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ABSTRACT 

ENHANCED HEAT TRANSFER PERFFORMANCE  
OF A FLAT PLATE SOLAR COLLECTOR USING NANOFLUIDS 

JALEL, Hassn 

M.Sc., Department of Mechanical Engineering 

Supervisor: Assist. Prof. Dr. Habib GHANBARPOURASL 

December 2017, 87 pages 

A flat plate solar collector (FPSC) is considered a major component in solar 

water-heating systems. The harvested thermal energy from the solar radiation by the 

collector can be improved by adding a small amount of the nano-particles to the 

working fluid (water) to form what is called "nano-fluid". Hence, this project focuses 

on evaluating the heat transfer performance of the FPSC with a spiral tube arrangement 

using TiO2/water and CuO/water nano-fluids as working fluids instead of the base fluid 

(water). The FPSC performance was evaluated based on the effect of the fluid type, 

the fluid flow rate, and the nano-particles volume concentration of the nano-fluids on 

the temperature difference between the inlet and outlet fluid streams and the FPSC 

thermal efficiency.  

The results showed that the CuO/water nano-fluid as a working fluid in the FPSC 

exhibited higher heat transfer performance compared to TiO2/water nano-fluid as well 

as the base fluid (water) due to the higher thermal conductivity of CuO nano-particles. 

The inlet-outlet temperature difference at 1.5 Lpm flow rate for water, CuO/water and 

TiO2/water nano-fluids were 6.6 °C, 7.1 °C, and 7.9 °C, respectively. Furthermore, the 

maximum efficiency was reported to be 60% for 0.2% particle volume concentration 

of the CuO/water nano-fluid at a flow rate of 3 Lpm.  
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Finally, based on the raw experimental data, the empirical correlations (Nusselt 

number as a function of Reynolds number and Prantal number) for the base fluid 

(water), CuO/water nano-fluid, TiO2/water nano-fluid were obtained utilizing 

Statistica software.  

Keywords: Renewable energy, Flat plate solar collector, Nanofluid, CuO/Water and 

TiO2 /Water Nanofluids, Solar thermal energy, Water heating systems.  



 

xiv 

ÖZET 

NANOFLUIDS KULLANARAK BİR PLAF SOLAR KOLLEKTÖRÜNÜN, ISI 
TRANSFER PERFORMANSINI GELİŞTİRMEK 

JALEL, Hssan 

Yüksek Lisans, Makine Mühendisliği Bölümü 

Danışman: Doçent Dr. Habib GHANBARPOURASL 

Aralık 2017, 87 sayfa 

Düz plaka güneş kolektörü (FPSC), güneş enerjili su ısıtma sistemlerinde önemli 

bir bileşen olarak düşünülür. Kolektör tarafından, güneş radyasyonundan elde edilen 

ısıl enerji, "nano-fluid/nano akışkan" olarak adlandırılanları oluşturmak için küçük 

miktarda nanopartiküllerin çalışma sıvısına (suya) eklenmesiyle geliştirilebilir. Bu 

nedenle, bu proje, FPSC'nin ısı transfer performansını, orijinal sıvı (su) yerine çalışma 

sıvıları olarak TiO2 / su ve CuO / su nano akışkanlarını kullanarak spiral boru düzeni 

ile değerlendirmeye odaklanmaktadır. FPSC performansı, akışkanın tipinin, akışkanın 

akış oranının ve nanofluidlerin nanopartikül hacim konsantrasyonunun, giren ve çıkan 

akışkanların akımları arasındaki sıcaklık farkı ve FPSC termal verimliliği üzerindeki 

etkisine dayanarak değerlendirildi. 

Sonuçlar, FPSC'de bir çalışma sıvısı olarak CuO / su nano-fluidinin, CuO nano 

parçacıklarının daha yüksek olan termal iletkenliğinden dolayı, orijinal sıvı (su) kadar 

TiO2 / su nano-fluid'e kıyasla daha yüksek ısı transfer performansı sergilediğini 

gösterdi. Su, CuO / su ve TiO2 / su nano yakıtları için 1.5 litre / dakika akış hızındaki 

giriş-çıkış sıcaklık farkı sırasıyla 6.6 ° C, 7.1 ° C ve 7.9 ° C idi. Ayrıca, maksimum 

verimlilik 3 litre / dakikalık bir akış oranında CuO / su nano-fluidinin (%0.2) partikül 

hacmi konsantrasyonu için % 60 olarak rapor edilmiştir. 



xv 

Son olarak, ham deney verileri temel alınarak, baz sıvısı (su), CuO / su 

nanoakışkanı ve TiO2 / su nano akışkanı için ampirik korelasyonlar (Nusselt sayısı 

Reynolds sayısı ve Prantal sayısına bağlı olarak) STAYISTICA yazılımı kullanılarak 

elde edildi. 

Anahtar Kelimeler: Yenilenebilir enerji, Düz plaka güneş kolektörü, Nanofluid, CuO 

/ Su ve TiO2 / Su Nanoflüleri, Güneş enerjisi, Su ısıtma sistemleri.
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CHAPTER ONE 

INTRODUCTION  

1.1 Motivation 

The coupled challenges of the fast developments in a world population, which is 

doubling the world's energy needs, and the increasing demands for clean energy 

sources resulted in increased worldwide interesting to the possibilities of utilizing 

renewable sources as a long-term solution for a secure energy future as shown in Fig. 

(1.1) [1-4]. Compared to fossil fuels, the solar energy as one of the most available 

renewable energy sources is an environmentally clean source of energy and it is a very 

suitable energy source for solar water heating (SWH) applications, which is considered 

the most effective approach for utilizing the solar heat [1]. Hence, in the recent years, 

there is a great potential in utilizing the solar energy due to the problems associated 

with the depletion of fossil fuels as well as the environmental concerns such as global 

warming and air pollution. 

 

 
 

Figure 1.1: Annual growth rates of world renewables supply from 1990 to 2013[2].
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The solar collectors are considered a special type of heat exchangers that are 

absorb the incoming solar radiation and convert it into heat, which is transferred to a 

fluid such as air, water, oil, and ethylene glycol flows through the collector [3]. The 

major applications of these units are (SWH) systems in homes, solar space heating, 

air-conditioning, and some others industrial processes [3]. Among various types of the 

solar collectors, the FPSC is commonly used today for the collection of low 

temperature solar thermal energy. Although the FPSC is simple, cheap, and most 

productive collector, it comparatively suffers from the low efficiency.  Hence, it is 

very important to find new, effective, and convenient approaches to enhance the 

efficiency of FPSC. One of the most efficient approaches is to replace the base fluid 

(water) with a higher thermal conductivity fluid containing solid nano-particles known 

as nano-fluids [1-4].                    

1.2 Solar Energy 

Different technologies such as photovoltaic, solar thermal energy, solar 

architecture, and can be utilized to harness the solar energy (radiant light and heat) 

from the Sun. The solar energy is considered as one of the most common, important, 

and valuable source for renewable energy field. The technologies of the solar energy 

are classified as passive and active solar based on how these technologies capture and 

distribute the solar energy or convert it into solar power. The photovoltaic, 

concentrated solar power and solar water heating systems are active solar technique, 

which are used to harness the solar energy as shown in Fig. (1.2).  While designing 

spaces that naturally circulate air, orienting a building to the Sun, and selecting 

materials with favorable thermal mass or light-dispersing properties are considered as 

passive solar techniques [5-6].  
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Figure 1.2: Usage for the solar energy [7] 

1.3 Solar Water Heating (SWH) Systems  

To provide homes and businesses with hot water, solar thermal water heating 

systems are utilized to harness the sun's energy. These systems are simple, durable, 

reliable, and cost-effective. The heart of the SWH is the solar collectors that are used 

to heat up the water by capturing the sunlight and convert it to heat. The SWH systems 

are widely used in residential and industrial applications [8]. There are two types of 

the SWH systems, which are active (pumped) and passive (convection-driven). The 

working fluid passes through the solar collector and it is heated by the direct exposure 

to the sunlight or via light-concentrating mirrors heat it. These collectors can 

independently operate or as hybrids with gas or electric heaters [9]. China, Japan, and 

India are leading the global solar thermal market [10].     

1.4 Solar Thermal Collectors  

         There are three basic styles of creditors: (flat-plate, concentrating, and 

evacuated-tube). A FPSC is an insulated, climate-evidence field containing a darkish 

absorber plate underneath one or greater obvious or translucent covers Fig. (1.3) Small 

tubes run through the field and bring the warmth switch fluid. The tubes are attached 
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to the dark absorber plate. As warmness builds up in the collector, it heats the fluid 

passing in the tubes. that is the most not unusual sort of collectors.   

 

 
 

Figure 1.3: The flat-plate collector [11] 

 

Figure (1.4) evacuated-tube collectors are made of rows of parallel, obvious 

glass tubes stored in a rigid box. Each tube consists of a pitcher outer tube and an inner 

tube, or absorber, included with a selective coating that absorbs sun electricity. The air 

is evacuated from the distance among the tubes to form a vacuum, which removes 

conductive and convective warmness loss. The fluid in those tubes may additionally 

reach extremely high temperatures which lead them to suitable for business or 

industrial uses.               
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Figure 1.4: The evacuated-tube collector [12] 

         

Figure (1.5) concentrating collectors are generally parabolic troughs that use 

mirrored surfaces to pay attention the sun's strength on a tube containing the warmth-

switch fluid [13]. 

 

 
 

Figure 1.5: The concentrating collector [14] 
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1.5 Nano-fluid Technology Applications  

A nano-fluid is a fluid containing nanometer-sized particles (less than 100 nm), 

which are commonly manufactured from metals and metal-oxides, and metal-carbides 

[15]. The carbon nanotubes have been also utilized as dispersed particles in the base 

fluid [15]. Choi first coined the term nano-fluid by 1995 [16]. The common base fluids 

include (water), ethylene glycol, and oil [15]. 

Nano-fluids have novel residences that make them potentially beneficial in lots 

of programs in warmth switch, along with microelectronics, pharmaceutical, gasoline 

cells, techniques, and hybrid-powered engines, engine cooling/vehicle thermal control, 

chiller, home refrigerator, heat exchanger, in grinding, machining and in boiler flue 

gas temperature discount [15]. They display superior thermal conductivity and the 

convective warmth switch coefficient as compared to the bottom fluid. Know-how of 

the rheological conduct of nano-fluids is discovered to be very crucial in determining 

their suitability for convective warmth switch programs [15]. 

Nano-fluids are generally used for their stronger thermal residences as coolants   

in heat transfer system that includes warmness exchangers, digital cooling gadget 

(which includes FPSC) and radiators. Many researchers have analyzed warmth switch 

over FPSC. However, they may be also beneficial for his or her controlled optical 

homes. Nano-fluids in solar collectors is some other utility wherein nano-fluids are 

employed for the tunable optical residences [15]. 

1.6 Literature Review  

1.6.1 Introduction 

Several experimental and numerical studies investigated the prospects of 

improving the efficiency of FPSCs using nano-fluids. Hence, this section presents an 

overview of the literature related to the effect of applying nano-fluids as working fluids 

on the thermal performance of FPSCs. The survey focuses on the experimental and 

theoretical studies in which CuO/water and TiO2/water nano-fluids were used.   
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1.6.2 Experimental Studies  

The nano-fluid term was first coined by Choi [16] which is defined as a 

suspension formed by mixing (metallic or nonmetallic) nano-particles with a base fluid 

(water). The enhanced thermos-physical properties such as liquid viscosity, liquid 

thermal conductivity, and heat transfer coefficient are the unique specifications of 

nano-fluids. It is well known that liquids have lower thermal conductivities than metals 

in solid phase [17].  

Navid Bozorgan et al. (2012) [18] studied numerically the heat transfer 

performance, under turbulent conditions, of a radiator of Chevrolet Suburban diesel 

engine using 20 nm in diameter CuO nano-particles added to the base fluid (water) 

with the 0.2% volume concentration of the nano-particles. The radiator performance 

was evaluated based on the effects of the automotive speed and Reynolds number (Re) 

of the nano-fluid in the different volume concentrations. Compared to the base fluid 

(water), the results showed that the 0.2% volume concentration CuO/water nano-fluid 

exhibited higher overall heat transfer coefficient and pumping power by approximately 

(10% and 23.8%), respectively, at circulating through the flat tubes with (Renf = 6000) 

while the automotive speed is (70 km/hr).  

Ravindra Kolhe et al. (2013) [19] investigated experimentally the effect of 

adding the aluminum oxide (AlଶOଷ) and copper oxide (CuO) nano-particles (35-50 nm 

in diameter) to the base fluid (water) on the thermal efficiency of FPSC. The 

concentration of the nano-fluids was varied between (0.3% to 0.9 %wt.).  In addition, 

the effect of coolant rate and the inclination angle of the FPSC were also studied. In 

general, the nano-fluids showed better thermal efficiency than water. It was found that 

increasing the coolant rate has positive effect on the thermal performance up to certain 

levels. Moreover, thermal efficiency of FPSC increases as the concentration increases 

for both Al2O3 and CuO. They concluded that the optimal inclination angle of FPSC 

would be close from 50 degrees. In another experimental study, Chaji et al. 2013 [20] 

introduced TiO2 nano-particles to the base fluid and evaluated the efficiency of a small 

FPSC. The results revealed that there is an enhancement in the efficiency of 15.7% 

was observed of the TiO2/water nano-fluid compared to pure water. Furthermore. 

Jamal et al. (2013) [21] the 0.05 wt% and 0.1 wt% Cu/water nano-fluids were 

synthesized by a One-Step method and used as a working fluids in a FPSC. It was 

reported that the Cu/water nano-fluid with nano-particles weight concentration of 
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0.05% enhances the FPSC efficiency by 24% compared to the base fluid (water). In 

addition, increasing the weight concentration of Cu nano-particles in the nano-fluids 

increases the FPSC efficiency. 

Hossein Chaji et al. (2013) [20] studied experimentally the thermal efficiency of 

FPSC using TiOଶ/ water nano-fluids. Different flow rates (36,72 and 108 lit/mଶ.hr) 

and nano-particles concentrations (i.e. 0% wt%, 0.1%wt%, 0.2%wt% and 0.3 % wt) 

of the nano-fluid were examined for their effect on the thermal efficiency of FPSC. 

Compared to the base fluid (water), the initial efficiency of FPSC using the nano-fluid 

was improved between 3.5% and 10.5% and the index of FPSC total efficiency 

between 2.6% and 7%. In another experimental work, Ali Jabari Moghadam et al. 

(2014) [22] investigated the heat transfer performance of CuO/water nano-fluids as a 

working fluid in a FPSC. The average diameter of CuO nano-particles was about         

(40 nm). The mass flow rate of the fluids was varied within the range of 1 kg/min to   

3 kg/min. and the nano-particles volume concentration was fixed at 0.4%. At a flow 

rate of 1 kg/min, the results showed that found that the CuO-water nano-fluid enhances 

the FPSC efficiency by about 21.8% in comparison with the base fluid (water). The 

heat transfer enhancement was attributed to the enhanced thermos-physical properties 

of the nano-fluids compared to the base fluid.  

Goudarzi K. et al. (2014) [23] designed and manufactured a cylindrical FPSC 

with receiver helical tube to investigate its thermal efficiency using de-ionized water 

and CuO/H2O nano-fluid as working fluids based on ASHRAE standard in collector 

testing. In this study, the FPSC efficiency was evaluated based the mass flow rate of 

fluid, nano-particle mass concentration, and the effect of adding surfactant. The 

sodium dodecyl sulfonate (SDS) was used as a surfactant. The nano-particles mass 

concentration was varied within the range of (0.1-0.4%) and the mass flow rate of fluid 

changed from 0.0083 kg/sec. to 0.033 kg/sec. Compared to the base fluid (water), the 

results showed that CuO/water nano-fluids significantly enhanced the efficiency. At a 

flow rate of 0.0083 kg/sec, the CuO/water nano-fluid with a nano-particles 

concentration of 0.1 wt% exhibited an increase in the thermal efficiency by 25.6%. In 

addition, using the surfactant (SDS) with the nano-fluid enhances the FPSC efficiency 

by 24.2% in comparison with the case without surfactant 

Z. Said et al. (2015) [1] presented an experimental study of the heat transfer 

enhancement of a FPSC using TiOଶ /water nano-fluid and polyethylene glycol 
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dispersant compared to the base fluid (water). The nano-fluids were prepared with 

nano-particles volume fractions 0.1% and 0.3% with the mass flow rates of the          

nano-fluid varied from 0.5 kg/min. to 1.5 kg/min, respectively. The results showed an 

increase of 76.6% in energy efficiency for 0.1% volume fraction and 0.5 kg/min flow 

rate, while the nano-fluid of 0.1% volume fractions and 0.5 kg/min flow rate gives 

exergy efficiency of (16.9%). Moreover, the results revealed that the pressure drop and 

of TiOଶ nano-fluid was very close to the base fluid (water) for the studied volume 

fractions. In the same year, Michael and Iniyan et al. (2015) [24] carried out an 

experimental study to investigate the effect of using CuO/water nano-fluid as the 

working fluid on the performance of a FPSC under natural and forced circulations. The 

natural circulation (thermosyphon) shows a higher enhancement of the FPSC 

performance compared to the forced circulation. Compared to the base fluid (water), 

the CuO/water nano-fluid enhances the collector efficiency by 6.3%.  

Sujit Kumar Verma et al. (2017) [25], studied experimentally the performance 

of a FPSC using different working fluids. The thermal performance of the FPSC was 

evaluated based on constant nano-particles concentration of 0.75% with a flow rate of 

(0.025 kg/sec). A wide spectrum of the nano-fluids were used, which are Multi walled 

carbon nanotube/water, Copper Oxide water, Graphene/water, Aluminum 

Oxide/water, Silicon oxide/water, and Titanium oxide/water. At these parameters, the 

multivalued carbon nanotube/water exhibited the highest rise in energy efficiency of a 

FPSC that is 23.47%, followed by (16.97%, 12.64%, 8.28%, 5.09% and 4.08%), 

respectively for graphene/water, Copper oxide/water, Aluminum oxide/water, 

Titanium oxide /water, and Silicon oxide/water in comparison with the (base fluid). 

1.6.3 Theoretical Studies 

Rehena Nasrin et al.  (2014) [26], carried out a numerical study to the forced 

convective flow and heat transfer of a FPSC using different nano-fluids. The FPSC 

has the flat plate cover and sinusoidal wavy absorber. They used different nano-fluids 

which are (Ag/water) (Cu/water) (AlଶOଷ ,/water) and (CuO/water) nano-fluid. The 

finite element method using Galerkin's weighted residual scheme was used to solve 

the governing partial differential equations with suitable boundary conditions. The 

performance of FPSC was numerically evaluated for different nano-fluids based on 

the effect of temperature and velocity distributions, radiative and convective heat 
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transfer, and mean temperature and velocity of the nano-fluid This is in addition to the 

effect of the effect of nano-fluids concentration on the performance of FPSC. It was 

found that the best heat transfer performance was obtained with (5% solid volume 

fraction of (Ag/water nano-fluids) since the Ag nano-particles have higher thermal 

conductivity than other fluids as justified by the authors.                                                                      

E. EKramian et al.  (2014) [27], performed a numerical investigation of heat 

transfer performance of various nano-fluids flow inside a FPSC. In this study, the heat 

transfer coefficients and thermal efficiency of the FPSC using the base fluid as well as 

the suggested nano-fluids (MWCNT/water, Multi Wall Carbon Nano-Tube),	ሺAlଶOଷ 

/water, and CuO/water nano-fluids) were predicted numerically. numerical simulation 

was used for prediction of heat transfer coefficients and thermal efficiency of water 

and various nano-fluids in a FPSC. The (MWCNT/water), 	ሺAlଶOଷ  /water), and 

(CuO/water) nano-fluids with mass percent’s of (1wt%, 2 wt%, and 3 wt%) were used 

as working fluids. The effects of temperature and mass flowrate on the thermal 

efficiency of FPSC using pure water and nano-fluids were investigated, and the 

numerical results of the FPSC efficiency under different operating conditions were 

compared to the experimental data available in the literature. It was found that there is 

a perfect agreement between the numerical predictions and, the experimental data. The 

CuO/water nano-fluid exhibits higher heat transfer coefficient and thermal efficiency 

compared to other working fluids. It should be noted that this finding contracted that 

the experimental results by Sujit Kumar Verma et al. (2017) [25], in which the 

MWCNT/water exhibited better performance than (graphene/water), (CuO/water), 

(AlଶOଷ/water), (TiOଶ/water), and (SiOଶ/water) instead of the base fluid. 

The authors concluded the following: 

1. Compared to the conventional working fluids, the heat transfer performance 

is enhanced due to the higher thermal conductivity of nano-fluids and 

Brownian motion of nano-particles. 

2. Increasing the nano-fluid concentration results in improving the Brownian 

motions and chaotic movement of nano-particles, which in turn increases the 

thermal efficiency of the FPSC. 

3. The coolant outlet temperature and the absorber temperature decrease with 

increasing the mass flowrate. However, the collector thermal efficiency 

enhances by increasing the flowrate. 
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4. The temperature difference between the absorber plate and the transparent 

glass cover decreases as the inlet temperature increases. This results in more 

thermal losses in the collector, consequently thermal efficiency of FPSC 

reduces.  

5. The specific heat of nano-fluids has a very important role on the thermal 

efficiency of the FPSC. CuO/water nano-fluid has lowest specific heat 

compared with	AlଶOଷ /water and CNT/water nano-fluids. Therefore, based on 

the results the heat transfer coefficients and thermal efficiency of CuO/water 

nano-fluid are greater than those of other nano-fluids. The average heat 

transfer coefficient of CuO /water nano-fluid is about (4% and 2%) higher 

than those of AlଶOଷ /water and CNT/water nano-fluids respectively. For 

constant mass flowrate, thermal efficiency of 1% wt  CuO /water nano-fluid 

is about (3%, 6% and 9%) higher than those for (CNT/water)	ሺAlଶOଷ /water) 

and pure water, respectively.  

Rehena Nasrin a et al. (2015) [28] evaluated numerically the thermal 

performance of a FPSC under forced convection conditions using Cu/water nano-fluid 

as working fluid. The governing differential equations with boundary conditions were 

solved using Finite Element Method using Galerkin’s weighted residual scheme. The 

solar irradiation (I) and diameter (D) of the riser pipe were analyzed and their effects 

on the forced convection heat transfer were simulated. Based on the above parameters, 

the results of comprehensive average output temperature, Nusselt number, mean 

velocity, the FPSC efficiency percentage for both nano-fluid and base fluid (water) 

through the absorber tube were presented. In general, the authors concluded that the 

nano-fluids with highest solar irradiation and lowest pipe diameter exhibited the 

highest heat transfer rate.      

For low temperature residential applications, the FPSC is widely used to heat the 

water. For that purpose, Jee Joe et al. (2015) [24] used copper acetate to prepare copper 

oxide/water nano-fluid, which is then used as a working fluid in a FPSC. The thermal 

performance of the indirect-type FPSC water heater was investigated experimentally 

on a 100 Lit/day thermosiphon. The results showed that the (thermosiphon) circulation 

exhibited significant improvement of the collector performance in comparison with 

the forced circulation. To get a better dispersion stability in comparison with pure 

water and Triton X-100 surfactant suspensions, the CuO/water nano-fluid was also 
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prepared with the presence of (sodium-dodecyl-benzene-sulfonate) surfactant. 

Moreover, the authors carried out an experimental and a theoretical comparison of the 

thermos-physical properties of the synthesized nanoparticle and prepared nano-fluid.  

Wail Sami et al. (2015) [29] presented previous studies related to the use of the 

nano-fluid as working fluids instead of the base fluids and evaluate their performance 

in FPSCs. Based on the review, the authors concluded the following: (1) the 

performance of the FPSCs effectively enhanced using the nano-fluids, (2) the highest 

FPSC efficiency was reached using the nano-fluids based on carbon nanostructures, 

(3) at high temperature, the surfactant stability in the nano-fluids requires more in 

depth investigation, and (4) the cost, viscosity, stability, and pumping power are the 

main challenges facing the nano-fluid technology. 

Recently, Nang Khin Chaw Sint. et al.  (2017) [30] analyzed the efficiency of a 

FPSC using CuO/water nano-fluid as a working fluid. The FPSC efficiency for a 

domestic (SWH) system was calculated using MATLAB software. The weather 

conditions of a city in Myanmar was considered in this study. Three aspects were 

considered in this work which are as follows: (1) at the optimum titled angle of the 

FPSC, the estimation of the maximum solar energy availability was conducted, (2) the 

effect of volume concentration and size of the nano-particle on the convective heat 

transfer coefficient of nano-fluid was investigated, and (3) A method of iteration was 

used to calculate the overall heat loss coefficient of the FPSC. The results showed that 

the nano-particles volume concertation up to 2% enhances the FPSC efficiency, while 

a marginal effect of the nano-particle size on the efficiency was observed. As a 

summary, the CuO/water nano-fluid exhibited better collector efficiency with the 

nano-particles concentration up to 5% compared with that of water under the same 

ambient, radiant, and operating conditions 

Maouassia A. et al.  (2017) [31] illustrated a numerical study of using TiO2 nano-

particles to simulate the efficiency of FPSC under laminar and forced convections 

conditions. The dynamic and thermal properties were evaluated based on different 1%, 

3%, 5%, and 10 % and Reynolds number range of (25-800) and the effectiveness of 

TiO2/water nano-fluids was compared to conventional coolant (water). The results 

presented by the following parameter: pressure drop coefficient, average temperature, 

and Nusselt number. Finally, the authors concluded that heat transfer enhanced by 

increasing both nano-particles concentration and Reynolds number. 
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1.7 Concluded Notes 

 

Based on the above literature, it is clear that there are relatively few studies 

carried out for investigating numerically and experimentally the thermal performance 

of FPSC using TiO2/water and CuO/water nano-fluids. This is in addition to some 

contradictions in reporting the effectiveness of these nano-particles, especially for 

CuO. The conventional FPSC was used in all the research work available in the 

literature. Therefore, the aim of this study is to compare the performance of FPSC with 

a spiral pipe arrangement using TiO2/water and CuO/water nano-fluids relative to the 

base fluid (water) under outdoor conditions. The comparison will be done at a volume 

concentration 0.1 % and a flow rate of 1.5 Lpm. Based on the results, the nano-fluid 

with the best performance will be considered for a detailed study in comparison with 

water.  

1.8 Research Objectives  

The main objective of this work is to investigate experimentally the thermal 

performance of FPSC (with a spiral pipe arrangement) in term of inlet-outlet for both 

base fluid (water) and water/CuO and water/TiO2 nano-fluids. This study is considered 

one of the few studies that performed in IRAQ in which nano-fluids are utilized as 

working fluids in FPSC, which has different geometry compared to the conventional 

collectors, under outdoor conditions. In order to achieve this goal, the thermal 

performance of the FPSC uses the proposed nano-fluids (CuO and TiO2) is evaluated 

by changing their volume concentrations (0.1-0.3%) and flow rates (1 Lpm to 3 Lpm). 

The results of the nano-fluids are compared with the reference fluid water.  

1.9 Thesis Outline  

Five chapters are covered in the thesis aiming to provide a complete and clear 

picture about this project. The background knowledge about the importance of solar 

thermal energy, solar water heating systems (SWH), solar thermal collectors (STC), 

and the nano-fluid technology and applications are presented in Chapter 1, and gives 

detailed description of the updated literature related to the studies focused on the 

investigation of the performance of FPSC using nano-fluids. Chapter 2 presents the 
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required equations that are used in calculation the thermal efficiency of the FPSC. In 

Chapter 3, the components of the experimental setup of the FPSC as well as the 

experimental procedure used in this study are described in details. The results of the 

proposed nano-fluids flow in the FPSC are discussed in Chapter 4. Finally, conclusions 

of this work and recommendations for future work are given in Chapter 5.   
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CHAPTER TWO  

THEORY OF FLAT PLATE FORMULATION 

2.1 Introduction 

This chapter presents the required equations that are used in calculating the 

thermal efficiency of the FPSC using the base fluid (water) as well as the nano-fluids 

CuO/water and TiO2/water nano-fluids. Prior to the thermal efficiency calculations, 

the thermos-physical properties for both the base fluid (water) and nano-fluids should 

be determined. At the end of the chapter, the empirical correlations for calculating the 

Nusselt numbers for the water and the nano-fluids in the FPSC are formulated using 

Statistica software based on the raw experimental.   

2.2 Flat Plate Thermal Efficiency  

Thermal efficiency of the FPSC is the ratio of the useful heat gain to the total 

input energy. can be calculating from the following equation [32]: 

 

ߟ                                            ൌ ܨ ቂሺ߬ߙሻ െ
ಽሺ்ି்ೌ ሻ

ீ
ቃ                                        (2-1) 

where  
F୰: - Heat removal factor  

 Transmittance- Absorptance product- :ߙ߬

ܶ: -  Inlet fluid temperature of (FPSC) (°ܥሻ 

ܶ: - Ambient temperature (°ܥ) 

ܹ) Radiation intensity  - :ܩ ݉ଶሻ⁄   

ܷ: - Solar collector overall heat loss coefficient of (FPSC) (ܹ ݉ଶ. ⁄ሻܥ°
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When the collector is perpendicularly facing the sun, the product of the 

transmittance-absorptance (τα) in Eq. (2.1) for the solar collector corresponds to the 

radiation beam at normal incidence.  

2.2.1 Heat Removal Factor 

One of important factor the heat removal factor which represents the ratio of the 

actual output energy when output plate temperature is equal to fluid inlet temperature, 

it can be calculated by given equation [32].  

 

ܨ ൌ
ݐݑݐݑ	݈ܽݑݐܿܣ

݁ݎݑݐܽݎ݁݉݁ݐ	݁ݐ݈ܽ	ݎ݂	ݐݑݐݑܱ ൌ 	݁ݎݑݐܽݎ݁݉݁ݐ	ݐ݈݁݊݅	݀݅ݑ݈݂
 

 

The heat removal factor is expressed as [32]. 

 

ܨ                           ൌ
ṁ	
ಽ

		ቈ1 െ ݔ݁ െ	ಽ	ிˊ	
ṁ	

൨                                             (2-2) 

 

The FPSC efficiency factor can be calculating from this equation [32].     

 

ˊܨ                                       ൌ 	
భ
ೆಽ

௪ቈ భ
ೆಽሾವశሺೢషವሻಷሿ

ା భ
್
ା భ
ഏವ


                            (2-2-a) 

where  

w: - distance between pipes (m) 

݄	: - heat transfer coefficient inside absorber pipe (ܹ ݉ଶ. ⁄ሻܥ°  

 : - tube inside diameter (m)ܦ

 : - tube outside diameter (m)ܦ

 : - Bond conductanceܥ

 

For straight fin with rectangular profile, the fin efficiency can be calculating 

from this equation: 

 

ܨ                                           ൌ 	 ୲ୟ୬୦
ሾሺ௪ିሻ/ଶሿ

ሺ௪ିሻ/ଶ
                                                    (2-2-b) 
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                                ݉ ൌ	ටಽ
.ఋ

                                                      (2-2-c)   

2.3 Collector Energy Losses 

In the solar thermal systems, most of the solar radiation is absorbed by the solar 

collectors and transferred to the working fluid, and then it is utilized as a useful energy, 

while some of the absorbed heat is usually lost to the environment by different heat 

transfer modes (conduction, convention, and radiation) as shown in Fig. (1.4a). The 

FPSC back temperature is ሺTୠሻ, the temperature of the plate is (T୮ሻ and the absorbed 

solar radiation is S.  Figure (1.4c) shows the heat losses from the solar collector cab be 

combined into a simple resistance ܴ, so that the energy losses from the collector can 

be written as: 

 

                                      ܳ௦௦ ൌ
்ି்ೌ

ோಽ
ൌ ܷܣሺ ܶ െ ܶሻ                                   (2-3) 

where  

ܶ: -  Plate Temperature (°C) 

 

One of the most complicated function of the solar collector construction and its 

operating conditions is the heat-transfer loss coefficient, which is given by the 

following expression:    

 

                            ܷ௦௦ ൌ ௧ܷ  ܷ  ܷௗ	                                           (2-4) 

 

where  

௧ܷ	: - Top loss coefficient (W/݉ଶ. K)  

ܷ	: - Bottom heat loss coefficient (W/݉ଶ. K)  

ܷௗ	: - Heat loss coefficient from the collector edges (W/݉ଶ. K)  

 

It should be noted that all the heat-transfer loss coefficients are evaluated 

separately and Fig. (1.4) does not show the edge losses. 

 



 

18 

 
(A) heat transfer network                   (B) resistance network 

Figure 2.1: Thermal network for a single cover FPSC in terms of (A) conduction, convection, and radiation 

(B)resistance between plates, and (C) a simple collector network 

 

A-  Calculate the top losses energy of the FPSC [32]: 
 

             ܳ௧	௦௦ ൌ 	 ௧ܷ	ܣ൫ ܶ െ ܶ൯                                        (2-5) 

 

For design purposes with a sufficient accuracy, the top heat-transfer loss coefficient 

(U୲ሻ can be calculated by the following empirical equation (Klein, 1975) [32]:  

 

          ௧ܷ. ൌ
ଵ

ಿ



ቈቂ
షೌ
ಿశ

ቃ
బ.యయ

ା భ
ೢ


ఙሺ ்

మା்ೌమሻሺ ்ା்ೌ ሻ

 భ
ഄశబ.బఱ	ಿ൫భషഄ൯

൨ାమಿశషభ
ഄ

൨ିே
               (2-5-a) 

 

where  
Ng= number of glass covers =1 

ܶ: - average plate temperature (°C) 

ܶ: - average ambient temperature (°C) 

  = absorber plate emissivityߝ

   = glass emissivityߝ

stefan-boltzmann constant = 5.65*10ି଼ - :ߪ 		ܹ ⁄ସିܭ.݉  
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The factor (f) of correction of heat transfer coefficient by wind is calculated by 

the following formula: 

 

݂ ൌ ൫1 െ 0.04	݄௪  0.0005	݄௪
ଶ ൯	ሺ1  0.09	ܰ݃ሻ                                     (2-5-b) 

 

The factor (c) of correction coefficient of tilt angle is calculated by the following 

formula: 

 

ܥ                     ൌ 365.9	ሺ1 െ ߚ	0.0083   ଶሻ                                       (2-5-c)ߚ	0.0001298

 

Based on the literature, there is no well-established research work carried out on 

calculating the wind heat transfer coefficient, therefore, Equation (2.5-d) can be 

considered (݄௪ = 5 W/݉ଶ. °C).     

 

                                     ݄௪ = 
଼.∗బ.ల

బ.ర
                                        (2-5-d) 

where 

L: - collector length (m) 

V: - wind velocity (m/s) 

 

B- Calculate the bottom losses energy of the FPSC [32]. 
 

                      ܳ. ൌ 	ܷ.	ܣ൫ ܶ െ ܶ൯                                         (2-6) 

 

It should be noted that the energy loss is first transferred through the insulation 

material by conduction and to the ambient air by the combination of convection and 

infrared radiation. Thus, the energy loss can be calculated by the following equation 

with an assumption of neglecting the radiation term ሺ݄,ି ) since the bottom 

temperature of the casing is low:    

 

                        ܷ௧. ൌ
ଵ

್ೌ.
ೖ್ೌ.

ା భ
,್షೌ

                                           (2-6-a) 

where 

 .= Thickness of back insulation (m)ݐ

݇.= Conductivity of back insulation (W ݉. ݇⁄ ሻ for wood. 

݄,ି= convection heat loss coefficient from back to ambient (ܹ ݉ଶ. ݇⁄ ሻ. 
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C- Calculate the edge losses energy of the FPSC [32]: 

 

               ܳௗ. ൌ 	 ܷௗ	ܣ൫ ܶ െ ܶ൯                                                (2-7) 

 

It was reported that the energy loss from the back surface of the collector plate 

rarely exceeds 10% of the upward loss [32]. The back surface heat loss coefficient has 

typical values of 0.3 – 0.6 W/݉ଶ K. Similarly, the heat loss coefficient of the collector 

edges is expressed as follows:   

 

                                        ܷௗ ൌ
ଵ

.
ೖ.

ା భ
,.షೌ

                                             (2-7-a) 

where 

  ௗ.= Thickness of edge insulation (m)ݐ
kୠୟ.= Conductivity of back insulation (W ݉. ݇⁄ ሻ for play wood = 0.12 

݄,ௗି= convection heat loss coefficient from edge to ambient (W mଶ. k⁄ ሻ 

The typical values of the edge heat loss coefficient are (1.5 – 2) (W mଶ. k⁄ ሻ. 

2.4 Useful Energy Gain 

For the steady-state flow of a fluid in a tube, the energy conservation equation is 

given by (see Fig. 2.2):  

 

                              					Q୳ ൌ ṁ		 	C୮	 	ሺT୭ െ	T୧)                                       (2-8) 

 

where ሺT୧ሻ and (T୭)  are the mean fluid temperatures at the inlet and outlet of the 

tube, respectively, and Q୳	is the rate of heat transfer to or from the fluid. In the case of 

no energy interactions through the wall of the tube occur, the fluid temperature in a 

tube remains constant.  

 

  



 

21 

Q୳ 
 
 
 
 
 
 

   ṁ	C୮ T୧  ṁ	C୮ T୭ 

 

 

 

 

Figure 2.2: The heat transfer to a fluid flowing in a tube 

 

The properties of water are determined at average temperature, which is: 

 

                                  Tୟ୴ୣ   =  
ሺା	ሻ

ଶ
                                            (2-9)  

 

     The water velocity inside the FPSC can be calculated by the following formula: 

                 

 =ݑ     


ೞ
                                                       (2-10) 

ݍ                                                  ൌ 	ṁ
ఘ
                                              (2-10-a) 

 

The cross section area of pipe can be calculated by the following formula: 

 

௦ܣ         ൌ 	
గ

ସ
	݀

ଶ                                             (2-10-b) 

2.5 Reynolds Number 

The transition from laminar to turbulent flow depends on the surface geometry, 

surface roughness, free-stream velocity, surface temperature, and type of fluid, among 

other things. The Reynolds number is defined as [32]: 

 

                                ܴ ൌ 	
ఘ		ௗ

ఓ
                                          (2-11) 

 



 

22 

Under most practical conditions, the flow in a tube is laminar for (Re ൏2300), 

turbulent for (Re 10.000) and transitional in between. That is, 

     Re൏  (2300) Laminar Flow 

(2300)  Re (10,000) Transitional Flow 

         Re  (10,000) Turbulent flow 

 

The viscosity (ߤ) of the fluid is calculated by the following formula: 

  

ߤ                                          ൌ  (a-2-11)                                            ߩ	ݔ	ݒ

2.6 Nusselt Number 

The Nusselt number represents the enhancement of heat transfer through a fluid 

layer as a result of convection relative to conduction across the same fluid layer. 

 

ݑܰ                          ൌ 	


                                                   (2-12) 

 

where k is the thermal conductivity of the fluid and D is the characteristic dimeter., 

and h it is viewed as the dimensionless convection heat transfer coefficient. 

 

                                               ݄ ൌ ொೠ
గሺ்ೢ ି்ೌ ೡሻ

                                  (2-12-a) 

2.7 Prandtl Number 

The relative thickness of the velocity and the thermal boundary layers is best 

described by the dimensionless parameter Prandtl number, defined as [33]. 

 

                                      P୰ ൌ
	ఓ


                                           (2-13) 

  



 

23 

2.8 Useful Energy Gain for Nano-fluids 

For the nano-fluids, the total useful energy gain of the FPSC is given by:   

                                Q.ሺ୬ሻ ൌ ṁ. C୮.୬ሺT െ	T୧)                                           (2-14) 

 

In this thesis, density (ߩ) and special heat capacity (ܿ,) of nano-fluid have 

been calculated based on empirical correlations proposed by Pak [34].and Xuan [34].as 

follows:  

 

,ܥ                          ൌ
ሺଵିథሻఘ್.್ାథఘ.

ఘ
                               (2-14-a) 

ߩ                             ൌ ሺ1 െ ߶ሻߩ                              (2-14-b)ߩ߶
 

The viscosity (ߤ) of the nano-fluids is calculated by the following formula 

developed by Drew and Passman [36]: 

 

ߤ                                     ൌ ሺ1ߤ  2.5	Øሻ                               (2-15) 

                                   

The effective thermal conductivity of nano-fluids is calculated using a relation 

based on Maxwell’s work [37]. The calculated properties of the nano-fluid are listed 

in (Table 1.2).  

                         ݇ ൌ ݇ 
ାଶ್ିଶథሺ್ିሻ

ାଶ್ାథሺ್ିሻ
൨                              (2-16) 

Table 2.1 Thermo-physical properties of base fluid and nano-particles 

No. property CuO TiOଶ water 

1 c୮ሺJ. kgିଵ. kିଵሻ 535.6 689 4197 

2 ρሾkg.mିଷሿ 6500 4500 997.1 

3 kሺW.mିଵ. kିଵሻ 20 8.4 0.669 

4 d୮ሺnmሻ 30 30 - 
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The Reynolds and Prandtl numbers are calculated with considering the nano-

fluid properties as follows: 

 

                                     ܴ݁ ൌ
ఘ.	௨.	..

ఓ
                                                      (2-17) 

                               P୰ ൌ
	ఓ


                                                    (1-18) 

 

The Nusselt number is calculated with considering the nano-fluid properties by:  

 

ݑܰ                                        ൌ 	


                                     (2-19) 

 

The heat transfer coefficient for nano-fluids and water is expressed by the 

following equation: 

 

              ݄ ൌ
ொೠ.

గሺ்ೢ ି்ೌ ೡሻ
                                  (2.19-a) 

2.9 Empirical Relationship  

Finally, from the raw experimental data, the following steps can formulate the 

empirical correlations or power-law correlations for heat transfer coefficient               

ݑܰ) ൌ ܽ	ܴ݁	ܲݎଵ ଷ⁄ ) of the base fluid (water) and nano-fluids: 

1. Statistica program (version 10) can be used to analyze the experimental data 

and find the parameters of the power-low correlation. 

2. Open statistica program, from file menu, choose a new data and start to input 

experimental data (Nu, Re, and Pr). 

3. From analysis menu, choose the other statistics, from a new open screen, 

choose the non-linear estimation. 

4. From a new open screen, choose the user-specified regression. 

5. From a new open screen, start to write the function to be estimated as     

follows: - 

 

ݑܰ                                     ൌ ሺܽ	ܴ݁ሻ	ሺܲݎଵ ଷ⁄ )                                           (2.20) 
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CHAPTER THREE 

EXPERIMENTAL WORK 

3.1 Introduction  

The experimental work was carried out for the research aim of improving heat 

transfer in FPSC using nano-fluids instead of the base fluid (water).  The following 

sections describes the details of the experimental set-up, measuring and auxiliary 

devices, nano-fluid preparation, experimental procedure. 

3.2 The Experimental Setup 

Figure (3.1) and (3.2) demonstrate the schematic and some photos of the 

experimental setup. During the operation, the solar radiation gets through the glass 

cover to the collector plate and tubes where the solar radiation is absorbed. The plate 

and tubes of the collector are painted with a black painting to improve the absorption 

of the short-wavelength solar radiation as well as reducing the loss of the long 

wavelength radiation from the absorbing surface. The heat extracted from the solar 

radiation is transferred and stored in a heat transfer fluid. The working fluid is 

circulating through the FPSC closed system using a tank and submersible water pump. 
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Figure 3.1: The schematic of (FPSC) experimental setup 

 

 

Figure 3.2: Experimental set-up of FPSC 
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3.2.1 Flat Plate Solar Collector (FPSC) Experimental Set-up  

The FPSC consists of box made from wood with dimensions of  

ሼ1.07	m, 0.57	m, 0.1	mሽ  as shown in Fig.(3.3). The specifications of FPSC are 

presented in (Table 3.1). The transparent glass was fixed on the top of the FPSC that 

contains the absorber plate and the flow tube. The wood was used in the industry of 

enclosure as a heat insulator with thermal conductivity of	ሼ0.19	w m. c⁄ ሽ. 

 

 
 

Figure 3.3: The flat plate solar collector (FPCS). 

Table 3.1: The specification of (FPSC) components 

Component Dimension Remarks 

Collector 1.07 m x 0.57 m x 0.1 m (Gross area= 0.6099 ݉ଶ) 

Absorber plate 1.07m x 0.57 m x 0.002 m Material (black painted) Galvanized plate 

Transparent cover 3 mm thick Material (window glass) 

Number of pipe coils diameter =0.015875 m 

Material: copper 

Length pipe = 15 m 

Number of coils = 12 

Bottom-insulation 0.3 m thick Material (glass wool) 

Edges-insulation 0.15 m thick Material (glass wool) 
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3.2.2 Glazing  

The glass – type (window glass) was used with thickness of 3 mm and 

dimensions of (1.07 m and 0.57 m). It has high degree of transparency and poor 

refraction or reflection percentage that was fixed on the front face of the wooden box. 

3.2.3 Absorber Plate  

The absorber plate is a piece made from galvanized iron stainless steel with 

thickness of 2 mm and dimensions of (1.07 m,0.57 m) in a shape of rectangle painted 

in the dark black color which is highly absorbent to the waves of solar radiation and 

its high reflectivity to the long wave. 

3.2.4 Insulation  

To decrease the thermal losses, the glass wool was used with thickness of 2 cm 

and thermal conductivity of (0.25 w∕ m.c) to insulate the storage tank and the inlet and 

outlet pipes connected to the solar collector as demonstrated by Fig. (3.4). 

 

 
 

Figure 3.4: The insulated storage tank and the inlet and outlet pipes connected to the FPSC 
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3.2.5 Pump 

Figure (3.5) shows the pump with three speeds work, voltage (230 V), and 

frequency (50 HZ). The pump was used for continuity of flow at a fixed flow rate for 

the closed loop of solar collector flat plate unit. 
 

 
 

Figure 3.5: The fluid pump 

3.2.6 Storage Tank  

The storage tank was made from galvanized iron with dimensions of 

(0.60m,0.35m, 0.35 m) fixed on height of 1.5 m and insulated from all sides. The tank 

was used to supply water by the pump to the solar collector. 

3.3 The Measuring Devices 

3.3.1 Thermocouples  

A chromel – constantan called Type – K thermocouple was used to measure 

temperatures at different places of the FPSC set-up as shown in Fig. (3.6) These points 

are described in Table (3.2). 

  



 

30 

Table 3.2: The solar collector network of thermocouples distribution 

Note  Location  No.  
thermocouple attached backside  Absorber plate  1  

-  Tube top surface  2  
-  Air gap between the (plate and glass) 3  

attached outside  Ambient  4  
-  Glass cover  5  
-  Inlet tube  6  
-  Outlet tube  7  

 

 
Figure 3.6: The solar collector network of thermocouples distribution 

3.3.2 Temperature Recorder  

The readings of thermocouples were collected and stored in a computer through 

a temperature recorder (Make-Lutron-BTM-42085D-12 channels (USB disk storage), 

basic accuracy (0.2 % ± 1 ° C) shown in (Fig. 3.7). The software program of the 

temperature meter is (AT45X-EN) software-EXE.      
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Figure 3.7: The temperature recorder 

3.3.3 Flow Meter  

The flow meter device shown in the (Fig. 3.8) was used to measure the flow rate 

of water and nano-fluids during the experiments work.  The flow meter range is 0.5-4 

Lpm, with an accuracy of േ5%. 
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Figure 3.8: The flow meter 

3.3.4 Solar Power Meter 

Figure (3.9) shows the solar radiation intensity measuring device (A digital solar 

power meter), (Make-EZDO-Electronical Electronics), (model-sp216), Range-12000  

ሺw mଶ⁄ ሻ, accuracy (± 5 %) of measurement in units ሺݓ ݉ଶ⁄ ሻ. It was placed with the 

same angle of the solar collector  ሺ45°ሻ to measure radiation intensity throughout the 

experiment duration for the time period of (10:00 AM) until (12:30 PM). 

 

     
 

Figure 3.9: The solar intensity meter 
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3.4 The Calibration of Measuring Devices 

Before starting the experiments, all the measuring devices were calibrated as 

described by the following sections:  

3.4.1 Calibration of Thermocouples  

All thermocouples were calibrated by connecting one end of thermocouple to 

digital thermometer and the other end inside water and de-ionized water for 

comparison at boiling point., The water was placed in a bowl, and a heat source was 

focused on the bowl, when the water begins to boil, a thermocouple is placed in order 

to measure the degree of boiling. It should be note that the boiling degree of de-ionized 

water ሺ100°ܥሻ  and it was used the inertia degree of water ሺ0°	ܥሻ and the boiling 

degree of water was ሺ100°ܥሻ from the practical experiments, and then the comparison 

is made among thermocouples and it was noted that the there is no difference in 

temperature for thermocouple. 

3.4.2 Calibration of Flow Meter  

The flow meter used to measure the flow rate (Lpm) of liquid is calibrated using 

a graded glass cylinder and stop watch. Volume flow rate of 0.5,1 and 2 liters per 

minutes is used in calibrating the flow meter as shown in Fig. (3.10) with the following 

steps: 

1- A volume of water is accumulated in the graded cylinder after passed throw 

the flow meter (which reads 1 Lpm) 

2- During a known period of time recorded by the watch (60 seconds). 

3- The volume flow rate gives by dividing the volume by time. 
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Figure 3.10: The flow meter calibration 

3.5 Nano-fluid Preparation  

In this research, dry powder of CuO and TiOଶ nano-particles of 99.9 % purity 

and average size (20-60) nm purchased from (Nanografi Nano Technology, Turkey 

base company) are dispersed in deionized water as base fluid (water) for the nano-fluid 

preparation. The CuO and TiOଶ nano-particles were selected to prepare the water-

based nano-fluids in this study due to their good chemical stability and the enhanced 

thermal properties compared to the base water. The properties of the CuO	and	TiOଶ 

nano-particles are listed in (Table 3.3). 

Table 3.3: Physical properties of copper oxide (CuO) and Titanium oxide (TiOଶ) Nano-particles 

No. Technical properties CuO TiOଶ 

1 Purity % 99.99 99.99 

2 Average particle size (nm) 20-60 20-60 

3 Specific surface area (݉ଶ ݃⁄ ) 35 50 

4 Bulk density (݃ ܿ݉ଷ⁄ ) 0.8 0.3 

5 True density (݃ ܿ݉ଷ⁄ ) 6500 4500 

 Color black white 

6 Morphology nearly spherical nearly spherical 
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To enhance the heat transfer performance of the conventional fluids, it is 

necessary to obtain a good dispersion and stability of the nano-particles in the base 

water. There are two techniques of preparing the nano-fluids which are two step and 

one step methods. In the tow-step method, the nano-particles or nanotubes are first 

prepared in a form of dry powder by various methods as physically, chemically, and 

laser based techniques. The produced nano-particle is mixed with water and then are 

sonicated to get uniform and stable suspension [38]. A special type of surfactants may 

be used to get well dispersion of the nano-particles in the base fluid. This depends on 

the depend on the boundary properties among nano-particles and base fluid [39]. 

However, it was reported that adding surfactants may result in decreasing the thermal 

performance of the nano-fluids due to the formation of the bubbles [25]. This method 

is widely applied for producing nano-fluid since the commercial availably of nano-

particle powders for the time being. This method is limited by the nano-particles 

agglomeration during the process, packing, and transport, causing problems in the 

subsequent dispersing in fluid step. On the other hand, the one-step method utilized to 

diminish the agglomerating of nano-particles during the drying, storage, and 

transportation processes, leading to difficulties in the following dispersion stage of the 

two-step method [39]. 

To weigh the Nano powder very accurately, a sensitive balance (Make-Sartorius) 

(model-234-IS) (resolution-01 mg) shown in Fig. (3.11) was used. The mass in grams 

of the nano-particles required for preparation of nano-fluids with different volume 

concentration is calculated using equation (3.1) [40]. 

 

ሺ߶ሻ%	݈ܸ           ൌ  ఘ⁄

ଵ	௪௧ା ఘ⁄
                                                                           (3.1) 

 

This equation calculates the mass of CuO	ܽ݊݀	TiOଶnano-particles dispersed into        

(100 ml) of water, volume concentration of (0.1% Vol.),(0.2% Vol)., and  (0.3% 

Vol.).were prepared and used in the study. 
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Figure 3.11: The Sensitive balance 

 

Ultrasonic sonic mixing was applied for (one and half hour) to disperse the 

weighed amount of CuO 	and	TiOଶ nano-particles in (de-ionized water) using 

ultrasonic mixing (made-QSONICA-Sonicators, power-500 W frequency 20 ±3KHz) 

as shown in Fig. (3.12).         

 

 
 

Figure 3.12: (a) The Ultra-sonicator and (b) mixing of the nano-fluids 
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3.6 Experimental procedure  

Before running the experiments, the following preparations were carried out as 

follows: 

1. The tank was filled with de-ionized water. 

2. The FPSC was oriented to south (using a compass) with a tilt angle (ߚ ൌ 45°) 

in Baghdad at ሺ33.2	°	latitude	and	ሺ44.3°	longitudesሻ	ሻ 

3. The pump is connected from two sides, exterior from the upper tank and 

interior to flow meter and then to solar collector to ensure that the flow rate 

is not changed. 

4. The thermocouples were connected to temperature recording device for 

measuring the temperatures at different points during experiments. 

5.  The solar radiation intensity measure device is placed on the upper side of 

solar collector at angle ሺ45°ሻ	  to measure solar radiation intensity during 

experiment time. 

At this stage, the experimental setup is ready to proceed with the following 

experiments: 

3.6.1 The Base Fluid Experiments  

The deionized water was used as a reference base fluid which is introduced into 

the FPSC setup at a flowrate of (1 Lpm). The average temperature readings for 

different points on the experimental system shown in Fig. 3.6 were taken every five 

minutes during two and a half hours starting from (10:00 AM) until (12:30 PM). This 

experiment was repeated with water as a base fluid but with different flowrate (1.5, 2, 

and 3 Lpm). 

For fair comparison, it should be noted that all the experiments were performed 

under the same experimental conditions with changing the fluid type, nano-particles 

concentration, and the fluid flowrate.  

3.6.2 The ۽ܑ܂/ Water Experiments  

The base water was replacing by TiO2/water nano-fluids. At the beginning, the 

TiO2/water nano-fluids with fraction concentration 0.1% was used as a working fluid 
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at different flowrate of 1.5 Lpm. Based on the available literature, we decided to carry 

out the comparison at low nano-particles volume concentration (0.1%) and low fluid 

flow rate of 1.5 lit/min. This decision was considered to avoid the reduction in the 

thermal efficiency caused by (1) the enhanced fluid viscosity that causes frictional 

dissipation and the possibility of nanoparticles agglomeration at high nano-particles 

concentration [1] and (2) the shorter residence time of the fluid into the FPSC that 

result in lower inlet-outlet temperature difference at high fluid flow rate [20].  to be 

compared with the base fluid at the same conditions. 

3.6.3 The CuO/Water Nano-fluid Experiments  

The CuO/water nano-fluids was used as a working fluid with a volume fraction 

concentration of 0.1% and a flow rate of 1.5 Lpm under the same experimental 

condition of the base fluid experiment. Based on the comparison between the base 

fluid, CuO (0.1 %V) /water, and TiO2 (0.1 %V) nano-fluids at a flowrate of 1.5 Lpm, 

we decided to select the nano-fluid with the best thermal performance to conduct a 

systematic study by changing the flow rates and the nano-particles concentrations and 

compare the results with the base fluid. Based on the literature, we selected the range 

of nano-particles volume concentration was 0.1-0.3% that is considered in most of the 

relevant work [1-20-27]. 

The thermal performance of FPSC was evaluated using CuO (0.2 %V)/water 

nano-fluid at flowrate of 1.5, 2, and 3 Lpm. Then, the concentration was increased to 

0.3 %V and the effect of the flowrate was studied at 1, 1.5, 2, and 3 Lpm. Finally, the 

results of CuO/water nano-fluids were compared to the base water. The schematic of 

the experiments is shown in (Fig. 3.13), which contains a summary of the experiments. 
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3.7 Summary  

The aim of this chapter is to explain in details the experimental work that 

includes the experimental setup assembly, calibration of the devices, nano-fluid 

preparation, and experimental procedure. Finally, a detailed explanation of how to 

conduct the experiments is presented. The plan of the experiments includes: 

1- The deionized water was used as a reference base fluid, which is introduced 

into the FPSC setup at different flow rates (1, 1.5, 2, and 3 Lpm). 

2- The TiOଶ / water nano-fluids with volume fraction concentration 0.1% was 

used as a working fluid in the FPSC at a flow rate of (1.5 Lpm). 

3- The CuO / water nano-fluids with volume fraction concentration of (0.1%) 

(0.2%), and (0.3% was introduced into the FPSC at different flow rates (1,1.5, 

2, and 3 Lpm). 
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CHAPTER FOUR  

ANALYSIS OF DATA 

4.1 Introduction  

The experimental heat transfer results of the proposed nano-fluids CuO/water 

and TiO2/water as well as the results of base fluid (water) in the manufactured FPSC 

were presented and discussed in this chapter. The results of the different fluids are 

evaluated based on the effect of varying volume concentration (0.1%-0.3%) of the 

nano-fluids and flow rates (1-3 Lpm) on the performance of FPSC. The FPSC 

performance is expressed by the temperature difference of the flowing fluid in FPSC, 

Nusselt number, and the collector thermal efficiency. Finally, the empirical 

correlations for calculating Nusselt number of the flowing fluids in the FPSC were 

developed based on the experimental data using STATISTICA Software. 

4.2 Experimental Results  

The experiments were conducted during two months (May and June 2017) from 

10 AM to 12:30 PM. The FPSC with a spiral pipe arrangement was manufactured by 

teamwork at Iraq. Two nano-fluids CuO/water and TiO2/water were proposed and their 

results were compared with the base fluid (water). The flow rates of the fluids and the 

nano-particles volume concentration of the nano-fluids were varied within the range 

of (1-3 Lpm) and (0.1%-0.3%), respectively.  The thermocouple readings of the inlet, 

outlet, and the fixed points as well as the solar radiation intensity on the FPSC were 

taken every five seconds. However, five minutes’ intervals were considered in 

recording the solar radiation intensity and the thermocouples readings.
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The experiments of the base fluid (deionized water) flows in the FPSC were 

carried out on May 29, 30, and 31 as well as June 20, 2017 for fluid flow rates of (1, 

1.5, 2, and 3 Lpm), respectively, and the results are listed in Tables (A.1, 2, 3, and 4) 

that are included in Appendix (A). The maximum weather temperature was recorded 

to be about 41.7 °C during the run with a small variation.  

The TiO2 nano-fluid with the nano-particles concentration of 0.1% was 

introduced into the FPSC to study its effect on the performance of the FPSC. The nano-

fluid experiments were performed on June 8, 2017 at the same experiments conditions 

mentioned previously. Table (A.6) in Appendix (A) presents the measured temperature 

by thermocouples and the solar radiation intensity during at 0.1% volume 

concentration of TiO2/water nano-fluids with the flow rate of (1.5 Lpm).  The 

maximum ambient temperature of about 43.7 °C was recorded for TiO2 nano-fluids. 

Tables (A.5) in Appendix (A) represents the experimental results of 0.1 % by 

volume CuO/water nano-fluid. The experiments were conducted on June 4, 2017 with 

the nano-fluid flow rate of 1.5 Lpm.  The maximum weather temperature was 42.8 °C, 

with average temperature of about 39 °C during the run with a small variation. It should 

be noted that CuO/water nano-fluid exhibited higher heat transfer performance than 

TiO2/water nano-fluid at 0.1% nano-particles and flow rate of (1.5 Lpm). Hence, we 

decided to conduct a systematic study using CuO nano-particles as a working fluid for 

the experimental investigation of the FPSC performance at different nanoparticles 

concentrations and flow rate. Based on the above conclusion, the experiments of 0.2 

% and 0.3% by volume CuO/water nano-fluid were carried out on June 11, 12, and 13, 

2017 and June 14, 15, 18, and 19, respectively. The experimental results were included 

in Tables A. 7, 8, and 9 and Tables A. 10, 11, 12, and 13 for 0.2% and 0.3% 

concentrations, respectively, with flow rates range of 1-3 Lpm. The maximum weather 

temperature was 44.3 °C, with average temperature of about 42 °C during the run with 

a small variation. 
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4.2.1 Incident Solar Radiation Results 

All the experiments were carried out on selected days during summer 2017 in 

Iraq based on the weather conditions as the clear sky. The incident solar radiation was 

measured and the collected data are shown in Figures (4.1-4.13). During the 

experiments, it can be observed that the incident solar radiation increases within the 

period of (10 AM-12:30 PM) with some fluctuations due to the presence of clouds 

from time to time. 

 

 
 

Figure 4.1: Incident solar radiation on May 29, 2017 
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Figure 4.2: Incident solar radiation on May 30, 2017. 
 
 

 
                          

Figure 4.3: Incident solar radiation on May 31, 2017. 
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Figure 4.4: Incident solar radiation on June 4, 2017. 
 
 

 
 

Figure 4.5: Incident solar radiation on June 8, 2017. 
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Figure 4.6: Incident solar radiation on June 11, 2017. 
 
 

 
 

Figure 4.7: Incident solar radiation on June 12, 2017. 
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Figure 4.8: Incident solar radiation on June 13, 2017. 
 
 

 
 

Figure 4.9: Incident solar radiation on June 14, 2017. 
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Figure 4.10: Incident solar radiation on June, 15, 2017. 
 
 

 
 

Figure 4.11: Incident solar radiation on June 18, 2017. 
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Figure 4.12: Incident solar radiation on June 19, 2017. 
 
 

 
 

Figure 4.13: Incident solar radiation on June 20, 2017. 
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4.2.2 Temperature Difference Results  

The effects of two type of fluid water and nano-fluids flow rate, the nano-fluid 

types, and the nano-particles volume concentration of the nano-fluids on the outlet-

inlet temperature difference of the FPSC. These effects will be discussed in more 

details in the following sections. 

4.2.2.1 The Flow Rate Effect-The Base Fluid (Water)  

The effect of the mass flow rate of the fluids on the temperature difference was 

evaluated for the following cases: (1) base fluid (water), (2) TiO2/water nano-fluid 

with 0.1% volume concentration, and (3) CuO/water nano-fluids with 0.1%,0.2%, and         

0.3 %) volume concentrations. 

Figure (4.14) shows the outlet-inlet temperature difference of water with the 

flow rates of (1, 1.5, 2, and 3 Lpm). It was observed that the temperature differences 

of about 7.3 °C, 6.6 °C, 5.2 °C, and 4 °C for 1, 1.5, 2, and 3 Lpm at was obtained. 

From Appendix (A), these readings were reported when the solar radiation reaches its 

highest value approximately about 787 W/cm2 (at 11:15 AM), 788 W/cm2 (at 11:35 

AM), 870 W/cm2 (at 11:25 AM), and 779 W/cm2 (at 11:10 AM) for 1, 1.5, 2, and          

3 Lpm, respectively. Based on the above results, it is obvious that the outlet-inlet 

temperature difference decreases with increasing the flow rate of the working fluid. 

This is attributed to the fact that at low flow rate, the residence time of the working 

fluid is longer than that of high flow rate so that more solar radiation can be absorbed 

by the FPSC allowing more temperature rise.  
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Figure 4.14: The inlet-outlet temperature difference vs. time at different flow rates (1, 1.5, 2, and 3 Lpm) for the 
base fluid (water) 

4.2.2.2  The Fluid Type Effect-The Base Fluid (Water) and CuO/Water and 
Ti۽ / Water Nano-fluids  

The effect of fluid type on the outlet-inlet temperature difference of the FPSC is 

demonstrated in Fig. (4.15). At 1.5 Lpm, the experimental results indicated that the 

temperature differences of about 6.6 °C, 7.1 °C, and 7.9 °C for water, TiO2, and CuO 

was reported. From Fig. (4.15) and Appendix (A), these readings were reported when 

the solar radiation reaches its highest value approximately about 788 W/cm2 (at 11:35 

AM), 788 W/cm2 (at 11:10 AM), and 811 W/cm2 (at 11:15AM) for water, TiO2, and 

CuO, respectively. Hence, the 0.1 % volume concentration CuO/water nano-fluid 

exhibited higher temperature difference than that of both 0.1 % volume concentration 

TiO2/water nano-fluid and the base fluid (water). The TiO2/water nano-fluid has a 

higher temperature difference compared to water. The heat transfer enhancement of 

the nano-fluids is attributed to the enhanced (thermosphysical) properties such as 
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thermal conductivity and heat transfer coefficient caused by adding the CuO and TiO2 

nano-particles to water. In addition to the above reason, it was noted that adding nano-

particles to the water has many advantages: (1) results in a decrease in the heat capacity 

of the water so that less energy is required for the nano-fluid in comparison with water; 

in other words, the temperature difference of the nano-fluids is larger than that of water 

if the same amount of heat is provided, (2) the heat transfer area is increased by mixing 

a little amount of the nano-particles with the base fluid (water), and (3) the mass 

migration phenomenon of the nano-particles in the nano-fluid working media further 

improves the heat transfer enhancement. On the other hand, the higher temperature 

difference of the CuO/water nano-fluid in comparison with TiO2/water nano-fluid is 

due to the higher thermal conductivity of CuO nano-particles.  

 

 
 

Figure 4.15: The inlet-outlet temperature difference vs. time at 1.5 Lpm flow rate for water, CuO/water, and 
TiO2/water Nano-fluids with Nano-particles volume concentration of (∅ ൌ 0.1%ሻ 
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4.2.2.3 The Flow Rate Effect – 0.2 % By vol. (CuO/Water Nano-fluid)   

The experimental results of the CuO/water nano-fluid with nano-particles 

volume concentration 0.2% at 1.5, 2, and 3 Lpm are presented in Fig. (4.16). It was 

found that the maximum temperature difference of about 8.4, 7.5, and 6.3 oC were 

reported for the flow rate of 1.5, 2, and 3 Lpm, respectively. These results are 

consistent with the observation of the base fluid (water); the temperature difference 

decreases with increasing the nano-fluid flow rate because of the significant reduction 

in the residence time of the nano-fluid in the FPSC that leads to lower the absorbed 

solar energy during the same time interval. From Fig. (4.16) and Appendix A, these 

readings were recorded when the solar radiation reaches its highest value 

approximately about 825 W/cm2 (at 11:15 AM), 799 W/cm2 (at 11:10 AM), and 779 

W/cm2 (at 11:20AM) for the flow rate of 1.5, 2, and 3 Lpm, respectively. Generally, 

the (1.5 Lpm) flow rate provides the highest temperature difference compared to 

higher flow rates (2 and 3 Lpm) for 0.2% by vol. CuO/ water nano-fluid.  

 

 
 

Figure 4.16: The inlet-outlet temperature difference vs. time at 1.5, 2, and 3 Lpm flow rates for CuO/water with 
Nano-particles volume concentration of (∅ ൌ 0.2%ሻ 
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4.2.2.4 The Flow Rate Effect – 0.3 % By vol. CuO/Water Nano-fluid   

The same trend has been observed for the effect of the fluid flow rate on the 

temperature difference for CuO /water nano-fluid with nano-particles concentration 

0.3% at different flow rates (1, 1.5, 2, and 3 Lpm). From Fig. (4.17), the lowest flow 

rate (1 Lpm) provides the highest temperature difference (9.8 oC) compared to 8.9, 8.5, 

and 7.6 oC for 1.5, 2, and 3 Lpm, respectively. From Fig. (4.16) and Appendix A, these 

readings were recorded when the solar radiation reaches its highest value 

approximately about 785 W/cm2 (at 11:05 AM), 768 W/cm2 (at 11:15 AM), 755 

W/cm2 (at 11:00AM), and 819 W/cm2 (at 11:05AM) for the flow rate of 1, 1.5, 2, and 

3 Lpm, respectively.  

 

 
 

Figure 4.17: The inlet-outlet temperature difference vs. time at 1, 1.5, 2, and 3 Lpm flow rates for CuO/water 
with Nano-particles volume concentration of (∅ ൌ 0.3%ሻ 

  



 

55 

4.2.2.5 The Effect of Nano-particles Volume Concentration  

Figure (4.18) presents the experimental results in terms of the temperature 

difference of the base fluid (water) and 0.1, 0.2, and 0.3% by vol. CuO/water nano-

fluid at a flow rate of 1.5 Lpm.  The results show that the temperature difference 

increases as the nano-fluid concentration increases. The CuO/water nano-fluid with 

0.3% by vol. gives the highest temperature difference of about 8.9 oC in comparison 

with 6.6, 7.9, and 8.4 oC for water, 0.2% and 0.3% by vol. CuO/water nano-fluid, 

respectively. As discussed above in section (4.2.2.2), adding the nano-particles to the 

water results in improving the (thermos-physical) properties of the water, decreasing 

the heat capacity of the water, enlarging the heat transfer area, and the mass migration 

phenomenon further improves the heat transfer enhancement.   

 

     
Figure 4.18: The inlet-outlet temperature difference vs. time at 1.5 Lpm flow rate for water and CuO/water 

Nano-fluids of different concentrations (0.1, 0.2, and 0. 3%) 
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The same trend has been observed in Fig. (4.19) where the temperature 

difference increases as the nano-fluid concentration increases. The experimental 

temperature difference results of 0.3% by vol. CuO/water nano-fluid is obviously 

higher than that of 0.2% by vol. nano-fluid as well as the base fluid (water). From Fig. 

(4.19), the temperature differences were 8.5, 7.5, and 5.2 oC for 0.3% by vol. 

CuO/water, 0.2% by vol. CuO/water, and water, respectively. 

 

Figure 4.19: The inlet-outlet temperature difference vs. time at 2 Lpm flow rate for water and CuO/water Nano-
fluids of different concentrations (0.2 and 0.3%) 

 

Figure (4.20) the trend of the positive effect of increasing the volume 

concentration on the heat transfer enhancement is further confirmed by increasing the 

flow rate to (3 Lpm). The experimental results of the temperature difference for water, 

0.2% by vol. CuO/water, and 0.3% by vol. CuO/water at a flow rate of 3 Lpm. The 

0.3% by vol. CuO/water exhibited the higher temperature difference of about 7.6 oC 

in comparison with 6.3 and 4 oC for the 0.2% by vol. CuO/water and water, 

respectively.  
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Figure 4.20: The inlet-outlet temperature difference vs. time at 3 Lpm flow rate for water and CuO/water Nano-
fluids of different concentrations (0.2 and 0.3%) 

 

4.3 Efficiency of Flat Plate Solar Collector 

Figure 4.21 and Table (4.1) present the FPSC efficiency as a function of the fluid 

type, nano-particles volume concentration of the nano-fluids, and the fluid flow rates. 

At 1.5 Lpm, the 0.1 % by vol. CuO/water nano-fluids exhibited higher efficiency 

(54.3%) compared to 53.8% and 50% for 0.1 % by vol. TiO2/water and the base fluid 

(water), respectively. This is attributed to the higher thermal conductivity of CuO 

compared to TiO2 and water. For the base fluid (water), it was found that the FPSC 

efficiency increases slightly with increasing the flow rate from (1 to 3 Lpm).  The 

reported efficiency was 49, 50, 51, and 52.6 for 1, 1.5, 2 and 3 Lpm, respectively. At 

constant particles volume concentration, similar trend was observed for CuO/water 

nano-fluid. These observations are in good agreement with the reported data in the 

literature [1-4-20-25]. However, it was reported that at a very high flow rate, there is 

a decrease in the efficiency of the fluid due to the significant reduction in the 

temperature difference of the inlet and outlet fluid [25].  

To evaluate the effect of the nano-particles volume concentration on the FPSC 

efficiency, the CuO/water nano-fluids were prepared with (0.1%, 0.2%, and 0.3%. At 
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1.5 Lpm flow rate, the results showed that the efficiency was improved from 54.3% to 

55.2% with an increase in the concentration from 0.1% to 0.2%, respectively. The 

maximum efficiency was reported to be (60%) for 0.2%) particle volume concentration 

of the CuO/water nano-fluid at a flow rate of 3 Lpm. In general, increasing the particle 

concentration of the nano-fluid leads to an increase in the efficiency due to the 

enhanced thermal conductivity of the nano-fluid that rises the convective heat transfer 

coefficient. However, it should be noted that as the particle concentration of the nano-

fluid increases from 0.2% to 0.3%, the efficiency approximately remains constant or 

reduces slightly. This indicates that increasing the particle volume concentration up to 

or more than 0.3% may results in a reduction in the efficiency due to the enhanced 

fluid viscosity that causes frictional dissipation and the possibility of nano-particles 

agglomeration. Our results are in a good agreement with the available results reported 

in the literature [1-20-25-26]. Based on the literature, it should be noted that the 

suggested FPSC with spiral tube arrangement in this project showed approximately 

the same efficiency of the conventional FPSC [20].   

Table 4.1: The efficiency of (FPSC) using different fluids 

Number of 
Experimental 

Type of fluid Mass flow rate Efficiency % 

1 water 1  Lpm 49 

2 water 1.5   Lpm 50 

3 water 2   Lpm 51 

4 water 3   Lpm 52.6 

5 Nano-fluid (Tio2-0.1%) 1.5   Lpm 53.8 

6 Nano-fluid (CuO-0.1%) 1.5   Lpm 54.3 

7 Nano-fluid (CuO-0.2%) 1.5   Lpm 55.2 

8 Nano-fluid (CuO-0.2%) 2   Lpm 56 

9 Nano-fluid (CuO-0.2%) 3   Lpm 60 

10 Nano-fluid (CuO-0.3%) 1    Lpm 54.2 

11 Nano-fluid (CuO-0.3%) 1.5   Lpm 55.4 

12 Nano-fluid (CuO-0.3%) 2   Lpm 56 

13 Nano-fluid (CuO-0.3%) 3   Lpm 59.3 
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4.4 The Empirical Correlations 

Using the experimental data, the non-dimensional relationships (Nusselt number 

as a function of Reynolds number and Prantal number) were obtained utilizing 

Statistica software as shown in Table (4.2). For water, the constants (n1and n2) of the 

correlation ܰݑ ൌ ݊ଵ	ܴ݁మ	ܲݎ.ଷ at different flow rates (1, 1.5, 2, and 3 Lpm) were 

calculated by taking the average values of the estimated constants for each run. While 

for the nano-fluids, the average values of the constants were considered for each 

concentration with different flow rates. The power of the Prantal number was taken to 

be 0.3 for all the experiments. The empirical correlations were tested by calculating 

the Nusselt numbers using the values of the Reynolds number and Prantal number. The 

results were compared with the calculated Nusselt numbers from Eq. (2.12) and (2.19), 

the level of confidence was about ሾ95.0	%ሿ. 

Table 4.2: The dimensionless relationship from experimental work (݈݁݀ܯ: ݑܰ ൌ ݊ଵ	ܴ݁మ	ܲݎ.ଷ) 

Number of 
Experimental 

Type of fluid 
Mass flow 

rate 
Dimensionless Relationship 

1 Water 1  Lpm 

࢛ࡺ ൌ. ିࢋ	ࢋࡾ.ૡૢ	࢘ࡼ. 
2 Water 1.5   Lpm 

3 Water 2   Lpm 

4 Water 3   Lpm 

5 Nano-fluid (Tio2-0.1%) 1.5   Lpm ࢛ࡺ ൌ. ૡ	ࢋࡾ.ૠૢૠ	࢘ࡼ. 

6 Nano-fluid (CuO-0.1%) 1.5  Lpm ࢛ࡺ ൌ. ૢૡିࢋ	ࢋࡾ.ૡૢૡ	࢘ࡼ. 

7 Nano-fluid (CuO-0.2%) 1.5   Lpm 

࢛ࡺ ൌ. ૢିࢋ	ࢋࡾ.	࢘ࡼ. 8 Nano-fluid (CuO-0.2%) 2   Lpm 

9 Nano-fluid (CuO-0.2%) 3   Lpm 

10 Nano-fluid (CuO-0.3%) 1  Lpm 

࢛ࡺ ൌ. ିࢋ	ࢋࡾ.	࢘ࡼ. 
11 Nano-fluid (CuO-0.3%) 1.5   Lpm 

12 Nano-fluid (CuO-0.3%) 2   Lpm 

13 Nano-fluid (CuO-0.3%) 3    Lpm 

4.5 Summary  

This chapter presents the evaluation of the FPSC efficiency based on the fluid 

type, the flow rate of the fluid, and the nano-particles volume concentration of the 



 

61 

nano-fluids. The CuO/water and TiO2/water nano-fluids were used as working fluids 

in the FPSC and their performance was compared with that of the (base fluid/deionized 

water). The results can be summarized as follows:  

1. The fluid type effect: The CuO/water and TiO2/water nano-fluids 

demonstrated higher thermal efficiency of the FPSC compared to the 

deionized water. It should be noted that CuO/water nano-fluid gives the 

highest thermal efficiency.   

2. The fluid flow rate: At a constant particles volume concentration, it was 

found that the FPSC efficiency increases slightly with increasing the flow 

rate from 1 to 3 Lpm. However, it was reported that at a very high flow rate, 

there is a decrease in the efficiency of the fluid due to the significant 

reduction in the temperature difference of the inlet and outlet fluid. 

3. The Nano-particles volume concentration of the Nano-fluids: In general, 

increasing the particle concentration of the nano-fluid leads to an increase 

in the efficiency up to a certain limit of the nano-particles concentration after 

which there will be a drop in the collector efficiency. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK  

5.1 Conclusion  

This project focuses on evaluating the heat transfer performance of the FPSC 

with a spiral tube arrangement using TiO2/water and CuO/water nano-fluids as 

working fluids instead of the base fluid (water). The FPSC performance was evaluated 

based on the effect of the fluid type, the fluid flow rate, and the nano-particles volume 

concentration of the nano-fluids on the temperature difference between the inlet and 

outlet fluid streams and the FPSC thermal efficiency. To show the effect of the fluid 

type on the inlet-outlet temperature difference, the base fluid (water) and (0.1% vol.) 

CuO/water and TiO2/water nano-fluids were introduced into the FPSC. The results 

showed that the temperature difference at 1.5 Lpm flow rate for water, (CuO/water 

TiO2/water nano-fluids were (6.6 °C) (7.1 °C) and (7.9 °C) respectively. This is due to 

the enhanced themrophysical properties of the nano-fluids compared to the water. On 

the other hand, the higher temperature difference for CuO/water nano-fluid in 

comparison with other fluids is attributed to higher thermal conductivity of CuO nano-

particles.  

Based on the above results, we decided to conduct a systematic study for 

evaluating the effects of nano-particles volume concentration (0.1%, 0.2%, and 0.3% of 

CuO and the flow rates (1, 1.5, and 3 Lpm) on the inlet-outlet temperature difference 

and the thermal efficiency of FPSC and the results were compared with those of the base 

fluid (water). The results of 0.2% and 0.3% CuO/water nano-fluid showed that 

increasing the fluid flow-rate results in a decrease in the inlet-outlet temperature 

difference. On the other hand, the effect of nano-particles volume concentration was 

evaluated and a comparison was carried out between water and (0.1%, 0.2%, and 0.3%) 
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of CuO/water nano-fluid. At a flow rate of 1.5 Lpm, the CuO/water nano-fluid with 

0.3% by vol. gives the highest temperature difference of about 8.9 oC in comparison 

with 6.6, 7.9, and 8.4 oC for water, 0.1% and 0.2% by vol. CuO/water, respectively. 

Furthermore, the lowest flow rate (1 Lpm) of 0.3% vol. CuO/water nano-fluid provides 

the highest temperature difference (9.8 oC) compared to 8.9, 8.5, and 7.6 oC for 1.5, 2, 

and 3 Lpm, respectively. 

The effect of the fluid type on thermal efficiency of FPSC was also investigated 

experimentally. It was found that at 1.5 Lpm, the 0.1 % by vol. CuO/water nano-fluid 

exhibited higher efficiency (54.3%) compared to 53.8% and 50% for 0.1 % by vol. 

TiO2/water and the base fluid (water), respectively. Furthermore, the effect of fluid 

flow rate on the thermal efficiency of FPSC was also evaluated. At constant particles 

volume concentration, it was found that the FPSC efficiency increases slightly with 

increasing the flow rate from 1 to 3 Lpm. However, it was reported that at a very high 

flow rate, there is a decrease in the efficiency of the fluid due to the significant 

reduction in the temperature difference of the inlet and outlet fluid.  

To evaluate the effect of the nano-particles on the FPSC efficiency, the 

CuO/water nano-fluids were prepared with 0.1, 0.2, and 0.3%. At 1.5 Lpm flow rate, 

the results showed that the efficiency was improved from 54.3% to 55.2% with an 

increase in the concentration from 0.1% to 0.2%, respectively. The maximum 

efficiency was reported to be 60% for 0.2% particle volume concentration of the 

CuO/water nano-fluid at a flow rate of 3 Lpm. In general, increasing the particle 

concentration of the nano-fluid leads to an increase in the efficiency due to the 

enhanced thermal conductivity of the nano-fluid that rises the convective heat transfer 

coefficient. However, it should be noted that as the particle concentration of the 

nanofluid increases from 0.2% to 0.3%, the efficiency approximately remains constant 

or reduces slightly. This indicates that increasing the particle volume concentration up 

to or more than 0.3% may results in a reduction in the efficiency due to the enhanced 

fluid viscosity that causes frictional dissipation and the possibility of nano-particles 

agglomeration. 

5.2   Future Work 

Based on the encouraging results of this work, it is necessary to conduct more in 

depth research work in order to have a full understanding of how to further enhancing 
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the thermal efficiency of the FPSC. It is believed that this goal can be achieved by 

conducting the following road map:    

1.  A wider range of the fluid flow rate and nano-particles volume concentration 

may be considered to conduct more in depth experimental investigation on 

their effects on the thermal efficiency of the FPSC.  

2.  Using a various type of the nano-particles to prepare the nano-fluids such as 

carbon nanotubes/water, Fe2O3/water, SiO2/water, MgO/water, and 

ZnO/water nano-fluids. It is also possible to use the nano-composite nano-

particles to prepare a special type of the nano-fluids.  

3.  Studying the effect of the tube arrangement of the FPSC on the thermal 

efficiency. Based on the literature, it should be noted that the suggested FPSC 

with spiral tube arrangement in this project showed approximately the same 

efficiency of the conventional FPSC.   

4.  Carrying out a numerical study to simulate the performance of the FPSC and 

comparing the simulated results with those obtained from this and other 

experimental research.    
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APPENDIX-A: The Data 

Table A.1: The experimental results of the flat plate solar collector with working fluid (Water) (20– 6 – 2017) 

Mass flow rate 1 Lpm 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-
glass 
(5) 
ሾ°େሿ 

T-    
in    
(6) 
ሾ°େሿ 

T-    
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-
T6 
ሾ°େሿ 

Solar 
Radiation
ࢃൣ ⁄ ൧ 

10:00 73.5 56.7 64.6 36.7 57.2 37.8 41.3 3.5       688   
10:05 75.8 57.9 65.7 38.5 57.4 43.7 47.6 3.9 697 
10:10 75.9 58.5 65.2 38.8 57.5 50.4 55.6 5.2 714 
10:15 74.5 59.4 65.1 39.5 57.4 51.5 56 4.5 720 
10:20 74.8 60.4 65.8 39.3 57.2 52.5 57.3 4.8 734 
10:25 75.6 61.6 66.3 39.5 57.4 53.5 58.7 5.2 740 
10:30 76 62.5 67 39.3 57.3 54.4 59.8 5.4 750 
10:35 76.7 63.4 67.8 39.4 58.5 55.4 60.9 5.5 756 
10:40 77.2 64.1 68.4 39.5 58.7 56.6 62.7 6.1 769 
10:45 77.3 64.3 68.7 39.5 58.7 56.8 63.2 6.4 775 
10:50 76.9 65.1 68.8 39.6 57.9 57.6 64.3 6.7 767 
10:55 76.7 65.3 69 39.6 58.1 58.5 65.5 7 773 
11:00 78.4 66 69.5 39.7 59.3 59.1 66.2 7.1 785 
11:05 78.7 66.8 70.3 39.8 59.9 59.6 66.7 7.1 790 
11:10 78.9 67.2 71.1 39.9 59.6 60.4 67.6 7.2 798 
11:15 79.3 68 71.8 39.9 59.4 60.9 68.2 7.3 787 
11:20 79.5 68.4 72.1 39.2 59.8 59.6 66.2 6.6 776 
11:25 79.5 68.6 71.7 39.5 59.3 58.9 65.2 6.3 771 
11:30 79.8 68.7 72.4 39.9 60.5 58.5 64.4 5.9 788 
11:35 80.2 69.2 71.6 39.8 60.7 58.3 64 5.7 783 
11:40 79.7 69.4 71.9 38.6 60.7 58.2 63.6 5.4 802 
11:45 79.2 69.9 72.7 41.7 60.4 58 63.3 5.3 790 
11:50 79.1 70.6 71.9 39 59.5 57.7 63.4 5.7 784 
11:55 78.8 70.4 72.1 40.7 60.1 57.3 62.4 5.1 773 
12:00 78.4 69.9 72.6 39 59.5 57.1 61.9 4.8 768 
12:05 78.6 71.2 70.3 39.6 59.4 56.7 61.2 4.5 775 
12:10 78.3 72.4 71.5 39.7 58.8 56.5 60.8 4.3 761 
12:15 78.4 69.5 72.9 40.9 59.8 56.3 60.5 4.2 754 
12:20 77.3 69.5 72.9 39.7 59.5 56.1 60.2 4.1 745 
12:25 76.4 69.7 71.7 39.8 59.2 55.8 59.7 3.9 740 
12:30 76.9 70.1 71.3 41.7 58.6 55.2 58.9 3.7 768 
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Table A.2: The experimental results of the flat plate solar collector with working fluid (Water) (29– 5 – 2017) 

Mass flow rate 1.5 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-   
pipe   
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-   
glass 
(5) 
ሾ°େሿ 

T-    
in    
(6) 
ሾ°େሿ 

T-   
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-T6
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 72.8 52 62.5 39.8 53.9 43.5 47.3 3.8 680 
10:05 72.6 52.1 62.3 40.3 54.9 43 47.5 4.5 685 
10:10 72.5 52.1 62.2 40.5 55.2 44 48 4 699 
10:15 72.6 53 62.1 40.1 55.6 43.5 48.2 4.7 717 
10:20 72.7 53.6 62.4 40.3 55.3 43.3 48.1 4.8 731 
10:25 73.2 54.3 62.5 40.2 55.9 44 48.9 4.9 774 
10:30 73.7 54.9 63.2 40.5 55.3 44.1 48.4 4.3 755 
10:35 74.2 55.7 63.7 42 57.2 45.6 50.6 5 753 
10:40 74.7 56.2 64.5 40.4 56.8 46.2 51.8 5.6 764 
10:45 74.9 56.4 64.3 40.4 56.8 46.6 52.1 5.5 760 
10:50 75 56.6 64.5 40.5 56.7 46.3 52.3 6 762 
10:55 75.1 56.7 64.7 39.8 56.2 46 52.1 6.1 764 
11:00 76.5 58.9 66.5 40.8 60.4 48.1 54.3 6.2 773 
11:05 76.8 59.5 66.8 41.4 60.1 49.2 55.1 5.9 769 
11:10 77.1 59.3 66.8 41.2 67.5 51.3 56.9 5.6 740 
11:15 77.2 59.5 66.9 42.8 67.7 51.9 57.7 5.8 772 
11:20 77.4 59.9 67 43.1 67.7 51.9 57.9 6 776 
11:25 77.4 60.2 67.1 41.3 67.8 51.2 57.3 6.1 778 
11:30 77.4 60.4 67 41.8 67.8 51.3 57.7 6.4 780 
11:35 77.6 60.7 67.3 42.5 68 51 57.6 6.6 788 
11:40 77.6 61.2 67.7 41.9 68.5 52.1 58.2 6.1 778 
11:45 77.7 62.1 66.3 42.7 66.6 51.9 58 6.1 773 
11:50 78.2 62.8 65.1 43.3 64.2 51.8 57.9 6.4 570 
11:55 78.5 63.8 66.3 42.2 64.7 52.8 58.9 6.1 800 
12:00 78.5 63.8 64 41.8 62.4 55.4 60.1 4.7 779 
12:05 78.2 63.8 64.9 43.2 60.5 55.7 61.3 5.6 774 
12:10 77.7 63.7 64.8 43.2 60.8 54 59.7 5.7 769 
12:15 77.7 63.8 62.2 42.7 60 53.2 59.1 5.9 813 
12:20 77.4 64.1 62.1 43.1 60.9 54 59 5 762 
12:25 77.6 62.1 62.3 43.7 61.1 53.9 58.8 4.9 755 
12:30 76.9 64.4 61.9 45.5 61.3 53.2 57.9 4.7 890 
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Table A.3: The experimental results of the flat plate solar collector with working fluid (Water) (30– 5 – 2017) 

Mass flow rate 2 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-   
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-    
glass   
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-  
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 74.6 51.7 63.7 37.9 58.2 41.9 44.8 2.9 710 
10:05 73.4 52.1 62.7 38.1 57.9 42.9 46 3.1 727 
10:10 73.5 53.3 62.5 38.1 56.7 43.7 46.7 3 736 
10:15 73.5 53.8 62.5 40.3 56.6 44.5 47.7 3.2 753 
10:20 73.5 54.2 62.5 38.3 57 45.3 48.5 3.2 758 
10:25 73.7 54.9 62.4 40.2 56.9 46 49.7 3.7 759 
10:30 73.7 55.7 62.5 38.2 56.1 46.1 50.2 4.1 750 
10:35 74.3 56.4 63.2 38.2 56.7 46.5 50.5 4 782 
10:40 74.7 57 63.8 38.6 57.1 47.2 51.5 4.3 791 
10:45 75.1 57.5 64 38.4 57.1 48 52.5 4.5 789 
10:50 75.4 58.2 64.3 38.9 55.5 48.3 53 4.7 800 
10:55 75.6 58.6 64.6 38.5 56.3 50.1 54.8 4.7 710 
11:00 75.9 59.1 65 38.5 55.8 50.2 55.1 4.9 796 
11:05 75.8 59.6 65.3 39.3 56 50.3 55.3 5 827 
11:10 76.7 62.5 66 39.7 56.3 50.4 55.5 5.1 830 
11:15 77.2 60.6 66 39.7 55.7 51.8 56.8 5 744 
11:20 76.8 60.7 66.3 40.1 57.3 52.4 57.5 5.1 843 
11:25 76.9 61.1 66.9 39.9 57.8 52.9 58.1 5.2 870 
11:30 76.8 61.3 67 40.9 58.2 53.3 57.6 4.3 820 
11:35 77.1 61.3 67 42.8 58.7 53.8 58.3 4.5 848 
11:40 76.7 61.4 66.9 42.6 58.7 54 58.7 4.7 843 
11:45 76.7 61.8 66.6 43.9 59.3 54.4 59.3 4.9 859 
11:50 77 62.6 67.4 43.7 59.7 54.6 59.6 5 863 
11:55 77.1 63.4 67.7 42.3 59.2 54.9 59.4 4.5 853 
12:00 77 63.6 67.8 42.9 58.7 55.5 59.8 4.3 490 
12:05 76.9 63.9 68.2 43.6 59.1 55.8 60.3 4.5 829 
12:10 76.6 64.1 67.6 43.4 59.1 56 60 4 832 
12:15 76.4 64.8 68.1 43.2 58.8 56.5 60.8 4.3 701 
12:20 76.4 64.7 68.3 41 59.1 56.9 61.5 4.6 810 
12:25 76.2 64.7 68.3 41.7 59.3 57.3 61.8 4.5 804 
12:30 76.1 64.8 68.1 42.2 59.2 57.6 62.2 4.6 796 
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Table A.4: The experimental results of the flat plate solar collector with working fluid (Water) (31– 5 – 2017) 

Mass flow rate 3 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-   
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-  
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation 
ሾࢃ ⁄ ሿ 

10:00 69.3 51.7 60.1 33.2 52.1 39.2 41.3 2.1 755 
10:05 68.2 48.7 58.2 35.4 52.3 40.3 42.5 2.2 752 
10:10 67.7 49.1 57.3 34.8 51.1 40.9 43.7 2.8 776 
10:15 67.6 49.6 56.8 34.8 51.2 41.5 44.9 3.4 781 
10:20 67.9 50.2 57.5 34.1 51.1 42.1 44.8 2.7 780 
10:25 68.1 50.9 57.4 35.7 51.7 42.8 45.9 3.1 776 
10:30 68.5 51.4 57.6 35.6 51.5 43.3 45.8 2.5 790 
10:35 68.7 51.9 57.7 35.9 51 43.8 46.8 3 618 
10:40 69 52.5 58.4 35.2 52.2 44.4 47.9 3.5 782 
10:45 69.3 53.1 58.7 36.1 52.8 45 47.5 2.5 808 
10:50 70.1 53.8 59.4 35.4 52.3 45.1 48.2 3.1 741 
10:55 70.2 54 59.4 35.4 52.7 46 49.7 3.7 749 
11:00 70.5 54.6 59.5 35.7 52.4 46.6 49.3 3.3 808 
11:05 70.8 55 59.7 36.3 53 47.1 50.9 3.8 825 
11:10 71 55.3 60.1 36.3 53.2 47.3 51.3 4 779 
11:15 71.4 55.6 60.5 35.9 53.2 47.9 50.7 2.8 814 
11:20 71.2 55.9 60.9 37.9 53.3 48.4 51.2 2.8 760 
11:25 70.9 56.1 61.2 37.3 53.8 48.7 51.5 2.8 855 
11:30 71.3 57 62.8 37.9 53.7 50 53.3 3.3 850 
11:35 71.5 57.2 63.6 37.8 53.2 50.2 53.8 3.6 728 
11:40 71 57.2 63.8 38.7 53.2 50.1 53 2.9 846 
11:45 70.6 57.7 63.5 39.6 52.7 50.2 53 2.8 835 
11:50 70.7 58.4 63.9 38.3 53.3 50.7 54.1 3.4 828 
11:55 70.6 58.3 64.2 39.1 53.6 51.4 54.3 2.9 900 
12:00 70.6 58.2 64.6 38.4 53.1 51.6 54.5 2.9 826 
12:05 70.3 58.2 64.7 38.7 53.2 51.8 54.8 3 821 
12:10 69.8 58.1 64.6 38.5 52.8 52 55.3 3.3 920 
12:15 69.8 58.7 64.8 39 52.7 52.2 55.7 3.5 828 
12:20 69.2 58.8 64.8 39.7 53.3 52.5 55.9 3.4 807 
12:25 69.1 59.3 65 37.1 52.3 52.9 56.4 3.5 821 
12:30 68.6 59.2 65.3 38.3 53.4 53.2 56.7 3.5 903 
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Table A.5: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.1 % 
vol.) (4 – 6 – 2017) 

Mass flow rate 1.5 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-  
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-  
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 68 37.9 60 31.4 50.4 32.2 37.1 4.9 710 
10:05 68.8 44.8 60.1 36.3 55.4 33.7 37.2 3.5 725 
10:10 68.7 45 60.3 36.3 55.5 33.8 37.7 3.9 736 
10:15 68.9 45.8 59.9 37.1 54.3 34.1 38.9 4.8 755 
10:20 68.5 46.4 59.8 37.3 53.4 34.5 39.5 5 759 
10:25 68.9 46.8 59.6 36.8 52.9 34.9 41 6.1 758 
10:30 69.4 47.4 59.7 37.2 52 35.1 41.6 6.5 761 
10:35 69.6 47.5 60.1 37 51.2 35.9 42.7 6.8 781 
10:40 69.8 47.9 60.7 37.6 52.3 36.9 44 7.1 805 
10:45 69.9 48.3 61.1 38 53.6 38.1 45.4 7.3 803 
10:50 70 50.1 61.5 37.4 53.6 38.9 46.2 7.3 622 
10:55 70 52.7 62.4 37.8 54.5 39.5 47.1 7.6 818 
11:00 71.3 53.3 63.8 38.1 53.5 39.9 47.6 7.7 819 
11:05 70.5 53.8 63.1 38.2 53 41.3 49.1 7.8 825 
11:10 70.8 54.4 63.3 38.5 52.2 41.8 49.6 7.8 816 
11:15 70.9 54.1 63.6 38.2 52.8 42.3 50.2 7.9 811 
11:20 71.3 54.5 64.4 37.2 52.8 42.5 50 7.5 813 
11:25 71.1 54.8 64.3 38.3 53.3 43.1 5.4 7.3 819 
11:30 71 55 64.7 37.9 54.2 42.8 50 7.2 699 
11:35 71 55.1 64.7 39.1 53.8 42.9 49.9 7 711 
11:40 71.7 55.3 65.1 40.4 54.4 42.4 48.9 6.5 790 
11:45 71.3 55.3 64.6 38.9 49.2 41.8 48.1 6.3 722 
11:50 71.7 55.4 65.3 39.7 51.7 41.2 48.3 6.1 815 
11:55 72.1 55.7 64.7 42.8 51.4 40.7 46.2 5.5 799 
12:00 72.6 55.9 65.6 41.3 53.7 40.2 45.4 5.2 804 
12:05 71.8 56 66 40.9 54.7 39.8 44.9 5.1 790 
12:10 71.8 56.1 66.6 39.6 54.9 39.2 44.3 5.1 781 
12:15 70.9 56.3 65.8 40.4 54.3 39.3 44.3 5 709 
12:20 70.7 56.2 65.7 39.5 53.4 39.8 44.7 4.9 772 
12:25 69.9 56.3 66.1 40.1 52.5 38 42.8 4.8 887 
12:30 70.7 56.7 66 39.4 54.7 38.6 43.4 4.8 890 
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Table A.6: The experimental results of the flat plate solar collector with working fluid (Nano-fluid Tioଶ 0.1 % 
vol.) (8 – 6 – 2017) 

Mass flow rate 1.5 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-  
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-   
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

		ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 72.5 51.1 63.6 37.2 56.2 39.2 42.3 3.1 693 
10:05 71.2 50.6 62.7 38.8 55.7 42.4 44.4 2.9 715 
10:10 71.4 52.5 63.1 38.2 54.6 42.5 46.1 3.6 738 
10:15 71.4 53.5 62.7 37.3 54.4 43.4 48.1 4.7 759 
10:20 71.5 54.1 62.7 37.6 54 43.9 48.8 4.9 750 
10:25 71.9 55.2 63.1 39.7 54.6 44.4 49.9 5.5 730 
10:30 72.4 55.5 64 38.9 55.4 45.2 51.1 5.9 770 
10:35 72.7 56.1 64.3 38.1 55.3 45.9 52 6.1 782 
10:40 73.5 58.6 65.3 37.9 54.4 46.1 52.5 6.4 786 
10:45 73.8 57.3 65.6 39.3 56.4 47.1 53.6 6.5 803 
10:50 74.3 58 66.1 38.8 56.9 48 54.7 6.7 817 
10:55 75.2 61.2 67.3 39.5 57 47.9 54.8 6.9 810 
11:00 76.3 60.7 68.3 40 57.3 48.5 55.4 6.9 825 
11:05 75.7 59.7 68.3 39.9 57.7 49.4 56.4 7 800 
11:10 75.8 62.2 68.2 41.2 57.5 50.1 57.2 7.1 788 
11:15 76 61.5 68.8 41.5 57.6 50.3 56.8 6.5 818 
11:20 76.4 61.2 69.1 40.7 58.9 50.4 56.1 6.1 842 
11:25 76.7 62.2 69.8 39.9 58.6 50.6 55.8 5.2 835 
11:30 76 61.2 69.3 41.1 57.7 50.1 55 4.9 829 
11:35 75.8 61.4 69.2 41.3 57.3 49.9 54.5 4.6 876 
11:40 75.7 62.7 69.4 42 57.2 49.6 54.1 4.5 821 
11:45 76.9 63.6 70.7 42.7 58.3 49.1 53.4 4.3 830 
11:50 76.4 64.2 70.3 40.4 58.9 49 53.1 4.1 889 
11:55 76.8 64.1 71.3 40.7 60 48.5 52.5 4 818 
12:00 76.9 64.1 71.7 40.3 59.1 48.3 52.2 3.9 678 
12:05 77.1 64.4 70.9 40.9 58.5 48.1 51.9 3.8 790 
12:10 77.3 64.9 70.8 44 58.8 47.8 51.3 3.5 745 
12:15 76.6 64.4 71.4 43.7 59.3 47.3 50.7 3.4 801 
12:20 76.2 64.7 72 42.2 59.6 47.1 50.3 3.2 855 
12:25 76.5 64.9 72.3 42.3 59.9 46.8 49.9 3.1 799 
12:30 76.5 65.1 71.6 42.2 56.2 46.7 49.7 3 776 
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Table A.7: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.2 % 
vol.) (11 – 6 – 2017) 

Mass flow rate 1.5 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-  
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

	ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 71.3 74 69.4 36.9 55 41.5 45.8 4.3 712 
10:05 71.5 54.9 64.9 37.6 54.4 46.5 50.4 3.9 749 
10:10 72.3 56.5 63.3 36.9 51.8 47.9 51.1 3.2 759 
10:15 72.2 57.1 63.1 37.7 53.4 49.6 53.7 4.1 770 
10:20 72.6 58.8 63.4 37.5 53.7 50.2 55 4.8 750 
10:25 73.1 59 64.3 39 53.5 51.2 56.3 5.1 771 
10:30 73.2 59.8 64.1 37.2 53.6 52 57.4 5.4 784 
10:35 73.5 60.5 64.6 38.6 53.8 52.9 58.5 5.6 790 
10:40 74.6 62.2 65.7 38.8 54.6 53.6 59.5 5.9 798 
10:45 75 62.1 66.5 38.3 55.4 54.6 60.8 6.2 804 
10:50 75.7 63.6 67.2 38.3 55.7 55 61.8 6.8 822 
10:55 75.9 63.5 67.7 39.6 55.6 55.8 63 7.2 819 
11:00 76.8 65.3 68.1 38.2 55.7 55.9 63.4 7.5 810 
11:05 77.7 68 69.4 38.9 56 56.2 63.7 7.9 820 
11:10 77.4 65.4 69.7 39.5 57.5 57.4 65.5 8.2 830 
11:15 77.5 66.1 70.2 38.1 54.7 58.2 66.6 8.4 825 
11:20 77.8 66.5 69.6 40.1 56.2 58.1 66.1 8 831 
11:25 77.9 66.5 70.4 39.2 57 58 65.8 7.8 835 
11:30 78.1 68.5 70.9 38.5 57.3 57.9 65.4 7.5 812 
11:35 77.5 67.2 70.8 39.6 55.2 56.3 63.6 7.3 824 
11:40 77.2 68.1 71.4 39.2 56.7 56.1 63 6.9 840 
11:45 77.1 67.1 71.6 39.2 57.4 55.6 62.3 6.7 812 
11:50 77.8 69.4 72.2 39.1 57.5 55.3 61.8 6.5 799 
11:55 78.5 68.2 71.8 38.8 57.2 55.1 61.5 6.4 811 
12:00 78.2 69.8 72.9 39.3 58.9 54.8 61.1 6.3 801 
12:05 77.4 68.2 72.3 40.1 57.7 54.5 59.9 5.4 809 
12:10 76.5 69.8 72.5 39.3 56.7 54.3 59.6 5.3 826 
12:15 75.5 67.9 71.9 41 56.5 52.9 58 5.1 820 
12:20 74.8 68.8 71.7 40.1 56.2 52.5 57.9 5.1 809 
12:25 76 69.7 71.8 42.8 56.2 52.3 57.3 5 800 
12:30 76.1 69.4 71.2 41.7 50.3 52.1 57 4.9 790 
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Table A.8: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.2 % 
vol.) (12 – 6 – 2017) 

Mass flow rate 2 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-   
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

	ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 71.4 59.7 63.6 38.6 53.9 39.8 44.4 4.6 698 
10:05 72.6 57 62.8 38.9 54.2 48.7 52.6 3.9 737 
10:10 72.6 57.8 63.3 39.2 54.3 49.5 52.7 3.2 729 
10:15 72.7 58.6 63.3 39.5 54.7 50.4 53.5 3.1 751 
10:20 73.3 57.2 64.2 39.7 54.9 51.4 55.1 3.7 760 
10:25 73.6 56.5 64.9 40.8 54.9 52.1 56.3 4.2 772 
10:30 73.9 55.3 65.4 40.2 55.2 52.5 57.2 4.7 770 
10:35 74.2 57.5 66.3 40.3 55.7 53.2 58.1 4.9 796 
10:40 74.7 57.9 67 40.9 56.4 54.6 59.2 4.6 801 
10:45 74.8 58.7 67.3 41.3 56.9 55.4 60.7 5.3 800 
10:50 74.9 59.4 68.3 41.5 57.7 55.5 61.3 5.8 807 
10:55 75.1 60.3 68.8 41.7 57.9 56.4 62.5 6.1 804 
11:00 75.3 64.9 69.5 41.9 58.2 56.8 63.3 6.5 810 
11:05 75.3 67.8 70.1 42.4 58.4 57.3 64.2 6.9 807 
11:10 75.9 67.2 70.9 42.7 58.7 57.9 65.4 7.5 799 
11:15 76.4 65.9 70.6 42.8 58.9 57.3 64.5 7.2 819 
11:20 76.8 67 71.5 42.9 59.1 57 63.9 6.9 825 
11:25 76.9 66.8 71.1 43.1 59.4 56.7 63.1 6.4 812 
11:30 77.3 66.5 71.1 43.3 59.9 56.5 62.6 6.1 820 
11:35 77.5 68.9 71.5 43.3 58.1 56.1 62 5.9 818 
11:40 77.7 67.4 72 43.2 58.5 55.9 61.6 5.7 795 
11:45 77.8 68.8 72.4 43.5 58.7 55.6 60.9 5.3 816 
11:50 78.3 68.7 72.1 43.4 58.1 55.4 60.4 5 669 
11:55 78.5 67.4 71.8 43.6 58 54.2 57.1 4.9 803 
12:00 78.2 68.1 71.4 43.6 57.8 54.1 58.6 4.5 798 
12:05 78.4 67.8 71.7 43.4 58.6 53.6 57.8 4.2 790 
12:10 78.6 67.4 71.9 43.6 59 53.3 57.2 3.9 782 
12:15 78.9 69.7 72.6 43.7 57.9 53.1 56.8 3.7 787 
12:20 79.5 68.5 71.3 43.6 57 53.1 56.7 3.6 708 
12:25 79.8 70.2 72.1 43.8 56.7 52.9 56.1 3.2 781 
12:30 79.9 68.7 71.3 43.8 56.5 52.7 55.8 3.1 769 
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Table A.9: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.2 % 
vol.) (13 – 6 – 2017) 

Mass flow rate 3 Lpm 

 
 

  

Time 
(minutes) 

T-
plate 
(1) 
ሾ°େሿ 

T-
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation 
ሾࢃ ⁄ ሿ 

10:00 83.9 81.8 75 39.6 60.6 43.5 47.4 3.9 681 
10:05 83.3 80.7 69 39.9 59.1 49 52.5 3.5 692 
10:10 76.7 73 67.7 41 58.4 53.4 56.6 3.2 726 
10:15 75.7 65.9 67 40 57.4 54.6 58.9 4.3 745 
10:20 75.6 60.6 67 40.2 56.2 54.8 59.4 4.6 761 
10:25 76.1 61.8 67.7 39.9 55.2 55.6 60.3 4.7 750 
10:30 75.7 62.2 67.3 40 56.1 55.8 60.7 4.9 742 
10:35 76.1 62.9 67.8 40.8 57.4 56.4 61.4 5 755 
10:40 76.8 63.8 68.4 41.6 57.6 57.6 62.8 5.2 760 
10:45 77.3 64.6 69.1 42.2 58 57.9 63.3 5.4 765 
10:50 77.4 65.4 69.4 40.8 55.6 58.1 63.8 5.7 757 
10:55 77.6 65.6 70.2 40.8 57.9 58.4 64.1 5.7 771 
11:00 77.8 65.4 70.7 41.8 59.1 58.6 64.5 5.9 759 
11:05 78.3 67.1 71.2 40.9 58.3 58.9 65 6.1 775 
11:10 79.5 69 71.9 42.3 59.8 59.1 65.3 6.2 771 
11:15 79.1 67.8 72 42.1 60.3 59.2 65.4 6.2 763 
11:20 79.1 68.1 71.9 41.4 59.5 60.8 67.1 6.3 779 
11:25 79.1 68.8 71.9 40.9 59.6 59.5 65.6 6.1 785 
11:30 78.8 68.5 72.3 42.6 60.2 59.1 65.1 6 703 
11:35 78.9 68.8 72.8 43.5 60.2 58.8 64.6 5.8 785 
11:40 79.2 69.9 73.3 42.7 60.6 58.4 64 5.6 769 
11:45 78.9 69.4 73.2 41.7 60.8 58.1 63.5 5.4 790 
11:50 79 70.4 73.4 41.2 59.3 57.9 63.1 5.2 802 
11:55 78.7 69.9 73.3 41.3 59.7 57.5 62.5 5 784 
12:00 78.2 69.5 73.1 42.6 60.1 57.2 61.8 4.6 760 
12:05 78.5 69.9 73.5 41.2 60.9 57.1 61.4 4.3 734 
12:10 78.2 69.9 73.8 41.8 60.9 56.8 60.9 4.1 769 
12:15 78 70 74 42.9 61.1 56.5 60.3 3.8 789 
12:20 78.1 70.9 74.4 44.3 61 56.3 59.9 3.6 760 
12:25 78.2 71.2 74.1 43.1 61.1 56.2 59.6 3.4 779 
12:30 77.8 70.4 74.3 42.6 61.1 56 59.3 3.3 790 
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Table A.10: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.3 % 
vol.) (14 – 6 – 2017) 

Mass flow rate 1 Lpm 

 
  

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

	ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 76 73.1 66.4 39.7 60.1 41.7 45.8 4.1 680 
10:05 76 71.9 66.5 40.4 59.1 47.7 51.4 3.7 695 
10:10 75.6 63.8 66.4 39.5 58.6 50.5 53.6 3.1 703 
10:15 75.6 60.9 66.2 40 58.4 51.8 56.4 4.6 713 
10:20 76.5 62.2 67.6 40.9 58.8 52.9 58.2 5.3 722 
10:25 77.1 63.5 68.3 40.1 59.5 53.6 59.5 5.9 729 
10:30 77.8 64.5 69.4 39.9 59.7 54.7 61 6.3 730 
10:35 78.3 65.3 69.8 42.4 60.3 55.4 62.3 6.9 739 
10:40 78.6 64.8 70.5 42.8 60.7 57.1 64.6 7.5 743 
10:45 79 66.2 70.8 41 60.5 57.7 65.5 7.8 750 
10:50 79.5 66.8 71.3 42.4 60.9 58.7 66.8 8.1 768 
10:55 80.1 67.9 72.3 42.6 61.1 59.4 68.3 8.9 760 
11:00 80.8 68.9 72.7 42.4 61.4 60.1 69.6 9.5 778 
11:05 81.6 69.6 73.7 42.2 62.3 60.8 70.6 9.8 785 
11:10 82.3 70.3 74.1 43.1 63.3 60.7 70 9.3 773 
11:15 82.4 71.3 74.9 43.5 62.7 60.5 69.6 9.1 780 
11:20 82.6 71.8 75.3 42.5 63.2 60.1 68.9 8.8 783 
11:25 82.8 72.6 75.6 41.8 62.8 59.5 67.8 8.3 790 
11:30 82.4 71.2 75.2 43.5 62.9 59.2 67.1 7.9 788 
11:35 82.7 71.7 75.3 43.7 62.8 58.7 66.3 7.6 792 
11:40 82.8 71.9 75.7 44.1 63.8 58.3 65.5 7.2 785 
11:45 82.2 72.4 75.6 43 63.2 58.1 64.9 6.8 795 
11:50 83.2 75.2 76.7 43.3 63.9 57.5 63.8 6.3 782 
11:55 83.2 73.4 77.1 43.3 64.6 57.3 63.4 6.1 800 
12:00 82 73 76.5 44 64.3 57 62.9 5.9 780 
12:05 81.4 72.9 76.2 43.8 63.9 56.8 62.2 5.4 773 
12:10 82.1 73.1 76.2 43 63.3 56.5 61.7 5.2 788 
12:15 81.3 73.8 76.3 43.5 63.4 56.4 61.3 4.9 769 
12:20 81 73.8 75.9 43.6 63.2 56.1 60.8 4.7 752 
12:25 80.8 73.5 76 43.1 63.6 55.7 60.4 4.7 749 
12:30 81.3 73.6 76.1 44.3 63.5 55.6 60.1 4.5 738 
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Table A.11: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.3 % 
vol.) (15 – 6 – 2017) 

Mass flow rate 1.5 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T- 
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

	ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 78.3 55.2 62.1 39.5 52.4 39.2 43.1 3.9 669 
10:05 77.8 55.9 62.4 39.9 52.9 43.3 46.5 3.2 684 
10:10 80.3 56.8 61.8 39.2 52.1 44.9 47.8 2.9 702 
10:15 77.9 56.9 60.6 40.3 51.5 46.5 50.7 4.2 700 
10:20 73 57.2 60.9 40.2 51.8 48 52.9 4.9 710 
10:25 70.3 57.5 61.4 40.1 51.8 48.7 54 5.3 721 
10:30 70.7 58.1 62.3 40.5 50.8 49.4 55.3 5.9 741 
10:35 71 58.7 62.4 41.1 51.9 50.3 56.5 6.2 731 
10:40 71.4 59.7 62.7 40.3 51.5 51 57.8 6.8 752 
10:45 72.1 60.3 63.6 40.3 52.7 51.7 58.9 7.2 763 
10:50 72.7 61.3 64.5 40.2 53.2 52.2 60.1 7.9 770 
10:55 73.3 61.7 65.4 40.2 53.9 52.7 61 8.3 756 
11:00 73.6 61.9 66 41.3 53.9 53.4 61.9 8.5 771 
11:05 73.7 63.7 66.3 40.4 54 52.6 61.3 8.7 754 
11:10 74.1 62 66.7 40.7 54.2 54.2 63 8.8 760 
11:15 73.8 62.6 66.5 41 54.1 54.9 63.8 8.9 768 
11:20 74.1 63.2 66.7 41.5 54.3 54.5 63.1 8.6 790 
11:25 74.6 64.4 67.5 41.8 55.3 54.1 62.2 8.1 782 
11:30 75.3 64.8 68.1 41.9 55.9 54 61.8 7.8 778 
11:35 75.4 65 68.6 42 56.2 53.7 61.2 7.5 770 
11:40 75.4 65.4 68.5 41.9 56 53.5 60.8 7.3 751 
11:45 75.5 66.4 68.6 42.3 56.6 53.2 60.3 7.1 767 
11:50 74.9 65.5 68.7 42.1 55.6 52.9 59.7 6.8 779 
11:55 74.8 65.6 69 42.1 56.1 52.7 59.2 6.5 755 
12:00 75.1 66.3 69.6 42.2 55.5 52.4 58.7 6.3 760 
12:05 74.8 66.2 69.5 42.3 56.2 52.1 58.2 6.1 747 
12:10 74.3 66.4 69.5 42 55.8 51.9 57.2 6 739 
12:15 74.3 66.7 69.3 42.6 55 51.7 57.6 5.9 722 
12:20 74.6 66.1 69.5 42.5 56 51.5 57.2 5.7 712 
12:25 73.8 66.6 69.4 42.5 56.3 51.3 56.6 5.3 699 
12:30 73.8 66.5 68 42.4 54.6 51.3 56.4 5.1 710 
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Table A.12: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.3 % 
vol.) (18 – 6 – 2017) 

Mass flow rate 2 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-  
glass  
(5) 
ሾ°େሿ 

T-  
in    
(6) 
ሾ°େሿ 

T-
out    
(7) 
ሾ°େሿ 

	ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 76.8 65.2 64.4 39 53.7 38.2 42.3 4.1 655 
10:05 75.2 63.6 65.8 38.7 54.6 47.9 51.5 3.6 665 
10:10 73.4 57.1 65 39.6 55.6 49.5 52.7 3.2 680 
10:15 72.9 58.5 65.3 39.4 56.3 50.6 55.3 4.7 701 
10:20 73.2 59.5 65.6 39.7 56.2 51.6 56.9 5.3 711 
10:25 73.7 60.5 66 39.7 56.9 52.6 58.5 5.9 725 
10:30 74.3 61.3 66.4 41.3 56.9 53.5 59.7 6.2 741 
10:35 74.8 62 66.9 41.3 57.7 54.4 61.2 6.8 745 
10:40 75.4 63.1 67.7 41.4 58.1 55.3 62.4 7.1 728 
10:45 76 64.1 68.2 41.4 58.5 56 63.5 7.5 750 
10:50 76.5 64.7 68.8 42.1 58.5 56.8 64.7 7.9 760 
10:55 76.9 65.3 69.3 42.2 58.7 57.7 65.9 8.2 778 
11:00 77.1 65.8 69.8 42.4 58.9 58.3 61.8 8.5 755 
11:05 77.1 66.3 70.1 42.5 59 58.1 66.4 8.3 781 
11:10 77.6 67.6 70.8 42.9 58.9 57.8 66 8.2 759 
11:15 77.8 67.3 70.9 42.9 59.3 57.5 65.5 8 765 
11:20 76.4 67.5 71.9 43.1 60.1 57.2 64.8 7.6 748 
11:25 76.6 67.8 72 43.2 60.2 57.1 64.4 7.3 769 
11:30 78.3 68.2 72.4 43.2 60.5 56.8 63.9 7.1 751 
11:35 78.7 68.5 72.8 43.6 60.9 56.5 63.4 6.9 782 
11:40 78.9 68.9 73.1 43.7 60.6 56.3 62.9 6.6 772 
11:45 79.1 69.1 73.6 43.7 61.4 56.1 62.3 6.2 799 
11:50 78.8 68.7 73.3 41.9 61.2 55.7 61.8 6.1 763 
11:55 78.4 68.3 73.6 42.3 61.8 55.4 61.2 5.8 749 
12:00 78.7 68.4 73.9 42.2 61.7 55.2 60.8 5.6 744 
12:05 78.8 69.7 73.7 42.3 61.4 54.7 60 5.3 738 
12:10 78.9 71.2 74 41.2 62.3 54.5 59.6 5.1 729 
12:15 79.3 71.5 74 41.8 62 54.3 59.2 4.9 704 
12:20 79.9 71 74.6 40.7 62.4 54.2 58.9 4.7 719 
12:25 78.5 71.2 74.8 42.7 62.3 53.9 58.4 4.5 710 
12:30 78.9 71.1 74.1 41.3 61.9 53.7 57.9 4.2 722 
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Table A.13: The experimental results of the flat plate solar collector with working fluid (Nano-fluid CuO 0.3 % 
vol.) (19 – 6 – 2017) 

Mass flow rate 3 Lpm 
 

Time 
(minutes)

T-
plate 
(1) 
ሾ°େሿ 

T-
pipe 
(2) 
ሾ°େሿ 

T-
space 

(3) 
ሾ°େሿ 

T-
ambient 

(4) 
ሾ°େሿ 

T-
glass 
(5) 
ሾ°େሿ 

T-     
in     
(6) 
ሾ°େሿ 

T- 
out    
(7) 
ሾ°େሿ 

ࢀ∆ ൌ 
T7-T6 
ሾ°େሿ 

Solar 
Radiation
ሾࢃ ⁄ ሿ 

10:00 72.3 58.9 67.3 39.2 55.8 45.3 49.1 3.8 713 
10:05 74.9 59.5 67.7 38.9 56.9 50.5 53.9 3.4 725 
10:10 75.5 60.5 66.3 38.9 57.3 51.8 54.7 2.9 730 
10:15 75.9 61.4 65.7 38.8 57.5 52.5 57.1 4.6 750 
10:20 76.2 62 65.6 38.7 58.1 53.3 58.5 5.2 761 
10:25 76.5 62.8 66.2 38.9 58.4 54.1 59.8 5.7 755 
10:30 76.8 62.9 66 40.1 58.9 54.9 60.8 5.9 770 
10:35 75.2 63.3 66.7 42.5 58.8 55.8 62.1 6.3 760 
10:40 72.9 64.6 68.1 40.3 57.4 56.5 63 6.5 790 
10:45 77.7 65.5 68.9 39.7 56.4 57.3 64 6.7 806 
10:50 75.7 65.9 69 42.7 58.2 58.1 65.3 7.2 810 
10:55 78.5 66.7 70.1 40.4 58.6 58.8 66.2 7.4 820 
11:00 79.5 67.7 71 40.5 58.4 59.4 66.9 7.5 822 
11:05 79.4 68.2 71.7 40.6 58.3 59.9 67.5 7.6 819 
11:10 79.4 68.5 71.3 40.5 58.4 59.5 66.9 7.4 830 
11:15 79.5 69 72.1 39.6 57.6 59.1 66.2 7.1 821 
11:20 79.4 69.5 72.2 40.7 58.4 58.7 65.6 6.9 827 
11:25 79.2 68.7 72.5 40.4 58.5 58.5 65.1 6.6 816 
11:30 78.9 68.5 72.9 40.7 58.6 58.4 64.7 6.3 810 
11:35 79.6 69.4 72.1 40.4 58.5 58.2 64.3 6.1 802 
11:40 79.1 69.5 72.4 41.4 59.4 58 63.8 5.8 798 
11:45 78.8 70.2 71.7 42 59.9 57.9 63.5 5.6 790 
11:50 78.5 70.5 71.9 39.6 57.4 57.6 62.9 5.3 795 
11:55 77.8 70.6 72.2 40 55.2 57.3 62.5 5.2 789 
12:00 77.2 71.1 71.6 39.4 55.3 57.1 62.3 5.2 799 
12:05 76.1 71.4 71.5 41 56.5 56.8 61.8 5 785 
12:10 75.7 71.7 72.5 41 57.4 56.6 61.4 4.8 780 
12:15 75.5 71.9 71.7 40.4 56.7 56.4 60.9 4.5 775 
12:20 75.2 69.2 72.1 41 55.9 56.3 60.7 4.4 769 
12:25 74.8 69.9 71.3 40 56.5 55.9 60.2 4.3 760 
12:30 74.6 70.8 71.8 39.9 56.6 55.7 59.8 4.1 755 
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APPENDIX-B: Nanografi Nano Techonogy 
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PROPERTIES OF NANO-FLUIDS 
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