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Source of clean drinkable water is a big problem in the world. Water purification 

process consume the fuel which extremely effect on environment, economy, and 

human health. Solar parabolic trough collector (PTC) was built to meet the requirement 

of drinking water for the village members in a desert areas without relying on fossil 

fuel.  The PTC powered by solar energy is the most favorable compared to flat plate 

because higher temperature is obtained. The design, fabrication, and performance of a 

stainless steel solar-powered parabolic trough collector (PTC) with a 90° rim angle and 

3 m×1.314 m aperture area as a hot water generating system were investigated in this 

research. The gravity-load- and thermal-expansion-induced deformation of the 

receiver tube (𝛿𝑅) was also investigated. Comparing such deformation with the width 

of the solar image in the focal plane (𝑤) revealed a maximum deformation of 1.43 mm 

in the mid length of the receiver tube that was within acceptable limits. The 

deformation of the receiver tube is an important new test to assess the thermal 

performance of PTC. The performance of PTC was assessed based on the ASHRAE 

Standard 93. In this work, thermal and thermodynamic performance of a receiver tube 

for a (PTC), heat transfer enhancement and pressure loss penalty for receiver 

exchangers equipped with baffles turbulator are experimentally and numerically 

investigated in a relatively low Reynolds number flow. Artificial obstructions on the 

underside of receiver tubes can increase the heat transfer coefficient between the 

receiver tubes (heat exchanger, HX) of (PTCs) and water as a working fluid. In this 

study, a numerically and experimentally tested the behavior of laminar mixed 

convective heat transfer in HX tube installed with baffles. These baffles are 20-rings 

that are connected together axially and connected radially to the inner tube surface. 

Using ANSYS FLUENT version 15.0, a performed computation fluid dynamics (CFD) 

modeling to achieve heat transfer enhancement in HX tubes equipped with turbulator 

baffles under laminar flow conditions were carried out. Moreover, the effects of pitch 

ratio (Pitch /Diameter) (P/D) = 3, 6, and 10 and Reynolds number 𝑅𝑒 ≤  480 were 
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recorded.  The novel application of the rings that are connected axially together and 

radially to the inner tube surface contributes to the long-term storage of thermal energy 

and promotes heat transfer via conduction from the tube surface to the center line of 

the water flow within a short period. In the study, the baffles generated a vortex to 

increase the Nusselt number (Nu) inside the HX. To simulate heat flux, a calculated 

the constant wall heat flux of the receiver tube using an electric heater. Results 

indicated that using 20 rings as baffles produces maximum heat transfer at Nu< 30 

instead of plain tubes improves heat transfer by up to 75%. As P/D decreased and Re 

increased, the heat transfer rate, thermal enhancement factor (TEF) increased. The 

friction factor, TEF and the Nusselt number for the receiver tube with baffles were 

compared with those of plain tube without baffles under similar flow conditions to 

determine the heat transfer enhancement. The correlations for the Nusselt number, 

friction factor, and TEF were developed a PTC receiver tube equipped with artificial 

baffles. The developed system is capable of delivery 226 L/day water at ≥ 50℃. 
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Pembekalan air minum bersih merupakan satu masalah besar di dunia. Proses 

penyedian air bersih memerlukan bahanapi yang bauyak dengan memberikesan kepada 

persekitanan, economi dan kesihatanmanusah febu. Pengumpul palung parabolik 

(PTC) solar telan dibina untuk memenuhi keperluan air minum untuk sebuah 

perkampunpan oli kawasan pada pasir tanpa menggunakanbahan api fosil. PTC yang 

mengsunakan kuasa soar adalah lebih disukai berbanding pengumpul plat rata kerana 

suhu yang lebih tinggi mudah dincapai. Rekabentuk, fabrikasi dan prestasi pengumpul 

palung parabolik berkuasa solar yang diperbuat dari keluli tahan-karat (PTC) dengan 

sudut rim 90° dan kawasan apertur 3 m×1.314 m sebagai sistem penjana air panas telah 

dikaji.   Beban graviti dan deformasi yang disebabkan oleh pengembangan haba tiub 

penerima (𝛿𝑅) juga turut diselidik.  Membandingkan deformasi sedemikian dengan 

kelebaran imej solar dalam satah fokus = (𝑤) menunjukkan deformasi maksimum 1.43 

mm di bahagian tengah tiub penerima yang berada dalam had yang boleh diterima.  

Deformasi tiub penerima adalah satu ujian yang penting untuk menilai prestasi haba 

PTC.  Prestasi PTC dinilai berdasarkan kepada ASHRAE Standard 93.  Dalam kajian 

ini, prestasi haba dan termodinamik tiub penerima untuk (PTC), peningkatan peralihan 

haba dan penalti kehilangan tekanan untuk penukar penerima dilengkapi dengan 

turbulator sesekat dikaji secara eksperimen semasa nilai numerikal aliran nombor 

Reynolds yang rendah.   Halangan tiruan di sebelah bawah tiub-tiub penerima boleh 

meningkatkan koefisien peralihan haba diantara tiub-tiub penerima (penukar haba, 

HX) (PTCs) dan air sebagai bendalirnya.  Dalam kajian ini, ujian eksperimental dan 

numerikal perilaku peralihan haba konvektif bercampur laminar dalam tiub HX 

dipasang dengan sesekat.  Sesekat ini adalah 20-gegelung yang bersambung secara 

paksi dan jejari kepada permukaan bahagian dalam tiub.   Dengan menggunakan 

ANSYS FLUENT version 15.0, pemodelan dinamik bendalir komputasi (CFD) untuk 

mencapai peningkatan peralihan haba dalam tiub HX yang dilengkapi dengan sesekat 

turbulator dalam keadaan aliran laminar telah dijalankan. Tambahan lagi, kesan-kesan 
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nisbah nada (Pitch /Diameter) (P/D) = 3, 6, dan 10 dan angka Reynolds 𝑅𝑒 ≤  480 

telah dilaporkan.  Aplikasi baru gegelung yang disambungkan secara paksi dan jejari 

kepada permukaan bahagian dalam tiub menyumbang kepada simpanan jangka 

panjang tenaga haba dan menggalakkan peralihan haba melalui konduksi dari 

permukaan tiub kepada garis tengah aliran air dalam jangka masa yang pendek.  Dalam 

kajian ini, sesekat menjana satu vorteks untuk meningkatkan nilai angka Nusselt (Nu) 

dalam HX.  Untuk merangsang fluks haba, fluks haba dinding yang malar pada tiub 

penerima diperolehi menggunakan sebuah pemanas elektrik.  Keputusan menunjukkan 

bahawa dengan menggunakan 20 gegelung sebagai sesekat mengharilkan pemindalan 

haba maksinum pada Nu ≤ 30, dan bukan tiub biasa, ini boleh menambahbaik 

pemindahan haba sebanyak 75%.  Apabila P/D berkurang dan Re bertambah, kadar 

pemindahan haba, faktor peningkatan haba (TEF) juga bertambah.  Faktor geseran, 

TEF dan angka Nusselt untuk tiub penerima dengan sesekat dibandingkan dengan tiub 

biasa tanpa sesekat di dalam keadaan aliran yang sama untuk menentukan peningkatan 

pemindahan haba. Korelasi nilai angka Nusselt, faktor geseran, dan TEF telah 

membangunkan tiub penerima PTC yang dilengkapi dengan sesekat tiruan. Sistem 

yang dibangunkan itu mampu menjana air sebanyak 226 L/hari pada suhu ≥ 50℃. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Nowadays there is an increase in energy demand as a result of growing of population

and the rising standard of living. By the year 2030, the world's energy demand is

expected to increase by over 60% of current demand (Jebasingh & Herbert 2016). The 

use of fossil fuels as energy sources extremely affect the economy, environment, and

human health (Shahin et al. 2016). Therefore, many countries tend to use renewable

energy sources to meet their energy requirements without relying on fossil fuels,

especially in water purification processes. Renewable energy is the energy from

natural and unnatural sources including wind, biomass, solar, and waste heat energy

generated through various human activities (Shahin et al. 2016). One of the most

favorable renewable energy sources available today is solar energy.

According to the World Health Organization (WHO) report in 1984, for living

standard, each person needs (3-5) liter of drinking water per day (Fiorenza et al. 2003; 

Eltawil 2008), the capita need at least 2 liters of hot water per day for household uses

like coffee and baby formula. The production of hot water by using electrical heater

still relies heavily on the use of fossil fuels to generate electricity and is the main factor

in environmental pollution. Therefore, clean and alternative sources are needed for the

production of hot water. Solar energy is an available and clean form of renewable

energy used as an alternative to fossil fuels in generating energy. However, the 

maximum extraction of thermal energy from the sun is most challenging (Shahin et al.

2016).

A solar collector receive the sun's irradiation and transferred to heat energy, by

increasing temperature or changing the phase of working fluid. Working fluid thermal

energy can be utilized directly for different applications. Parabolic trough solar

collectors (PTC) are a type of focusing collectors used to heat water or generate vapor.

They consist of a reflective material in the shape of a parabola, a receiver tube, and

support structures. The collector utilizes the solar rays from the sun, reflecting them

onto the receiver tube which contains a heat transfer fluid (HTF) to produce hot fluid,

as shown in Figure 1.1 (Shahin et al. 2016; Jafar & Sivaraman 2017).
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Figure 1.1 : Schematic of a parabolic-trough collector (Cabrera et al. 2013) 

The PTC can be classified into two main groups of applications: for electricity 

generator and thermal applications for industrial processes (Jaramillo et al. 2016; Jafar 

& Sivaraman 2017). Concentrated Solar Power by using parabolic trough concentrator 

is one of the important renewable energy technologies for the generation of thermal 

energy for some industrial processes that requires temperatures between 85 and 250 ℃ 

(Fernández-García et al. 2010). These applications include distillation, evaporation, 

pasteurization, drying, cleaning and cooking, among others, as well as applications 

with low temperature heat demand and high consumption rates such as swimming pool 

heating, space heating and household hot water (Jaramillo et al. 2016).  

Nowadays, researchers developed new devices using thermodynamic and technical 

economic analysis, and control methodologies to enhance the solar collector efficiency 

(Eskin 1999). The researchers also improved the reflective materials, absorber surfaces 

and receiver materials to augment the convection heat transfer coefficient in receiver 

tube working fluid (Choudhari & G 2013). 

Generally, many techniques are utilized to enhance the heat transfer tube heat 

exchangers by increasing of fluid mixing, fluid vortices and turbulence intensity 

(Gholami et al. 2014). Many flow turbulators like baffles, wire coil and twisted tape 

have been used as tube/channel inserts to enhance turbulent, convection, and 

conduction heat transfer in the heat exchangers (Nanan et al. 2017). It is important to 

consider both of flow friction characteristics and heat transfer with one another to 

evaluate the thermal performance of receiver tube (heat exchangers H.X).  Many 

researchers recorded that the flow friction characteristics and heat transfer are 

extremely dependent on turbulators geometry (Bellos et al. 2016).  
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1.2 Problem Statement 

Clean drinkable water is a big problem in the world (Morad et al. 2015), therefore, two 

studies achieved at Universiti Putra Malaysia (UPM) to design and fabricate solar 

distiller system. Driver (2014) conducted research on parabolic trough collector (PTC) 

for portable solar water distiller system, with parabolic length of 1m (Driver 2014). 

Khiabani (2011) studied a numerical simulation of shell and tube heat exchanger as a 

condenser for portable distiller system. (Khiabani et al. 2011). All The reported works 

are at laboratory scale. There is a need to bring the work to an actual site and upscale 

it for water supply to village. Therefore, factors related to upscale must be studied. 

These factors include uncertainty, manufacturability and ability of PTC, wind load, 

and increasing performance of solar distiller by increasing Nusselt number. 

Design and improve PTC system to produce 200 L/day of drinking water, needs to 

choose the low emmettance and high absorbance receiver tube material, and build 

reliable, repeatable, deliverable, and less maintenance system. It also need to Increase 

convection and conduction heat transfer inside receiver tube by increasing turbulant 

and vortex which taken place by using baffles, rings turbulator, or change the flow 

design for more than two passes.  Increasing heat transfer inside receiver tube will led 

to a sub-problem of how to study the effect of free convection inside tube that using 

turbulator baffles. Especially, according to literature review the researchers who 

studied the design of PTC were conducted numerical and experimental study used 

glass enveloped as a receiver tube cover to reduce heat lost to the environment. Other 

researchers utilized Nano-fluid particles to enhance heat transfer in receiver tube.  

Researchers also deal with the shape of receiver tube (U-tube, elliptical, convex 

corrugated) to augment Nusselt number. However all reported studies did not use 

turbulator baffles to promote heat transfer coefficient in receiver tube of PTC (Menbari 

et al. 2017; Fuqiang et al. 2016; Behar et al. 2015; Nolte et al. 2015; Jafari et al. 2015; 

Wu et al. 2015; Cheng et al. 2015; Wang et al. 2015).  

Researchers who using different geometries of turbulator baffles (ball, helical twisted 

belt, twisted tape, wire coil, vortex rings, and elliptic shape plat) which inserted inside 

tube to increase convection heat transfer in heat exchangers, they did not study the 

conduction heat transfer from inner surface of heat exchanger tube to the centre line of 

flow inside tube, these researches also studied only forced convection heat transfer in 

tubes. (Jasinski 2017; Sun et al. 2017; Jafar & Sivaraman 2017; Maradiya et al. 2017; 

Diwan & Soni 2015; Rivier et al. 2015).  

Finally, many researchers studied the free or combine (free and forced) convection 

heat transfer  in tube, however they usually use plain tube in mixed convection 

condition (Meyer & Everts 2018; Li et al. 2016; Hekmatipour et al. 2016; Colla et al. 

2015; El Hasadi 2013; Feng & Li 2013; Li & Feng 2013; Allahyari et al. 2011).  
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Using electrical energy for water purification process still relies heavily on the use of 

fossil fuels which has the negative effect on human health, economy, and environment.  

Therefore, there is a need to use clean and alternative sources of energy to meet the 

requirement of the purification process. Solar energy is an available and favourable 

renewable energy that can use to fulfil the energy demands. However, the maximum 

extraction of thermal energy from the sun is most challenging (Shahin et al. 2016). 

Flat plate collector (FPC) and parabolic trough collector (PTC) are two technique that 

used to convert solar irradiation to the heat energy in water as a working fluid. The 

maximum output temperature that obtained by utilizing FPC is 140℃ at best weather 

condition, however the productivity extremely reduce with windy, cloudy, and dusty 

weather (Zou et al. 2016; Morad et al. 2015; Kalogirou 2004). The PTC output 

temperature range are 350℃ to 400℃, and it can be work in the worst weather 

condition such as windy and dusty weather.  Moreover, it can be work even under the 

condition of solar radiation of less than 310 (𝑊 𝑚2⁄ ) (Zou et al. 2016; Cabrera et al. 

2013; Lüpfert et al. 2001). 

This work will be considered the solar powered parabolic trough collector as a heat 

supply to the receiver tube.  The research will also be considered the flow and the 

thermal mechanism of laminar mixed convection and conduction heat transfer inside 

receiver tube as a result of using turbulator baffles with low working fluid velocity <
1(𝑚 𝑠⁄ ).   

1.3 Hypotheses 

1) The new Nusselt number is equal to old Nusselt number for plain tube 

(𝑁𝑢𝑛𝑒𝑤 = 𝑁𝑢𝑜𝑙𝑑)𝑃𝑙𝑎𝑖𝑛 𝑡𝑢𝑏𝑒.  

2) The new Nusselt number is more than old Nusselt number for tube equipped 

with baffles (𝑁𝑢𝑛𝑒𝑤 > 𝑁𝑢𝑜𝑙𝑑)𝑡𝑢𝑏𝑒 𝑤𝑖𝑡ℎ 𝑏𝑎𝑓𝑓𝑙𝑒𝑠. 

3) Using turbulator baffles inside receiver tube for increase Nusselt number. 

4) Increase reflector aperture area for increasing amount of incidence radiation 

receive.  

 

 

1.4 Objectives 

The aim of this work is to design and develop a PTC system that can produce 200 liter 

per day of hot water with temperature of more than 50℃ for household usage of village 

families in a desert area. 

The specific objectives of the study are: 
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1) To develop mathematical model to produce 200 L/day heated water using

baffles.

2) To design and analysis the receiver tube with turbulator baffles for enhancing

heat transfer.

3) To validate the numerical model with experimental work.

1.5 Scope and Limitations 

Designing solar powered parabolic trough collector for hot water generation with high

efficiency is divided into two sub-projects as solar collector and receiver tube (heat

exchanger). The (PTC) performance higher than flat plate collector, especially in a

dusty weather in Baghdad-Iraq, due to the PTC has a wide range of temperature as

high as 400℃ and received a large amount of falling radiation compared with other

types of collectors. The current study is focused on designing, fabrication, and testing

of PTC and receiver tube for desert climate of Baghdad.

The limitation of study are using theoretical calculation for design PTC according

ASHRAE standard. The PTC receiver tube able to produce 200 liter per day of hot

water with temperature more than 50 ℃ at ambient temperature range 36℃ to 53℃ as

a result of using baffles turbulator. Nusselt number Nu < 30 required for computation

of number of baffels rings to provide the required output in worst weather condition in

Baghdad-Iraq. Therefore, the stainless steel (304) material will use to fabricate the 

receiver tube as PTC heat exchanger. The flow inside receiver tube is one-phase (liquid

only), then using drinking water as a working fluid.

The scope of this study is to present accuracy design of parabolic trough collector with 

large aperture area and 90° rim angle follow ASHRAE guidelines 93. Furthermore, the 

study present design of receiver tube (heat exchanger) with 3m long and big tube 

diameter (50 mm) is commonly available; and to be easily fabricate, for cleaning and 

maintenance activities.  

1.6 Thesis Layout 

The thesis starts with introduction in chapter one.  Chapter two includes literature 

review of solar collector especially PTC, as well as review of method enhancing heat 

transfer in tube with basic equations related to PTC and tube design and some 

important points that must be considered for designing PTC. Research Methodology 

is presented in chapter three with physical, thermodynamics and hydraulic 

mathematical calculation for heat exchanger and validation methods between 

experimental test and numerical/mathematical analysis.  Chapter four presents a 

comprehensive explanation with all results related in designing of PTC and receiver 

tube. Chapter five presents the conclusion of this study and recommendation for future 

work. 



© C
OPYRIG

HT U
PM

 

145 

6 REFERENCES 

Abdallah, S., 2004. The effect of using sun tracking systems on the voltage-current 

characteristics and power generation of flat plate photovoltaics. Energy 

Conversion and Management, 45(11-12), pp.1671–1679. 

Al-Douri, Y. & Abed, F.M., 2016. Solar energy status in Iraq: Abundant or not—Steps 

forward. Journal of Renewable and Sustainable Energy, 8(2), p.025905.  

Alhamdo, M.H. & Alkhakani, a J., 2017. Dynamic response of a modified water tank 

exposed to concentrated solar energy. IOP Conference Series: Materials Science 

and Engineering, 227, p.012002.  

Ali, F.A., 2011. Computation of Solar Radiation on Horizontal Surface Over Some 

Iraqi Cities. Engineering and Technology Journal, 29(10), pp.2026–2043. 

Allahyari, S., Behzadmehr, a. & Hosseini Sarvari, S.M., 2011. Conjugate heat transfer 

of laminar mixed convection of a nanofluid through a horizontal tube with 

circumferentially non-uniform heating. International Journal of Thermal 

Sciences, 50(10), pp.1963–1972.  

Amina, B. et al., 2016. Heat transfer enhancement in a parabolic trough solar receiver 

using longitudinal fins and nanofluids. Journal of Thermal Science, 25(5), 

pp.410–417.  

Ananth, J. & Jaisankar, S., 2013. Experimental studies on heat transfer and friction 

factor characteristics of thermosyphon solar water heating system fitted with 

regularly spaced twisted tape with rod and spacer. Energy Conversion and 

Management, 73, pp.207–213.  

Andre, M., Mier-Torrecilla, M. & Wüchner, R., 2015. Numerical simulation of wind 

loads on a parabolic trough solar collector using lattice Boltzmann and finite 

element methods. Journal of Wind Engineering and Industrial Aerodynamics, 

146, pp.185–194.  

ANSYS Inc., 2012. ANSYS FLUENT in ANSYS Workbench User ’ s Guide. 

Knowledge Creation Diffusion Utilization, 3304(October), pp.724–746. 

Ansys Inc., 2013. ANSYS Fluent User ’ s Guide. , 15(November), pp.724–746. 

Arasu, a V. & Sornakumar, T., 2006. Performance Characteristics of Parabolic Trough 

Solar Collector System for. Inernational Energy Journal, 7(2), pp.137–146. 

Arasu, V. & Sornakumar, T., 2005. Design and Simulation Analysis of a Parabolic 

Trough Solar Collector Hot Water Generation System. International Energy 

Journal, 6(2), pp.13–25. 



© C
OPYRIG

HT U
PM

 

146 

ASHRAE Standard, 93, 1986. Method of testing to determine the thermal performance 

of solar collectors. American Society of Heating, Refrigerating and Air – 

Conditioning Engineers: Atlanta, GA. ASHRAE Standard 93. 1986. , p.1986. 

ASHRAE Standard, 93, 2010. Method of testing to determine the thermal performance 

of solar collectors. Atlanta (GA): American Society of Heating, Refrigerating 

and Air-Conditioning Engineers. ASHRAE Standard 93. 2010. 

Baghdad Iraq, 2018. Baghdad , Iraq Lat Satellite Map, 

Bakar, R. a, 2010. Development Assessment of Solar Concentrating Power. , (May), 

pp.442–456. 

Bakos, G.C., 2006. Design and construction of a two-axis Sun tracking system for 

parabolic trough collector (PTC) efficiency improvement. Renewable Energy, 

31(15), pp.2411–2421. 

Bakos, G.C. et al., 2000. Design, optimisation and conversion-efficiency 

determination of a line-focus parabolic-trough solar-collector (PTC). Applied 

Energy, 68(1), pp.43–50. 

Behar, O., Khellaf, A. & Mohammedi, K., 2015. A novel parabolic trough solar 

collector model - Validation with experimental data and comparison to 

Engineering Equation Solver (EES). Energy Conversion and Management, 106, 

pp.268–281.  

Bellos, E. et al., 2016. Thermal enhancement of solar parabolic trough collectors by 

using nanofluids and converging-diverging absorber tube. Renewable Energy, 

94, pp.213–222.  

Bhattacharyya, A., 2013. Solar Stills for Desalination of Water in Rural Households. 

International Journal of Environment and Sustainability, 2(1), pp.21–30.  

Bhuiya, M.M.K. et al., 2016. Heat transfer augmentation in a circular tube with 

perforated double counter twisted tape inserts. International Communications in 

Heat and Mass Transfer, 74, pp.18–26.  

Bhuiya, M.M.K., Ahamed, J.U., et al., 2012. Heat transfer enhancement and 

development of correlation for turbulent flow through a tube with triple helical 

tape inserts. International Communications in Heat and Mass Transfer, 39(1), 

pp.94–101.  

Bhuiya, M.M.K., Chowdhury, M.S.U., et al., 2012. Heat transfer performance 

evaluation for turbulent flow through a tube with twisted wire brush inserts. 

International Communications in Heat and Mass Transfer, 39(10), pp.1505–

1512.  



© C
OPYRIG

HT U
PM

147 

Bilen, K., Akyol, U. & Yapici, S., 2001. Heat transfer and friction correlations and 

thermal performance analysis for a finned surface. Energy Conversion and 

Management, 42(9), pp.1071–1083. 

Braun, J.E. & Mitchle, J.C., 1983. Solar geometry for fixed and tracking surfaces. 

Solar Energy, 31(5), pp.439–444. 

Burkhard, D.G., Shealy, D.L. & Sexl, R.U., 1973. Specular reflection of heat radiation 

from an arbitrary reflector surface to an arbitrary receiver surface. International 

Journal of Heat and Mass Transfer, 16(2), pp.271–280. 

Cabrera, F.J. et al., 2013. Use of parabolic trough solar collectors for solar refrigeration 

and air-conditioning applications. Renewable and Sustainable Energy Reviews, 

20, pp.103–118. 

Canavarro, D., Chaves, J. & Collares-Pereira, M., 2013. New second-stage 

concentrators (XX SMS) for parabolic primaries; Comparison with conventional 

parabolic trough concentrators. Solar Energy, 92, pp.98–105.  

Cengel, Y. a, 2002. Heat Transfer, Complete Solution Manual to Accompany. , p.1300. 

Cengel, Y. a., Klein, S. & Beckman, W., 2002. Heat Transfer: A Practical Approach. 

In p. 896. 

Cheng, Z.D., He, Y.L. & Cui, F.Q., 2012. Numerical study of heat transfer 

enhancement by unilateral longitudinal vortex generators inside parabolic trough 

solar receivers. International Journal of Heat and Mass Transfer, 55(21-22), 

pp.5631–5641. 

Cheng, Z.D., He, Y.L. & Qiu, Y., 2015. A detailed nonuniform thermal model of a 

parabolic trough solar receiver with two halves and two inactive ends. 

Renewable Energy, 74, pp.139–147.  

Chokphoemphun, S. et al., 2015. Heat transfer augmentation in a circular tube with 

winglet vortex generators. Chinese Journal of Chemical Engineering, 23(4), 

pp.605–614.  

Choudhari, P.S.S. & G, P.T.S., 2013. Experimental Studies on Effect of Coil Wire 

Insert On Heat Transfer Enhancement and Friction Factor of Double Pipe Heat 

Exchanger. International Journal of Computational Engineering Research, 3, 

pp.32–39. 

Colla, L., Fedele, L. & Buschmann, M.H., 2015. Laminar mixed convection of TiO2-

water nanofluid in horizontal uniformly heated pipe flow. International Journal 

of Thermal Sciences, 97, pp.26–40. 



© C
OPYRIG

HT U
PM

 

148 

Collares, M. et al., 1991. High concentration two-stage optics for parabolic trough 

solar collector with tubular absorber and large rim angle. Solar Energy, 47(6), 

pp.457–466. 

Cooper, P.I., 1969. The absorption of radiation in solar stills. Solar Energy, 12(3), 

pp.333–346. 

Dang, A., 1986. Collector, collector-reflector systems-an an analytical and practical 

study. Energy Conversion and Management, 26(1), pp.33–39. 

Diego, S., 2003. Clear Dome Solar Thermal. http://www.cleardomesolar.com/. 

Diwan, K. & Soni, M.S., 2015. Heat Transfer Enhancement in Absorber Tube of 

Parabolic Trough Concentrators Using Wire- Coils Inserts Heat Transfer 

Enhancement in Absorber Tube of Parabolic Trough Concentrators Using Wire-

Coils Inserts. Universal Journal of Mechanical Engineering, 3(JANUARY), 

pp.107–112. 

Driver, A., 2014. Design and fabrication of solar powered water distiller. , p.202. 

Duffie, J. a., Beckman, W. a. & Worek, W.M., 2003. Solar Engineering of Thermal 

Processes, 4nd ed.,  

Eck, M., Feldhoff, J.F. & Uhlig, R., 2010. Thermal Modelling and Simulation of 

Parabolic Trough Receiver Tubes. ASME 2010 4th International Conference on 

Energy Sustainability, Volume 2, pp.659–666.  

Edenburn, M.W., 1976. Performance analysis of a cylindrical parabolic focusing 

collector and comparison with experimental results. Solar Energy, 18(5), 

pp.437–444. 

Eiamsa-ard, S., Nivesrangsan, P., et al., 2010. Influence of combined non-uniform wire 

coil and twisted tape inserts on thermal performance characteristics. 

International Communications in Heat and Mass Transfer, 37(7), pp.850–856.  

Eiamsa-ard, S., Rattanawong, S. & Promvonge, P., 2009. Turbulent convection in 

round tube equipped with propeller type swirl generators. International 

Communications in Heat and Mass Transfer, 36(4), pp.357–364.  

Eiamsa-ard, S., Thianpong, C. & Eiamsa-ard, P., 2010. Turbulent heat transfer 

enhancement by counter/co-swirling flow in a tube fitted with twin twisted tapes. 

Experimental Thermal and Fluid Science, 34(1), pp.53–62.  

Eltawil, M., 2008. Renewable Energy Powered Desalination Systems: Technologies 

and Economics-State of the Art. Recommendations, pp.1–38.  



© C
OPYRIG

HT U
PM

149 

Eskin, N., 1999. Transient performance analysis of cylindrical parabolic concentrating 

collectors and comparison with experimental results. Energy Conversion and 

Management, 40(2), pp.175–191.  

El Fadar, a. et al., 2009. Study of a new solar adsorption refrigerator powered by a 

parabolic trough collector. Applied Thermal Engineering, 29(5-6), pp.1267–

1270. 

Feng, Z.Z. & Li, W., 2013. Laminar mixed convection of large-Prandtl-number in-tube 

nanofluid flow, Part I: Experimental study. International Journal of Heat and 

Mass Transfer, 65, pp.919–927.  

Fernández-García, A. et al., 2010. Parabolic-trough solar collectors and their 

applications. Renewable and Sustainable Energy Reviews, 14(7), pp.1695–1721. 

Fernndez-Garc, A. et al., 2010. Parabolic-trough solar collectors and their applications. 

Renewable and Sustainable Energy Reviews, 14(7), pp.1695–1721. 

Fiorenza, G., Sharma, V.K. & Braccio, G., 2003. Techno-economic evaluation of a 

solar powered water desalination plant. Energy Conversion and Management, 

44(14), pp.2217–2240. 

Fuqiang, W. et al., 2016. Heat transfer performance enhancement and thermal strain 

restrain of tube receiver for parabolic trough solar collector by using asymmetric 

outward convex corrugated tube. Energy, 114, pp.275–292.  

Gang, P., Jing, L. & Jie, J., 2011. Design and analysis of a novel low-temperature solar 

thermal electric system with two-stage collectors and heat storage units. 

Renewable Energy, 36(9), pp.2324–2333.  

García, A. et al., 2005. Experimental Investigation on Heat Transfer and Frictional 

Characteristics. 

García-Cortés, S., Bello-García, A. & Ordóñez, C., 2012. Estimating intercept factor 

of a parabolic solar trough collector with new supporting structure using off-the-

shelf photogrammetric equipment. Applied Energy, 92, pp.815–821.  

García-Valladares, O. & Velázquez, N., 2009. Numerical simulation of parabolic 

trough solar collector: Improvement using counter flow concentric circular heat 

exchangers. International Journal of Heat and Mass Transfer, 52(3-4), pp.597–

609. 

Gaul, H. & Rabl, A., 1980. Incidence-angle modifier and average optical efficiency of 

parabolic trough collectors. Journal of Solar Energy Engineering, 102(1), 

pp.16–21. 



© C
OPYRIG

HT U
PM

 

150 

Geyer, M. & Lüpfert, E., 2002. E URO T ROUGH - Parabolic Trough Collector 

Developed for Cost Efficient Solar Power Generation. Transportation, pp.1–7. 

Available at: www.fika.org/jb/resources/EuroTrough.pdf. 

Ghadirijafarbeigloo, S., Zamzamian, a. H. & Yaghoubi, M., 2013. 3-D numerical 

simulation of heat transfer and turbulent flow in a receiver tube of solar parabolic 

trough concentrator with louvered twisted-tape inserts. Energy Procedia, 49, 

pp.373–380.  

Ghasemi, S.E. & Ranjbar, A.A., 2016. Thermal performance analysis of solar 

parabolic trough collector using nanofluid as working fluid: A CFD modelling 

study. Journal of Molecular Liquids, 222, pp.159–166.  

Gholami, A.A., Wahid, M.A. & Mohammed, H.A., 2014. Heat transfer enhancement 

and pressure drop for fin-and-tube compact heat exchangers with wavy 

rectangular winglet-type vortex generators. International Communications in 

Heat and Mass Transfer, 54(August), pp.132–140.  

Gong, G. et al., 2010. An optimized model and test of the China’s first high 

temperature parabolic trough solar receiver. Solar Energy, 84(12), pp.2230–

2245.  

Good, P. et al., 2016. A 1.2MWth solar parabolic trough system based on air as heat 

transfer fluid at 500°C — Engineering design, modelling, construction, and 

testing. Solar Energy, 139, pp.398–411.  

Gueymard, C. a., 2004. The sun’s total and spectral irradiance for solar energy 

applications and solar radiation models. Solar Energy, 76(4), pp.423–453. 

Guo, J. et al., 2011a. A numerical study on heat transfer and friction factor 

characteristics of laminar flow in a circular tube fitted with center-cleared 

twisted tape. International Journal of Thermal Sciences, 50(7), pp.1263–1270.  

Guo, J. et al., 2011b. A numerical study on heat transfer and friction factor 

characteristics of laminar flow in a circular tube fitted with center-cleared 

twisted tape. International Journal of Thermal Sciences, 50(7), pp.1263–1270.  
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