (1-4): The sun's average daily radiation varies across different regions of 

Iraq [11]. 
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1.2.2 Solar Energy Exposure 

Usually, the duration of solar energy availability in Iraq is typically 

extensive, as indicated in Table (1-1).  

Table (1-1): Solar exposure period in Iraq [12]. 

Quantity Solar Exposure period 

Sunny hours 4100 hours 

Sunny day 333.6 days 

Cloudy days 31.4 days 

1.3 Solar Collector (SC) 

Solar Collector (SC) is a special type of heat exchanger that has the 

ability to convert solar radiation into useful energy that can be transferred 

by a heat transfer fluid (HTF) (such as oil, water, or air) to be used in many 

applications, including electricity generation, fluid heating, and water 

desalination. Figure (1-5) presents the schematic of the types of SCs [3, 

13]. 

 

Figure (1-5): Schematic of the SC types [3, 13]. 
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As shown in Fig. (1-5), non-concentrated solar collectors (NCSCs) 

are used for low-temperature (40-120ºC) applications, whereas 

concentrated solar collectors (CSCs) are used for medium- and high-

temperature (50-2000ºC) applications. Generally, the NCSC concentrates 

solar radiation on a high area, matching the area of absorbed radiation, 

while the CSC concentrates solar radiation on a smaller area, less than the 

area of absorbed radiation, thereby elevating the temperature of HTF to 

high values. Therefore, various applications such as power production [14, 

15], water desalination [16, 17], air conditioning, and other application 

areas [18] utilize the CSCs. The CSCs also have many geometrical designs 

but share some main characteristics, which can be summarized as follows: 

1) Reflector: It reflects and concentrates solar radiation at a focal 

point or along a focal line using reflective surfaces (such as 

aluminum, stainless steel, mirrors, etc.). 

2) Absorber (Receiver): It absorbs and transfers the reflected 

solar radiation into a Heat Transfer Fluid (HTF) for heating. 

3) Tracker: It tracks the sun's movement to increase the amount 

of incident solar radiation on the reflector. 

The CSC systems are typically divided into three categories, as 

indicated in Fig. (1-6) [19]: 

1) Parabolic Trough Collector (PTC): A parabolic trough-

shaped mirror reflector linearly concentrates sunlight onto the 

receiver tube, heating an HTF, which is then used to produce 

heated steam. 

2) Tower Solar Collector (TSC): This type of collector uses 

numerous heliostats as central reflectors to concentrate 

sunlight onto a central receiver located at the top of the tower. 
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Figure (1-6): The CSC systems are: a) parabolic trough collector, b) tower solar 

collector, and c) dish solar collector [19]. 

3) Dish Solar Collector (DSC): A dish-shaped reflector 

perfectly concentrates sunlight in two dimensions and runs a 

small engine or turbine at the focal point of DSC. 
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The DSC produces low quantities of HTF depending on the size of 

the engine at focal point of DSC. The TSC produces HTF at a higher 

temperature, more than 1000ºC. Because this the PTC is becoming more 

popular for research because of its wide range of temperatures and 

reasonable cost. As a result, the PTC will be the subject of interest for this 

project. 

The main problem in the PTC is the temperature variance of HTF 

behind the internal surface of the parabolic trough receiver (PTR) and the 

central flow of HTF. To solve this problem, turbulators will be used to 

distribute temperatures inside this PTR as well as increase the residence 

time of the HTF inside the PTR, thus harvesting more heat. 

1.3.1 Technology of the PTC 

Currently, the best validated solar thermal reflector technology is the 

PTC technology, as shown in Fig. (1-7). The solar technology uses a linear 

concentrator device to convert solar beam irradiance into thermal energy. 

PTCs utilization can be divided into two groups. The first group 

exclusively focuses on solar power plants. Currently, they have 

successfully tested and operated several commercial reflectors for this 

purpose. The temperatures achieved by those plants ranged from 300 to 

400C. Electric power cycles, both directly and indirectly, link the 

concentrating solar power plants with PTC [20]. The second group aims to 

provide thermal energy to applications that necessitate temperature ranges 

of (50-250ºC). These applications primarily involve industrial process 

heating, which includes tasks like cleanup, drying out, vaporization, 

distillation, pasteurization, sterilization, and food cooking, among others. It 

also encompasses applications with low-temperature heating demands and 

high intake rates, such as local warm water, space warming, and swimming 

pond warming, as well as heat-powered refrigeration and chilling [21]. 
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Presently, the term "medium temperature reflectors" refers to 

reflectors operating within the temperature range (50-250°C). The solar 

thermal industry aims to construct reflectors suitable for use in this 

temperature range. To date, this temperature range has resulted in a limited 

number of experiences [21]. It's quite common to find commercial 

processes that use warm water and steam with temperatures ranging 

between 80 and 180ºC. Given the possible reduction in the use of typical 

energy resources, which led to a reduction in carbon dioxide emissions, 

studies on solar heating systems that can operate at these temperatures are 

of great relevance. 

 

Figure (1-7): Parabolic trough collector system [22]. 

1.4 Applications of the PTC 

The uses of PTC have multiplied, and its exploitation and conversion 

into thermal or electrical energy have become commonplace at present, as 

it can be used for building heating, water desalination, generating electrical 

energy, and other important uses. In this section, the various thermal 
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applications of PTC will be discussed. PTC heats the building by heating 

the fluid (either air or water) flowing through a PTR, which then travels 

through a closed loop of pipes positioned in the building's wall and floor or 

via heat exchangers situated within the building's rooms [23]. The process 

of water desalination involves heating the water inside a PTR, which then 

passes through a solar still for condensing and transforming it into 

freshwater suitable for drinking [24]. There are two ways to integrate PTCs 

with solar thermal power plants: the first method involves running a steam 

turbine directly from PTCs, while the second method involves heating an 

HTF in the solar field and using it in a heat exchanger to generate steam 

that powers the steam turbine [20]. The most recent example using PTCs to 

generate electricity is the nine commercial solar power-generating systems. 

The construction and installation location is Mojave Desert in California 

with a total capacity of 354 MW. The first plant has a capacity of 14 MW, 

the next six plants have an output of 30 MW, and the last two plants have a 

capacity of 80 MW [25]. Additionally, there are several options for 

integrating PTC with refrigeration systems. Solar refrigeration is used in 

absorption units that are powered by PTCs. The two most common fluid 

combinations used are lithium bromide and water (LiBr-H2O) and 

ammonia and water (NH3-H2O). Figure (1-8) shows a schematic of a 

thermally driven absorption refrigeration system. The major components of 

the system are the absorber, generator, condenser, evaporator, heat 

exchanger, pumps, and expansion valves. The PTCs in the generator add 

heat to the refrigerant, and the condenser removes the heat from the 

refrigerant vapor as it exits the generator. Then, the liquid flows through an 

expansion valve to reduce the pressure. The evaporator adds heat from the 

load to the refrigerant, transforming the liquid into vapor. A weak solution 

absorbs the refrigerant vapour, transforming it into a strong solution. The 

absorber experiences heat rejection as the refrigerant vapor becomes liquid. 
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A liquid pump raises the liquid pressure to the condenser pressure. The 

generator's warm, weak solution flow preheats the strong solution in a heat 

exchanger. Next, it enters the generator, where a solar field provides the 

heat. Meanwhile, the weak solution is transferred to the absorber via the 

heat exchanger and expansion valve [25]. 

 

Figure (1-8): The basic principle of the absorption air conditioning system [25]. 

1.5 Enhancement of the Thermo-hydraulic Performance 

inside PTR 

There are three main techniques that can be used to enhance heat 

transfer in tubes: active, passive, and compound (active and passive) 

techniques. Active techniques (such as surface vibration, suction, 

mechanical assistance, electric or magnetic fields, etc.) require external 

energy sources to enhance the thermo-hydraulic performance inside a PTR. 

Passive techniques involve changing a thermal system's architecture to 

improve its thermo-hydraulic performance without requiring external 

energy sources. The compound techniques mix two previous techniques 

(active-active, active-passive, or passive-passive) [26-28]. Figure (1-9) lists 
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the passive techniques which represent the main techniques to enhance 

thermo-hydraulic performance inside a PTR. The nanofluid technique 

depends on two parameters: the thermophysical properties and the 

concentration of nanoparticles. These parameters cause the HTF to have a 

higher density and viscosity (the increasing volume percent of nanofluid 

will improve the heat transfer of this fluid). There are limits to the addition 

of nanoparticles, otherwise, the entropy decreases, the flow resistance 

increases, the heat loss decreases and nanofluids form [29-31]. The 

extended surfaces technique is used to enhance heat transfer due to the 

larger surface area available for heat transfer, but their manufacture is 

hardness and cost. The turbulators technique is used to minimize heat 

losses from a PTR and maximize its heat transfer surface. This is done 

using rods, twisted tapes, rings, cylinders, and wire coils [32-35]. 

 

Figure (1-9): Scheme for the passive techniques of heat transfer enhancement 

inside tubes. 
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1.6 Solar Still 

The evaporation and condensation processes that are part of the 

natural water cycle provide the basis for how solar stills (SSs) work. The 

glass cover (which serves as a condensing surface), the absorber plate 

(which serves as an evaporative surface), and the basin are the main parts 

of the SS. Sunlight can pass through the glass cover and land on the 

evaporative surface. The basin's salty water evaporates as a result of solar 

radiation absorption. The density shift drives the produced vapor to the 

condensed surface (glass). The density shift creates a buoyancy force that 

causes them to condense and transform into water droplets. These droplets 

fall to the bottom of the measuring jar and gather there [36]. Figure (1-10) 

shows a schematic diagram of a simple basin-type SS. 

 

Figure (1-10): A schematic diagram of a solar still [36]. 

1.7 Problem statement 

Salt water is the current problem that requires appropriate measures 

to improve the productivity of freshwater. Polluted water is not only 

unhealthy but also poses a threat to the individual health. Therefore, the 
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primary objective of this study is increasing the produced freshwater by 

enhancing the solar desalination unit (SDU). The enhancement of SDU is 

done using a PTR with a new-designed cylindrical turbulators. HTF 

(water) is flowing inside a PTR and then flowing into an SS to produce the 

freshwater. A comparison will be carried out with and without using the 

cylindrical turbulators and evaluate their effect on the heat transfer rate and 

pressure drop through a PTR. 

1.8 Aim and Objectives 

The aim of this study is the enhancement of heat transfer inside a 

PTR using cylindrical turbulators. The objectives of this study are: 

1) Selecting the optimal specifications (length, thickness, and 

number) of cylindrical turbulators using ANSYS software. 

2) Validating the present model by comparison between the 

experimental and numerical results. 

3) Increasing the freshwater productivity from modified SDU 

(MSDU) using cylindrical turbulators inside a PTR of a PTC 

system. 

1.9 Outlines of the Thesis 

This study is organized as follows: 

1) Chapter one provides a brief overview of solar radiation in 

Iraq, the SCs and their types, the PTC and some of its 

applications, techniques to enhance the thermal-hydraulic 

performance inside a PTR, and the condensing system (SS), 

which are all presented before describing the problem 

statement, aim and objectives. 
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2) Chapter two delves into the previous studies conducted on 

enhancement techniques of thermo-hydraulic performance 

inside a PTR. 

3) Chapter three outlines the steps involved in the numerical 

study of the current study, which was conducted using the 

ANSYS Fluent 20.0 R2 software. Additionally, it presents the 

main equations used to calculate beam solar radiation and the 

thermo-hydraulic performance inside a PTR.  

4) Chapter four provides a detailed description of the 

experimental setup of the PTC, used accessories, experimental 

calculations, and a summary of the present work procedure. 

5) Chapter five explains and discusses of the current study's 

results. It includes numerical results for choosing the best 

length, thickness, and number of turbulators, a validation test 

with literature study and empirical correlations, and 

experimental results for the two tubes (plain tube and PTR 

with turbulators). 

6) Chapter six elucidates the main conclusions of the current 

investigation and highlights some suggested recommendations 

for future studies. 

7) Finally, references that were used in this study are listed. 
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2 Chapter Two: Literature Review 
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2.1 Introduction 

Several experimental and numerical studies investigated the 

prospects of improving the thermo-hydraulic performance inside a PTR 

using various techniques. One of those techniques is the passive technique, 

which includes using nanofluids, extended surfaces, and turbulators. Due 

to many drawbacks of nanofluids as explained in chapter one, the effect of 

using extended surfaces and turbulators on a PTR performance will be 

presented since it minimises heat losses in a PTR and maximises its heat 

transfer surface. The survey focuses on the experimental and numerical 

studies in which various types of extended surfaces and turbulators are 

integrated inside a PTR. 

2.2 Numerical Studies 

The numerical studies simulated the PTC system with a plain tube or 

modified PTR by evaluating the thermal performance (Nusselt number) 

and hydraulic performance (friction factor) using the Fluent tool in the 

ANSYS software. The comparison with the plain tube case was conducted 

by evaluating the Nusselt number ratio, friction factor ratio, and 

performance evaluation criteria (PEC). 

Ghadirijafarbeigloo et al. (2014) [37] introduced louvred twisted 

tape (as shown in Fig. (2-1)) to enhance the heat exchange between HTF 

and PTR’s surface by generating turbulent swirling flow. The PTR was 

designed to be made from stainless steel, the turbulators were made from 

aluminium, and the HTF was Behran thermal oil. It was found that the 

highest values of the Nusselt number ratio and friction factor ratio were 3.5 

and 4.1, respectively, using the louvred twisted tape with a twisted ratio of 

2.67. 

Chang et al. (2015) [32] numerically analysed the effect of varying 

clearance ratios and twisted ratios of a twisted tape on thermo-hydraulic 
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performance between a PTR (Alloy 625). It was noted there was a negative 

effect of these parameters on the Nusselt number ratio and friction factor 

ratio. The maximum values of the Nusselt number ratio and friction factor 

ratio reached 2.9 and 2.5, respectively, as the results revealed. 

 

Figure (2-1): Louvred twisted tape [37]. 

Scientists Zheng et al. (2016) [38] enhanced the heat transfer rate 

and reduced the pressure drop by using porous turbulators in the upper or 

lower surfaces of PTR, as shown in Fig. (2-2). The researchers used 

different materials for porous turbulators (Cu, SiC, Al, and Fe) and noted 

that the good materials were Cu, SiC, and Al, whereas they advised against 

using Fe. 
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Figure (2-2): Front view of the porous turbulators [38]. 

Bellos et al. (2017) [39] studied how the geometrical parameters 

(length and thickness) of rectangular longitudinal fins attached by the 

upper and lower surfaces of PTR affected the PTC thermal efficiency. 

Their observations revealed that the optimal case (with a length of 10 mm 

and a thickness of 2 mm) had a PTC thermal efficiency of 68.8%, which is 

0.82% higher than that of a plain tube. Additionally, they found that the 

maximum values of the Nusselt number ratio and friction factor ratio were 

found to be 1.65 and 2.00, respectively. 

Bellos et al. (2018) [40] manipulated the number and position of 

cylindrical longitudinal rods in order to improve the PTC thermal 

efficiency and heat transfer rate inside a stainless steel PTR, as shown in 

Fig. (2-3). The CFD results showed that the PTC thermal efficiency 

increased as the number of rods increased, especially with the four 

turbulators that had positions (1-3-5-7). In this case, PTC thermal 

efficiency and Nusselt number improved by 0.66% and 26.9%, 

respectively. 
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Figure (2-3): The examined locations of the flow turbulators [40].  

Chang et al. (2018) [41] compared the effect of varying the 

concentric rod diameter and the eccentric rod position on the PTR’s 

thermo-hydraulic performance. They noted that increasing the concentric 

rod diameter can yield the best results. Also, the Nusselt number ratio 

increased from 1.10 to 7.42 and the PEC from 1.12 to 3.38 as the 

dimensionless diameter (ratio of concentric rod diameter to the inner PTR 

diameter) increased from 0.1 to 0.9, as shown in Fig. (2-4). 
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Figure (2-4): Effects of dimensionless diameter at different Reynolds number on: 

(a) the Nusselt number ratio and friction factor ratio, and (b) PEC and pressure 

drop [41]. 

Liu et al. (2019) [42] studied the effect of changing the different 

geometric parameters of conical strip turbulators (central angle, hollow 

diameter, and pitch size) on the values of the Nusselt number, friction 

factor, and PEC inside a stainless steel PTR. The CFD results showed both 

the Nusselt number and friction factor increased as the central angle 
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increased, while the hollow diameter and pitch size decreased. The range 

of enhanced Nusselt number was 45-203%, the improvement in PTC 

thermal efficiency was 5.04%, and the maximum value of PEC was 1.33. 

Laaraba and Mebraki (2020) [43] conducted an investigation into 

the impact of the rectangular longitudinal fins' geometric dimensions 

attached to the bottom surface of copper PTR, as shown in Fig. (2-5), on 

the PTC thermal efficiency.  The location of the fins marked the difference 

between this study and the previous study [39]; it was the location of the 

fins. The optimal case, with a length of 15 mm and a thickness of 6 mm, 

yielded an 8.45% maximum increase in PTC thermal efficiency, as they 

observed. 

 

Figure (2-5): Cross-section of the PTR with fins [43]. 

Abbas et al. (2021) [34] conducted a numerical test to find the best 

inclined angle of twisted tape that enhances thermo-hydraulic performance 

inside a copper PTR. To achieve this, they varied the inclined angles with 

six values and used water as the HTF. Compared to the PT, the results 

show that the best inclined angle is 50º; at this angle, the outlet water 
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temperature was raised by 21%, and the maximum PEC was found to be 

1.28. 

Tanious and Abdel-Rehim (2021) [44] examined the behaviour of 

heat transfer rate and pressure drop inside an axially rotating internally 

finned PTR. According to CFD results, the increase in length of internal 

rectangular longitudinal fins and rotational speed of PTR improved the 

heat transfer rate and pressure drop. In the optimal case (2 mm of fin 

length and 10.5 of PTR rotation rate), the increases in the Nusselt number 

and friction factor were 110% and 81.6%, respectively. 

Agagna et al. (2022) [45] demonstrated that spherical pins attached 

to the lower PTR surface improved thermal performance. They changed 

the pin’s diameter, pin’s number, angle between pins, and axial pitch size 

of pins. Results indicated the PEC increased as the pins number and the 

axial pitch size decreased. The Nusselt number and PEC were enhanced by 

27.2% and 24.9%, respectively, whereas the heat losses were reduced by 

9.32%. 

Fatouh et al. (2022) [46] looked at a lot of different aspects of 

rectangular cross-section fins, such as their lengths, thicknesses, angles, 

and the rounding radii of rectangular cross-section fins that had rounding at 

the base of the fin. They noted that by using the optimal case of fins 

(which had 25 mm of length, 4 mm of thickness, 45º of angle, and 4 mm of 

radii), the PTC thermal efficiency was enhanced by 1.36% and the PEC 

was recorded at 1.64. 

Darbari et al. (2023) [47] analysed the impact of introducing porous 

discs with variation parameters (design shape-full, upward half, and 

downward half (as shown in Fig. (2-6-a)), diameter, and pitch size) inside a 

PTR. The CFD results showed that the full-disc configuration performed 

better than the half-disc alternative. Both thermal and hydraulic 

performances increased as the disc’s diameter increased and the discs pitch 
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size decreased, as shown in Fig (2-6-b,c). The PEC was found to be around 

1.6, and the PTC thermal efficiency was improved by around 4%. 
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Figure (2-6): (a) The different shapes of porous discs, (b) the effect of the porous 

disc diameter and pitch size on the Nusselt number ratio, and (c) the effect of the 

porous disc diameter and pitch size on the friction factor ratio [47]. 

2.3 Experimental Studies 

Reddy et al. (2015) [48] carried out (at Indian Institute of 

Technology Madras, Chennai, 13.07 N and 80.28 E) an experimental 

study for using porous discs (with different shapes and positions) inside a 

stainless steel PTR. Specifications of a PTC were 15 m
2
 in aperture area, 

65 in rim angle, 0.98 m in focal length, and single-axis tracking. The 

results of four days in May, from 8:00 to 15:00, demonstrated that using an 

alternative porous disc gave the highest value of Nusselt number, while 

using an unshielded tubular PTR gave the highest value of friction factor. 

Also, the highest range of values for PTC thermal efficiency was 63.9%-

66.7%. 

In order to compare the values of PTC thermal efficiency in two 

copper PTRs, Kalidasan et al. (2016) [49] fabricated a plain tube and a 

modified PTR with internal hinged blades, as shown in Fig. (2-7). The 

internal hinged blades had 2 mm drill holes along a straight line with a 50 
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mm pitch distance. PTC with a rim angle of 120° and a focal length of 0.26 

m was used, which has a reflective surface made of aluminium alloy. The 

results showed a 14% improvement in PTC thermal efficiency with the 

modified PTR. 

 

Figure (2-7): Design of blades used in [49]. 

Okour and Al-Odat (2018) [50] presented an experimental study of 

a PTC with a helical coil PTR under Irbid Jordanian (32.50° N, 35.90° E) 

climate conditions. According to Fig. (2-8), the specifications of a PTC 

were 4.06 m in length, 3.10 m in width, and 0.88 m in focal length. The 

study was tested over four days in December 2014, from 10:00 a.m. to 

15:00 p.m. The experimental findings showed that the peak difference 

between the outlet and inlet water temperatures was 40.5°C, and the 

average PTC thermal efficiency was 64.7%. 
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Figure (2-8): The PTC system of [50]. 

Kutbudeen et al. (2019) [51] inserted a conical strip with different 

twisted ratios  and directions attached to a 1 mm-diameter copper rod 

inside a copper PTR, as shown in Fig. (2-9). The dimensions of the PTC 

were 2 m in length, 1 m in width, and 90° in rim angle. Stainless steel 

sheets made a PTC's reflector, while copper made a PTR. The 

experimental results showed the optimal parameters of the conical strips 

used were 3 of twisted ratio and backward flow of direction. In this case, 

the Nusselt number and friction factor were enhanced by 2.23% and 

1.89%, respectively. 
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Figure (2-9): Conical strips of different twist ratios [51]. 

Isravel et al. (2020) [52] modified attached rings to conventional 

twisted tape to improve the heat transfer rate and pressure drop inside a 

PTR. They used a stainless steel reflector, a copper PTR, and aluminium 

twisted tape. They discovered that the improvements in PEC values were 

19% when rings were attached to conventional twisted tape and 24% when 

rings were modified. 

Naif et al. (2021) [53] measured the inlet and outlet water 

temperatures and evaluated the heat useful and PTC thermal efficiency 

inside a PTR with twisted tape (twisted ratio of 1.33). The PTC 

specifications were 1.25 m
2
 in area, 0.45 m in focal length, and 90° in rim 

angle, as shown in Fig. (2-10). The findings showed that the use of 

modified PTR produced a PTC thermal efficiency of 77.8% with an 

enhancement of 5.4%. 
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Figure (2-10): The PTC system of [53]. 

Allam et al. (2022) [35] compared the thermo-hydraulic 

performance inside a PTR by using two types of helical shift. The first type 

was a fixed helical shift, while the other type rotated at speeds of 4, 11, and 

21 R/min. Their results showed that as the rotation speed increased, the 

performance increased. The maximum PTC thermal efficiency 

enhancement and friction factor ratio were 46.5% and 7.7, respectively, at 

21 R/min. 

Thapa et al. (2022) [54] used perforation and winglets in four 

twisted tapes to improve the PEC inside a PTR. The studied parameters of 

modified twisted tape were the perforation ratio, twisted ratio, and depth 

ratio. The experimental results revealed a negative correlation between 

Nusselt number and friction factor and these parameters, with the highest 

PEC value being 2.4. 
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2.4 Numerical and Experimental Studies 

Jaramillo et al. (2016) [33] performed an investigation to develop a 

thermodynamic model framework to analyse the PTC thermal performance 

with a twisted tape turbulator. They studied the effect of twisted ratios and 

flow rates on PTC thermal efficiency. They found that the PTC thermal 

efficiency increased as the twisted ratio and the flow rate decreased. In 

addition, the enhancement factor of PTC thermal efficiency was found to 

be 9.0% at twisted ratio 1 and flow rate 1 L/min. 

Muter and Al-Hadithi (2021) [55] compared the experimental and 

theoretical results of outlet temperature, useful energy, and thermal 

efficiency of copper PTR with and without twisted tape. Figure (2-11) 

shows a PTC system of this study, which had 2 m in length and 3.48 m in 

width. Water is used as an HTF with a mass flow rate of 0.05 kg/s. The 

measurements and calculations were made under the climatic conditions in 

the industrial zone of Fallujah City on September 5 and 6 of 2019. In both 

PTRs, the results showed good agreement between experimental and 

theoretical results. 

Ozakin (2022) [56] conducted experimental and numerical analyses 

to maintain the PTC efficiency using semicircular rotating turbulators 

inside a PTR. The thermal performance was evaluated by varying the 

number of turbulators at different values of Reynolds number. According 

to the results, the highest PTC thermal efficiency reached up to 78.2%. 

Stanek et al. (2023) [57] examined the values of PTC thermal 

efficiency and PEC using twisted tape inside a PTR. The researchers 

selected a 33.70 mm tubular stainless steel PTR with an aperture of 1.80 m 

and placed it in the collector focal point. They chose the thermal oil VP-1 

as the HTF. The results indicated that both PTC thermal efficiency and 

PEC increased as the twisted ratio decreased. The best value of PTC 

thermal efficiency was reached at 76.3%. 
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Figure (2-11): The PTC system of [55]. 

2.5 Summary 

 The following are the most important conclusions drawn from the 

literature review: 

1) Through research, it was discovered that using turbulators 

inside the PTR is one of the most important ways to improve 

its thermo-hydraulic performance. 

2) Most numerical studies used ANSYS Fluent in simulation. 

3) It is clear from previous studies that there is a weakness in the 

number of numerical and experimental studies for the 

suggested turbulators in these studies. The experimental study 

enhances the validity of the model in the numerical study. 

4) In cases that studied the heat transfer enhancement by 

turbulators, the flow of HTF is turbulent, i.e., the Reynolds 

number exceeds 3000. 
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5) There is a lack of data on the performance of cylindrical 

turbulators inserted in the PTCs. Hence, in this work, the 

contribution of the cylindrical turbulators inside the PTR is 

experimentally and numerically investigated. 

Table (2-1) lists the summary of the type of study and HTF, studied 

parameters of turbulators, and important findings in the literature studies.
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Table (2-1): Summary of the type of study and HTF, studied parameters of turbulators, and important findings in the literature studies. 

Refs. Study Type of HTF 
Studied parameters of 

turbulators 
Findings 

Ghadirijafarbeigloo 

et al. [37] 

Numerical Behran thermal oil: 

under  Re (5000- 

25,000). 

Twisted ratio: 2.67, 4.00, 

and 5.33. 

- The highest Nusselt number ratio 

and friction factor ratio were 3.5 

and 4.1, respectively, used the 

louvered twisted tape with twisted 

ratio of 2.67. 

Chang et al. [32] Numerical Molten salt: under 

Re (7485-30,553). 

- Clearance ratio: 0, 0.2, 

0.5, 0.7, and 1.0. 

- Twisted ratio :2.5, 5.0, 

12.5, 15.6, 25.0, and 

41.7. 

- The maximum Nusselt number 

ratio and friction factor ratio 

reached 2.9 and 2.5, respectively. 

Zheng et al. [38] Numerical Water-steam: 

under Re (10,000-

90,000). 

Four different materials 

of turbulators: Cu, SiC, 

Al, and Fe. 

- The good materials were Cu, 

SiC, and Al, whereas they advised 

against using Fe. 

Bellos et al. [39] Numerical Syltherm 800. - Length: from 5 to 20 - PTC thermal efficiency is 68.8% 
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mm with a step  of 5 mm. 

- Thickness: 2, 4, and 6 

mm. 

with enhancing of 0.82% 

compared with a plain tube. 

- The maximum Nusselt number 

ratio and friction factor ratio are 

1.65 and 2.00, respectively 

Bellos et al. [40] Numerical Syltherm 800: 

under a constant 

flow rate of 100 

L/min. 

- Number: 1, 2, 3, and 4. 

- Position: left, right, up, 

down. 

- PTC thermal efficiency and 

Nusselt number improved by 

0.66% and 26.9%, respectively. 

 

Chang et al. [41] Numerical NO3-KNO3 

composition 

(molten salt): 

under Re from 

10,000 to 30,000. 

- Diameter of concentric 

rod :from 0.1di to 0.9di 

with a step of 0.1di. 

- Dimensionless 

eccentricity of eccentric 

rod: 0.4, 0.6, 0.8, -0.4, -

0.6, and -0.8. 

- The Nusselt number ratio 

increased from 1.10 to 7.42 and 

the PEC from 1.12 to 3.38 as the 

diameter  of concentric rod 

increased from 0.1di to 0.9di. 

 

Liu et al. [42] Numerical Syltherm 800: - Central angle: from 40º - The enhancement in Nusselt 
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under Re from 

5000 to 791,000. 

to 90º with a step of 10º. 

- Hollow diameter: from 

20 to 50 mm with a step 

of 10 mm. 

- Pitch size: from 0.5di to 

2.0di with a step of 0.5di. 

number was 45-203% and in PTC 

thermal efficiency was 5.04%. 

- The maximum value of PEC was 

1.33. 

 

Laaraba et al. [43] Numerical Syltherm 800: 

under Re from 

50,000 to 300,000. 

- Length: from 5 to 20 

mm with a step of 5 mm. 

- Thickness: from 2 to 8 

mm with a step of 2 mm. 

- The PTC thermal efficiency was 

improved by 8.45%. 

 

Abbas et al. [34] Numerical Water: under Re 

from 2000 to 9000. 

Six inclination angles:  

from 25º to 60º. 

- The best inclined angle is 50º. 

- At this angle, the outlet water 

temperature was raised by 21% 

and the maximum PEC was found 

to be 1.28. 

Tanious et al. [44] Numerical Water: with 

constant mass flow 

- Two lengths of fin: 0.5 

and 2.0 mm. 

- The optimal case was 2 mm of 

fin length and 10.5 of PTR 
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rate of 0.003 kg/s. - Rotation rate of PTR: 1 

– 21 R/min. 

rotation rate. 

- The increases in the Nusselt 

number and friction factor were 

110% and 81.6%, respectively 

Agagna et al. [45] Numerical Jarysol oil. - Diameter of pin: 3 - 14 

mm. 

- Number of pin: 2, 3, 

and 5). 

- Angles between pins: 

45º and 90º. 

- Axial pitch size: 0.03 - 

0.5 m. 

- The PEC increased as the 

number and the axial pitch size of 

pins decreased. 

- The Nusselt number and PEC 

were enhanced by 27.2% and 

24.9%, respectively. 

Fatouh et al. [46] Numerical Syltherm 800: 

under flow rate 

from 0.1 to 0.4 

L/min. 

- Length of fin: from 5 to 

25 mm with a step of 5 

mm. 

- Thickness of fin: 2, 4, 

and 6 mm. 

- The PTC thermal efficiency was 

enhanced by 1.36%. 

- The PEC was recorded at 1.64. 



Chapter Two ……………………………………………………………………………..……………………………………...Literature Review 

 

39 

- Angles between fins: 

45º and 90º. 

- Radii of the rounding 

fin: 0, 2, 3, and 4 mm. 

Darbari et al. [47] Numerical Syltherm 800: 

under flow rate 

from 0.047 to 

0.233 L/min. 

- Position of disc: full, 

upward, and downward. 

- Diameter of disc: 

0.125di, 0.250di, and 

0.375di. 

- Pitch size od disc: 0.5di, 

1.0di, and 1.5di. 

- All thermo-hydraulic 

performances increased as disc’s 

diameter increased and discs pitch 

size decreased. 

- The PEC was found to be around 

1.6. 

- The PTC thermal efficiency was 

improved by around 4%. 

Reddy et al. [48] Experimental Water: under flow 

rate from 1.67 to 

16.7 L/min. 

Six different PTR 

configurations: 

Unshielded tubular PTR, 

shielded tubular PTR, 

bottom porous disc PTR, 

- Using an alternative porous disc 

gave the highest value of Nusselt 

number, while using an unshielded 

tubular PTR gave the highest 

value of friction factor. 



Chapter Two ……………………………………………………………………………..……………………………………...Literature Review 

 

40 

U-shaped bottom porous 

disc PTR, inclined 

bottom porous disc PTR, 

and alternative porous 

disc PTR. 

- The highest range of values for 

PTC thermal efficiency was 

63.9%-66.7%. 

Kalidasan et al. [49] Experimental Water. Hinged blades had 2 mm 

drill holes along a 

straight line with pitch 

distance of 50 mm. 

- The results showed a 14% 

improvement in PTC thermal 

efficiency with the modified PTR. 

Okour et al. [50] Experimental Water: under Re 

from 100 to 6000. 

Helical coil. - The experimental findings 

showed that the peak difference 

between the outlet and inlet water 

temperatures was 40.5 °C. 

- The average PTC thermal 

efficiency was 64.7%. 

Kutbudeen et al. [51] Experimental Water: under Re 

from 4000 to 

- Twisted ratio: 2, 3, and 

5. 

- The experimental results showed 

the optimal parameters of the 
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18,000. - Direction: forward and 

backward. 

conical strips used were 3 of 

twisted ratio and backward flow of 

direction. 

- Using optimal case, the Nusselt 

number and friction factor were 

enhanced by 2.23% and 1.89%, 

respectively. 

Isravel et al. [52] Experimental Water: under Re 

from 7000 to 

14,300. 

Modification of rings 

attached twisted tape. 

- The improvements in PEC 

values were 19% when rings were 

attached to conventional twisted 

tape and 24% when rings were 

modified. 

Naif et al. [53] Experimental Water: under Re 

from 2000 to 4000. 

- Twisted tape with 1.33 

of twisted ratio. 

- The use of modified PTR 

produced a PTC thermal 

efficiency of 77.8% with an 

enhancement of 5.4%. 

Allam et al. [35] Experimental Water: with flow - Rotated speed of helical - The maximum PTC thermal 
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rate varied from 

0.5 to 2.5 L/min. 

shift: 0, 4, 11, and 21 

R/min. 

efficiency enhancement and 

friction factor ratio were 46.5% 

and 7.7, respectively, at 21 R/min. 

Thapa et al. [54] Experimental Air: under Re from 

3000 to 21,000. 

- Twisted tape: 3, 4, and 

5. 

- Depth ratio: 0.1, 0.2, 

and 0.3. 

- Perforation ratio: 0.05, 

0.15, and 0.25. 

- The experimental results 

revealed a negative correlation 

between Nusselt number and 

friction factor and these 

parameters. 

- The highest PEC value being 2.4 

Jaramillo et al. [33] Experimental 

and numerical 

Water: under 

varied flow rate 

from 1.0 to 6.0 

L/min. 

- Twisted ratio: 1, 2, 3, 4, 

and 5. 

- The enhancement in PTC 

thermal efficiency was found to be 

9.0% at twisted ratio 1 and flow 

rate 1 L/min. 

Muter et al. [55] Experimental 

and numerical 

Water: with 

constant mass flow 

rate of 0.05 kg/s 

- Twisted tape with one 

twisted ratio of 4. 

- There was a good agreement 

between experimental and 

theoretical results. 

Ozakin et al. [56] Experimental None. - The number of - The highest PTC thermal 
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and numerical turbulators: 50, 150, and 

250. 

efficiency reached up to 78.2%. 

Stanek et al. [57] Experimental 

and numerical 

Thermal oil VP-1: 

with varied mass 

flow rate from 0.15 

to 0.3 kg/s. 

- Twisted ratio: 1, 2, and 

4. 

- Both PTC thermal efficiency and 

PEC increased as the twisted ratio 

decreased. 

- The best value of PTC thermal 

efficiency was reached at 76.3%. 



 

44 
 

3 Chapter Three: Numerical Part 
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3.1 Introduction 

This chapter presents numerical work, including three stages: the 

first stage is calculating the beam solar radiation using an Excel sheet, the 

second stage is designing the physical dimensions of a PTC’s reflector 

using the Parabola Calculator tool 2.0, and the third stage is employing 

computational fluid dynamics (CFD) to generate a three-dimensional (3D) 

simulation model for the design of the PTR and turbulators. Figure (3-1) 

shows the flow chart of the three stages. 

3.2 Morphological chart 

Morphology is a discipline concerned with analysing and describing 

the structure and configuration of an object or system. The application of 

this approach is recommended at the initial stages of idea generation. The 

study encompasses various independent parameters that are associated with 

the topic at hand, as well as multiple possible solutions to design for each 

specific function. The present study includes a morphological chart that 

illustrates the key design functions of the PTC and absorber tube [58]. It 

should be noted that the chosen parameters are independent. It is advisable 

to include multiple sub-solutions within the list for each design function. 

The process of obtaining an appropriate solution involves selecting one 

sub-solution from each function, combining them, and creating a 

comprehensive morphological chart that encompasses all fundamental 

concepts of solutions [58]. Table (3-1) presents the morphological chart of 

PTC with an absorber tube. The arrow lines depicted in the table indicate 

the potential solutions. 
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Figure (3-1): Flow chart of the numerical simulation.



Chapter Three ………………………………………………...……..Numerical Part 

47 

Table (3-1): Morphological chart of the PTC and PTR with cylindrical turbulators. 

Functions Options 

Reflector type 1) PTC TSC DSC 

Material of reflector 2) Aluminium Mirror Acrylic 

Type of absorber tube 3) Straight tube U-tube Corrugated tube 

Type of turbulators Twisted tape 4) Cylindrical Turbulators  Coil wire 

Material of PTR Copper 5) Stainless steel  Aluminium 

PTR’s maintaining Several time Send to factory 6) Self service 

The table presents the following major selection possibilities based on a 

thorough examination of relevant literature: 

1) The morphology chart evaluates the use of PTC because of its 

ability to function well in a wide temperature range (50-400°C) 

and its resistance to harsh weather conditions like strong winds 

and dusty environments [59-61]. 

2) The aluminium is chosen for the fabrication of the reflector due 

to its light weight, resistance to weather conditions, ease of 

formation, and good reflectivity of solar radiation [25, 62]. 

3) When incorporating turbulators to improve heat transfer, straight 

tubes typically outperform U-tubes or corrugated tubes [61, 63]. 

4) The goal of the current study is to explore the effect of using a 

novel design for tabulators (cylindrical turbulators) on the PTC 

thermal performance and compare the results with available 

literature of different turbulators types such as twisted tape, coil 

wire, and fins [34, 39, 43, 52, 64]. 

5) The receiver tube ought to be constructed using a stainless steel 

that exhibits low emission and high absorption properties. 
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6) The option of self-service is selected as PTR maintenance. 

3.3 The beam solar radiation 

Since there was no experimental device available to measure the beam 

solar radiation falling on the PTC system at the work location, the study 

considered the theoretical calculation to estimate the solar radiation values. 

Solar radiation is a continuous, synchronous flow of energy in all directions 

outward from the sun. There are two categories of solar radiation to be 

calculated: extraterrestrial solar radiation and terrestrial solar radiation. 

3.1.1 Extraterrestrial Solar Radiation 

The extraterrestrial solar radiation (I0) represents the solar radiation that 

reaches the outside of Earth's atmosphere. Several factors, including direction 

and distance, affect the inverse square law, which governs variation in the 

extraterrestrial solar radiation, as illustrated in the following equation [50, 

65]: 

2

0
S E

sc

S E

D
I I

D





 
  

   

(3-1) 

where 
scI is defined as the energy from the sun per unit of time received 

on a unit area of surface perpendicular to the direction of propagation of the 

radiation at mean Earth-Sun distance outside the atmosphere that usually has 

a value of 1367 W/m
2
 as shown in Fig. (3-2). The DS-E is the mean distance 

between the sun and earth (m), and the DS-E is the actually distance between 

the sun and earth (m). The DS-E changes with the Earth's orbital position 

around the sun, so it is related to the days of the year as shown in Fig. (3-3). 

Typically, the extraterrestrial solar radiation is calculated from the 

following empirical equation [65, 66]: 
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0

360
1 0.033cos( )

365
sc dayI I N
 

  
   

(3-2) 

where the Nday represents the number of days in the year (1 365dayN  ). 

 

Figure (3-2): Sun-earth geometry [65]. 

 

Figure (3-3): Motion of the earth around the sun [67]. 

3.1.2 Terrestrial Solar Radiation 

The terrestrial solar radiation represents the quantity of solar energy that 

reaches the earth's surface. It is also called the global or total amount of 
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radiation incident on the earth's surface that represents the summation of 

beam radiation (Ib) and diffuse radiation (Id). In this study, the beam radiation 

is focused because the upper and lower surfaces of PTR receive only this type 

of radiation [50]. The beam radiation at normal incidence can be calculated 

from [50, 65]: 

0 exp( )
cos

b

z

c
I I a b



 
   

   

  (3-3) 

where: 

20.94 0.4237 0.00821(6 )a AL      
(3-4) 

 

20.98 0.5055 0.00595(6.5 )b AL      
(3-5) 

 

21.02 0.2711 0.01858(2.5 )c AL      
(3-6) 

Where AL is the altitude of the location above mean sea level (km) that 

can be calculated by using a GPS device (which equals 0.033 km for College 

of Engineering/Al-Mussaib). 

The beam radiation on a titled surface (such as PTC) is related to 

incident angle (i) and calculated from [50, 65]: 

cos( )bt b iI I 
   (3-7) 

3.1.3 Sun-Earth Angles 

The solar-earth angles are important angles to calculate the beam 

radiation, which are given as follows: 

3.3.1.1 Incident angle 

4 The incident angle of beam radiation on any surface can be found from 

[65]: 
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cos sin sin cos cos sin sin cos

cos cos cos cos sin cos sin cos cos

cos sin sin sin

i       

        

   

 

 

  

  (3-8) 

3.3.1.2 Latitude angle 

It represents the angular location north or south of the equator, with the 

north position (-90+90) as shown in Fig. (3-4).  

3.3.1.3 Declination Angle 

The declination angle represents the angular position of the sun at solar 

noon (i.e., when the sun is on the local meridian) with respect to the plane of 

the equator, north-positive; 23.45 23.45    as shown in Fig. (3-3). 

Cooper found the approximate equation to calculate the declination angle as 

follows [68]: 

360
23.45sin( )

365
dayN 

 
(3-9) 

3.3.1.4 Titled angle 

The titled angle () is the angle between the plane of the surface and the 

horizontal (0180). If 90 that means the surface has a downward-

facing component.  

3.3.1.5 Azimuth angle 

The deviation of the projection on a horizontal plane of the normal to 

the surface from the local meridian is represented by the azimuth angle (). 

The value of this angle equals zero because the PTC system is orientated to 

the south. Hence, Eq. (3-8) becomes: 
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cos sin sin cos cos sin sin

cos cos cos cos sin cos sin cos

i      

       

 

   
  (3-10) 

3.3.1.6 Hour Angle 

The hour angle () in Eq. (3-8) represents the angular displacement of 

the sun east or west of the local meridian due to the rotation of the earth on its 

axis at 15 per hour (as shown in Fig. (3-4)); morning negative, afternoon 

positive. The hour angle can be calculated from [65]: 

15( 12)locTi  
 

(3-11) 

where Tiloc  represents the solar time in hours. 

3.3.1.7 Zenith Angle 

The zenith angle (z) in Eq. (3-3) depends on many angles, such as 

altitude angle (), declination angle (), and hour angle (). The zenith angle 

can be given as [65]: 
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cos cos cos cos sin sinz      
 

(3-12) 

 

Figure (3-4): The sun-earth angles [69]. 

3.4 Parabola Calculator Software 

A literature review indicates that the PTC provides a high concentration 

level of solar radiation. The precision of the PTC reflector is a crucial 

component that impacts a PTC's performance and efficiency compared to the 

PTR. The capacity to concentrate solar radiation and the resistance to wind 

force are important considerations in PTC's reflector design. Therefore, it is 

crucial to carefully examine the parabolic curve to ensure that the focal line 

reflects the most incoming radiation. The current study used an aluminium 

plate to fabricate a reflector of PTC with a length of 2 m and a width of 1 m. 

The equation of a parabolic curve (y) that is used by Parabola Calculator 

software 2.0 is given as [70-72]: 
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2

4 L

x
y

f


 

(3-13) 

Many researchers use the Parabola Calculator software to draw the 

PTC's arc. The aperture's diameter (W) and arc depth (Dearc) were the 

dimensions entered into the Parabola Calculator software. Table (3-2) lists the 

dimensions of the PTC reflector, which were entered into the Parabola 

Calculator software in order to draw this reflector as shown in Fig. (3-5). 

Table (3-2): Reflector dimensions of PTC entering into Parabola Calculator software. 

Item Value Units 

Diameter of aperture 100 cm 

Depth 25 cm 

 

Figure (3-5): The dimensions of the PTC reflector in the Parabola Calculator 

software 2.0. 
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The output parameters from this software are the focal length (the 

distance from the focal point to the vertex) and linear diameter (arc length). 

The focal length (fL) can be calculated from [73]: 

2

4
L

arc

W
f

De

 
  
 
   

(3-14) 

The arc length (Larc) is based on the rim angle (r) and the focal length; 

it can be estimated from the following equation [74]: 

 2 (sec(0.5 ) tan(0.5 )) ln(sec(0.5 ) tan(0.5 ))arc L r r r rL f     
 

(3-15) 

To increase PTC efficiency, the rim angle is chosen to be 90º [13]. 

Hence, in this study the parabolic curve ( y ) (in Eq. (3-13)) will be: 

20.01y x
 

(3-16) 

The rim angle in Eq. (3-15) corresponds to beam radiation reflected 

from the outer rim of the concentrator and is related to the rim radius and 

width aperture (W) as shown in Fig. (3-6), which can be calculated as follows 

[6, 65]: 
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(3-17) 

 

Figure (3-6): Basic design parameters of the PTC with image dimensions for a linear 

concentrator. 

According to Fig. (3-6), the radius of a parabola at an arbitrary location 

is defined as mirror radius (r). The maximum value of mirror radius occurs at 

its outer rim and is fittingly called the rim radius (rr) or parabolic radius. The 

mirror radius at any point on the parabolic reflector, may be found using the 

following formula [65]: 

2

1 cos

Lfr



  

(3-18) 

where  is the angle that changes from 0 to the rim angle between the 

reflection of the beam at the focus point and the collector axis; hence, the 

radius likewise changes from the focal length to the rim radius. For perfectly 

positioned specular reflectors, we can use trigonometry to determine the 

1sin ( )
2

r

r

W

r
 
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diameter of the tube required to intercept the entire beam solar radiation. It is 

worth noting this diameter is known as [65]: 

2 sino r id r 
 

(3-19) 

3.5 The Numerical Study 

The numerical study was performed using the ANSYS Fluent R-20 

software. It should be noted that numerous literature studies, primarily 

focusing on PTC, have also utilised the present simulation instrument [32, 34, 

39, 43, 75-77]. The ANSYS contains many analysis systems, but the related 

system with this study is fluid flow analysis using the Fluent solver. 

3.5.1 Geometry Design Stage 

The first stage in the numerical study is the geometry design stage of 

PTC. In this stage the output parameters (focal length and linear diameter) of 

the Parabola Calculator software (Excel sheet) and the characteristics of the 

parts specifications of the PTC (Table (3-3)) were input to draw the PTC and 

its PTR. Figure (3-7) shows the geometric design of the PTC after introducing 

these parameters. 

The cylindrical turbulators with different lengths ( ), thicknesses ( ), 

and numbers ( ) were inserted inside the PTR. These lengths are 10, 20, 30, 

40, and 50 mm; thicknesses are 1, 2, 3, and 4 mm; and numbers are 5, 10, 15, 

and 20 cylindrical turbulators. Table (3-4) lists the characteristics of the parts 

specifications of the cylindrical turbulators that are input into the CFD tool. 

Figure (3-8) shows the general case of the cylindrical turbulators, and Fig. (3-

9) illustrates all the examined cases of cylindrical turbulator tubes and the 

plain tube. 
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Table (3-3): Characteristics of parts specifications of the PTC (geometry design 

stage). 

Item Value / Type Units 

Collector length (L) 200 cm 

Collector material Aluminium = 

PTR length 200 cm 

External PTR diameter (do) 5.1 cm 

Internal PTR diameter (di) 4.7 cm 

PTR material Stainless steel = 

 

Figure (3-7): Geometry design of the PTC. 

Table (3-4): Characteristics of parts specifications of the cylindrical turbulators. 

Item Value / Type Units 

Central round rod length 200 cm 

Central round rod diameter 1 cm 

Cylindrical turbulators diameter 4.7 cm 

Cylindrical turbulators material Stainless steel = 
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Figure (3-8): General case of the cylindrical turbulators. 

 

Figure (3-9): All the examined cylindrical turbulators tubes and the plain tube. 

3.5.2 Mesh Stage 

The mesh of the model (second stage) is the most active part of the fluid 

flow system; its accuracy and quality depend on the meshing technique. Once 
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meshing is established, the equations of fluid flow can be solved in the grid 

cells or in the elements created by the mesh. In this study, the plain tube and 

the cylindrical turbulator tubes were meshed in this stage. The hexahedral 

method was used to mesh the first tube (plain tube), whereas the tetrahedron 

method was used to mesh the other tubes because this method is more suitable 

for meshing complex and unstructured shapes such as cylindrical turbulators. 

In ANSYS, mesh quality depends on the skewness, aspect ratio, and 

orthogonal quality. In general, minimum orthogonal quality should be more 

than 0.1, and maximum skewness is recommended to be less than 0.95 (see 

Fig. (3-10)) [78]. However, these values varied depending on the location and 

number of cells, which varied according to the shapes of the models. 

 

Figure (3-10): Requirements of meshing quality [78]. 

3.5.3 Solution Stage 

Firstly, in the third stage of the fluent flow system in ANSYS Fluent 

(solution stage), some assumptions are applied as follows: 

 The inlet temperature of HTF is selected to be 300 K. 
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 The beam solar radiation is selected to be 1000 W/m
2
 [39, 79-

81]. 

 The reflectance of the aluminium reflector is 83%, the 

absorbance of the stainless steel PTR is 96%, and the 

emittance of the stainless steel PTR is given by [82]: 

4 7 20.05599 1.039 10 2.249 10w wT T        
 

(3-20) 

 The thermophysical properties of the HTF (water) (the 

density (f), the dynamic viscosity (f), and the thermal 

conductivity (kf)) are calculated from the average temperature 

of the HTF as listed in Table (3-5). 

 The thermophysical material properties of the PTR (stainless 

steel) and the cylindrical turbulators (stainless steel) are 

presented in Table (3-6). 

Table (3-5): Thermophysical properties of HTF [75]. 

Properties Equation Units 

Density (f) 
2863 1.21 0.00257ave aveT T    kg/m

3
 

Dynamic viscosity (f) 
5.50.0007(315 )aveT  N.s/m

2
 

Thermal conductivity (kf)  40.375 8.84 10 aveT    W/m.ºC 

Table (3-6): Thermophysical material properties of the PTR and the cylindrical 

turbulators [83]. 

Properties Values Units 

Density (w) 8030 kg/m
3
 

Dynamic viscosity (w) 502.48 J/kg.ºC 

Thermal conductivity (kw) 16.27 W/m.ºC 
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3.5.3.1 Nusselt Number 

The Nusselt number is the ratio of convective to conductive heat 

transfer across the PTR that can be calculated as [15, 46, 76, 84]: 

i

f

d
Nu h

k

 
  
 
   

(3-21) 

Where di is the inner diameter of the PTR (m) and h is the heat transfer 

coefficient between the PTR and the HTF, which can be calculated from [46, 

76]: 

( )

use

w ave w

Q
h

T T A


  (3-22) 

Where Tw is the average PTR temperature (ºC), which can be known by 

the CFD tool, and Tave is the average temperature of the HTF (ºC), which can 

be calculated from [46]: 

( )

2

fo fi
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T T
T


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(3-23) 

The useful energy (Quse) in Eq. (3-22) will be calculated from the outlet 

HTF temperature that is obtained from the CFD tool; hence, the useful energy 

is [34, 46, 76]: 

( )use p fo fiQ mc T T 
 

(3-24) 

where ṁ is the mass flow rate of the HTF (kg/s), cp is the specific heat 

capacity of the HTF (J/kg.ºC), Tfo is the outlet HTF temperature (ºC), and Tfi is 

the inlet HTF temperature (ºC). 

Finally, the area of the PTR wall (Aw) is given as follows [65]: 
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w oA d L
 

(3-25) 

3.5.3.2 Friction Factor 

The friction factor can be defined in terms of the pressure drop and the 

HTF mass velocity and can be calculated for a fully developed flow from [14, 

76, 84]: 
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 
   

(3-26) 

where uf is the mean HTF velocity (m/s) and p is the pressure drop 

inside the PTR (Ps) that can be found from the CFD tool. 

3.5.3.3 Reynolds Number 

The flow in a PTR can be laminar or turbulent, depending on the value 

of the Reynolds number (Re). Fluid flow is streamlined and thus laminar at 

low velocities, but turns turbulent as the velocities are increased beyond 

critical values. The Re is defined as the ratio of inertial forces to viscous 

forces within a fluid that is subjected to relative internal movement due to 

different fluid velocities. Inside circular tubes the Re of water is given as [85]: 

4
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f i
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(3-27) 

According to the value of Re, the flow type can be predicted (laminar, 

transitional, and turbulent flow) as the following conditions [85, 86]: 

Re2300 laminar flow 

2300Re10000 transitional flow 

Re10000 turbulent flow 
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3.5.3.4 The Heat Losses 

The heat loss from PTR undergoes three distinct heat transfer processes: 

convection, conduction, and radiation. Convection heat transfer is heat 

transfer between two areas through fluid movement. The fluid properties, 

container geometry, and surface roughness significantly influence fluid 

transmission. Furthermore, the wind's velocity has a significant impact on 

heat transfer via convection. Thermal energy moves from a higher-

temperature wall to a lower-temperature wall through a process known as 

conduction heat transfer. Heat loss through conduction occurs in the PTR's 

wall. Radiation heat transfer can occur through reflection, absorption, or 

transmission, resulting in the exchange of radiant energy. Figure (3-11) shows 

the cross-section scheme of the PTR for the heat transfer mode. 

 

Figure (3-11): Cross-sectional scheme of heat losses from the PTR. 

Theoretically, the overall heat loss from PTR to the surroundings (Qloss) 

can be calculated from: 
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. . .loss conv cond radQ Q Q Q  
 

(3-28) 

3.5.3.4.1 Convection heat loss 

Convection is the heat transfer between the body surface and adjacent 

motion fluid (gas or liquid). When the fluid motion is natural, the convection 

is called free (natural) convection. On the other hand, forced convection 

means that the fluid is forced to flow by external forces like wind, pump, or 

fan. In both types, the heat loss by convection can be found from [85]: 

. ( )conv w a w w aQ h A T T 
 

(3-29) 

where Aw is the area of PTR’s surface (m
2
), Ta is the ambient air 

temperature (ºC), and hw-a is the air convection heat transfer coefficient 

(W/m
2
.ºC), which can be found from [85]: 
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(3-30) 

where ka is the thermal conductivity of air (W/m.ºC) (the properties of 

air can be estimated from the air table (Appendix A)), and Nua represents the 

Nusselt number of air that can be calculated from [87]: 

(1/3)Re Prm

a aNu C
 

(3-31) 

where C and m are constants their values listed in Table (3-7). 

Table (3-7): Constants for use with Eq. (3-28) [87]. 

Re C m 

0.4 – 4 0.989 0.33 

4 – 40 0.911 0.385 

40 – 4000 0.683 0.466 

4000 – 40000 0.193 0.618 

40000 – 400000 0.0266 0.805 
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The Reynolds number of air can be estimated from [87]: 
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where a, ua, a, and a are density, velocity, viscosity, and kinetic 

viscosity of air. These properties of air can be estimated from Appendix A 

based on Tave,w-a that is given as [87]: 
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(3-34) 

The area of PTR’s surface is [88]: 

w oA Ld
 

(3-35) 

3.5.3.4.2 Conduction heat loss 

Conduction heat loss is the energy converted from more surfaces of 

similar or different substances. The conduction heat loss can be found from 

[85]: 

( )cond w w wo wiQ k A T T  
 

(3-36) 

where Two and Twi are the temperatures of the outer and inner walls of 

the PTR, respectively. 

3.5.3.4.3 Radiation heat loss 

Each body emits thermal radiation when its temperature rises above 

absolute zero. The Stefan-Boltzmann law expresses the maximum radiation 

rate that a body surface can emit. Consequently, we can express the radiation 

heat loss as follows [85]: 
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4 4( )rad w w w aQ A T T 
 

(3-37) 

where  represents the Stefan-Boltzmann constant (its value is 5.6710
-

8
 W/m

2
.K

4
). 

3.5.3.5 Performance Evaluation Criteria 

Finally, a common method for determining the thermal enhancement of 

the flow is by comparing the heat transfer coefficient between each tube and 

the plain tube. However, this method fails to account for the critical pressure 

drops that are essential to the system's sustainability when calculating this 

parameter directly. So, this factor is modified in order to compare the newly 

designed tubes with the plain tubes under the same operating conditions. The 

performance evaluation criteria (PEC) is given as [57, 84]: 

1/3

Nu
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f



  

(3-38) 

where Nu and f are the Nusselt number ratio and the friction factor 

ratio that can be calculated as [57, 84]: 
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(3-40) 

where Nuplain and fplain are the Nusselt number and the friction factor in 

the plain tube case, respectively. 

3.5.3.6 Validation Equations 

The theoretical values for the Nusselt number (Nuth) and friction factor 

(fth) for the validation purposes of the designed model (plain tube) can be 

estimated from the empirical correlation of Dittus-Boelter for the Nusselt 

number in a smooth surface tube with the turbulent flow as follows [89]: 
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where Pr is the Prandtl number. 
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4 Chapter Four: Experimental Work 
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4.1 Introduction 

The main goal of the experimental work is to investigate the thermo-

hydraulic performance inside the PTR tubes with cylindrical turbulators and 

to compare the experimental results with the numerical results. The College of 

Engineering/Al-Musayab, Babylon (32.77° N, 44.29° W), hosted the 

experimental study. The experiments were carried out from October 2023 to 

May 2024 during the daytime. 

The PTC model for the concentration of solar radiation has been 

fabricated to generate hot water. This study's experimental setup comprises 

locally fabricated components of a single PTC, boasting a total aperture area 

of 2.00 m
2
. The HTF gains heat gradually as it flows through the PTR in a 

sequential manner. In addition, the PTC is continuously orientated directly 

toward the beam solar radiation to achieve maximum efficiency. The PTC 

system mainly consists of a support structure, reflector, PTR, cylindrical 

turbulators, and other accessories. 

4.2 The Support Structure 

The support structure for this model contains two main mechanical 

groups: stationary (metal support frame) and moving (manual tracking) bases. 

4.2.1 The Stationary Base 

The stationary structure of this model is made of a rectangular steel tube 

with a diameter of 6.35 cm, a length of 220 cm, and a width of 70 cm, welded 

together in the form of a movable pyramid frame by wheels welded from its 

lower end, as shown in Fig. (4-1). 
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Figure (4-1): The support structure of the PTC. 

4.2.2 The Moving Base 

The moving structure of this model consists of two parts: the base and 

the reflector. The base is made from square steel pipes because of its high 

bending and shear stress. Square steel pipes have a diameter of 2.54 cm, a 

height of 25 cm, and a width of 100 cm. Aluminium sheets of size 100×200 

cm with 0.2 cm thickness placed longitudinally on the PTC frame were used 

to form the reflector of the PTC due to their light weight, resistance to 

weather conditions, ease of formation, and good reflectivity of solar radiation, 

as shown in Fig. (4-2). An aluminium sheet plate with a thickness of 0.2 cm 

was fixed with sixteen bolts over the structure of the PTC.  

According to the dimension obtained from Eqs. (3-14) and (3-15) with a 

rim angle of 90°, one rib model was fabricated as a template for the other 

pieces. The rib width and depth calculated from these equations were 114.7 

cm and 25 cm, respectively. Then, the four ribs are connected using two 
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straight hollow square tubes with a length of 200 cm to form the PTC 

structure. In order to efficiently benefit from most of the solar reflected 

radiation, the sun rays must be highly concentrated on the PTR. 

 

Figure (4-2): The PTC system.  

4.3 The PTR 

Several design factors are considered prior to the material selection of 

the PTR to be used. The most important factors are the components of the 

PTR’s material that must not react chemically with the water passing through 

it; the PTR’s material must withstand the external conditions surrounding the 

PTC system location; and the PTR’s material must withstand water 

temperatures that reach higher than 50C. In addition, to ascertain the 

appropriate material and thickness for the tube, it is important to possess an 
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understanding of the maximum pressure of the system. As a result, stainless 

steel was used in this experiment to effectively counteract chemical reactions, 

survive the effects of weathering, and maintain its structural integrity at high 

temperatures, as seen in Fig. (4-3). The selection of the size of the PTR was 

based on the parameters provided in Table (3-3).  

 

Figure (4-3): Photograph of the PTR and cylindrical turbulators. 

4.4 Cylindrical Turbulators 

The technical specifications for the cylindrical turbulators used in this 

study are given in Table (3-4). Figure (4-4) shows the process of inserting the 

cylindrical turbulators inside the PTR. 
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Figure (4-4): Cylindrical turbulators inside the PTR. 

4.5 Other Accessories 

4.5.1 Circulation pump 

The closed cycle of the SDU uses a model (XPS25-8-180) pump with 

different speeds as shown in Fig. (4-5). The lowest speed is utilised with a 

current of 0.2 A and a power of 45 W. The system operates on a 240V/50Hz 

electrical connection, with a maximum flow rate of 834 L/min and a 

maximum head of 4 m. The maximum ambient temperature is 40ºC, which 

allows HTF temperatures up to 110°C, and the maximum pressure is 10 bars.  

4.5.2 Working Fluid Flow Meter 

The (LZM-Z) type liquid flow meter was used to calculate the amount 

of liquid flow (water) between the water source and the PTR. The 

measurement rate ranges from 0.38 to 4 L/min, as shown in Fig. (4-6). 
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Figure (4-5): Circulation pump. 

 

Figure (4-6): Flow meter image. 
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4.5.3 Temperature Gauges 

The GTS412 temperature gauges are suitable for use in numerous 

applications, such as boilers and heating systems, as well as machinery 

manufacturing. A dual-function thermowell equips them to safeguard their 

stem and simplify future replacements. The specifications of the GTS412 

include a dial size of 63 mm, a stem length of 50 mm (a bi-metal sensor 

copper alloy stem), and the ability to measure temperatures up to 160°C, as 

shown in Fig. (4-7). 

4.5.4 Pressure Gauges 

The Gesa (EN 837-1) type pressure gauges were used to evaluate the 

pressure drop between the inlet and outlet zones of the PTR. These pressure 

gauges are specially designed for difficult operating conditions, such as 

vibrations or rapid pressure changes, and are suitable for use in systems with 

low viscosity (water). Their technical data include a 60 mm dial diameter, a 

bar range of 0 to 10 bar (0–150 Ps) as shown in Fig. (4-8). 

 

Figure (4-7): GTS412 temperature gauge. 
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Figure (4-8): Gesa (EN 837-1) pressure gauge. 

4.5.5 Digital Clamp Multi-meter 

The digital clamp multi-meter was used to measure the variance in 

voltage and current in the ranges of 110-300 V and 2-400 A. The clamp 

multi-meter that was used in this study is ST201, as shown in Fig. (4-9). 

 

Figure (4-9): Digital clamp multi-meter. 
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4.6 PTC Thermal Efficiency 

There are two ways to calculate the thermal efficiency of the PTC: the 

first way is by dividing the useful heat from the PTC by the total incident 

solar radiation [15, 43, 46, 65]: 

use
the

inc

Q

Q
 

 
(4-1) 

The total incident solar radiation (Qinc) is the product of aperture area 

(Ac) and the titled beam radiation (Ibt) [39, 46, 79]: 

inc c btQ A I
 

(4-2) 

By substituting Eqs. (3-24) and (4-2) into Eq. (4-1) will be gated on: 
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(4-3) 

where ṁ, cp, Tfo, and Tfi represent mass flow rate, specific heat capacity, 

outlet HTF temperature, and inlet HTF temperature, respectively. 

The second way to calculate the thermal efficiency of the PTC that is 

operated under steady-state conditions may be defined as follows according to 

ASHRAE Standard 93 [90]: 

fi aR L
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   

(4-4) 

where FR is the heat removal factor, opt is the optical efficiency of 

PTC, UL is the thermal loss coefficient, and CR represents the concentration 

ratio, which is defined as the ratio of the aperture area (Ac) to the PTR area 

(Aw) [57]: 
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(4-7) 

The opt includes many important concentrators' optical properties 

(aperture reflectance (
c ), PTR surface absorption (

w ), and End-effect loss (

endX )) [7]: 

( )opt c r i endK X   
 

(4-8) 

The last term in Eq. (4-8) is typically important for long lengths of the 

PTR, so, in this study for shorter strings the end losses may be negligible [7]. 

The angle of incidence can also correlate with other losses from the 

collector. The effects of errors in the concentrating collector, tracking errors, 

and errors in the displacement of the absorber from the focus all lead to 

enlarged or shifted images and affect the intercept factor. The incidence angle 

modifier ( ( )iK  ), an empirical fit to experimental data for a specific collector 

type, can account for these errors. The incidence angle modifier for the 

collector is [91]: 

2( ) cos 0.000884 0.00005369i i i iK      
 

(4-9) 

The FR in Eq. (4-4) represents the ratio of the actual useful energy gain that would 

result if the collector-absorbing surface had been at the local fluid temperature [92]: 
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(4-10) 

The PTC efficiency factor (F) can be found from [92]: 
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(4-11) 

Finally, the UL depends on the magnitude of conductive, radiative, and 

convective losses, which in turn depend on the operating temperature of the 

collector that is relative to the environment. It can be expressed as [92]: 
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4.7 The cost analysis 

The cost-benefit analysis of the distillation unit is an important aspect, 

as it depends mainly on the productivity of freshwater, which depends on the 

intensity of incident solar radiation. As the installed location of the SDU 

changes, the intensity of solar radiation accordingly changes. 

The total cost (TC) of any distilled unit is calculated from: 

TC FC VC   (4-13) 

where FC is fixed cost and VC is variable cost. 

4.8 Experimental Setup and Procedure 

The SDU is used to produce freshwater, which consists of the cold 

water source, the PTC device, the SS, and the water supply pipeline, as shown 

in Fig. (4-10). In this work, experiments were conducted on different days 

from October 2023 to May 2024 from 9:00 a.m. to 3:00 p.m. for all units: 

CSS, SDU (SS + PTC with the plain tube), and modified SDU (MSDU) (SS + 

PTC with the modified PTR). First, it is very important to clean the reflector 

of the PTC and the glass cover of the SS from any accumulated dust or dirt. 

Then, the PTC is tracked to capture the beam radiation and focus it on the 

PTR. Water is pumped from the cold water source to the PTC. The flow meter 

located after the pump measures the flow rate of water passing through the 

pipes. At the beginning of the time, one should not take readings until half an 

hour has passed to avoid false readings. The water was pumped into the PTR, 

and the water began to heat up gradually due to the concentrated solar 

radiation. Then the hot water coming out was transferred to the condensation 

system through insulated plastic pipes to avoid thermal losses. 
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In the first stage, the amount of freshwater productivity was recorded 

for every hour from the CSS, and at last daylight hours, the amount of 

collected freshwater was calculated. In the second stage, the PTC containing 

the plain tube was connected to the SS. The cold water inlet temperature and 

the hot water outlet temperature of the PTC system and the freshwater 

productivity of the SS were recorded for every daylight hour. Finally, in the 

third stage, novel cylindrical turbulators were introduced into the PTR to 

increase the heat transfer area and to reduce the heating time of the PTC 

system; then it was connected to the SS. Also, the cold water temperature and 

the hot water temperature of the PTC system and the freshwater productivity 

of SS were recorded hourly and daily. 

 

Figure (4-10): Schematic of the MSDU.
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5 Chapter Five: Results and Discussion 
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5.1 Introduction 

The numerical results investigated the effects of length, thickness, and 

number of cylindrical turbulators inside the PTR under turbulent flow on the 

thermo-hydraulic performance, and the temperature distribution in the plain 

tube and modified PTRs. 

The experimental results show recorded inlet and outlet HTF 

temperatures in the plain tube and modified PTR during the operated hours of 

the PTC’s system in the selected days of the year at the system’s location 

(College of Engineering/Al-Musayab, Babylon (32.77° N, 44.29° W)). The 

useful heat and the PTC thermal efficiency are calculated and compared with 

the numerical results. In addition, a comparison between the results of the 

present study and previous studies is presented to show the improvement in 

the PEC. Finally, to demonstrate the effect of turbulators on the MSDU, the 

quantity of freshwater production was recorded and compared between the 

CSS, SDU, and MSDU. 

5.2 The Numerical Results 

In this work, the investigated PTC models (eighty cylindrical turbulator 

models and the plain tube model) were designed in SolidWorks and simulated 

in the CFD tools. These tools can do flow and thermal analyses all at once. It's 

crucial to bear in mind that numerous literature studies, primarily focusing on 

PTC, have utilised the current simulation tool [32, 34, 39, 43, 75-77]. 

5.2.1 Mesh Quality 

A variety of meshes are evaluated, Tables (5-1) and (5-2) provide a 

detailed report of the test findings of the plain tube case and the selected 

cylindrical turbulator tube case (with l = 40 mm, t = 2 mm, and N = 15), 
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respectively. In these tests, five distinct mesh instances were looked at, the 

input temperature was set at 300 K, and the mass flow rate was chosen to be 

0.7 kg/s. In both cases, mesh 4 was the best-selected mash because it is clear 

that the output fluid temperature has converged. These tables indicate that the 

plain tube case selected approximately 1.2 million cells, while the cylindrical 

turbulator tube case selected approximately 2.5 million cells. Figure (5-1) 

shows the meshes for the plain tube and the cylindrical turbulators PTR. 

Table (5-1): GIT of the plain tube case. 

Properties Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 

Million cells 0.215 0.423 0.605 1.212 1.532 

Tfo (K) 308 316 322 325.5 325.6 

Error (%) - 2.5 1.9 1.1 0.03 

Table (5-2): GIT of the selected cylindrical turbulator tube case. 

Properties Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 

Million cells 0.522 1.204 1.931 2.511 3.323 

Tfo (K) 311 321 330 339.7 339.9 

Error (%) - 3.2 2.8 2.9 0.06 
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Figure (5-1): Mesh in a cross section for: a) plain tube, and b) cylindrical turbulator 

PTR. 

In this study, succinct convergence is achieved when the scaling 

residuals of energy, momentum, and continuity remain constant after an 

estimated 216 iterations. The scaled residuals' minimum values following 

these iterations equal (10
-6

), for the energy, continuity equation, and velocity 

quantities. 

5.2.2 Validation Test 

This subsection presents the accuracy of the developed model through a 

validation test. The validation test, as illustrated in Fig. (5-2), was compared 

with Sahin et al. [64]. The average variation in the Nusselt number and 

friction factor is -3.5% and 2.9%, respectively. The observed variances were 

found to be negligible; suggesting that the data obtained from the plain tube 

exhibits a high level of dependability. Therefore, the collected data can be 

used as a benchmark to evaluate the tube's performance with the inclusion of 

the cylindrical turbulators. 
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Figure (5-2): Validation of Nusselt number and friction factor for various Reynolds 

number with [64]. 

5.2.3 Effect of Cylindrical Turbulators length 

To examine the impact of the cylindrical turbulator lengths, l, on the 

thermo-hydraulic performance (Nusselt number, friction factor, and PEC) 

inside the PTR, its values were varied from 10 mm to 50 mm with a fixed 

thickness (t = 2 mm) and a constant number (N = 15). 

Figure (5-3) shows the variation of the Nusselt number and friction 

factor with mass flow rates for different cylindrical turbulator lengths with the 

fixed thickness (t = 2 mm) and the constant number (N = 15). According to 

this figure, the Nusselt number increases with the mass flow rate for all tubes 

(plain tube and modified PTR) due to an increase in the heat transfer 

coefficient (i.e., when the flow rate of the HTF increases, many eddies are 

formed). The Nusselt number was enhanced by 41% inside the plain tube due 
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to increasing the mass flow rate from 0.6 kg/s to 1.0 kg/s. At a mass flow rate 

of 0.6 kg/s, the Nusselt number improved by 8.10% as the cylindrical 

turbulator length increased from 10 mm to 50 mm, while at a mass flow rate 

of 1.0 kg/s, it improved by 23.3%. This is because the Nusselt number 

increases with cylindrical turbulator length due to increased HTF contact and 

turbulence (i.e., an increase in the longitudinal heat transfer area between the 

inner PTR surface and HTF). At the maximum mass flow rate (1.0 kg/s), the 

Nusselt number ratio varies from 1.48 to 1.82 by increasing the cylindrical 

turbulator length from 10 mm to 50 mm. On other hand, it is clear that the 

friction factor decreases with the mass flow rate for all tubes due to the 

friction factor being inversely proportional to the inlet HTF velocity, as 

indicated in Eq. (3-26). By increasing the mass flow rate from 0.6 kg/s to 1.0 

kg/s, the friction factor inside the plain tube decreased by 67.8%, while inside 

the modified PTR (with 50 mm of cylindrical turbulator length) it decreased 

by 80.8%. Compared to the plain tube, the modified PTR has the higher 

friction factor due to inserting the cylindrical turbulators, which increases the 

pressure drop. At the mass flow rate of 1.0 kg/s, the friction factor ratio varies 

from 1.05 to 1.23 when increasing the cylindrical turbulator length from 10 

mm to 50 mm, whereas the friction factor ratio varies from 1.05 to 1.10 when 

increasing the cylindrical turbulator length from 10 mm to 40 mm. The 

increase in lengths of cylindrical turbulators leads to increase the pressure 

drop. 
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Figure (5-3): Nusselt number and friction factor with mass flow rates for different 

cylindrical turbulator lengths with the fixed thickness (t = 2 mm) and the constant 

number (N = 15). 

Figure (5-4) shows the variation of the PEC with mass flow rates for 

different cylindrical turbulator lengths with the fixed thickness (t = 2 mm) and 

the constant number (N = 15). It is clearly seen from this figure that the PEC 

increases with mass flow rate for all tubes due to the increase in Nusselt 

number value. At the mass flow rate of 0.6 kg/s, the range of PEC value is 

0.92-1.02, but after the mass flow rate of 0.7 kg/s the values of PECs in all 

modified PTRs is higher than one. Additionally, the PEC reaches 1.73 using a 

length of 40 mm and 1.70 using a length of 50 mm due to increasing the 

friction factor. Hence, the optimal length of cylindrical turbulator is 40 mm. 
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Figure (5-4): PEC with mass flow rates for different cylindrical turbulator lengths 

with the fixed thickness (t = 2 mm) and the constant number (N = 15). 

5.2.4 Effect of Cylindrical Turbulators Thickness 

In order to investigate the impact of the thickness (t) of the cylindrical 

turbulator on the thermo-hydraulic performance inside the PTR, its value was 

varied from 1 mm to 4 mm for the fixed length (l = 40 mm) and the constant 

number (N = 15). 

Figure (5-5) shows the variation of the Nusselt number and friction 

factor with mass flow rates for different cylindrical turbulators thickness with 

the fixed length (l = 40 mm) and the constant number (N = 15). According to 

this figure, as mass flow rate increased the Nusselt number increased and 

friction factor decreases due to reason in length effect of cylindrical 

turbulators. It can be seen that the Nusselt number steadily rises as the 

cylindrical turbulators thickness increases due to the increasing cross-section 
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area of the cylindrical turbulators, which the HTF collected, and causes the 

increase in heat transfer area. At the mass flow rate of 0.6 kg/s, the Nusselt 

number ratio reached 1.05, 1.19, 1.21, and 1.23 for cylindrical turbulators 

thickness of 1, 2, 3, and 4 mm, respectively. On the other hand, the Nusselt 

number ratio reached 1.60, 1.78, 1.80, and 1.81 for cylindrical turbulators 

thickness of 1, 2, 3, and 4 mm, respectively, at a mass flow rate of 1.0 kg/s. 

As noted from the Nusselt number ratios, the thickness had a negligible effect 

on the heat transfer rate, particularly after 2 mm of cylindrical turbulator 

thickness.  

 

Figure (5-5): Nusselt number and friction factor with mass flow rates for different 

cylindrical turbulator thickness with the fixed length (l = 40 mm) and the constant 

number (N = 15). 
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Also, it was noted as the cylindrical turbulator thickness increases, the 

friction factor gradually increases due to the increase in the pressure drop by 

inserting these turbulators. At a mass flow rate of 1.0 kg/s, the friction factor 

ratio reached 1.03, 1.10, 1.21, and 1.29 inside the PTR using the cylindrical 

turbulator thickness of 1, 2, 3, and 4 mm, respectively. The increase 

cylindrical turbulator thickness increases the pressure drop due to inserting 

the cylindrical turbulators. 

Figure (5-6) shows the variation of the PEC with mass flow rates for 

different cylindrical turbulator thicknesses with the fixed length (l = 40 mm) 

and the constant number (N = 15). It is observed from this figure that the PEC 

increases with mass flow rate for all modified PTRs due to increasing the 

Nusselt number values. The PEC value under mass flow rate of 0.7 kg/s is 

less than one. At mass flow rate of 1.0 kg/s, the PEC value using modified 

PTR with cylindrical turbulators thickness of 1, 2, 3, and 4 mm reaches 1.58, 

1.73, 1.69, and 1.65, respectively. Hence, the optimal thickness of cylindrical 

turbulators is 2 mm. 
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Figure (5-6): PEC with mass flow rates for different cylindrical turbulator thickness 

with the fixed length (l = 40 mm) and the constant number (N = 15). 

5.2.5 Effect of Cylindrical Turbulators Number 

The number of cylindrical turbulators (with the fixed length (l = 40 

mm) and thickness (t = 2 mm)) was varied from 5 to 20 to investigated its 

effect on the thermo-hydraulic performance inside the PTR. 

Figure (5-7) shows the variation of the Nusselt number and friction 

factor with mass flow rates for different cylindrical turbulators with the fixed 

length (l = 40 mm) and thickness (t = 2 mm). According to this figure, at mass 

flow rate of 1.0 kg/s, the increase in the number of cylindrical turbulators 

from 5 to 20 leads to a 15.1% improvement in the Nusselt number due to 

increasing both the heat transfer coefficient and the heat transfer area. Also, it 

is clear that the increase in the number of cylindrical turbulators inside the 

PTR from 5 to 20 causes a significant increase in the friction factor value. 
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Increasing the number of cylindrical turbulators enhances the longitudinal and 

cross-sectional areas of collisions between the PTR's wall and HTF, leading to 

an increase in the pressure drop. The average improvement in friction factor is 

19.6% when increasing the number from 5 to 20. 

 

Figure (5-7): Nusselt number and friction factor with mass flow rates for different 

cylindrical turbulators number with the fixed length (l = 40 mm) and thickness (t = 2 

mm).  

Figure (5-8) shows how the PEC value increases with HTF mass flow 

rate and cylindrical turbulator number with the fixed length (l = 40 mm) and 

thickness (t = 2 mm). According to this figure, the values of PEC using the 

modified PTRs with cylindrical turbulator number of 5, 10, 15, and 20 are 

1.59, 1.66, 1.73, and 1.72, respectively. This means that it is not advised to 

increase the number of cylindrical turbulators to more than 15 inside the 

modified PTR.  
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Figure (5-8): PEC with mass flow rates for different cylindrical turbulators number 

with constant length (l = 40 mm) and constant thickness (t = 2 mm). 

Appendix B listed the results of thermo-hydraulic performance at mass 

flow rate of 1.0 k/s for all investigated parameters. Finally, a comparison of 

the PEC values between the present work (cylindrical turbulators) and 

different types of turbulators is provided in Table (5-3). The comparison 

shows that the proposed turbulator design has a positive effect on enhancing 

the thermo-hydraulic performance of the PTR.  

Table (5-3): Comparison of the PEC values between the present work and various 

turbulators inside PTR. 

Ref. Type of turbulators PEC 

[45] spherical pins 1.25 

[34] twisted tape 1.28 

[39] rectangular longitudinal fins 1.31 

[42] conical strip turbulators 1.33 
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[47] porous discs 1.60 

[46] rectangular cross-section fins 1.64 

[44] axially rotating internally finned PTR 1.72 

Present work cylindrical turbulators 1.73 

5.2.6 Outlet Temperature Distributions of the HTF 

Figure (5-9) displays the CFD result of the temperature contour inside 

the plain tube. It was noted that the average outlet HTF temperature reaches 

325.5 K when the inlet HTF temperature is 300.0 K. 

 

Figure (5-9): CFD result of temperature contour of the plain tube. 

As seen, when the HTF flows into the PTR, it will initially begin to heat 

slowly from the PTR’s upper surface due to the beam solar radiation and from 

the PTR’s lower surface due to the concentrated solar radiation, but the HTF 

temperature is not uniformly distributed. It is observed that the maximum 

temperature of the HTF outlet surface approaches the wall temperature due to 
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the absence of any active or passive technology that could enhance heat 

transfer within the PTR. 

Figure (5-10-a) displays the CFD result of the temperature contour 

inside the modified PTR with l = 40 mm, t = 2 mm, and N = 5. The average 

outlet HTF temperature from the modified PTR has been observed to be 

slightly increased compared with the average outlet HTF temperature from 

the plain tube to record 330.6 K.  

 

Figure (5-10):  CFD results of the temperature contour inside the PTR with the fixed 

length (l = 40 mm) and thickness (t = 2 mm): (a) N = 5, (b) N = 10, and (c) N = 15. 
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Figure (5-10-b) shows the CFD result of the temperature contour inside 

the modified PTR with l = 40 mm, t = 2 mm, and N = 10. The average outlet 

HTF temperature from the modified PTR increased compared with the 

average outlet HTF temperature from the previous tubes to reach 337.5 K. 

Figure (5-10-c) demonstrates the CFD result of the temperature contour inside 

the modified PTR with l = 40 mm, t = 2 mm, and N = 15. In this modified 

PTR, the average outlet HTF temperature recorded the highest value at 339.7 

K. 

5.3 The Experimental Results 

5.3.1 The PTR with and without Cylindrical Turbulators 

5.3.1.1 The Outlet Temperature 

Appendices (C), (D) and (E) present the results of calculated and 

measured data during selected days during October 2023 to May 2024 at the 

College of Engineering/Al-Musayab, Babylon (32.77° N, 44.29° W), from 

9:00 to 15:00. Appendix (C) displays the calculated data for the angles and 

values of solar radiation, Appendix (D) shows the experimentally comparison 

of outlet water temperature from the plain tube and modified PTR, and 

Appendix (E) lists the theoretically calculated values, such as the useful 

energy and PTC thermal efficiency. Setting and positioning the PTC manually 

according to sunlight and running the system for 60 minutes prior to recording 

the first reading. The time interval between each reading is set to 60 minutes. 

The inlet and outlet water temperatures are measured using the temperature 

measurements. 

To compare between the experimental and numerical outcomes, the 

measured data are taken experimentally for both tubes (the plain tube and the 
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modified PTR (PTR with the optimal parameters of cylindrical turbulators 

that gated from CFD (l = 40 mm, t = 2 mm, and N = 15))). The measured data 

encompassed the inlet water temperature, water flow rate, PTR area, reflector 

area, and time. Then, the model determined the outlet water temperature and 

useful heat. The modelled results are plotted for each case and compared with 

the experimental results on May 7, 2024. 

Figure (5-11) shows the comparison between the experimental and 

numerical outlet water temperatures during the test day for the plain tube and 

modified PTR. In all examined tubes experimental and numerical, at 9:00 

a.m., the outlet water temperature recoded 36.0C. Experimentally, the outlet 

water temperature from the plain tube gradually rises to reach the maximum 

value of 57.0°C at 12:00 a.m. and then slowly drops to 34.5°C at 3:00 p.m. 

due to decreasing the beam solar radiation. The outlet water temperature from 

the modified PTR recorded the maximum value of 61.5C at 11:00 a.m. faster 

than in the plain tube. These turbulators enhance the heat transfer exchange 

between the PTR's surface and the water by providing a larger surface area for 

heat transfer and extending the water's residence time to absorb more heat. 

These advantages enable the PTR to reach higher temperatures quickly, 

thereby increasing the production of hot water, which is crucial for water 

desalination processes. By comparing between the average enhancement in 

outlet water temperature from the plain tube and modified PTR, it was found 

to be 12%. Additionally, it is observed that as the beam solar radiation 

decreases, the outlet water temperature decreases. In contrast to the plain tube, 

the modified PTR shows less temperature drop. The cylindrical turbulators 

retain the daytime heat and gradually release it to water molecules. 
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Figure (5-11): Comparison between the experimental and numerical outlet 

temperatures of the plain tube and modified PTR on 7 May of 2024. 

Numerically, the two tubes behave similarly to the experimental 

observations, albeit with higher outlet water temperatures. The reason for this 

is that during the simulation period, some inputs remain fixed which are not 

the cases in the actual experiment. Also, it was found that there was a good 

agreement between the experimental and numerical results, where there are 

some discrepancies with an average error of -2.2% and -2.6% for the plain 

tube and modified PTR, respectively. 

5.3.1.2 The Useful Heat 

Figure (5-12) shows the comparison between the experimental and 

numerical useful heats of the water during the test day for the plain tube and 

modified PTR. According to Eq. (3-24), the useful heat depends on the 

temperature difference between the outlet and inlet water. Therefore, the 
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experimental useful heat begins to rise gradually to record its highest value of 

1053.4 W in the modified PTR and 903.3 W in the plain tube. 

 

Figure (5-12): Comparison between the experimental and numerical useful heat for 

the plain tube and modified PTR on 7 May of 2024. 

 In the modified PTR, the useful heat reaches its maximum value faster 

(at 11:00 a.m.) than in the plain tube (at 12:00 a.m.). The values of useful heat 

in the modified PTR remain within the high range for a longer period, unlike 

in the plain tube. As in the outlet water temperature case (Fig. (5-11)), the 

drop in the values of useful heat in the modified PTR is gradually less than 

that for the plain tube. The presence of cylindrical turbulators, which retain 

heat and begin to lose it when the beam solar radiation values drop, is 

responsible for all these effects. A convergence between numerical and 

practical results is observed with some contradictions, with a mean error of -

2.6% and -3.7% for the plain tube and modified PTR, respectively.  
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5.3.2 The PTC Thermal Efficiency 

Figure (5-13) illustrates the experimental values of the PTC thermal 

efficiency using the plain tube and modified PTR with the daylight hours of 

the selected day (7 May of 2025). The PTC thermal efficiency gradually rose 

in the early hours of the chosen days, reaching its highest value of 64% at 

11:00 a.m. for the modified PTR case and 55% at 12:00 a.m. for the plain 

tube. Even though the beam solar radiation levels drop after 12:00 a.m., the 

PTC thermal efficiency using modified PTR stays high, between 60% and 

50% due to the cylindrical turbulators which lose heat to water molecules 

along with the beam solar radiation. This feature shows the benefit of the 

presence of turbulators inside the PTR. 

 

Figure (5-13): Experimental PTC thermal efficiency during selected day (7 May of 

2024) of the plain tube and modified PTR. 

Also, it was found the daily thermal efficiencies of the PTC with plain 

tube or modified PTR were 32% and 44%. Despite the inverse relationship 
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between the thermal efficiency and solar radiation, as demonstrated by Eq. (4-

3), we observe an increase in its values even when the solar radiation 

decreases, particularly in the afternoon. Due to the large increase in useful 

heat compared to solar radiation. 

Generally, there was a good agreement between the experimental and 

numerical results. However, there are some inconsistencies, which can be 

attributed to several factors. Firstly, the theoretical calculations in ANSYS 

assume ideal weather conditions, which can change instantaneously and 

directly impact the water temperatures inside the PTR and the accuracy of 

thermo-measurements. Additionally, manufacturing errors in the PTC 

reflector, the center of the focal point of the PTR, and the tracking of the sun 

all contribute to the inconsistencies. 

5.3.3 The Freshwater Productivity 

Figure (5-14) shows the hourly freshwater productivity of the CSS, 

SDU, and MSDU recorded 40, 110, 120 mL/m
2
/h at 9:00 a.m. and 880, 1450, 

and 1670 kg/m
2
/h at 13:00 p.m., respectively, in 7 May of 2024. The results 

show that the hourly freshwater productivity of SDU is higher than the CSS 

due to the impact of the PTC that raises the inlet water temperature into the 

SS's basin. Also, the hourly freshwater productivity of MSDU is higher than 

the CSS and SDU due to the presence of cylindrical turbulators, which result 

in increasing the outlet water temperature from the PTC. 

5.3.4 Comparison of Current Study with Previous Studies 

Many researchers have studied the performance of SDU with different 

techniques and got variable results [93-96]. In order to compare the results in 

terms of improving the productivity of freshwater, Fig. (5-15) was prepared to 

compare the daily productivity of each study. 
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Figure (5-14): Variation of hourly freshwater productivity of CSS, SDU, and MSDU 

on 7 May of 2024. 

 

Figure (5-15): Distilled unit comparison of current study with previous studies. 
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5.3.5 Economic analysis 

Table (5-4) lists the values of FC for every unit. 

Table (5-4): The values of FC for every unit. 

Units FC ($) 

CSS 165 

SDU 506 

MSDU 612 

 

Consider variable cost VC equals 30% from FC per year, as stated by 

Madiouli et al. [17], then: 

For CSS, the TC = 165$+(0.3165$15) = 907.5$ for 15 years (average 

solar life span). The average daily production can be calculated by analyzing 

various experimental data and it finds 0.95 L/day in Babil, Iraq. It is assumed 

that the sunshine is available for 331 days in a year in Iraq (as listed in Table 

(1-1)) to calculate the annual cost for 1 L. The overall yield of distilled water 

during this period (15 years) = 0.95×15×333.6 = 4753.8 L. Thus, the cost of 1 

L distilled water obtained from CSS = 907.5/4753.8 = 0.191 $/L. 

For SDU, the TC = 506$+(0.3×506$×15) = 2783$. The average yield 

per year can be taken as 4.25 L/day by assuming that the SDU works for 

333.6 days during the year. The whole produce during the life cycle of the 

SDU = 21267 L. Thus, it can be calculated that the cost of 1 L by SDU is 

(2783/21267) = 0.131$. 

For MSDU, the TC= 612$+(0.3612$15) = 3366$. The average yield 

per year can be taken as 5.23 L/day and the overall yield during the life cycle 

(15 years) of the MSDU = 5.23333.615=26170.9L. Hence, the cost per 1 L 

of freshwater produced from MSDU reaches (3366/26170.9) = 0.129 $. 



 

 

6 Chapter Six: Conclusions and Future 

Work 
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6.1  Conclusions 

This study lists numerous techniques that can improve the thermo-

hydraulic performance of PTC, which can lead to various benefits: 

1) Higher thermal energy production. 

2) Reduce thermal losses. 

3) Higher PTC thermal efficiency. 

When a plain tube is used without any turbulators, it leads to an uneven 

temperature distribution within the plain tube, which in turn increases thermal 

loss and heat stress. Changing the turbulator type is a viable approach for 

studying the corresponding effect on PTC systems' thermo-hydraulic 

performance. Without a doubt, inserting the turbulator improves heat transfer 

performance and decreases thermal loss, but it also affects the pressure drop, 

requiring more pumping power to force the flow through the PTR. Therefore, 

it should be optimized the geometrical parameters of the turbulator to ensure 

the effective thermo-hydraulic performance of the PTC. 

In the numerical part, all the designed PTRs were performed over a 

range of Reynolds numbers of 20,000 – 36,000 and uniform heat flux 

distribution one the upper and lower surfaces of PTR. The main findings of 

this part are summarized as below: 

1) The observed variances from the validation test of the present 

model with the experimental correlation were found to be 

negligible; suggesting that the data obtained from the plain tube 

exhibits a high level of dependability. 

2) The mass flow rate has positive effect on the Nusselt number and 

negative effect on the friction factor. 
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3)  The thermo-hydraulic performance generally increases with the 

length, thickness, and number of cylindrical turbulators. 

4) The variation in thickness of cylindrical turbulators has relatively 

insignificant effect than variation of other parameters of 

cylindrical turbulators on the thermo-hydraulic performance. 

5)  The optimal case of the cylindrical turbulator is 40 mm in 

length, 2 mm in thickness, and 15 turbulators. 

6) In this case, the maximum values of Nusselt number ratio, 

friction factor ratio, and PEC are 1.790, 1.100, and 1.730, 

respectively. 

7) The comparison of the PEC values between the present work 

(cylindrical turbulators) and different types of turbulators shows 

that the proposed turbulator design has a positive effect on 

enhancing the thermo-hydraulic performance inside the PTR.   

In the experimental part, all the examined PTRs were performed over 

mass flow rate of 0.7 kg/s and non-uniform heat flux distribution on the upper 

and lower surfaces of PTR. The main findings of this part are summarized: 

1) These turbulators enhance heat transfer exchange between the 

PTR's surface and the water by providing a higher surface area 

for heat transfer, generating a swirl flow, and increasing the 

water's residence time to gain more heat. 

2) For PTC, there is a good agreement between the experimental 

and numerical results of outlet water temperature, heat useful, 

and PTC thermal efficiency. 

3) The productivity of distilled water from MSDU increased 

compared with its for SDU and CSS. 
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6.2 Recommendations for Future Work: 

During the development of this project, different opportunity areas were 

found and noted. This subsection presents the future work that can follow this 

line of investigation. 

1) The present work used cylindrical turbulators that resulted in 

enhanced PEC hydraulic performance values. Nevertheless, it is 

possible that certain turbulators exhibit superior performance 

compared to others. 

2) The use of hybrid nanofluids with turbulators offers good 

potential since different turbulators could be investigated with 

numerous types of hybrid nanofluids. 

3) By cooling its outer surface, SDU and MSDU can produce more 

distilled water, and new technologies can enhance the 

condensation process. 
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A. APPENDIX (A): The properties of air at atmosphere pressure 

T (K)  (kg/m
3
) 

cp 

(kJ/kg.K) 
10

-5
  

(kg/m.s) 

v10
6
 (m

2
/s) k (W/m.K) Pr 

250 1.4128 1.0053 1.599 11.31 0.02227 0.722 

300 1.1774 10.0057 1.8462 15.69 0.02624 0.708 

350 0.9980 1.0090 2.075 20.76 0.03003 0.697 

400 0.8826 1.0140 2.286 25.9 0.03365 0.689 

450 0.7833 1.0207 2.484 31.71 0.03707 0.683 

500 0.7048 1.0295 2.671 37.90 0.04038 0.680 

550 0.6423 1.0392 2.848 44.34 0.04360 0.680 
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B. APPENDIX (B): The result of thermo-hydraulic performance for 

investagted paramperts of cylindrical turbulator PTR at mass flow 

rate of 1.0 k/s 

Case 
l 

(mm) 

t 

(mm) 
N 

h 

(W/m
2
.K

4
) 

p 

(pas) 
Nu f Nu f PEC 

plain 

tube 
0 0 0 1437.73 5737.9 133 0.0502 1 1 1 

1  10 1 5 1228.50 6349.3 113.65 0.0525 0.850 1.107 0.82 

2  10 1 10 1257.41 6362.0 116.32 0.0527 0.870 1.109 0.84 

3  10 1 15 1271.86 6374.8 117.66 0.0528 0.880 1.111 0.85 

4  10 1 20 1286.31 6948.6 118.99 0.0529 0.890 1.211 0.84 

5  10 2 5 1286.31 6000.7 118.99 0.0530 0.890 1.046 0.88 

6  10 2 10 1329.67 6012.7 123.00 0.0531 0.920 1.048 0.91 

7  10 2 15 2139.04 6024.8 197.88 0.0532 1.480 1.050 1.46 

8  10 2 20 2153.49 9238.0 199.21 0.0533 1.490 1.610 1.27 

9  10 3 5 2167.95 9639.6 200.55 0.0534 1.500 1.680 1.26 

10  10 3 10 2182.40 10213.4 201.89 0.0535 1.510 1.780 1.25 

11  10 3 15 2189.62 10442.9 202.56 0.0536 1.515 1.820 1.24 

12  10 3 20 2196.85 10901.9 203.22 0.0537 1.520 1.900 1.23 

13  10 4 5 2211.30 11188.8 204.56 0.0538 1.530 1.950 1.23 

14  10 4 10 2225.76 11475.7 205.90 0.0539 1.540 2.000 1.23 

15  10 4 15 2240.21 12049.5 207.24 0.0540 1.550 2.100 1.21 

16  10 4 20 2254.66 12336.4 208.57 0.0541 1.560 2.150 1.21 

17  20 1 5 2186.83 9089.1 202.30 0.0543 1.513 1.584 1.30 

18  20 1 10 2211.40 9107.4 204.57 0.0544 1.530 1.587 1.31 

19  20 1 15 2236.25 9125.6 206.87 0.0545 1.547 1.590 1.33 

20  20 1 20 2247.44 10041.3 207.90 0.0546 1.555 1.750 1.29 

21  20 2 5 2261.37 9143.9 209.19 0.0547 1.565 1.594 1.34 

22  20 2 10 2286.78 9162.2 211.54 0.0548 1.582 1.597 1.36 

23  20 2 15 2312.48 9180.6 213.92 0.0549 1.600 1.600 1.37 

24  20 2 20 2326.93 9467.5 215.26 0.0550 1.610 1.650 1.36 

25  20 3 5 2160.06 6118.0 199.82 0.0551 1.495 1.066 1.46 

26  20 3 10 2184.33 6130.3 202.07 0.0552 1.511 1.068 1.48 

27  20 3 15 2208.88 6142.6 204.34 0.0554 1.528 1.071 1.49 

28  20 3 20 2233.69 6154.9 206.63 0.0555 1.545 1.073 1.51 

29  20 4 5 2233.69 6154.9 206.63 0.0556 1.545 1.073 1.51 

30  20 4 10 2258.79 6167.2 208.95 0.0557 1.563 1.075 1.53 

31  20 4 15 2284.17 6179.6 211.30 0.0558 1.580 1.077 1.54 

32  20 4 20 2298.02 6541.2 212.58 0.0559 1.590 1.140 1.52 

33  30 1 5 2309.84 6192.0 213.68 0.0560 1.598 1.079 1.56 

34  30 1 10 2335.79 6204.4 216.08 0.0561 1.616 1.081 1.57 

35  30 1 15 2362.03 6216.8 218.50 0.0562 1.634 1.083 1.59 

36  30 1 20 2376.07 6541.2 219.80 0.0564 1.644 1.140 1.57 
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Case 
l 

(mm) 

t 

(mm) 
N 

h 

(W/m
2
.K

4
) 

p 

(pas) 
Nu f Nu f PEC 

37  30 2 5 2388.57 6229.3 220.96 0.0565 1.653 1.086 1.61 

38  30 2 10 2415.41 6241.8 223.44 0.0566 1.671 1.088 1.63 

39  30 2 15 2442.55 6254.3 225.95 0.0567 1.690 1.090 1.64 

40  30 2 20 2457.00 6541.2 227.29 0.0568 1.700 1.140 1.63 

41  30 3 5 2114.74 5816.1 195.63 0.0569 1.463 1.014 1.46 

42  30 3 10 2138.50 5827.8 197.83 0.0570 1.480 1.016 1.47 

43  30 3 15 2162.53 5839.4 200.05 0.0572 1.496 1.018 1.49 

44  30 3 20 2183.84 6082.1 202.02 0.0252 1.511 1.060 1.48 

45  30 4 5 2186.83 5851.1 202.30 0.0279 1.513 1.020 1.50 

46  30 4 10 2211.40 5862.9 204.57 0.0279 1.530 1.022 1.52 

47  30 4 15 2236.25 5874.6 206.87 0.0280 1.547 1.024 1.54 

48  30 4 20 2241.66 5967.4 207.37 0.0305 1.551 1.040 1.53 

49  40 1 5 2261.37 5886.4 209.19 0.0264 1.565 1.026 1.55 

50  40 1 10 2286.78 5898.2 211.54 0.0264 1.582 1.028 1.57 

51  40 1 15 2312.48 5910.0 213.92 0.0265 1.600 1.030 1.58 

52  40 1 20 2319.70 5967.4 214.59 0.0406 1.605 1.040 1.58 

53  40 2 5 2312.48 5852.6 213.92 0.0423 1.600 1.020 1.59 

54  40 2 10 2442.55 6024.8 225.95 0.0449 1.690 1.050 1.66 

55  40 2 15 2587.08 6311.6 239.32 0.0459 1.790 1.100 1.73 

56  40 2 20 2659.35 7000.2 246.01 0.0479 1.840 1.220 1.72 

57  40 3 5 2544.04 7057.6 235.34 0.0491 1.760 1.230 1.64 

58  40 3 10 2572.63 6928.9 237.99 0.0504 1.780 1.208 1.67 

59  40 3 15 2601.53 6942.8 240.66 0.0529 1.800 1.210 1.69 

60  40 3 20 2615.99 7172.3 242.00 0.0542 1.810 1.250 1.68 

61  40 4 5 2558.18 7057.6 236.65 0.0399 1.770 1.230 1.65 

62  40 4 10 2586.92 7387.0 239.31 0.0400 1.790 1.287 1.65 

63  40 4 15 2615.99 7401.8 242.00 0.0401 1.810 1.290 1.66 

64  40 4 20 2623.21 7631.4 242.67 0.0441 1.815 1.330 1.65 

65  50 1 5 2460.18 6532.8 227.58 0.0402 1.702 1.139 1.63 

66  50 1 10 2487.82 6545.9 230.14 0.0402 1.721 1.141 1.65 

67  50 1 15 2515.78 6559.0 232.73 0.0403 1.741 1.143 1.67 

68  50 1 20 2544.04 6828.1 235.34 0.0416 1.760 1.190 1.66 

69  50 2 5 2544.04 6572.2 235.34 0.0269 1.760 1.145 1.68 

70  50 2 10 2572.63 6585.3 237.99 0.0269 1.780 1.148 1.70 

71  50 2 15 2601.53 6598.5 240.66 0.0270 1.800 1.150 1.72 

72  50 2 20 2615.99 6770.7 242.00 0.0270 1.810 1.180 1.71 

73  50 3 5 2473.85 7057.6 228.85 0.0270 1.712 1.230 1.60 

74  50 3 10 2501.64 6585.3 231.42 0.0271 1.731 1.148 1.65 

75  50 3 15 2529.75 6598.5 234.02 0.0271 1.750 1.150 1.67 

76  50 3 20 2550.95 6885.4 235.98 0.0287 1.765 1.200 1.66 

77  50 4 5 2558.18 7057.6 236.65 0.0272 1.770 1.230 1.65 

78  50 4 10 2586.92 6585.3 239.31 0.0272 1.790 1.148 1.71 

79  50 4 15 2615.99 6598.5 242.00 0.0273 1.800 1.150 1.72 
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Case 
l 

(mm) 

t 

(mm) 
N 

h 

(W/m
2
.K

4
) 

p 

(pas) 
Nu f Nu f PEC 

80  50 4 20 2630.44 6885.4 243.33 0.0287 1.820 1.200 1.71 
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C. APPENDIX (C): The calculated data of solar radiation 

Time  (degree) z (degree) Ib (W/m
2
) Ibt (W/m

2
) 

5 October 2023 (Nd = 278,  = 32.77º,  = -5.793º, I0 = 1370.3 W/m
2
) 

9:00 -45 57.5 657.4 459 

10:00 -30 47.95 733.5 628 

11:00 -15 41.1 771.4 737 

12:00 0 38.6 782.9 774 

13:00 15 41.1 771.4 737 

14:00 30 47.95 733.5 628 

15:00 45 57.5 657.4 459 

6 October 2023 (Nd = 279,  = 32.77º,  = -6.18º, I0 = 1371 W/m
2
) 

9:00 -45 58 655 457 

10:00 -30 50.2 732 626 

11:00 -15 41 770 735 

12:00 0 39 782 772 

13:00 15 41 770 735 

14:00 30 50.2 732 626 

15:00 45 58 655 457 

18 October 2023 (Nd = 291,  = 32.77º,  = -10.69º, I0 = 1380.2 W/m
2
) 

9:00 -45 61.1 642.3 428 

10:00 -30 52.0 710.0 597 

11:00 -15 45.8 752.3 706 

12:00 0 43.5 765.1 744 

13:00 15 45.8 752.3 706 

14:00 30 52.0 710.0 597 

15:00 45 61.1 674.1 428 

19 October 2023 (Nd = 292,  = 32.77º,  = -11.50º, I0 = 1380.9 W/m
2
) 

9:00 -45 61.3 621.6 425 

10:00 -30 52.3 708.1 595 

11:00 -15 46.1 750.7 704 

12:00 0 43.8 763.6 742 

13:00 15 46.1 760.4 704 

14:00 30 52.3 708.1 595 

15:00 45 61.3 621.6 425 

16 January 2024 (Nd = 16,  = 32.77º,  = -21.10º, I0 = 1410.4 W/m
2
) 

9:00 -45 68.9 525.1 337 

10:00 -30 61.0 638.6 504 

11:00 -15 55.7 693.9 613 

12:00 0 53.9 710.6 650 

13:00 15 55.7 693.9 613 

14:00 30 61.0 638.6 504 

15:00 45 68.9 525.1 337 
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Time  (degree) z (degree) Ib (W/m
2
) Ibt (W/m

2
) 

17 January 2024 (Nd = 17,  = 32.77º,  = -20.92º, I0 = 1410.2 W/m
2
) 

9:00 -45 68.6 527.4 339 

10:00 -30 60.9 640.3 506 

11:00 -15 55.6 695.4 615 

12:00 0 53.7 712.0 652 

13:00 15 55.6 697.4 615 

14:00 30 60.9 640.3 506 

15:00 45 68.6 527.4 339 

25 March 2024 (Nd = 85,  = 32.77º,  = 1.61º, I0 = 1371.8 W/m
2
) 

9:00 -45 52.4 702.6 497 

10:00 -30 42.0 767.9 665 

11:00 -15 34.2 800.9 773 

12:00 0 31.2 810.9 811 

13:00 15 34.2 800.9 773 

14:00 30 42.0 767.9 665 

15:00 45 52.4 702.6 497 

26 March 2024 (Nd = 86,  = 32.77º,  = 2.02º, I0 = 1371.1 W/m
2
) 

9:00 -45 52.2 704.3 498 

10:00 -30 41.7 769.0 666 

11:00 -15 33.8 801.7 774 

12:00 0 30.8 811.7 812 

13:00 15 33.8 801.7 774 

14:00 30 41.7 769.0 666 

15:00 45 52.2 704.3 498 

27 March 2024 (Nd = 86,  = 32.77º,  = 2.42º, I0 = 1370.3 W/m
2
) 

9:00 -45 51.9 705.9 499 

10:00 -30 41.4 770.1 667 

11:00 -15 33.5 802.5 775 

12:00 0 30.4 812.5 813 

13:00 15 33.5 802.5 775 

14:00 30 41.4 770.1 667 

15:00 45 51.9 705.9 499 

15 April 2024 (Nd = 106,  = 32.77º,  = 9.78º, I0 = 1355.7 W/m
2
) 

9:00 -45 47.3 729 514 

10:00 -30 35.9 785 676 

11:00 -15 26.8 813 780 

12:00 0 23.0 822 816 

13:00 15 26.8 813 780 

14:00 30 35.9 785 676 

15:00 45 47.3 729 514 

16 April 2024 (Nd = 107,  = 32.77º,  = 10.15º, I0 = 1354.9 W/m
2
) 

9:00 -45 47.1 731 514 
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Time  (degree) z (degree) Ib (W/m
2
) Ibt (W/m

2
) 

10:00 -30 36 786 676 

11:00 -15 27 814 780 

12:00 0 23 822 816 

13:00 15 27 814 780 

14:00 30 36 786 676 

15:00 45 47 731 514 

17 April 2024 (Nd = 108,  = 32.77º,  = 10.51º, I0 = 1354.0 W/m
2
) 

9:00 -45 47 732 515 

10:00 -30 35 787 677 

11:00 -15 26 815 781 

12:00 0 22 823 817 

13:00 15 26 815 781 

14:00 30 35 787 677 

15:00 45 47 732 515 

5 May 2024 (Nd = 126,  = 32.77º,  = 10.51º, I0 = 1354.0 W/m
2
) 

9:00 -45 44 743 513 

10:00 -30 32 792 668 

11:00 -15 21 817 767 

12:00 0 16 825 802 

13:00 15 21 817 767 

14:00 30 32 792 668 

15:00 45 44 743 513 

6 May 2024 (Nd = 127,  = 32.77º,  = 16.7º, I0 = 1341.0 W/m
2
) 

9:00 -45 43 744 514 

10:00 -30 31 794 670 

11:00 -15 20 818 768 

12:00 0 15 826 803 

13:00 15 20 818 768 

14:00 30 31 794 670 

15:00 45 43 744 514 

7 May 2024 (Nd = 128,  = 32.77º,  = 16.97º, I0 = 1340.0 W/m
2
) 

9:00 -45 42 745 515 

10:00 -30 30 795 671 

11:00 -15 19 819 769 

12:00 0 14 827 804 

13:00 15 19 819 769 

14:00 30 30 795 671 

15:00 45 42 745 515 
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D. APPENDIX (D): The outlet water temperature from CFD and 

experimental work 

Time 

Numericaly Experimentaly 

Tfo (ºC) 

Plain tube Modified PTR Plain tube Modified PTR 

5 October 2023 

9:00 34.0 34.0 34.0 34.0 

10:00 37.0 39.4 36.5 39.5 

11:00 41.0 55 40.5 52 

12:00 45 56 44 54 

13:00 42 56 41 54 

14:00 39 55 37 52 

15:00 36 44 35.5 42 

6 October 2023 

9:00 33 33 33 33 

10:00 36.4 40 35.5 39.2 

11:00 40.5 52.5 39 50 

12:00 42 53 41.5 51 

13:00 42 52 40 50 

14:00 39 48 37 45 

15:00 36 43 35 42 

18 October 2023 

9:00 32.0 32.0 32.0 32.0 

10:00 38.0 49.2 36.5 48.0 

11:00 41 52 40.0 51 

12:00 48 58.8 46 57.0 

13:00 46.0 57.5 44 56 

14:00 45 56 43 55 

15:00 40 50 39.2 48.8 

19 October 2023 

9:00 32 32 32 32 

10:00 37.5 48.7 36.0 47.5 

11:00 40.5 54 39 52 

12:00 43.0 54 40.5 52.0 

13:00 42 50 40 47.5 

14:00 38 48 36 45 

15:00 35 46 34 44 

16 Junaury 2024 

9:00 18 18 18 18 

10:00 23.5 28.7 23 28.0 

11:00 30 42 28 40.5 

12:00 34 46 32 44 
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Time 

Numericaly Experimentaly 

Tfo (ºC) 

Plain tube Modified PTR Plain tube Modified PTR 

13:00 38 45 36 42.5 

14:00 33 40 31 38 

15:00 30 38.8 29 37.2 

17 January 2024 

9:00 18 18 18 18 

10:00 23.5 28.7 22.5 28.0 

11:00 27.5 40.5 26 39 

12:00 31.0 41 30 39.5 

13:00 31 41 30 39.5 

14:00 28 39 27 37 

15:00 27 38 26 36 

25 March 2024 

9:00 28 35 27 33.4 

10:00 35 45.5 34 44.0 

11:00 40 52 39 51.2 

12:00 42 55 41 52.3 

13:00 41 54 40 53 

14:00 39 52 38 50.1 

15:00 37 49 36 47 

26 March 2024 

9:00 29 29 29 29 

10:00 35 40 34 38.4 

11:00 41 54 40 52.5 

12:00 45 56 44 54 

13:00 42 55 41 53.5 

14:00 39 51 37.8 49.7 

15:00 36 45 35 43.7 

27 March 2024 

9:00 29.5 29.5 29.5 29.5 

10:00 35.5 40.5 34.5 39 

11:00 41.5 56 40.5 54 

12:00 45.5 56.5 44.1 55.8 

13:00 41 54 40 52 

14:00 38 50.5 37 48.2 

15:00 35 46 34 42 

15 April 2024 

9:00 32 32 32 32 

10:00 41.5 43.5 41 42 

11:00 50.5 56.5 50 55 

12:00 55.5 58 54 57 
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Time 

Numericaly Experimentaly 

Tfo (ºC) 

Plain tube Modified PTR Plain tube Modified PTR 

13:00 49.5 57.5 49 55 

14:00 40 50.5 39 49.5 

15:00 33.5 37.5 33 36 

16 April 2024 

9:00 32.5 32.5 32.5 32.5 

10:00 42 44 41 43 

11:00 51 57 50 54 

12:00 56 58.8 54.5 58 

13:00 50 58 49 56 

14:00 41 51 40 49 

15:00 34 38 33.2 36 

17 April 2024 

9:00 33 33 33 33 

10:00 42.5 45 41 43.5 

11:00 51.5 58 50 57 

12:00 57 60 56 59 

13:00 51 60 50 58 

14:00 42 51.5 41 50 

15:00 35 38.5 34.5 37 

5 May 2024 

9:00 34 34 34 34 

10:00 43 45.5 42 44 

11:00 53 60 52 58.8 

12:00 57.8 61.5 56.5 59.5 

13:00 51.2 60.4 50.2 58.7 

14:00 42.5 53 42 52 

15:00 35.5 39 35 37.8 

6 May 2024 

9:00 35.5 35.5 35.5 35.5 

10:00 43.2 46 42.5 44.5 

11:00 53.8 61 53 59 

12:00 58 62 57 60 

13:00 52 61 50 59 

14:00 43 54 42 52.0 

15:00 36 40 35 38 

7 May 2024 

9:00 36.0 36 36 36.0 

10:00 44.0 47 43 46.0 

11:00 55.0 62 53.5 60.0 

12:00 60.0 64 57 61.5 



 

D-4 

Time 

Numericaly Experimentaly 

Tfo (ºC) 

Plain tube Modified PTR Plain tube Modified PTR 

13:00 54.0 63 51 60.5 

14:00 45.0 55 42 52.0 

15:00 37.0 42 35.8 39.0 
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E. APPENDIX (E): The calculated values 

Time 

Numericaly Experimentaly 

Quse (W)  (%) Quse (W)  (%) 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

5 October 2023 

9:00 409.8 409.8 31% 31% 409.8 409.8 31% 31% 

10:00 468.4 538.6 32% 37% 468.4 541.6 32% 37% 

11:00 556.2 966.0 36% 63% 556.2 878.2 36% 57% 

12:00 585.5 907.5 37% 58% 585.5 848.9 37% 54% 

13:00 526.9 936.8 34% 61% 526.9 878.2 34% 57% 

14:00 497.7 966.0 34% 66% 497.7 878.2 34% 60% 

15:00 468.4 702.6 36% 53% 468.4 644.0 36% 49% 

6 October 2023 

9:00 380.6 380.6 29% 29% 380.6 380.6 29% 29% 

10:00 450.8 556.2 31% 38% 424.5 532.8 29% 36% 

11:00 541.6 892.9 35% 58% 497.7 819.7 32% 53% 

12:00 497.7 819.7 32% 52% 483.0 761.1 31% 49% 

13:00 526.9 819.7 34% 53% 468.4 761.1 30% 49% 

14:00 497.7 761.1 34% 52% 439.1 673.3 30% 46% 

15:00 468.4 673.3 36% 51% 439.1 644.0 34% 49% 

18 October 2023 

9:00 276.0 276.0 26% 26% 276.0 276.0 26% 26% 

10:00 401.5 682.5 31% 53% 363.8 652.4 28% 51% 

11:00 451.7 727.7 33% 52% 426.6 702.6 31% 51% 

12:00 627.3 898.3 44% 63% 577.1 853.1 41% 60% 

13:00 602.2 890.8 43% 64% 552.0 853.1 40% 61% 

14:00 577.1 853.1 45% 67% 526.9 828.0 41% 65% 

15:00 476.7 727.7 45% 69% 456.7 697.6 43% 66% 

19 October 2023 

9:00 276.0 276.0 26% 26% 276.0 276.0 26% 26% 

10:00 388.9 670.0 30% 52% 351.3 639.8 27% 50% 

11:00 439.1 777.9 32% 56% 401.5 727.7 29% 52% 

12:00 501.8 777.9 35% 55% 439.1 727.7 31% 51% 

13:00 501.8 702.6 36% 50% 451.7 639.8 32% 46% 

14:00 401.5 652.4 31% 51% 351.3 577.1 27% 45% 

15:00 351.3 627.3 33% 59% 326.2 577.1 31% 55% 

16 Janury 2024 

9:00 25.1 25.1 2% 2% 25.1 25.1 2% 2% 

10:00 150.6 281.0 12% 22% 138.0 263.5 11% 21% 

11:00 301.1 602.2 22% 43% 250.9 564.6 18% 41% 



 

E-2 

Time 

Numericaly Experimentaly 

Quse (W)  (%) Quse (W)  (%) 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

12:00 401.5 702.6 28% 49% 351.3 652.4 25% 46% 

13:00 501.8 677.5 36% 49% 451.7 614.8 33% 44% 

14:00 426.6 602.2 33% 47% 376.4 552.0 29% 43% 

15:00 363.8 584.6 35% 56% 338.7 544.5 32% 52% 

17 Januay 2024 

9:00 50.2 50.2 5% 5% 50.2 50.2 5% 5% 

10:00 163.1 293.6 13% 23% 138.0 276.0 11% 22% 

11:00 250.9 577.1 18% 41% 213.3 539.5 15% 39% 

12:00 326.2 577.1 23% 41% 301.1 539.5 21% 38% 

13:00 326.2 577.1 23% 41% 301.1 539.5 22% 39% 

14:00 276.0 552.0 22% 43% 250.9 501.8 20% 39% 

15:00 276.0 552.0 26% 52% 250.9 501.8 24% 48% 

25 March 2024 

9:00 250.9 426.6 18% 30% 225.8 386.4 16% 27% 

10:00 401.5 664.9 26% 43% 376.4 627.3 25% 41% 

11:00 526.9 828.0 33% 52% 432.7 808.0 31% 50% 

12:00 552.0 878.2 34% 54% 526.9 810.5 32% 50% 

13:00 526.9 853.1 33% 53% 501.8 828.0 31% 52% 

14:00 501.8 828.0 33% 54% 476.7 780.4 31% 51% 

15:00 476.7 777.9 34% 55% 451.7 727.7 32% 52% 

26 March 2024 

9:00 288.6 288.6 20% 20% 288.6 288.6 20% 20% 

10:00 414.0 539.5 27% 35% 388.9 499.3 25% 32% 

11:00 564.6 890.8 35% 56% 539.5 853.1 34% 53% 

12:00 652.4 928.4 40% 57% 627.3 878.2 39% 54% 

13:00 577.1 903.3 36% 56% 552.0 865.7 34% 54% 

14:00 526.9 828.0 34% 54% 496.8 795.4 32% 52% 

15:00 464.2 690.0 33% 49% 439.1 657.4 31% 47% 

27 March 2024 

9:00 288.6 288.6 20% 20% 288.6 288.6 20% 20% 

10:00 426.6 552.0 28% 36% 401.5 514.4 26% 33% 

11:00 564.6 928.4 35% 58% 539.5 878.2 34% 55% 

12:00 652.4 928.4 40% 57% 617.3 910.8 38% 56% 

13:00 526.9 853.1 33% 53% 501.8 802.9 31% 50% 

14:00 476.7 790.4 31% 51% 451.7 732.7 29% 48% 

15:00 414.0 690.0 29% 49% 388.9 589.7 28% 42% 

15April 2024 

9:00 380.6 380.6 26% 26% 380.6 380.6 26% 26% 

10:00 644.0 702.6 41% 45% 629.4 658.7 40% 42% 
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Time 

Numericaly Experimentaly 

Quse (W)  (%) Quse (W)  (%) 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

11:00 892.9 1068.5 55% 66% 878.2 1024.6 54% 63% 

12:00 1024.6 1097.8 62% 67% 980.7 1068.5 60% 65% 

13:00 863.6 1097.8 53% 68% 848.9 1024.6 52% 63% 

14:00 600.1 907.5 38% 58% 570.8 878.2 36% 56% 

15:00 424.5 541.6 29% 37% 409.8 497.7 28% 34% 

16April 2024 

9:00 395.2 395.2 27% 27% 395.2 395.2 27% 27% 

10:00 658.7 717.2 42% 46% 629.4 687.9 40% 44% 

11:00 907.5 1083.1 56% 67% 878.2 995.3 54% 61% 

12:00 1039.2 1121.2 63% 68% 995.3 1097.8 61% 67% 

13:00 878.2 1112.4 54% 68% 848.9 1053.9 52% 65% 

14:00 629.4 922.1 40% 59% 600.1 863.6 38% 55% 

15:00 439.1 556.2 30% 38% 415.7 497.7 28% 34% 

17April 2024 

9:00 395.2 395.2 27% 27% 395.2 395.2 27% 27% 

10:00 673.3 746.5 43% 47% 629.4 702.6 40% 45% 

11:00 922.1 1112.4 57% 68% 878.2 1083.1 54% 66% 

12:00 1068.5 1156.3 65% 70% 1039.2 1127.0 63% 68% 

13:00 878.2 1141.7 54% 70% 848.9 1083.1 52% 66% 

14:00 644.0 922.1 41% 59% 614.8 878.2 39% 56% 

15:00 468.4 570.8 32% 39% 453.7 526.9 31% 36% 

5 May 2024 

9:00 234.2 234.2 16% 16% 234.2 234.2 16% 16% 

10:00 501.8 585.5 32% 37% 468.4 535.3 30% 34% 

11:00 819.7 1053.9 50% 64% 786.2 1013.7 48% 62% 

12:00 963.5 1087.3 58% 66% 920.0 1020.4 56% 62% 

13:00 709.3 1017.1 43% 62% 675.8 960.2 41% 59% 

14:00 451.7 802.9 29% 51% 434.9 769.5 27% 49% 

15:00 217.5 334.6 15% 23% 200.7 294.4 14% 20% 

6 May 2024 

9:00 284.4 284.4 19% 19% 284.4 284.4 19% 19% 

10:00 508.5 602.2 32% 38% 485.1 552.0 31% 35% 

11:00 829.7 1070.6 51% 65% 802.9 1003.7 49% 61% 

12:00 953.5 1087.3 58% 66% 920.0 1020.4 56% 62% 

13:00 736.0 1037.1 45% 63% 669.1 970.2 41% 59% 

14:00 451.7 819.7 28% 52% 418.2 752.8 26% 47% 

15:00 234.2 368.0 16% 25% 200.7 301.1 13% 20% 

7 May 2024 

9:00 267.6 267.6 18% 18% 267.6 267.6 18% 18% 
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Time 

Numericaly Experimentaly 

Quse (W)  (%) Quse (W)  (%) 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

Plain 

tube 

Modified 

PTR 

10:00 501.8 602.2 32% 38% 468.4 568.8 29% 36% 

11:00 853.1 1087.3 52% 66% 802.9 1020.4 49% 62% 

12:00 1003.7 1137.5 61% 69% 903.3 1053.9 55% 64% 

13:00 769.5 1070.6 47% 65% 669.1 987.0 41% 60% 

14:00 485.1 819.7 31% 52% 384.7 719.3 24% 45% 

15:00 234.2 401.5 16% 27% 133.8 301.1 9% 20% 
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 الخلاصت
ٍِ اىَبء اىْظٞف ٍٝ٘ٞبً ىيششة ىزشاً(  30-10)ٝسزٖيل الأفشاد إر اىَبء ضشٗسٛ ىجقبء الإّسبُ؛ 

بىَٞبٓ اىَي٘ثخ ىٞسذ غٞش صسٞخ فسست، ثو إّٖب أٝضًب خطٞشح فٗاىطٖٜ ٗالأّشطخ اىَْضىٞخ الأخشٙ. 

ذف اىشئٞسٜ ٍِ ٕزٓ اىذساسخ ٕ٘ اىزسقٞق فٜ ٕزٓ اىَشنيخ ٗرسسِٞ إّزبخٞخ عيٚ صسخ الإّسبُ. اىٖ

رسز٘ٛ عيٚ خٖبص رقطٞش اىزٜ  (SDU) اىَٞبٓ اىعزثخ ٍِ خلاه رط٘ٝش ٗزذح رقطٞش اىطبقخ اىشَسٞخ

ٝدبثٜ عيٚ الإزأثٞش اىىٔ اىزٛ  (PTC) َنبفئاىس٘ض اىشَسٜ رٛ اىدبٍع اىٗ (SS) اىطبقخ اىشَسٞخ

ٕ٘ اىْقطخ الأسبسٞخ فٜ ٕزٓ اىذساسخ،  PTC رسسِٞ ٍعبٍو اّزقبه اىسشاسح ىـاُ َٞخ. الإّزبخٞخ اىزشام

 الاسزقجبهاّج٘ة أسط٘اّٞخ ٍد٘فخ خذٝذح اىزصٌَٞ داخو ٍعشقلاد ٗاىزٜ ٝزٌ إخشاؤٕب عِ طشٝق إدخبه 

الأسط٘اّٞخ اىَعشقلاد ٍِ اىَز٘قع أُ رعَو . (PTR)ىَْظٍ٘خ اىعبمس اىشَسٜ رٛ اىقطع اىَنبفئ 

  PTRاىـ عيٚ رسسِٞ ٍعبٍو اّزقبه اىسشاسح ٍْٗطقخ اّزقبه اىسشاسح ثِٞ PTRاىـ صََخ داخواىَ

ٍثو )اىذساسبد اىسبثقخ الأخشٙ اىَزم٘سح فٜ َعشقلاد ٍقبسّخ ثبى (HTF) ٗاىَبء مسبئو ىْقو اىسشاسح

ً فٜ ظو اٗ اىقضجبُ، ٗ اىَيز٘ٛ، اىششٝظ اى ً ٗردشٝجٞب ىظشٗف ضعبّف، إىخ(. رٌ رْفٞز اىعَو عذدٝب

دسخخ غشثبً( فٜ ميٞخ اىْٖذسخ / اىَسٞت ٍِ اىسبعخ  44.29دسخخ شَبلاً،  32.77اىَْبخٞخ ىَذْٝخ ثبثو )

 .2024إىٚ ٍبٝ٘  2023ٍِ أمز٘ثش  15:00إىٚ  9:00

 Parabola) ث٘اسطخ ثشّبٍح PTCىَْظٍ٘خ اىـ ىعبمسىيسطر ارٌ اخزٞبس أفضو رصٌَٞ عذدٝبً، 

Calculator software ) ٌثشّبٍح فٜ اىزصٌَٞ ادخبهٗر (ANSYS FLUENT R-2 20.0 )

اىـ  الأسط٘اّٞخ ثبسزخذاً أدٗادعشقلاد ٗاىَ (PTC)اىـ  رصٌَٞ ٍٗسبمبح ّظبًرٌ لإخشاء اىَسبمبح. 

(Solidworks )ٗدْٝبٍٞنٞبد اىَ٘ائع اىسسبثٞخ (CFD)  .ٜصٌَ اىـعيٚ اىز٘اى (PTC) 2.00)أثعبد ث 

ٍِ صفبئر ٍجطْخ ٍِ الأىًٍْ٘ٞ٘، ٗالأّبثٞت  صْععبمس اىاىسطر عشضًب.  (ً 1.00)ط٘لاً ٗ  (ً

 لأّج٘ةى اىخبسخٜ قطشاىسزخذً لاٍزصبص اىسشاسح. ٝجيغ ٍصْ٘عخ ٍِ اىف٘لار اىَقبًٗ ىيصذأ اىَ

الأسط٘اّٞخ ٍس٘سٝبً ٗقطشٝبً أٝضًب ثبىدضء اىذاخيٜ عشقلاد ىَارصيذ ا. (ً 0.002) ٔٗسَن (ً 0.051)

ٍِ PTR . ُّ٘ط٘ه مبُ ٍٗقبسّزٖب ثبلأّج٘ة اىعبدٛ. رٌ رصََٖٞب ط٘اّٜ ٍخزيف أساّج٘ة اسزقجبه ثَب

خَٞع ٕزٓ الأّبثٞت رسذ دسخخ زشاسح دخ٘ه ثبثزخ  ذفسصٗثقٌٞ ٍخزيفخ، عشقلاد ٗعذد اىَ ،ٗ سَل، 

رٌ اىزسقق ٍِ صسخ مَب ٗ . (مدٌ / ثبّٞخ 1.0-0.6)ٍٗعذلاد رذفق مزيخ رزشاٗذ ثِٞ  (ميفِ 300)رجيغ 

اىذساسبد ىلأّج٘ة اىعبدٛ ٍِ ٍقبسّخ ّزبئدخ ٍع اىْزبئح اىزدشٝجٞخ ٍِ خلاه  الاّج٘ة اىعبدَّٛ٘رج 

ثشنو مجٞش  عضصد ٗالأسط٘اّٞخ اىَد٘فخ  ريل اىَعشقلاد. أظٖشد ّزبئح اىَسبمبح أُ إضبفخ اىسبثقخ

عشقلاد اخزٞبس اىَْ٘رج الأٍثو ىيَمبُ ٗاىَبء.  PTR ٍِ ر٘زٞذ اىزذسج فٜ دسخخ اىسشاسح ثِٞ خذاس
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سدو ٕزا اىَْ٘رج . (إدخبلاً  15)عذد ثٗ (،ً 0.002)سَل ث،  (ً 0.004)ط٘ه ثنُ٘: زّٞخ ىالأسط٘ا

. (1.73زشاسٛ )-اعيٚ قَٞخ ىلاداء اىٖٞذسٗ ، ٗ(1.100بٍو مسش )ٍع(، ّسجخ 1.79ّسجخ سقٌ ّسيذ )

 300)صٝبدح دسخبد زشاسح ٍخشج الأّج٘ة اىعبدٛ ٗالأّج٘ة اىَعذه ٍِ  ذٗعلاٗح عيٚ رىل، رَ

عيٚ اىز٘اىٜ. ٗاسزْبداً إىٚ اىْزبئح اىعذدٝخ، رٌ اعزجبس  (ميفِ 339.7) ٗ (ميفِ 325.5)ىٚ إ (ميفِ

 .الأسط٘اّٞخ اىَد٘فخ ىيعَو اىزدشٝجٜ ىيَعشقلاداىَْ٘رج الأٍثو 

 ً خشٗج سح شادسخبد ززٞث مبّذ ، 2024اٝبس  7ردشثٞخ سديذ ًٝ٘ اعيٚ ّزبئح فأُ عَيٞب

اّج٘ة الاسزقجبه اىزٛ )فٜ زبىخ الاّج٘ة اىَعذه  (خخ ٍئ٘ٝخدس 57.0) ٗ (دسخخ ٍئ٘ٝخ 61.5)اىَبء 

اّج٘ة الاسزقجبه اىخبىٜ ٍِ اٛ الأّج٘ة اىعبدٛ )فٜ زبىخ  الأسط٘اّٞخ( ٗٝسز٘ٛ عيٚ اىَعشقلاد 

زبىخ فٜ  (طٗا 1053.9)اىسشاسح اىَفٞذح ٗصيذ قَٞزٖب اىٚ سط٘اّٞخ( عيٚ اىز٘اىٜ. ٍعشقلاد ا

اىعبدٛ، رٗ الاّج٘ة  PTCثبىَقبسّخ ٍع  زبىخ الاّج٘ة اىعبدٛ.فٜ  (طٗا 903.3)الاّج٘ة اىَعذه ٗ 

ى٘زع اٝضب اُ ْٕبك . % 38اىسشاسٝخ ٗصيذ اىٚ  نفبءحصٝبدح ثبىرٗ الاّج٘ة اىَعذه  PTCأظٖش 

ٍِ خلاه ٍقبسّخ اىْزبئح  (PTC)رقٌٞٞ أداء ، زٞث رٌ اىعَيٞخ ٗ اىْزبئح اىعذدٝخىْزبئح ر٘افق خٞذ ثِٞ ا

فٜ زبىزٜ الاّج٘ة ٗاىسشاسح اىَفٞذح ٗاىنفبءح اىسشاسٝخ  اىَبء اىخبسجخ: دسخخ زشاسح ٗاىعذدٝ اىعَيٞخ

+  MSDU( )SSاىَعذىخ ) SDUّزبخٞخ اىَٞبٓ اىعزثخ ٍِ ى٘زع اُ اأخٞشًا،  اىَعذه ٗ الاّج٘ة اىعبدٛ.

PTC  +ٍَقبسّخ ثـ 15٪ ٗ 89ثْسجخ رسسْذ ( داخو اّج٘ة الاسزقجبهالأسط٘اّٞخ عشقلاد اى ٪SS  ٗ

SDU عيٚ اىز٘اىٜ.راىزقيٞذ ِٞ 
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 راقــــــعـت الـىرٌـهـوـج

 وزارة التعلٍن العالً والبحث العلوً

 لاءــــــربــــت كـــعـــاهـــج

 ىمــــــــــٍت العلــــــــــــــكل

 اءــــٍسٌــن الفـــــــــــــــقس

 

 
 

 

 

 

 

هعرقلاث ستخذام تحسٍن الأداء الحراري للوجوع الشوسً ري القطع الوكافئ با

 تحلٍت الوٍاه اسطىانٍت  ل

 

 

 اطروحت هقذهت إلى هجلس كلٍت العلىم / جاهعت كربلاء وهً جسء هن

 هتطلباث نٍل درجت الذكتىراه فً علىم الفٍسٌاء
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