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I 

 

Abstract  

Solar energy is one type of renewable energy that can be utilized as an alternative of 

fossil fuel for generating electricity and producing hot water for many applications. The 

simplest technique can be used to convert solar radiation into heat is solar water heating system. 

The main part of a solar water heating system is solar collector heats the working fluid 

temperature. In Iraqi Kurdistan Region, most of the domestic buildings, commercial and 

industrial sectors use electric power or fossil fuel for heating water. These are expensive and 

effect on our environment. Most previous researches focused on the flat plate collector.  

In the present experimental study, two solar water heating systems are used. Both solar 

water heating systems are made from the materials that not expensive and available in the local 

market. They consist of similar parts, materials and dimensions except the absorber plate shape 

is different. The collector area and storage tank capacity for each system are 0.54 m2 and 120 

liters respectively. The distance between the glass cover and absorber plate is 0.04 m and the 

glass with a thickness of 4 mm is used. In the first collector, 0.4 mm thickness flat galvanized 

steel was used while in the second collector sinusoidally corrugated galvanized steel with 0.4 

mm thickness is used. The experiment is conducted in Duhok city, the collectors inclined with 

an angle of 34.5° south facing. Using data logger, the data: namely the solar radiation intensity, 

wind speed and temperatures taken for five months from December 2018 to May 2019. The 

data have been analyzed using MATLAB 2018b to find out the collector performance and other 

parameters such as; overall heat loss coefficient, collector heat removal factor, the 

transmittance-absorptance product and useful heat gain of both systems to make comparison 

between them. 

 The results show that the efficiency of flat plate solar collector is better than the 

corrugated plate solar collector during the five months. Both collectors give the maximum 

efficiency on 14th May 2019 which reached to 69.4% for flat plate solar collector and 60.14% 

for corrugated plate solar collector. The minimum efficiency is 53.8% for flat plate solar 

collector and 46.6% for corrugated plate solar collector in January 2019. The maximum solar 

radiation is 798 W/m2 on 27th April 2019. The maximum transmittance absorptance product is 

0.818793 on 22nd March 2019. From obtained results it concluded that the thermal efficiency of flat 

plate solar collector is higher than the efficiency of corrugated plat solar collector throughout the 

experiments. Also, collector heat removal factor has strong Impact on the amount of absorbed solar 

radiation. 
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CHAPTER ONE  

Introduction 

In this chapter, the types of energy have been explained. It includes the alternative sources of 

fossil fuel that can be used for heating water to reduce the environmental impact. The solar 

energy will be display as well as the types of solar collectors are introduced. 

1.1 Introductory Remarks 

 The demand for energy increases in the world and most sources of the energy are dependent 

on fossil fuel. The use of fossil fuel does not only affect our economic situation, Also our 

environment in many ways. These impacts include global warming, air quality deterioration, 

oil spills, and acid rain. Figure 1.1 shows the world energy consumption by energy sources from 

1990 to 2018 and the projection until 2040. It can be noticed that all sources of energy 

consumption increased, and in projection, only coal may decrease [1]. The renewable energy 

sources are non-depletion types such as solar energy, ocean, geothermal and wind energy that 

are used as alternative sources to reduce environmental pollution. In Iraq, especially Duhok 

city, most of the people are use the electrical boilers for heating of water in domestic buildings. 

However, in the commercial applications such as hotels, swimming pools, and industrial sector, 

the consumer usually uses Diesel and kerosene as a fuel for boilers to produce hot water. The 

uses of such sources have negative effect on environmental pollution rate in the area. Figure 

1.2, shows the domestic energy balance in Iraq at 2010. A huge amount of oil and gas are used 

for power generation whereas a small amount of renewable energy is used[2]. To save the 

environment, many kinds of renewable energy, namely; solar, wind, hydroelectric, geothermal 

energy can be used. 

 

 

 

 

 

 

Figure 1.1 World energy consumption by sources [1] 
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In general, there are two types of energy:  

• Renewable energy: Energy obtained from nature and persistent flows of energy 

occurring in the immediate environment such as solar energy. This type of energy can 

be called sustainable energy or green energy. 

• Nonrenewable energy: This type of energy is static energy in underground stores. It can 

be obtained from the interaction of humans or it will stay under ground if a human is 

not interacting. Examples of nonrenewable energy are fossil fuel energy and nuclear 

energy. This type of energy is called Finite or Brown [3].  

The conversion methods of energy are presented in figure 1.3 [4] for the different sources of 

energy. The conversion of solar energy into electrical energy could be directly or via thermal 

to mechanical energy and finally the mechanical energy is converted to electrical energy.  

According to The United States Agency for International Development (USAID) report  [5], 

the total emitted Green House Gas (GHG) in Iraq in 2013 was 282.53 MtCO2e, the term 

MtCO2e is Metric tons of, “Carbon dioxide equivalent”[6]. This amount of GHG was equal to 

0.6% of global GHG emission, while the population of Iraq in 2013 was 0.5% from the global 

population.  

Figure 1.2 Iraq domestic energy balance, 2010 (Mtoe) [2] 
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1.2  Solar  

The sun is a sphere that has a diameter of 1.39×109 m and it is an intensely hot gaseous matter. 

The solar radiation reaches the earth within 8 minutes and 20 seconds through a distance of 

1.5×1011 m. The sun’s temperature is 4762 K and the central region temperature is estimated to 

be 8×106 to 40×106 K. The total amount of output energy from the sun is 3.8×1020 MW; only 

1.7×1014 kW reaches the earth. The energy demand of the world for one year is estimated to be 

equal to the solar radiation that falls on the earth in 30 minutes [7].  A large amount of sunlight 

is absorbed by the clouds and the atmosphere. The amount of sunlight that reaches the earth 

depends on three factors; day of the year and time of the day, the covered cloud and the position 

latitude.[8]   

With sunshine, normally three processes are associated: 

• Helio-chemical, which is fundamentally the photosynthesis process. 

• Helio-electrical, which is the photovoltaic process using a solar cell. 

• Heliothermic, which is the process of converting the radiation into thermal energy by  

heating the working fluid as water. [9] 

 

 

Figure 1.3 Different sources of energy and its applications [4] 
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The solar energy can be converted by two ways:[10] 

• Conversion of solar energy into heat such as space heating, domestic water heating, and 

electricity production. It is called thermal conversion. 

•  Direct conversion of solar energy to electrical energy, it is called photovoltaic effect. 

There are different techniques are using to convert solar energy into thermal energy. They can 

be divided into two groups: 

1. The systems to convert the diffuse and direct solar radiation into thermal at low temperature. 

This group is simple in construction. It involves: 

• Plane solar collector for heating water and air. 

• Plane solar collector system to generate electrical energy by solar towers. 

• Cumulative thermal energy system of plane collector, to produce electrical energy by 

solar towers. 

2. The concentrated system for converting the solar radiation to thermal energy under medium 

and high temperature. This group comprises: [10] 

• Cylindrical or parabolic systems. 

• Parabolic systems with various kinds of engines. 

• Heliostat systems. 

 

1.3  Solar Water Heating Systems (SWHs)  

Solar water heating systems (SWHs) are an appliances utilized for producing hot water and 

steam by means of solar energy for industrial, commercial and  domestic purposes [11]. When 

the solar radiation incidence on the absorber surface, the solar energy converts to the heat. The 

conversion of solar energy into heat occurs when the solar radiation falls on an absorbing 

surface and convert into heat. The surface is heated up and the heat transfers to the water. There 

are three classifications of solar water heating systems: [12] 

1.3.1 Active system  

Circulation of water in the active SWHs is done using an electric pump. Differential thermostat 

is utilized to run the pump when the temperature of the header is higher than the that at the 

bottom of the tank. A check valve is required to prevent water reversed circulation [13]. The 

advantage of an active system is that there is no need for storage tank close by the system, but 
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the active system is more expensive than the passive system. The efficiency of this system is 

ranges from 35% to 80% [14]. The active system is referred to as forced circulation system. 

There are two categories of active systems: 

a- Open loop system 

The open loop active system is called direct active system. The pump circulates the water 

between the storage tank and the collector. In the direct system, there is no heat exchanger in 

storage tank. The open loop system is suitable for the non-freezing climate, see figure 1.4.[12] 

 

b- Closed loop system 

The closed loop active system is called the indirect active system. In an indirect system, there 

are two separate cycles. The first cycle, the circulation of mixture of water and propylene glycol 

which has lower freezing point or freezing temperature. In the second, there is circulation of 

water will happen between the storage tank to the load as represented in figure 1.5. 

 

Figure 1.4 Open loop active systems [14] 
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1.3.2 Passive system 

The water circulation between the collector and storage tank occurs without using a circulating 

pump. The principle of water circulation is due to the density variation of the water. The water 

density decreases with heat up of water in the collector then the hot water goes up to the storage 

tank which is located above of the collector and the cold water returns to collector from the 

open at bottom of the storage tank to be heated again. The passive system is called the natural 

circulation system. The cost of a passive system is less than active systems and the efficiency 

of the passive systems is usually between 30% and 35%. [14] 

1.3.3 Batch system 

The batch system is a simple passive system and is known as the integral collector storage 

system. It consists from an insulated box containing one or more storage tanks covered by glass 

sheet and faced to the sun. It is an integration of a solar collector and storage tank. Figure 1.6 

shows the Batch system, in which the cold water is enters into the tank from the bottom and hot 

water leave from the upper part of the tank. This kind of SWHs has some advantages as it is 

inexpensive, has little parts and needs few cost maintenances. 

Figure 1.5 Closed loop active systems [14] 
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1.4  Solar collectors  

The main part of a solar water heating system is a solar collector.  The solar collector is a special 

type of heat exchanger, which transforms the form of solar radiation into thermal energy in the 

working fluid. The solar radiation is incident on an absorber plate in the collector. Solar 

radiation converts into heat and the absorber is heated up then the heat transfers to the working 

fluid (usually water or air). There are two main kinds of solar collectors: stationary or non-

concentrating collector and sun-tracking concentrating collector as represented in figure 1.7. 

Comprehensive details on collector types are presented in table 1, when the term of 

concentration ratio is the ratio of aperture area to the absorber area of the collector.  

1.4.1 Concentrating collector  

This type is used when high temperature is required. In this type of collector, the working fluid 

temperatures can increase to high level by focusing the solar radiation on a small area. This is 

done by using the mirror or lens to concentrate the solar radiation to the absorber surface. This 

kind of collectors includes; Linear Fresnel reflector, Parabolic trough collectors, Parabolic dish 

reflector (PDR) and Heliostat field collectors.[7] 

Figure 1.6 Batch system [14] 
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 1.4.2 Non- concentrating collectors  

In this type of collectors, the area of absorber surface and intercepting area to solar radiation 

are equal. This type of collectors is simple in construction and has a low level of maintenance. 

In the non-concentrating collectors, the high temperature cannot be achieved. The best example 

of non-concentrating or stationary collectors are flat plate and evacuated tube collectors. 

 

 

 

 

Figure 1.7 Types of solar energy collector 
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Table 1 Types of solar collector [15] 

 

 

1.5  Flat plate solar collector (FPC) 

The flat plate solar collector consists of an absorber plate which is coated with dark paint, a 

transparent cover, riser and header tubes and weatherproofed box with high insulation as shown 

in figure 1.9. The heating process is shown in figure 1.8 [16]. The flat plate collectors are 

divided into three types [17]:  Plain sheet collectors,  Plain sheet with tube collectors and 

Corrugated sheet collectors. The FPC is widely used in domestic applications to heat water. It 

 

Motion 

 

Collector type 

 

Absorber type 

 

Concentration 

ratio 

 

Indicative 

temperature 

range (℃) 

Stationary Flat plate 

Evacuated tube 

Compound parabolic 

Flat 

Flat 

Tubular 

1 

1 

1-5 

30-80 

50-200 

60-240 

Single-axis 

tracking 

 

Fresnel lens 

Parabolic Trough 

Cylindrical trough 

 

Tubular 

Tubular 

Tubular 

 

5-15 

10-40 

15-45 

10-50 

 

60-300 

60-250 

60-300 

60-300 

 

Two-axes 

tracking 

Parabolic dish reflector 

Heliostat field 

Point 

Point 

100-1000 

100-1500 

        100-500 

        150-2000 
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has the simplest in construction compared to other types of collectors. The principle of its 

working depends on the solar energy passing through the transparent cover sheet, where part of 

that energy is reflected by a glass cover, and the solar radiation is absorbed by the coated 

absorber plate. The heat transfers to the working fluid flowing inside the tubes of the collector. 

Flat plate solar collector (FPC) can fixed permanently in a position. The collector orientation 

must be toward the equator directly. In the northern hemisphere, the plate should be south faced, 

and in the southern hemisphere it should be north facing [7].  

 

 

 

Figure1.8 Solar Collector Heating Process [16] 
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1.5.1 Corrugated sheet collectors  

The corrugated plate solar collectors (CPC) have the same construction of simple flat collector. 

The working principle as the flat plate solar collectors. The difference is only in the shape of 

the absorber plate. The heat transfers through the surface area of the absorber plate to the 

working fluid. In the corrugated absorber plate, the surface area is larger than the flat plat. It 

has different angles of reflection of solar radiation incident as in the flat plate absorber because 

of corrugation surface. The corrugated plate absorber often uses solar air collector in many 

different ways and corrugation profile. In addition, it has been used in many studies for the solar 

water heating system. Figure 1.10 demonstrates the corrugated absorber plate solar collector. 

Figure 1.9 Flat plate solar collector [7] 

Figure 1.10 Cross-section of corrugated absorber plate solar collector 
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1.6  Research Objective  

Due to the increased demand for energy, especially electrical energy, the high costs of electrical 

energy, environmental issues and the limited resources of fossil fuel. Many countries tend to 

use alternative energy resources. A great amount of energy is used to heat the water for different 

applications such as residential, commercial and industrial. In Kurdistan Region of Iraq, 

particularly in Duhok city, the electrical energy is insufficient to fulfill that needs.  

The present study deals with experimental investigation to compare between the performance 

of the flat plate collector system and corrugated plate collector system. Both collectors have the 

same dimensions, materials and initial and boundary conditions with different shapes of 

absorber plates. The absorber plate of the flat plate solar collector is a plain sheet, while the 

absorber plate of the corrugated plate solar system is a corrugated sheet with the same collector 

area, Thus, the corrugated plate has area more than that of the flat plate. The useful energy, 

collector efficiency, water temperature difference, overall loss coefficient, and other factor is 

determined to find out the performance of corrugated plate and flat plate collector. The absorber 

plate which is used in both collectors is galvanized steel of grade DX51+Z. This type of plate 

(sheet) is available in the local market and is inexpensive.  
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CHAPTER TWO  

Literature Review 

There are many researches on the solar water heating systems and solar collectors that have 

aimed to model the solar water heating system SWHS and to predict the performance of various 

types of SWHS. This chapter displays a summary of the studies that have been conducted in 

the field of solar collectors. The chapter reviews the previous studies of solar collector types 

according to the shapes and absorber plate types. 

2.1  Introductory Remarks  

The solar energy has been used from the Greeks period, who had constructed their buildings in 

a way to allow the sun ray to enter their buildings for light and heat. After the Roman’s 

discovery of glass, they built buildings facing south and covered the openings by glass to retain 

the heat in winter. The first solar collector was created in 1767 by the Swiss scientist Horace-

Benedict de Saussure. His device absorb sunlight to cook food. [18] 

2.2 Flat plate solar collectors  

There are different studies that deal with flat plate solar collector systems, some of the studies 

which are reviewed here: 

R. D. Maldonado et. al [19], experimentally investigated the performance of the SWHs. The 

constructed FPC area was 1.4 m2 and used 100 L storage tank. They utilized two glass covers 

with the transmittance equal to 0.90. The mass flow rate is increased from 0.0038 to 0.04 kg/s. 

The data were collected for eleven hours, the maximum temperature is 55C then it decreased 

to 47.6C in the storage tank. The results showed that the collector instantaneous efficiency the 

depended on the absorbed irradiance by the collector. It was estimated at a range of 34% to 

68%. By using this type of the SWHs, both the use of 0.23 kg of LPG and 0.57 kg of the 

emission of CO2 could be avoided 
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M.D. Shouquat Hossain et al [20] experimentally investigated the performance of modified 

design FPC. The system was an active open system and it used two different water tanks; one 

was hot water and the other cold-water tank. The modification was in the copper pipes 

arrangement as shown in figure 2.1. They collected data for two months in Kuala Lumpur. They 

concluded that the new proposal had advantages such as less cost, easy fabricated and high 

thermal efficiency. This study experimentally proved, the possibility to improve the thermal 

efficiency of the SWHs and the average efficiency of two months to 75.5%. 

A.M. Shariah et al [21] studied theoretically the effect of absorber thermal conductivity on the 

performance of a SWHs. It was found out that the factors (heat removal, fin efficiency, and 

collector efficiency) strongly depend on the thermal conductivity of the absorber plate. The 

increasing of annual solar fraction from 4% to 7% when the steel absorber plate was replaced 

by an aluminum plate, the solar fraction did not change with the replacement of aluminum with 

copper. The characteristic factor increased from 12% to 19% by replacing steel with aluminum 

plate, while it is only 3% increased by replacing aluminum with copper absorber plate. It was 

concluded that there was no improvement by replacing the aluminum by copper absorber plate 

unless there was an effect from another factor such as health hazards and corrosion for choosing 

the absorber plate. 

A. M. Lenz et al [22] analysed the absorbed energy by the flat plate solar collector and the 

collector performance. The area of the collector was 1 m2
, and the experiment was conducted 

in Brazil. The data were collected for one year. The analysed data presented the monthly 

thermal efficiency ranged from 33.7% to 53.54% and the absorbed energy ranged from 30.79 

Figure 2.1 Developed arrangement of the pipe [3] 
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to 75.29 kWh/m2.month. The absorbed thermal energy by the system throughout the study 

period was 695,394W with an average of 1.905 kWh/m2.day. They concluded that this amount 

of energy might replace the electric energy for heating water or reduce the electric energy 

consumption. 

 R. Bakari et al [23] designed and built four solar models of FPC with various glass cover 

thicknesses. The performance of the collectors was affected by reflectance, transmittance and 

absorptance of the glass cover. The researchers investigated experimentally the thickness of 

glass cover on FPC. The area of the collectors was 0.72 m2 and the low iron glasses had 

thicknesses of 3mm, 4mm, 5mm, and 6mm are chosen. The results showed that the glass with 

3mm thickness had high convective heat losses with high transmittance and low reflectance, 

while the glasses that had 5mm and 6mm thickness had low convective heat losses with low 

transmittance and high reflectance. The glass of 4mm of thickness gave the optimal heat 

convective losses and transmittance. However, the collector with 4mm glass thickness had 

maximum efficiency and it was 7.6% more than 3, 5 and 6mm.   

B. K. Ameen et al [24] numerically and experimentally investigated the enhancement the heat 

transferred in the FPC in the Iraq climate. For this study, single, double and mixed twisted tape 

had been put inside the tubes as represented in figure 2.2. Copper and aluminum absorber plate 

were used in two collectors having the same dimensions. From this research, the following were 

concluded: 

1- The single twisted tape in the pipe increased the outlet temperature by 10C. 

2- The exit temperature of the collector that has copper as absorber plate was 6C more 

than the aluminum collector. 

3- The increase in the Reynolds number was from 5000 to 10000, the outlet temperature 

increased with 5C. 

4- The difference in outlet temperature between one glass cover and double glass cover 

was about 4C and heat losses on the top were reduced. 

5- There was a high agreement between numerical and experimental results and mixed 

twisted tape had a maximum error within 8.3%. 
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M. Nahar [25] experimentally studied the optimum air gap spacing between the glazing and 

absorber plate in the FPC. Three similar cum storage collectors had been designed with the air 

gapping of 2.5, 5 and 15cm. The data were collected for a number of days in two months. The 

results revealed that the collected energy by SWHs of 5 cm air gap is 11.64% higher than that 

of 2.5 cm and 7.7% more than that of 15 cm. The overall efficiency of solar water heaters was 

52.5%, 57.8% and 54.1% for 2.5, 5 and 15 cm air gap respectively. They concluded that the 

5cm air gap space was optimum due to minimum convective heat losses from the top and 

minimum wall shadings. 

B. Kundu [26] analytically compared three profile shapes of the absorber plate to find out the 

FPC performance and the optimum profile shape. The absorber shapes were trapezoidal, 

rectangular and “rectangular profile with a step change in local thickness (RPSLT)”. The results 

represented that when the plate volume was taken constant, the trapezoidal profile was the 

optimum. In the constant plate volume, the lower energy transferred by the rectangular profile. 

For energy transferring the trapezoidal profile was a better choice. 

T. Yousefi et al [27] experimentally investigated the effect of the nanofluid on the thermal 

efficiency of FPC. The experiment was done at the Razi University of Kermanshah, Iran. The 

working fluid was AL2O3 – water nanofluid include 0.2 wt % and 0.4 wt % weight fraction for 

nanoparticles, the dimension of particles was 15nm. To improve the dispersion and minimize 

Al2O3 aggregation, the Triton X-100 was used as a surfactant. The nanofluid mass flow rates 

were 1,2 and 3 Lit/min. In this study, the ASHRAE 86-93 was used to estimate the FPC 

efficiency. The researchers concluded the collector efficiency increased by 28.3% when 0.2 

wt% nanofluid was used instead of water. The efficiency was enhanced with 15.63% when the 

surfactant is used.  

Figure 2.2 Twisted tapes 
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O. K. Ahmed [28] experimentally studied the influence of dust on the performance of flat plate 

solar collector. The experiment was conducted in Iraq. The water mass flow rate was 0.015 kg/s 

and circulated water used during the test period was 700 L. The accumulated amount of dust 

was 0.025 gram/cm2. The results showed that the dust deposition on the glass cover might 

decrease the glass cover transmittance. The instantaneous efficiency of the collector was 

decreased by 1.6 % with a dusty glass cover. The researcher suggested an appropriate schedule 

for cleaning the solar collector to keep an efficient collector. 

H. S. Hamood et al [29] analysed theoretically the FPC by utilizing two different working fluids 

and different  absorber plate materials in Mosul, Iraq. In this study, three different materials for 

absorber plate were used: Carbon steel, Copper and Aluminium Alloy. The absorber area was 

2 m2 and two working fluids were used; propylene glycol solution and water. The EES 

(Engineering Equation Solver) software was used to simulate the model and analysed the FPC 

performance. It was concluded that the copper absorber plate had higher efficiency than those 

of carbon steel and aluminium. The carbon steel had lower efficiency than the other two 

materials for both working fluids (water and propylene - glycol solution).  The thermal 

efficiency of FPC for propylene-glycol solution was lower than water. 

A. M. Shariah et al [30] studied the performance of domestic SWHs by using the TRNSYS 

simulation program. The daily load was analysed for optimizing the ratio of tank volume to 

collector area. The vertical tank was connected to the FPC; the top of the solar collector was 

levelled with the tank bottom.  The performance was characterized by an annual solar fraction 

which was: 

                                           𝑓 =  
𝑄𝑙−𝑄𝑎𝑢𝑥

𝑄𝑙
                                                           (2.1) 

Where the 𝑄𝑙 was delivered energy to the load and 𝑄𝑎𝑢𝑥  was the auxiliary supplied energy by 

the heater. The results referred to the load temperature was increased by 30 C, from 50C to 

80C, decreasing of solar fraction from 0.85-0.95 to 0.5-0.6 for 4 m2 collector area. The solar 

fraction for 2 m2 collector area, was decreased from 0.65 to 0.35. When the tank volume 

increased about 150–200 Litres for 4 m2 collector area, the solar fraction rapidly increased 

nearly to the constant value. As the ratio of tank volume to collector area was raised, the solar 

fraction value rapidly increased nearly to constant for the systems with area of collectors more 

than 2 m2. 
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N. B. Ziyadanogullari et al [31] experimentally investigated the effect of distilled water and 

nanofluids as working fluid on the thermal efficiency of FPC in Elazig, Turkey. The volume 

fractions of nanoparticles were 0.2, 0.4 and 0.8 %vol of three different nanofluid types; alumina, 

copper oxide and titanium dioxide with flow rate equal to 250 litres/hr. According to ASHRAE 

93-2003 standards, the collector thermal efficiency was calculated and showed that the copper 

oxide with respect to water had the highest increase in efficiency while the titanium dioxide 

respect to water had the lowest efficiency of flat plate collectors. These results were due to 

differences in nanoparticles thermal conductivity.  

F. Zhou et al [32] theoretically studied the use of phase change material (PCM) with antifreeze 

characteristics to prevent damage of FPC due to freezing. In this work, mixed organic phase 

change materials were used. As shown in figure 2.3, the conventional and PA- type of FPC was 

theoretically analysed. The aluminium box was placed under raiser tubes and filled with (PCM) 

to store the thermal energy through the day and released it at night time to keep the working 

fluid unfrozen. The study was aimed to compare between a PA flat plate solar collector and 

conventional flat plate solar collector for anti-freeze performance. The study analysed the 

influence of design parameters; heat loss coefficient between PCM layer and pipes and PCM 

thickness, phase change temperature of PCM. The results showed that, if the average 

temperature during day was lower than 5C, the conventional FPC became frozen while the 

PA- FPC became freeze at 0-5C of daily average temperature. In the cold area the PA-FPC 

systems the PCM module should be store 30% thermal energy to prevent freezing.    

 

 

Figure 2.3 A cross section of conventional and PA types 
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P. Sivakumar et al [33] investigated experimentally the performance of SWHs with a FPC. The 

area of the collector was 2.08 m2 and the test was conducted at Tamilnadu, India. The 

improvement of solar systems through three experiments, In the first case, they used 9 riser 

tubes, in the second case, they used 12 riser tubes, and the zig-zag arrangement of the tubes for 

the last case. The maximum efficiency of the collector for all experiments was obtained at 

13:00. It was concluded that the increase in the riser tubes from 9 to 12 tubes, the thermal 

efficiency was increased by 5.71% and the maximum efficiency in the third case with the zig-

zag arrangement reached 62.90%. 

S. Vijayakumar et al [34] experimentally studied the performance of FPC using wire coiled and 

twisted tape turbulators. The FPC had an area of 2 m2 and was connected to 125 litres capacity 

storage tank and named as plain tube collector. The twisted tape and wire coil were inserted in 

another collector with the same design and dimension of the plain tube collector. The 

experiment was carried out in India and the average outlet and inlet temperature were recorded 

with the same conditions. The results represented the increasing in heat transfer rate 17% to 

70% by inserting wire coil and twisted tape in riser tubes. Also, it was observed that the heat 

losses were decreased.  

Madhukeshwara. N et al [35] experimentally investigated the performance of FPC by making 

a comparison between three different types of selective surface coatings. namely; Black 

chrome, Matt black, and Solchrome coating. It was concluded that the maximum efficiency was 

recorded with using Black chrome coating. The highest temperature was observed with Black 

chrome coating and followed by the Matt black and Sol chrome coatings. 

2.3  Corrugated absorber plate collectors 

N. K. Das et al [36] compared between two types of built-in-storage solar water heaters. In the 

first system, the absorber plate was flat, while in the second system, the researchers used 

absorber plate with trapezoidal corrugated plate. The collector’s dimensions were 155.5 cm × 

109.5 cm × 31 cm. The absorber plates were 16-gauge G.I. sheet. The test was conducted in 

Dhaka in Bangladesh, in July and August, the inclination of the collectors was 23.5°facing 

south. The results showed that the average thermal efficiency of corrugated absorber plate was 

11% higher than the flat absorber plate, the average maximum temperature of the corrugated 

absorber plate is 4.5C more than those of the flat absorber plate.  
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Jalaluddin et al [37] experimentally studied the performance of a SWHs with a different angle 

of  V-shape of absorber plate and compared it with flat absorber plate. First, analytically the 

plates absorptivity was calculated. The better angle of V-shape was 21° from (21°, 27°, 32°, 

40°, 41°, and 49°) for V- shape dimension t = 4 cm and l = 4 cm) as shown in figure 2.4. the 

tested flowrate for both solar water heating systems were 0.5L/min and 2 L/min. The results 

showed that the efficiency of the V-shape absorber plate is better than that of flat absorber plate 

absorber by 3.6% to 4.4% due to the increasing absorptivity of V-shaped. 

 

R. Kumar [38] analytically investigated the performance of a SWHs which was integrated with 

a corrugated absorber plate. The solar water heating system was a rectangular collector/storage 

solar water heater. The small corrugated depths were 0.4, 0.7, 0.9 and 1mm as shown in figure 

2.5 for 100 Liters of the constant volume water storage tank. 

Figure 2.4 V-shaped absorber plate 
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The results illustrated that the water temperature of 1mm corrugated depth was more than 

others. It was concluded the improvement of the solar water heater efficiency for corrugated 

depth was more than 1mm. The system needed to withdraw the water flow rates continuously 

or intermittently. Also, the water temperature of the corrugated absorber plate was higher than 

those of the flat absorber plate for most parts of the day. However, the system thermal efficiency 

was decreased marginally. According to the results of flow rates change, the system thermal 

efficiency could be increased by withdrawing from the system. 

 M. S. Chaudhari et al [39] enhanced the heat transfer of the FPC utilizing the corrugated fins 

for the flat absorber plate with various parameters. Then the 3D model of the solar collector 

was prepared and analysed with single and double glazing. The vortex generators (placing the 

V corrugated on the absorber plate) were used. Also, the three gasses were used in an air gap. 

From the numerical and experimental results, the following was concluded:  

1- The top losses coefficient increased to a certain limit of the air gap spacing between the 

absorber plate and glass cover and then decreased. This was due to the effect of 

sidewalls shadow.  

2-  In the double glazing, the trapped radiation was more than those of single glazing with 

minimum losses of re-radiation.  

Figure 2.5 V-shaped absorber plate 
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3- The FPC heat transfer with V-corrugated was more than the normal FPC due to the 

turbulence effect that enhanced the convection heat transfer. The reflectance increased. 

This enhanced radiation heat transfer. 

4- It was observed that the argon gas had lower heat losses and more absorption capacity. 

Carbon dioxide had less heat loss coefficient than the air. 

T. A. Yassen et at [40] experimentally observed the performance of integrated SWHs with CPC. 

The experiment sited up in Tikrit, Iraq. The capacity of the SWHs was 140 L. There were two 

cases of this study. The first case was without load (drain). The second case, there were three 

different water flow rates. For the first case, the highest obtained stored water temperature 

during winter was 58C and during spring seasons was 78C. In case of mass flowrates, the 

solar collector daily efficiency was 59% for mass flow rate 0.005 kg/s, 65% for 0.0091 kg/s and 

67% for 0.013 kg/s. 

Damir Dovic et al [41] analysed numerically the performance of flat and corrugated absorber 

plates. Six different models were developed numerically to assist the effect of some operation 

and design parameters such as air gap between glass and absorber plate, raiser tube diameter, 

bond conductance, fluid flowrate and optical properties on the collector’s efficiency. From the 

obtained results, the collector efficiency without tubes was 7% higher than the collector with 

tubes. Also, there was no significant change in thermal efficiency in case of using corrugated 

absorber plate instead of flat plate. 

2.4  The importance of this work 

From the above-reviewed literature, there are many numerical and experimental studies 

conducted on the flat and corrugated absorber plate solar collector systems. The previous works 

aimed to enhance the transfer of heat into working fluids. The determination of the optimum 

design of the system is to improve it’s performance. In fact, there is no experimental studies on 

corrugated and flat plate solar collector systems in the Kurdistan Region of Iraq and particularly 

in Duhok city. Also, most of the studies have not use Galvanized steel as an absorber plate that 

has some merits such as its availability and low cost. Moreover, the previous studies have not 

used the tubes under the corrugated plate. 
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CHAPTER THREE  

                                          Theoretical Background 

This chapter deals with the theoretical background of heat transfer related to the solar collector. 

It includes the equations required to evaluate useful heat gain, thermal efficiency, the 

transmittance-absorptance product and overall heat transfer coefficient. 

3.1 Heat Transfer  

Heat transfer is the exchange of thermal energy between two or more bodies due to temperature 

difference. In the SI units, it is expressed in (J) joules. There are three modes of heat 

transfer:[42] 

• Conduction heat transfer: when the energy transfer from the more energetic substance 

particles to the less energetic substance as a result of interactions particles it called 

Conduction heat transfer. Conduction can occur in solids, liquids, or gases. Figure 3.1 shows 

the plain wall heat conduction. 

 

 

 𝑞𝑥 = −𝑘𝐴
𝜕𝑇

𝜕𝑥
 (3.1) 

where qx is the heat transfer rate (J), k is the material thermal conductivity (W/m. ℃), A is the 

normal area (m2), and  
∂T

∂x
 is temperature gradient.  

Figure 3.1 Conduction process [2] 
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• Convection heat transfer: when the energy transfer between an adjacent fluid that is in 

motion and solid surface it called convection heat transfer. It can be expressed as: 

 𝑞𝑐 = ℎ𝐴𝑠∆𝑇 (3.2) 

where h is the coefficient of convection heat transfer measured in W/m2K, 𝐴𝑠 is surface area in 

m2. 

•  Radiation heat transfer is the energy emitted by matter in the form of electromagnetic waves 

(or photons) as a result of the changes in the electronic configurations of the atoms or 

molecules. Radiation is emitted if the body temperature is above 0℃. It travels at light speed. 

The Stefan Boltzman law of thermal radiation is that when the radiation heat rate is 

exchanged between a large surrounding area and a surface and it given by: 

 

where the 𝑇𝑠 , 𝑇𝑎 are surface and ambient temperatures, σ is the Stefan Boltzmann constant 

equal to 5.67 x 10-8
 W/m2. K4 

 𝑞𝑟 = 𝜎𝐴(𝑇𝑠
4 − 𝑇𝑎

4) (3.3) 

Figure 3.2 Convection process [8] 

Figure 3.3 Radiation from the Sun [8] 
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3.2 Collector thermal efficiency 

The collector thermal efficiency is a performance measurement of solar collector which is the 

ratio of useful heat gain to the solar radiation that is incident on the collector over specific 

period of time.[13] 

 𝜂𝑐 =
∫ �̇�𝑢 𝑑𝑡

𝐴𝑐 ∫ 𝐼𝑡𝑑𝑡
   (3.4) 

Where ηc is the collector efficiency, Q̇u is the rate of useful heat gain (W), 𝐴𝑐 is the collector 

area (m2) and 𝐼𝑡 is the incident radiation on the FPC (W/m2). 

For constant conditions over a time period, the collector thermal efficiency is reduced to: 

 𝜂 =
𝑄𝑢

𝐴𝑐𝐼
       (3.5) 

The difference between the received heat and heat losses from collector is the amount of  

useful heat gain by the solar collector.[43] 

For collectors that have an area of (𝐴𝑐) m2, and received the solar radiation intensity of (I), 

W/m2, the received amount of solar energy by solar collector is:  

 𝑄𝑖 = 𝐼. 𝐴𝑐         (3.6) 

When the solar radiation is received, a portion of it is reflected back to the sky, another part of 

the solar radiation is the glass cover absorbs, the rest part is transmitted to the absorber plate 

through the glass cover as short-wave radiation. The amount of received energy will be as: 

 𝑄𝑖 = 𝐼(𝜏𝛼)𝑒. 𝐴𝑐  (3.7) 

Where the (𝜏𝛼)𝑒 is the equivalent transmittance-absorbance product.  
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When the solar collector receives the solar energy, the absorber plate temperature increases 

and becomes higher than the surrounding (ambient) temperature, then the part of the heat lost 

to the surrounding by radiation and convection heat transfer. The heat losses (𝑄𝑜) from the 

collector depend on the temperature of the solar collector and overall heat loss coefficient 

(𝑈𝐿), Then: 

 𝑄𝑜 = 𝑈𝐿𝐴𝑐(𝑇𝑝 − 𝑇𝑎) (3.8) 

Where Tp and Ta are absorber plate and ambient temperature respectively (℃). 

From the energy balance at steady state, the useful heat gain is the difference between the 

amount of energy received by the collector and the heat lost to the surrounding.   

It is generally known as the “Hottel- Whillier-Bliss equation”  

By substituting Eq. (3.10) in (3.5). the collector instantaneous efficiency becomes: 

 𝜂𝑖 = 𝐹𝑅(𝜏𝛼)𝑒 −
 𝐹𝑅𝑈𝐿(𝑇𝑝 − 𝑇𝑎)

𝐼
 (3.11) 

Where 𝐹𝑅 is heat removal factor  

 

3.3 Overall heat loss coefficient (𝑼𝑳) 

The important factor that has an effect on the performance of the solar collector is thermal loss 

to the surroundings. The losses transfer from the top, edge and bottom of the solar collector by 

radiation, convection and conduction heat transfer. The equivalent thermal losses are 

represented in figure 3.4 in terms of the thermal circuit of resistance [44]. 

 𝑄𝑢 = 𝑄𝑖 − 𝑄𝑜 (3.9) 

 𝑄𝑢 =  𝐼(𝜏𝛼)𝑒. 𝐴𝑐 − 𝑈𝐿𝐴𝑐(𝑇𝑝 − 𝑇𝑎) (3.10) 
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 𝑈𝐿 = 𝑈𝑡 + 𝑈𝑏 + 𝑈𝑒 (3.12) 

Where the 𝑼𝒕, 𝑼𝒃 𝐚𝐧𝐝 𝑼𝒆 are top, bottom and edge heat transfer coefficient (W/m2 °C). 

 

3.3.1 Top heat transfer coefficient (𝑼𝒕) 

• The coefficient heat transfer by convection from covered glass to ambient (ℎ𝑐−𝑐) [13] 

 ℎ𝑐−𝑐 =
1

𝑟1
= 2.8 + 3.0𝑉 (3.13) 

Where 𝑟1, 𝑟2, 𝑟3 and 𝑟4 are thermal resistance.  

Figure 3.4 Equivalent thermal-circuit diagram of collector 
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• Radiation heat transfer coefficient from covered glass to ambient (ℎ𝑐−𝑟) 

 ℎ𝑐−𝑟 =
1

𝑟2
=  휀𝑔𝜎

[(𝑇𝑔 + 273)
4

− (𝑇𝑠𝑘𝑦 + 273)
4

]

𝑇𝑔 − 𝑇𝑎
 (3.14) 

Where 𝜎  is Stefan’s constant, equal to 5.67×10-8 W/m2 K4, the sky temperature is given 

by:[44], εg is the emissivity of the glass and 𝑇𝑔 is the glass temperature. 

• Conduction heat transfer coefficient of covered glass 

Where hk, rk, kgand Lg are conductive heat transfer coefficient (W/m2. ℃), thermal resistance, 

thermal conductivity (W/m K) and thickness of glass cover (mm). 

 

• Convection heat transfer coefficient from absorber plate to covered glass 

 ℎ𝑎−𝑐 =
1

𝑟3
=

𝑁𝑢𝑘𝑎𝑏

𝐿
 (3.17) 

Where Nu is Nusselt number, 𝑘𝑎𝑏 is thermal conductivity of absorber plate (W/m K) and L is 

the spacing between the absorber plate and the glass covers. 

The Nusselt number expression for air between the absorber plate and glass cover is given by 

[45]. 

 𝑇𝑠𝑘𝑦 = 𝑇𝑎 − 6 (3.15) 

 ℎ𝑘 =
1

𝑟𝑘
=

𝑘𝑔

𝐿𝑔
 (3.16) 
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𝑁𝑢 = 1 + 1.44 [1 −
1708

𝑅𝑎. 𝑐𝑜𝑠𝛽
]

+

(1 −
𝑠𝑖𝑛(1.8𝛽)1.6 × 1708

𝑅𝑎. 𝑐𝑜𝑠𝛽
) 

+ [{
𝑅𝑎.𝑐𝑜𝑠𝛽

5830
}

1
3⁄

− 1]

+

                       

(3.18) 

Where 𝛽  is the inclination angle of collector, and Ra is the Rayleigh number is given by: 

 𝑅𝑎 = 𝐺𝑟. 𝑃𝑟 =
𝑔�́�∆𝑇𝐿3

𝜈𝛼𝑎
 (3.19) 

Where 𝐺𝑟 is Grashof number, 𝑃𝑟 is the Prandtl number, 𝜈 is the kinematic viscosity (m2/s)  

and 𝛼𝑎 is the thermal diffusivity (m2/s) 

 �́� =
2

(𝑇𝑝 + 𝑇𝑔)
 (3.20) 

• Radiative coefficient from absorber plate to covered glass [44] 

 ℎ𝑎−𝑟 =
1

𝑟4
=  휀𝑒𝑓𝑓𝜎

[(𝑇𝑝 + 273)
4

− (𝑇𝑔 + 273)
4

]

𝑇𝑝 − 𝑇𝑔
 (3.21) 

The effective emissivity (휀𝑒𝑓𝑓)  of plate- glazing system is: 

 휀𝑒𝑓𝑓 = [
1

휀𝑝
+

1

휀𝑔
− 1]

−1

 (3.22) 

Where 휀𝑝 and  휀𝑔 are emissivity of absorber plate and glass respectively.  

The top heat transfer coefficient (𝑈𝑡) is: [44]  

https://en.wikipedia.org/wiki/Grashof_number
https://en.wikipedia.org/wiki/Prandtl_number
https://en.wikipedia.org/wiki/Kinematic_viscosity
https://en.wikipedia.org/wiki/Thermal_diffusivity
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 3.3.2 The bottom heat transfer coefficient (𝑼𝒃) 

• Convection heat transfer coefficient from insulation at the bottom to ambient (ℎ𝑏−𝑐) [13] 

 ℎ𝑏−𝑐 =
1

𝑟5
= 2.8 + 3.0𝑉 (3.24) 

• Radiation heat transfer coefficient from insulation to ambient (ℎ𝑏−𝑟) 

 ℎ𝑏−𝑟 =
1

𝑟6
=  휀𝑖𝜎

[(𝑇𝑓𝑖 + 273)
4

− (𝑇𝑠𝑘𝑦 + 273)
4

]

𝑇𝑓𝑖 − 𝑇𝑎
 (3.25) 

Where the 휀𝑖 is the emissivity of insulation and 𝑇𝑓𝑖 is the inlet water temperature (℃). 

• Conduction heat transfer coefficient of insulation (ℎ𝑖) 

Where 𝑘𝑖 is the thermal conductivity of insulation (W/m K) and 𝐿𝑖 is the insulation thickness 

(m). 

The heat transfer coefficient from the bottom of the collector by radiation and convection is: 

The total bottom heat transfer coefficient of collector is given by:[44] 

 

 

 𝑈𝑡 = [(
1

𝑟1
+

1

𝑟2
)

−1

+
𝐿𝑔

𝐾𝑔
+ (

1

𝑟3
+

1

𝑟4
)

−1

]

−1

 (3.23) 

 ℎ𝑖 =
1

𝑟𝑖
=

𝑘𝑖

𝐿𝑖
 (3.2610) 

 ℎ𝑏 = ℎ𝑏−𝑟 + ℎ𝑏−𝑐  (3.27) 
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3.3.3 Edge loss coefficient (𝑼𝒆) 

There is loss of energy from the edge of solar collector. It is generally expressed in term of 

area and heat transfer coefficient from the bottom. It is expressed by: 

 𝑈𝑒 = 𝑈𝑏(𝐴𝑒 𝐴𝑐⁄ ) (3.29) 

Where 𝐴𝑒 is the edge area and 𝐴𝑐 is the collector area. 

Finally, the overall heat loss coefficient is: 

 𝑈𝐿 = 𝑈𝑡 + 𝑈𝑏 + 𝑈𝑒 (3.30) 

3.4 Fin efficiency  

The one half dimension of one tube under absorber plate is shown in figure 3.5,[44]. The fin 

effectiveness transfers a given portion of heat that defined a new parameter called fin efficiency 

factor. This factor can be expressed as below: 

 𝑈𝑏 = [
𝐿𝑖

𝑘𝑖
+

1

ℎ𝑏
]

−1

 (3.28) 

Figure 3.5 Dimension and configuration of tube below plate 
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Fin efficiency (F) = 
Actual heat transfer to near bond 

Heat would have been transferred if entire fin area were at Tb
 

 

Where δ is the absorber plate thickness (mm), W is the distance between two tubes (m), Tb is 

the temperature of the base of fin and D is the tube dimeter (mm). 

From figure 3.6 [44], the energy balance of the fin element is: 

 (𝜏𝛼)𝐼(𝑡)∆𝑥 + 𝑈𝐿(𝑇𝑎 − 𝑇)∆𝑥 + {−𝑘𝛿
𝑑𝑇

𝑑𝑋
|

𝑥
}- 𝑘𝛿

𝑑𝑇

𝑑𝑋
|
𝑥+∆𝑥

 (3.32) 

Where I(t) is the absorbed solar radiation (W/m2). By dividing the equation (3.32) to ∆𝑥 and 

using yields ∆𝑥 →0: 

 
𝑑2𝑇

𝑑𝑥2 =
𝑈𝐿

𝑘𝛿
(𝑇 − 𝑇𝑎 −

(𝜏𝛼)𝐼(𝑡)

𝑈𝐿
) (3.33) 

For solving the second order differential equations, it requires two boundary conditions as 

below: 

 
𝑑𝑇

𝑑𝑋
|

𝑥=0
= 0       𝑎𝑛𝑑      𝑇|𝑥=(𝑊−𝐷)/2 = 𝑇𝑏 (3.34) 

Figure 3.6 Flow of energy on fin element 

(3.31) 
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If    

Then  

 
𝑑2𝜓

𝑑𝑥2 =
𝑑2𝑇

𝑑𝑥2 ;    
𝑑𝜓

𝑑𝑥
|

𝑥=0
= 0       𝑎𝑛𝑑 𝜓|𝑥=(𝑊−𝐷)/2 =  𝑇𝑏 − 𝑇𝑎 − [

(𝛼𝜏)𝐼(𝑡)

𝑈𝐿
] (3.11) 

By using Eqs. (3.35) and (3.36), Eq. (3.33) becomes, 

 
𝑑2𝜓

𝑑𝑥2
− 𝑚2𝜓 = 0 (3.12) 

The general solution of the Eq. (3.37) can be given as: 

 𝜓 = 𝐶1𝑠𝑖𝑛ℎ (𝑚𝑥) + 𝐶2𝑐𝑜𝑠ℎ (𝑚𝑥) (3.13) 

Now  

 
𝑑𝜓

𝑑𝑥
|

𝑥=0
𝑚𝐶1 𝑐𝑜𝑠ℎ(𝑚 × 0) + 𝐶2 𝑠𝑖𝑛ℎ(𝑚 × 0) = 0 ⟹  𝐶1 = 0 (3.14) 

By using the boundary conditions given in Eq. (3.36), the constant 𝐶2 can be determine as 

below: 

 𝑚2 =
𝑈𝐿

𝐾𝛿
        𝑎𝑛𝑑        𝜓 = 𝑇 − 𝑇𝑎 − [

(𝛼𝜏)𝐼(𝑡)

𝑈𝐿
] (3.35) 
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 𝑇𝑏 − 𝑇𝑎 −
(𝛼𝜏)𝐼(𝑡)

𝑈𝐿
=  𝐶2 𝑐𝑜𝑠ℎ(𝑚

𝑊 − 𝐷

2
) (3.40) 

 𝐶2=
𝑇𝑏− 𝑇𝑎− 

(𝛼𝜏)𝐼(𝑡)

𝑈𝐿

𝑐𝑜𝑠ℎ(𝑚
𝑊−𝐷

2
)

 (3.41) 

Now  

 𝜓 =
𝑇𝑏 − 𝑇𝑎 −

(𝛼𝜏)𝐼(𝑡)
𝑈𝐿

𝑐𝑜𝑠ℎ( 𝑚
𝑊 − 𝐷

2
)

 𝑐𝑜𝑠ℎ (𝑚𝑥); (3.42) 

Thus, 

 
𝑇− 𝑇𝑎−

(𝛼𝜏)𝐼(𝑡)

𝑈𝐿

𝑇𝑏− 𝑇𝑎−
(𝛼𝜏)𝐼(𝑡)

𝑈𝐿

 =
𝑐𝑜𝑠ℎ (𝑚𝑥)

𝑐𝑜𝑠ℎ 𝑚(𝑊−𝐷)/2
 (3.43) 

Or 

 𝑇 = (
(𝛼𝜏)𝐼(𝑡)

𝑈𝐿
+ 𝑇𝑎) − [

(𝛼𝜏)𝐼(𝑡)

𝑈𝐿
− (𝑇𝑏 − 𝑇𝑎)]

𝑐𝑜𝑠ℎ (𝑚𝑥)

𝑐𝑜𝑠ℎ (
𝑚(𝑊 − 𝐷)

2
)
 (3.44) 

By using Fourier’s law at the fin base, the energy conducted to the tube region per unit length 

in the flow direction may be defined: 

 

𝑞𝑓𝑖𝑛̇ = −𝑘𝛿
𝑑𝑡

𝑑𝑥
|

𝑥=
(𝑊−𝐷)

2

 

= −𝑘𝛿 [−
1

𝑈𝐿
𝑚{(𝛼𝜏)𝐼(𝑡) − 𝑈𝐿(𝑇𝑏 − 𝑇𝑎)} 

𝑠𝑖𝑛ℎ(
𝑚(𝑊−𝐷)

2
)

𝑐𝑜𝑠ℎ(
𝑚(𝑊−𝐷)

2
)
]                                                                

(3.45) 

Or  
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 𝑞𝑓𝑖𝑛̇ = −𝑚
𝑘𝛿

𝑈𝐿
{(𝛼𝜏)𝐼(𝑡) − 𝑈𝐿(𝑇𝑏 − 𝑇𝑎)}  𝑡𝑎𝑛ℎ(

𝑚(𝑊−𝐷)

2
)                                                               (3.46) 

For both sides of the tube, the collected energy is: 

 𝑞𝑓𝑖𝑛̇ = 2 × 𝑚
𝑘𝛿

𝑈𝐿
[(𝛼𝜏)𝐼(𝑡) − 𝑈𝐿(𝑇𝑏 − 𝑇𝑎)]  𝑡𝑎𝑛ℎ

𝑚(𝑊−𝐷)

2
                                                               (3.47) 

The equation (3.47) can be written as:  

 𝑞𝑓𝑖𝑛̇ = 𝐹(𝑊 − 𝐷)[(𝛼𝜏)𝐼(𝑡) − 𝑈𝐿(𝑇𝑏 − 𝑇𝑎)] (3.48) 

Where  

3.5 Collector efficiency factor (F') 

The ratio of the actual useful energy gain to the useful energy gain if the working fluid and 

absorber plate are at same temperature is called collector efficiency factor. It is expressed by 

[13] as below: 

 
𝐹′ =

1/𝑈𝐿

𝑊 [
1

𝑈𝐿[𝐷 + (𝑊 − 𝐷)𝐹]
+

1
𝐶𝑏

+
1

𝜋𝐷𝑖ℎ𝑓𝑖
]
 

(3.50) 

Where Di is the inside tube diameter,  ℎ𝑓𝑖 is the heat transfer coefficient between the fluid and 

the tube wall,  kb is the bond thermal conductivity, γb is the average bond thickness   b is the 

bond width. 

 

 𝐹 =
𝑡𝑎𝑛ℎ( 𝑚(𝑊 − 𝐷)/2)

𝑚(𝑊 − 𝐷)/2
            𝑎𝑛𝑑 𝑚2 =

𝑈𝐿

𝑘𝛿
   (3.49) 

 𝐶𝑏 =
𝑘𝑏𝑏

𝛾𝑏
 (3.51) 
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3.6 Collector heat remover factor (FR)  

The ratio of actual useful heat gain by the collector to the useful heat gain if the temperature 

of inlet water is the same as that of the whole surface of the collector, it can be expressed as 

follows: 

 𝐹𝑅 =
�̇�𝐶𝑝(𝑇𝑓𝑜 − 𝑇𝑓𝑖)

𝐴𝑐[𝑆 − 𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)]
 (3.52) 

Where 𝑆 =  𝐼(𝜏𝛼). By rearrangement the equation (3.52), becomes  

 𝐹𝑅 =
�̇�𝐶𝑝

𝐴𝑐𝑈𝐿
[

(𝑇𝑓𝑜 − 𝑇𝑓𝑖)

[𝑆/𝑈𝐿 − (𝑇𝑓𝑖 − 𝑇𝑎)]
] (3.53) 

 𝐹𝑅 =
�̇�𝐶𝑝

𝐴𝑐𝑈𝐿
[
[𝑆/𝑈𝐿 − (𝑇𝑓𝑖 − 𝑇𝑎)] − [𝑆/𝑈𝐿 − (𝑇𝑓𝑜 − 𝑇𝑎)]

[𝑆/𝑈𝐿 − (𝑇𝑓𝑖 − 𝑇𝑎)]
] (3.54) 

 
𝐹𝑅 =

�̇�𝐶𝑝

𝐴𝑐𝑈𝐿
[1 −

[𝑆/𝑈𝐿 − (𝑇𝑓𝑜 − 𝑇𝑎)]

[𝑆/𝑈𝐿 − (𝑇𝑓𝑖 − 𝑇𝑎)]
] 

(3.55) 

 

From equating temperature distribution in direction of the flow [13] 

 

 
[𝑆/𝑈𝐿 − (𝑇𝑓𝑜 − 𝑇𝑎)]

[𝑆/𝑈𝐿 − (𝑇𝑓𝑖 − 𝑇𝑎)]
= 𝑒𝑥𝑝 (−

𝑈𝐿𝐴𝑐𝐹′

�̇�𝐶𝑝
) (3.56) 

Then  
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 𝐹𝑅 =
�̇�𝐶𝑝

𝐴𝑐𝑈𝐿
[1 − 𝑒𝑥𝑝 (−

𝑈𝐿𝐴𝑐𝐹′

�̇�𝐶𝑝
)] (3.57) 

The actual useful energy gain Qu by the collector is equal to maximum useful energy gain 

(which occurs when the whole surface temperature is equal to the temperature of inlet water) 

times heat removal factor. 

 𝑄𝑢 = 𝐹𝑅𝐴𝑐[ 𝐼(𝜏𝛼)𝑒 − 𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)] (3.58) 

Then the instantaneous collector efficiency becomes: 

3.7 Transmittance-absorptance product  

The determination of the transmittance-absorptance product (𝜏𝛼 ) depends on the diagram of 

figure 3.7, [46]: 

 3.7.1 Declination angle 𝜹𝒂 

The angle between the earth equatorial plane and sun-earth line called declination angle, and 

it is varying with the date. The declination equation is expressed by [47][48]  

 
𝜂𝑖 = 𝐹𝑅(𝜏𝛼)𝑒 −

 𝐹𝑅𝑈𝐿(𝑇𝑓𝑖 − 𝑇𝑎)

𝐼
 

 

(3.59) 

Figure 3.7 Solar radiation angles [46] 
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Where N is any day in the year. Figure 3.8 represents the change of solar declination during 

the year [46]. 

3.7.2 Hour angle (ha) 

It is an angle that the earth would turn to bring the meridian of the point directly under the sun 

and it is expressed as: [46] 

 

 

 𝛿𝑎 =   23.45 𝑠𝑖𝑛 [360° ×
    284  +     𝑁

365
] (3.60) 

 ℎ𝑎 =  ∓0.25 (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 𝑓𝑟𝑜𝑚 𝑠𝑜𝑙𝑎𝑟 𝑛𝑜𝑜𝑛) (3.61) 

Figure 3.8 The variation of solar declination in the year [46] 
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3.7.3 Solar altitude angle (𝛼s) 

It is defined as the angle between sun ray and the horizontal plane as shown in the figure (3.9) 

[46] 

 

 ∅ + 𝛼𝑠 =
𝜋

2
 (3.62) 

Where ∅ Zenith angle, 𝛽 is the inclination of the collector, and La is the local latitude. and the 

mathematical expression for αs is 

 𝑠𝑖𝑛(𝛼𝑠) = 𝑐𝑜𝑠(∅) = 𝑠𝑖𝑛(𝐿) 𝑠𝑖𝑛(𝛿𝑎) + 𝑐𝑜𝑠 (𝐿𝑎) 𝑐𝑜𝑠 (𝛿𝑎)𝑐𝑜𝑠 (ℎ𝑎) (3.63) 

3.7.4 Incidence angle (θ) 

It is the angle between the normal surface and sun ray is called the incidence angle. When the 

solar  collector is tilted facing to the south or located in the northern Hemisphere, the incidence 

angle equation of is expressed as [46]:  

Figure 3.9 Appetent of sun daily path [46] 
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𝑐𝑜𝑠(𝜃) = 𝑠𝑖𝑛(𝐿𝑎) 𝑠𝑖𝑛(𝛿𝑎) 𝑐𝑜𝑠(𝛽) − 𝑐𝑜𝑠(𝐿𝑎) 𝑠𝑖𝑛(𝛿𝑎) 𝑠𝑖𝑛(𝛽)

+ 𝑐𝑜𝑠(𝐿𝑎)𝑐𝑜𝑠 ( 𝛽) 𝑐𝑜𝑠(𝛿𝑎) 𝑐𝑜𝑠(ℎ𝑎)

+ 𝑠𝑖𝑛(𝐿𝑎) 𝑐𝑜𝑠(𝛿𝑎) 𝑐𝑜𝑠(ℎ𝑎) 𝑠𝑖𝑛(𝛽) 

(3.64) 

3.7.5 Reflection of radiation  

The expression of the reflection of unpolarized radiation for smooth surface has been derived 

by Fresnel, the radiation passing through the surface from medium 1 to medium 2 with 

reflective indices n1 and n2. [13]. 

 𝑟⊥ =   
𝑠𝑖𝑛2  (𝜃2 − 𝜃1)

𝑠𝑖𝑛2 (𝜃2 + 𝜃1)
 (3.65) 

 
𝑟∥ =

𝑡𝑎𝑛2(𝜃2 − 𝜃1)

𝑡𝑎𝑛2(𝜃2 + 𝜃1)
 

(3.66) 

 𝑟 =
𝐼𝑟

𝐼𝑖
=

𝑟⊥ + 𝑟∥

2
 (3.67) 

Where 𝜃2𝑎𝑛𝑑  𝜃1 are the refraction and incidence angles respectively, as represented in figure 3.10,  𝑟∥ 

is parallel component and 𝑟⊥  is perpendicular component of unpolarized radiation.  

The relation between angles of incident and refraction found by Snell’s law.  
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 𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2 (3.68) 

The 𝑛1  is the refractive index for medium 1 and 𝑛2 are the refractive index for medium 2  

 

 

The perpendicular component of transmittance is:[13] 

 𝜏⊥ = (1 − 𝑟⊥)2.  ∑ 𝑟⊥
2𝑛 =

(1 − 𝑟⊥)2

1 − 𝑟⊥

∞

𝑛=0

=
1 − 𝑟⊥

1 + 𝑟⊥
 (3.69) 

 

The initially unpolarized radiation transmittance is the average of perpendicular and parallel 

components,  

 𝜏𝑟 =
1

2
(

1 − 𝑟∥

1 + 𝑟∥
+

1 − 𝑟⊥

1 + 𝑟⊥
) (3.70) 

3.7.6 Absorption by glazing 

The absorbed solar radiation is proportional to the travel through distance (x) in the medium 

and solar intensity in the medium product. This is by means of Bouguer’s law. If the Kg is 

extinction coefficient of the glass (for water white glass Kg is equal to 4 m-1).[44] 

Figure 3.10 Incidence and refraction angles [48] 
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 𝑑𝐼 = −𝐾𝑔𝐼𝑑𝑥 (3.71) 

By integrating Eq. (3.71) from 0 to actual path length in the medium (L/cos θ). 

 
𝑑𝐼

𝐼
= − ∫ 𝐾𝑔𝑑𝑥

𝐿
𝑐𝑜𝑠 𝜃

0

 (3.72) 

which gives  

 𝑙𝑜𝑔 𝐼 − 𝑙𝑜𝑔 𝐼𝑖 = −
𝐾𝑔𝑥

𝑐𝑜𝑠 𝜃2
 (3.73) 

or  

 
𝐼

𝐼0
= 𝑒𝑥𝑝 (−

𝐾𝑔𝑥

𝑐𝑜𝑠 𝜃2
) (3.74) 

When x=𝐿𝑔, the radiation is transmitted through the glass cover, the transmission due to 

absorption only is  

 𝜏𝑎 =  
𝐼𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑

𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
  = 𝑒𝑥𝑝 (−

𝐾𝑔𝐿𝑔

𝑐𝑜𝑠 𝜃2
) (3.75) 

The absorption of flat plate solar collector of the glass cover is: 

 𝛼 = 1 − 𝜏𝑎 (3.76) 

And the single glass cover reflectance is: 



 

43 

 

 𝜌 = 1 − 𝛼 − 𝜏 =  𝜏𝑎 − 𝜏 (3.77) 

The single glass cover transmittance is: 

Transmittance-Absorptance product (τ𝛼) 

By passing the solar radiation through glazing cover and is incident on the absorber plate, a 

portion of the radiation is reflected back to the glass cover This solar radiation is not lost totally 

due to some of it returns back to the absorber surface. Figure 3.11 shows the situation of the 

radiation when incident is on the cover and passes through it to absorber the surface. 

The transmittance - absorptance product can be written as below:[13] 

 𝜏 = 𝜏𝑟 × 𝜏𝑎 (3.78) 

 

 

 

 

 

 

 

  

Figure 3.11 Absorption of solar radiation by plate with single glass cover 
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 (𝜏𝛼) =  𝜏𝛼 ∑[(1 − 𝛼)𝜌𝑑]𝑛

∞

𝑛=0

=
𝜏𝛼

1 − (1 − 𝛼)𝜌𝑑
 (3.79) 

 For corrugated plate, the transmittance - absorptance product is expressed as [49] 

 (𝜏𝛼) = 0.97𝜏𝛼𝑎𝑝 (3.80) 

Effective Transmittance—Absorptance Product [44] 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (𝜏𝛼)𝑒 = 1.02 (𝜏𝛼) (3.81) 
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CHAPTER FOUR  

                                      Experimental work 

This chapter explains, in details, the required characteristics, properties and figures of the 

materials and the equipment that used for two SWHs which have same dimensions and 

materials with different absorber plate shapes. This chapter deals with the experimental setup 

which includes the solar collector, the experimental rig and experimental uncertainty. 

4.1 Experimental setup  

In this work, two SWHs have been fabricated in the workshops of Directorate of Vocational 

Training in Duhok. Both systems have the same dimensions. In the first SWHs, flat plate is 

used as an absorber plate while in the second system, sinusoidal corrugated plate is used. The 

experiment was conducted at Technical College of Engineering in Duhok city at (36°51'N 

42°58'E) as shown in figure 4.1. The solar collectors of both systems are inclined with the 

optimum tilted angle of 34.5 with horizontal [50]. The data were collected from 16 December 

2018 to 15 May 2019 i.e. for 5 months.  

Figure 4.1 Solar water heating systems 
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4.1.1 Solar collectors  

The main part of the SWHs is a solar collector that collects the solar radiation and converts it 

into thermal energy to increase the working fluid temperature. The solar collector consists of 

many parts and design parameters that affect the thermal efficiency of the SWHs. The frame of 

solar collectors is made of (5cm ×10cm) rectangular cross-section iron pipe. The pipes are cut, 

welded and painted to prevent corrosion of the material with dimensions 64 cm ×94 cm frame 

as shown in figure 4.2.   

Figure 4.2  Solar collector frame 

Figure 4.3 Insulation box 
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The collectors are insulated for minimizing heat loss from the collector to the surrounding. In 

this study the foam duct (EZ-12AP21) has been used, because its thermal conductivity of 0.021 

W/m2.K is very low and thickness of 4.1 cm. Two boxes of foam duct are made and inserted in 

the frame as in figure 4.3. 

For each collector, there are nine riser tubes for passing the water through the collector, they 

are connected with two header tubes as illustrated in figure 4.4. All tubes are copper, and the 

riser tubes have a diameter of 1.27 cm and the header tubes diameter is 2.2 cm. The tubes were 

cut into 86 cm long and welded with header tubes. The risers are equally spaced at 6.5 cm from 

each other.  

 

The absorber plate is the main of the collector. In this experiment two different shapes of the 

absorber plates are used. In the first collector, the flat plate is used with dimensions of 60 cm × 

90 cm and 0.4 mm thickness galvanized steel sheet with grade DX51+Z as shown in figure 4.5. 

The plate is painted with black paint to increase the absorptivity of solar radiation as shown in 

figure 4.6. In the second collector, the sinusoidal corrugated galvanized steel plate is used with 

same dimensions 60 cm × 90 cm and 0.4 mm thickness as absorber plate, the aspect ratio which 

defines the ratio of depth to wavelength of corrugation is 0.3. The corrugated plate is also 

painted with the same black paint. 

Figure 4.4 Tube network 
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Figure 4.5 Flat absorber plate 

Figure 4.6 Corrugated absorber plate 
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The tube network is put in the insulation box underneath the absorber plate. It is covered with 

4 mm thickness glass window. The air gap spacing between the absorber plate and the glass 

cover is 4 cm. The insulation box, tube plumbing, and absorber plate are all fixed in the collector 

frame. The collectors are fixed and inclined horizontally by 34.5° and facing south. The 126 

Liters tank is used for each of the SWHs. The tank is connected to the solar collector via PVC 

pipes. The utilized systems in this research are active systems using two separate circulation 

pumps. The by-pass system is made to control the water flow rate, as display in figure 4.7.  

 

4.1.2 Experimental rig 

There are many instruments and sensors are used to measure and record the data to be used in 

the calculations. Data Logger is an instrument used to read and store the data. The NAPUI 130D 

data logger with 16 channels is used in this experimental research as represented in figure 4.8. 

The input of NAPUI 130D is DC current (0-20) mA, DC voltage (0-5) V and thermocouple (K, 

S, R, B, E, J, and T) types. The output power is 24V DC to supply the power for anemometer 

and pyranometer. The data can be transferred via flash memory stick or cable. Figure 4.9 

illustrates the position of sensors in the diagram of a SWHs. 

 

Figure 4.7 Circulation pump with bypass system 
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Figure 4.9 Schematic diagram of SWHS 

Figure 4.8 NAPUI 130D Data logger with K-type thermocouples 
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To read the temperatures in several places in the SWHs, 16 K- type thermocouples having 2 m 

and 4 m length are used. The thermocouples are fixed in the collector inlet, collector outlet, the 

bottom of insulation, absorber plate at different locations, the air gap, glass cover, the ambient 

and inside the storage tank.  

The RK200-04 solar radiation sensor (pyranometer) has been used to measure the solar intensity 

and it is connected to the data logger to read and store the data. The solar radiation sensor can 

be used to measure the solar radiation from 0 to 1500 W/m2 under operating temperature -40℃ 

to 80℃. The output of the sensor is DC 0-5V and 4-20mA. Figure 4.10 shows the RK 200-04 

solar radiation sensor. 

 

The Wind speed sensor RK100-01 type is used to measure a wind speed velocity during the 

experiment. RK100-01 wind speed sensor can measure the speed of the wind within the range 

of 0 to 60 m/s, operating temperature -30 to 70C. The output signal is 4-20mA and 0-10 DCV. 

The accuracy of the sensor is ±3% when the speed of the wind is less than 5 m/s. The wind 

speed sensor (anemometer) is shown in figure 4.11.  

Figure 4.10 Solar radiation sensor (pyranometer) 
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4.2 Experimental Uncertainty  

To prove the experiments accuracy, the uncertainty analysis is required [51]. The uncertainty 

analysis is given by [52]. The accuracy of wind speed RK100-01 is ± 3%. For RK 200-04 solar 

radiation sensor (Pyranometer), the accuracy is ± 3%. The K-type thermocouple error is ± 0.2 

℃. The uncertainty of thermal efficiency can be calculated as follows: 

 

𝜂 = 𝑓 (�̇�, 𝐿𝑐 ,  𝑊𝑐 , 𝐼, 𝑇𝑖, 𝑇𝑜) 

 

𝜔𝜂 = {(
𝜕𝜂

𝜕�̇�
𝜔�̇�)

2

+ (
𝜕𝜂
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)

2
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𝜕𝑊𝑐
𝜔𝑊𝑐

)

2

+ (
𝜕𝜂

𝜕𝐼
𝜔𝐼)
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+ (
𝜕𝜂

𝜕𝑇𝑜
𝜔𝑇𝑜

)

2

+ (
𝜕𝜂

𝜕𝑇𝑖
𝜔𝑇𝑖

)

2

}

0.5

 

(4.1) 

Where: 

 
𝜕𝜂

𝜕�̇�
𝜔�̇� =  

𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐼𝐴𝑐
 𝜔�̇� (4.15) 

 

 

Figure 4.11Wind speed sensor (anemometer) 
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The maximum experimental uncertainty for five months is shown in table 2. Where the 

maximum uncertainty occurs in January 2019. For corrugated plate, it is 3.73 and for flat plate 

collector, it is 4.62. 

Table 2 Experimental uncertainty for CPC and FPC 

Month Dec. 2018 Jan. 2019 Feb. 2019 March 

2019 

April 

2019 

May 

2019 

Uncertainty for 

Corrugated plate 

collector 

3.72 3.73 3.11 1.95 2.19 1.61 

Uncertainty for 

flat plate collector 

3.87 4.62 3.85 2.82 2.1 1.59 

       

 
𝜕𝜂

𝜕 𝐿𝑐
𝜔 𝐿𝑐

= − 
�̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐼 𝐿𝑐
2 𝑊𝑐

 𝜔 𝐿𝑐
 

 

(4.3) 

 
𝜕𝜂

𝜕𝑊𝑐
𝜔𝑊𝑐

= − 
�̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐼 𝐿𝑐𝑊𝑐
2  𝜔 𝑊𝑐

 (4.4) 

 
𝜕𝜂

𝜕𝐼
𝜔𝐼 = − 

�̇�𝐶𝑝(𝑇𝑜 − 𝑇𝑖)

𝐼2𝐴𝑐
𝜔𝐼 (4.5) 

 
𝜕𝜂

𝜕𝑇𝑜
𝜔𝑇𝑜

= − 
�̇�𝐶𝑝𝑇𝑖

𝐼𝐴𝑐
 𝜔𝑇𝑜

 (4.6) 

 
𝜕𝜂

𝜕𝑇𝑖
𝜔𝑇𝑖

=  
�̇�𝐶𝑝𝑇𝑜

𝐼𝐴𝑐
 𝜔𝑇𝑖

 (4.7) 
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CHAPTER FIVE  

Results and discussions 

The results of the experimental work are presented in this chapter. It includes analysis of the 

data collected over the period of five months to find out the performance of two SWHs with 

different absorber plate geometry. The comparison between two the systems and the effect of 

some parameters are illustrated in two modes: first, the average of five months (four days per 

month) is used for analyzing the data. In the second mode, the three different days are selected 

and analyzed to make a comparison. 

There are some assumptions considered for calculations: 

1. The collector is one dimensional, and steady state.  

2. The area of the headers is neglected because it covers a small area of collectors. 

3. The flow is uniform for the riser tubes. 

4. The temperature gradients around tubes is neglected. 

5. The materials properties are independent of temperature.  

6. Neglecting the effect of the dust on the glass cover. 

7. The shading is negligible for the absorber plate.  

The data were collected from 16 December 2018 to 15 May 2019. In this period, there were 

different climatic conditions. The data of some days which had stable climate were utilized, and 

analyzed by using MATLAB R2018b and MS Excel to obtain the results. For more precision, 

the data were analyzed in two manners, first; the average of each month for five months and 

second; the three different days as follow: 

5.1 Average for five months 

The average results are obtained from the analyses of the collected data for five months. The 

average data based were on the selection of four different days for each month, then they are 

analysed to find out the average of solar radiation, ambient temperature, working fluid 

temperatures, thermal efficiency and useful heat gain of corrugated plate solar collector and flat 

plate solar collector as following. 
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Figure 5.1 represents the change of inlet and outlet temperatures of flat and corrugated plate 

solar collector for an average of five months throughout winter and spring seasons with ambient 

temperature change. The variation of inlet temperatures was almost similar to the profile of the 

ambient temperature, the inlet temperature of CPC and FPC were increased with increasing the 

ambient temperature and decreased by decreasing the ambient temperature. From February to 

March 2019, there was no notable change in inlet and outlet temperatures, while the temperature 

of the ambient increased due to the increase of heat losses as illustrated in figure 5.4.   

Figure 5.2 refers to the change of temperatures of the absorber plates for CPC and FPC. Both 

flat and corrugated plate collectors obtained the same amount of solar radiation because the 

data were collected at a specific interval of time for both collectors. The collectors were set up 

in the same place and same tilt angle and the FPC and CPC had the same aperture area for 

receiving solar radiation. From figure 5.2, it is noticed that the absorber plate of FPC had 

temperature more than those of corrugated plate for all time of the experiment. In January 2019 

the temperature of both absorber plates decreased and reached 40.5 ℃ and 42.5 ℃ for CPC and 

FPC respectively, while, the solar radiation is near to the solar radiation value of December 

2018. The reason for this phenomenon was related to the ambient temperature variation as 

represented in figure 5.1. It was minimum at January 2019 with value of 11.24 ℃. The low 

Figure 5.1 Variation the temperatures of inlet and outlet water temperatures with ambient 

temperature 
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ambient temperature led to an increase in the heat loss from the solar collector to ambient and 

the absorber plates became colder than other times of the experiment. The temperature of the 

absorber plate of FPC was always higher than the CPC absorber plate temperature. This was 

due to the effect of incident and reflection of solar radiation on the absorber plates.  

 

 

The ambient temperature and temperatures of glass cover and air gap of FPC and CPC for five 

months are illustrated in figure 5.3. The maximum temperatures were recorded in May 2019, 

while the minimum temperatures were recorded in January 2019.  The air gap and glass cover 

temperatures of CPC and FPC were changed with the variation of the solar radiation. For the 

whole time of the experiment, the glass cover temperature and air gap temperature of FPC were 

higher than the glass cover temperature and air gap temperature of CPC because the absorber 

plate of FPC had a temperature higher than CPC.  The maximum temperatures of air gap were 

57.62℃ for CPC and 59.1 ℃ for FPC, while the minimum temperature for CPC was 30.6 ℃ 

and 32 ℃ for FPC. 

Figure 5.2 Change of absorber plates temperature with solar radiation 
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The wind speed effect on the overall heat transfer coefficient is illustrated in figure 5.4. The 

maximum value of average overall heat loss coefficient was 6.71 W/m2.C for CPC and 6.82 

W/m2.C and the maximum average wind speed was 1.95 m/sec observed in May 2019. The 

minimum average value of wind speed and overall heat transfer coefficient occurred in 

February 2019. The overall heat loss coefficient changed with wind speed. The wind speed 

Figure 5.3 The air gap and glass cover temperatures change with ambient temperature 

Figure 5.4 Effect of wind speed on overall heat transfer coefficient 
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affected convective heat transfer coefficient from glass cover to the ambient which was a part 

of the top heat transfer coefficient that led to increase in the heat losses from the solar collector. 

There were other coefficients such as radiative and convective loss coefficient that affected the 

overall heat loss coefficient. 

Figure 5.5 shows the change in effective transmittance absorptance product which was affected 

by angles such as solar incident angle, solar reflected angle and tilted angle with the date for 

flat plate solar collector FPC and corrugated plate solar collector CPC for five months. The 

maximum value of transmittance absorptance product for CPC was 0.80346 and 0.818793 for 

FPC on 22 March 2019. The average transmittance absorptance product flat plate solar collector 

was always had more than corrugated plate solar collector because of the effect of reflectance 

angle of solar radiation. The corrugated plate reflected more radiation than a flat plate as 

represented in equations 3.77 and 3.78.  

The relation between average useful power for FPC and CPC with the average solar intensity 

for five months are represented in figure 5.6. The useful power had a direct relation with solar 

radiation intensity for the whole time of the experiment. It observable that the useful power of 

both collectors changed similarly with solar radiation change, and the minimum value of heat 

gain is obtained in January 2019 and the maximum value in May 2019. However, the useful 

power of FPC was more than the useful power of CPC for all experiment time, since the heat 

Figure 5.5 The variation of effective transmittance absorptance product 𝜏𝛼 with date 
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captured from the sun for both collectors was the same (both collectors had same aperture area 

of solar radiation) but the corrugated plate had a less value of effective transmittance 

absorptance product.  

 

 

 

 

 

 

 

 

 

 

Figure 5.7 refers to the change of thermal efficiency for flat plate solar collector and corrugated 

plate solar collector with useful power change. The minimum useful power took place in 

January 2019. The lowest thermal efficiency of corrugated plate solar collector and flat plate 

solar collector were 51.30% and 58.73% respectively. Similarly, in May 2019 when the useful 

power had maximum value, the thermal efficiencies were 59.54% and 66.94% for corrugated 

plate and flat plate collectors respectively. However, the efficiency of both collectors slightly 

reduced with an increase in useful power in April 2019 due to the high value of the ratio between 

the difference between inlet and ambient temperatures to solar radiation as represented in 

equation 5.3 and shown in figures 5.9 and 5.10. 

Figure 5.6 Change of useful power with solar radiation for five months 
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Figure 5.8 shows the change of flat and corrugated plate collector thermal efficiency for five 

months with a variation of solar radiation. From February 2019 until May 2019 the solar 

radiation increased and the efficiency of FPC and CPC increased from February 2019 and 

March 2019, then the efficiency decreased slightly in the April 2019 and increased in May 2019 

to become the maximum 59.54 % for CPC and 66.94 % for FPC. This drop of efficiency in 

April 2019 was due to the difference between inlet and ambient temperatures as represented in 

Figure 5.7 Useful power and efficiency of flat and corrugated plate collectors 

Figure 5.8 Change in thermal efficiency with solar radiation 
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figure 5.1. The high value of solar radiation intensity had an effect on the collector efficiency 

as represented in equation 3.5. 

The performance of corrugated plate solar collector is shown in figure 5.9. where the efficiency 

of CPC variation with a temperature difference to solar radiation parameter (Ti-Ta)/I is 

represented to show the state of collector thermal efficiency from the average data of five 

months. It is noticed that the maximum efficiency of the CPC was 60.1%. This means that the 

collector efficiency was inversely proportional with a temperature difference to solar radiation 

parameter.  

Figure 5.10 represents the performance curve of the FPC. The efficiency of FPC against the 

difference in temperature to solar radiation parameter is illustrated.  The maximum efficiency 

could be obtained when the temperature difference between inlet water and ambient was equal 

to zero or in case of inlet water temperature was equal to the ambient temperature. It can be 

noticed that the maximum efficiency of the FPC was 69.4 %. 

Figure 5.9 Performance curve for corrugated plate collector 
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5.2 Results of the three different days of the experiment 

The second part of this chapter comprises of the analysis of the collected data for three different 

days namely: 16 December 2018, 20 March 2019 and 11 May 2019. The selected time between 

08:00 to 16:00, i.e. to 8 hours was meant to make a comparison between corrugated plate solar 

collector and flat plate solar collector in Duhok climate. 

Figure 5.11 shows the inlet, outlet, and tank water temperatures for corrugated plate solar 

collector (CPC) and flat plate solar collector (FPC) for eight hours of 16 December 2018. It can 

be noticed that the temperature of tanks for both collectors increased with time and became 

very close to each other. In the earlier time, the outlet and inlet temperatures of CPC was higher 

than outlet and inlet temperatures of FPC until 09:30 am. Then the outlet and inlet temperatures 

of FPC became high because the absorber plate for FPC had a temperature higher than that for 

CPC as illustrated in figure 5.14. The maximum recorded outlet temperatures of CPC was 26.3 

℃ at 14:15 and for FPC was 26.8 ℃ at 14:00. 

Figure 5.10 Performance curve for flat plate collector 
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The inlet, outlet, and storage tank temperatures of water for eight hours of 20 March 2019 are 

represented in figure 5.12. The temperature of storage tanks of CPC and FPC had the same 

value at 08:00 am, then the CPC storage tank temperature increased to obtain a value higher 

than FPC tank. Therefore, the outlet temperature of CPC became higher than the outlet 

temperature of FPC. As well as, the inlet temperature of CPC was higher than the inlet 

temperature of FPC. In figure 5.12, it is noticed that the outlet and inlet temperatures 

difference of FPC was more than that between outlet and inlet temperatures of CPC. This 

means that the FPC absorb an amount of energy higher than CPC. 

Figure 5.13 presents the water temperatures at a different point in SWHs for eight hours of 11 

May 2019. It is observed that the difference between the outlet and inlet temperatures for FPC 

and CPC are increased from 08:00 till 12:40. Then the outlet temperatures decreased because 

the solar radiation was suddenly decreased due to the cloudy weather as represented in figure 

5.15. The difference between outlet and inlet temperatures of FPC and CPC were very close 

and the inlet temperature of CPC was always higher than that of FPC. 

 

Figure 5.11 Water temperatures for 16 December 2018 
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Figure 5.12 Water temperatures for 20 March 2019 

Figure 5.13 Water temperatures for 11 May 2019 
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Figure 5.14 illustrates the change in the absorber plates of FPC and CPC with two of the most 

important characters, namely solar radiation and ambient temperature on 16 December 2018. 

The absorber plate temperatures of CPC and FPC increased to reach a maximum value of 

60.5C for CPC and 65.7C for FPC. They were then decreased with solar radiation decrease. 

The absorber plate temperature of FPC was higher than that of the absorber plate of CPC. The 

drop in temperatures for CPC and FPC absorber plates from 12:00 to 12:40 was due to the 

decrease in solar radiation, and the effect of ambient temperature and wind speed that increased 

the heat losses from the collectors.   

 

 

 

 

 

 

 

 

 

 

Figure 5.15 displays the absorber plates temperature variation of CPC and FPC with ambient 

temperature and solar radiation for 20 March 2019. The temperature of ambient increased with 

the increase in solar radiation until 13:15 then the solar radiation decreased but the ambient 

temperature remained around 18C. The absorber plate temperatures for CPC and FPC 

depended on the solar radiation, i.e. the temperature of absorber plates increased with increasing 

the solar radiation and temperatures absorber plate decreased with decreasing the solar 

radiation.  Also, there was another factor that affected the absorber plate temperatures, viz. 

overall heat loss coefficient. 

Figure 5.14 The variation of absorber plate with solar radiation and ambient temperature for 16 

December 2018 
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Figure 5.16 shows the change in the absorber plates temperature for CPC and FPC, solar 

radiation and ambient temperatures with time for 11 May 2019. The absorber plate temperature 

of FPC was higher than that the CPC absorber plate temperature at all times. The absorber plate 

temperatures of CPC and FPC became very close at the condition of a sudden change of solar 

radiation due to the appearance of the clouds that made both absorber plates receive the same 

amount of solar radiation.   

 

 

 

Figure 5.15 The variation of absorber plate with solar radiation and ambient temperature for 20 March 

2019 
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The change of thermal efficiency of CPC and FPC and solar radiation with time for 16 

December 2018 are shown in figure 5.17.  The solar radiation was very low from 08:00 to 

08:45. After that the solar radiation raised to reach the maximum value 235.5 W/m2 at 13:15. 

Then it droped to a minimum value at 16:00. The efficiency of CPC and FPC were zero from 

08:00 to 08:45 and increased with the increase of the solar radiation and reached a maximum 

value 65.7% for CPC and 69.9 % for FPC at 10:15. Then, the solar radiation contineously 

increased but the thermal efficiency of the solar collectors decreased due to the effect of wind 

speed which raised the heat losses from collectors. The efficiency of CPC and FPC were 

reduced to become a minimum value at 16:00. For the entire time of the day, the FPC had a 

thermal efficiency higher than that of CPC.   

 

 

Figure 5.16 The variation of absorber plate with solar radiation and ambient temperature for 11 

May 2019 
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Figure 5.18 refers to the variation of efficiency with time for CPC and FPC and the effect of 

solar radiation on efficiency with time for eight hours of 20 March 2019. From figure 5.18, it 

is noticed that the efficiency of (FPC) was higher than the efficiency of the (CPC). The 

efficiency of the collectors had similar profiles with solar radiation for the whole time of the 

day. The decrease in the efficiency of solar collectors at 10:00 was accompanied with a small 

amount of solar radiation. This change occurred because the speed of the wind was high at 

10:00. This led to an increase in the heat losses from the collectors.  

Figure 5.19 illustrates the variation of thermal efficiency of CPC and FPC on 11 May 2019 and 

solar radiation with eight hours of time. From figure 5.19, it is observed that the solar radiation 

was the main factor that effected on the thermal efficiency of CPC and FPC. The efficiency of 

FPC was higher than that of CPC during the day. At 12:45, the incident solar radiation on the 

collectors decreased from 736.7 W/m2 to 204 W/m2 at 13:00. The efficiency of CPC and FPC 

had a direct relationship with the solar radiation.  

 

 

Figure 5.17 Thermal efficiency of CPC and FPC with solar radiation changes in 16 December 2019 
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Figure 5.18 Thermal efficiency of CPC and FPC with solar radiation changes in 20 of March 

2019 

Figure 5.19 Thermal efficiency of CPC and FPC with solar radiation changes in 11 May 

2019 
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Figure 5.20 represents the relationship between the useful power and thermal efficiency of CPC 

and FPC for eight hours on 16 December 2018. It is observed that the useful power and 

efficiency of CPC and FPC had the same behaviour as shown in figure 5.20. The useful power 

amount and collector’s efficiency had no value until 08:45. And also for last 30 minutes in that 

day due to the cold ambient temperature and low solar radiation. The maximum efficiency was 

obtained at 10:15. It was 65.7% for CPC and 69.9% for FPC while the maximum useful energy 

gain for CPC and FPC were at 12:45. The reason for the behaviour was the gradual increase of 

useful power from 08:45 to 10:30. Then the useful power was affected by other factor, namely 

wind speed and instability of solar radiation intensity. 

The variation of CPC and FPC efficiency and useful power gained with time on 20 March 2019 

is shown in figure 5.21. The minimum efficiency of CPC was 30.9% and 34.43 % of FPC are 

at 08:00 which had minimum useful power with the value 10.43 Watt for CPC and FPC. At 

11:15, the maximum efficiency was 72.8 % and 64.12% for FPC and CPC respectively, 

obtained, while the maximum useful energy for CPC and FPC were obtained at 12:30. The 

reason for the behaviour was the high amount of solar radiation and high value of losses in the 

collectors as represented in equation 5.3. 

 

Figure 5.20 Variation of CPC and FPC efficiency and useful power with time in 16 December 

2018 
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Figure 5.22 shows the change of useful power and thermal efficiency of CPC and FPC from 

08:00 to 16:00 with time on 11 May 2019. The change of efficiency for CPC and FPC has a 

similar profile. The efficiency and useful power for CPC and FPC drops dramatically at 12:45 

due to the presence of low solar radiation and cloud. The maximum efficiency of both collectors 

is observed at 11:15 and the maximum useful energy is at 11:45 due to the effect of heat removal 

factor and heat losses from the collector. 

 

 

 

 

 

Figure 5.21 Variation of CPC and FPC efficiency and useful power with time in 20 March 2019 
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Figure 5.22 Variation of CPC and FPC efficiency and useful power with time in 11 May 2019 
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CHAPTER SIX  

Conclusion and recommendations 

6.1 Conclusion 

This research has been conducted to find out the performance of two SWHs that have FPC and 

CPC which are constructed with available not expensive materials in the local market in Duhok 

city. It also aims to compare between FPC and CPC and find out the effect of factors such as 

collector efficiency factor, collector heat removal factor, fin efficiency, transmittance-

absorptance product, and overall heat loss coefficient on the efficiency of collectors.  

From the obtained results in the present study, the following can be concluded: 

• The efficiency of both collectors reached the maximum at the end of the experiment in 

May 2019. It was 69.4% for FPC and 60.12% for CPC. This means that the collector 

efficiency depends on the solar radiation. 

• Throughout the experiment, the efficiency of the FPC is higher than the corrugated plate 

solar collector because the total useful heat gain for the FPC is more than useful heat 

gain for corrugated plate collector.  

• The shape of the absorber plate has an effect on the transmittance-absorptance product 

due to the incident and reflection of sunlight since the amount of absorbed solar 

radiation depends on the transmittance-absorptance product. Hence, the useful heat gain 

will increase with increasing transmittance-absorptance product. The useful heat gain 

become maximum 198 W/m2 for CPC and 222.5 W/m2 for FPC with a maximum value 

of transmittance-absorptance product. 

• The collector heat removal factor which is affected by collector efficiency factors and 

fin efficiency also has a strong impact on the amount of solar radiation that the solar 

collector absorbs then on the efficiency of the solar collector. 

• The effect of overall heat loss coefficient (which vary between 5.84 to 6.71 for CPC and 

5.85 to 6.82 for FPC) has not an intensive impact on the efficiency of the solar collectors 

in the present study.  
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6.2 Recommendations for future work 

The experimental investigation of the two different absorber plate shapes for water heating 

systems. The shapes of the absorber plates are flat plate and corrugated plate. The following 

recommendations for future work are put forward: 

• The performance of the flat plate solar collector system and corrugated plate solar 

collector system may extend the experiment throughout the whole year. 

• Experimental and numerical investigations are recommended for other shape of the 

absorber plates. 

• A numerical study for different aspect ratios of corrugation is recommended to find out 

the optimum corrugation aspect ratio to increase the heat removal factor. 

• Experimental and numerical investigations are recommended for different flow rates 

and riser tubes. 

• Increase the number of riser tubes and reduce the tube diameter for corrugated absorber 

plate to increase the contact surface between plate and risers. 

• Using different materials for absorber plate such as copper and aluminum.  

• Using double glass covers to reduce the heat loss from the top of the collector. 
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