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Parabolic trough systems are one of the most commercially and technically developed 

technologies for concentrated solar power. With the current research and development 

efforts, the cost of electricity from these systems is approaching the cost of electricity from 

medium-sized coal-fired power plants. Some of the cost-cutting options for parabolic trough 

systems include: (i) increasing the sizes of the concentrators to improve the system’s 

concentration ratio and to reduce the number of drives and controls and (ii) improving the 

system’s optical efficiency. However, the increase in the concentration ratios of these systems 

requires improved performance of receiver tubes to minimise the absorber tube 

circumferential temperature difference, receiver thermal loss and entropy generation rates in 

the receiver. As such, the prediction of the absorber tube’s circumferential temperature 

difference, receiver thermal performance and entropy generation rates in parabolic trough 

receivers therefore, becomes very important as concentration ratios increase.  
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In this study, the thermal and thermodynamic performance of parabolic trough receivers at 

different Reynolds numbers, inlet temperatures and rim angles as concentration ratios 

increase are investigated. The potential for improved receiver thermal and thermodynamic 

performance with heat transfer enhancement using wall-detached twisted tape inserts, 

perforated plate inserts and perforated conical inserts is also evaluated. 

In this work, the heat transfer, fluid flow and thermodynamic performance of a parabolic 

trough receiver were analysed numerically by solving the governing equations using a 

general purpose computational fluid dynamics code. SolTrace, an optical modelling tool that 

uses Monte-Carlo ray tracing techniques was used to obtain the heat flux profiles on the 

receiver’s absorber tube. These heat flux profiles were then coupled to the CFD code by 

means of user-defined functions for the subsequent analysis of the thermal and 

thermodynamic performance of the receiver. With this approach, actual non-uniform heat 

flux profiles and actual non-uniform temperature distribution in the receiver different from 

constant heat flux profiles and constant temperature distribution often used in other studies 

were obtained.  

Both thermodynamic and multi-objective optimisation approaches were used to obtain 

optimal configurations of the proposed heat transfer enhancement techniques. For 

thermodynamic optimisation, the entropy generation minimisation method was used. 

Whereas, the multi-objective optimisation approach was implemented in ANSYS 

DesignXplorer to obtain Pareto solutions for maximum heat transfer and minimum fluid 

friction for each of the heat transfer enhancement techniques. 

Results showed that rim angles lower than 60o gave high absorber tube circumferential 

temperature differences, higher receiver thermal loss and higher entropy generation rates, 

especially for flow rates lower than 43 m3/h. The entropy generation rates reduced as the inlet 

temperature increased, increased as the rim angles reduced and as concentration ratios 

increased. Existence of an optimal Reynolds number at which entropy generation is a 

minimum for any given inlet temperature, rim angle and concentration ratio is demonstrated. 

In addition, for the heat transfer enhancement techniques considered, correlations for the 

Nusselt number and fluid friction were obtained and presented. With heat transfer 

enhancement, the thermal efficiency of the receiver increased in the range 5% – 10%,          
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3% – 8% and 1.2% – 8% with twisted tape inserts, perforated conical inserts and perforated 

plate inserts respectively. Results also show that with heat transfer enhancement, the absorber 

tube’s circumferential temperature differences reduce in the range 4% – 68%, 3.4 – 56% and 

up to 67% with twisted tape inserts, perforated conical inserts and perforated plate inserts 

respectively. Furthermore, the entropy generation rates were reduced by up to 59%, 45% and 

53% with twisted tape inserts, perforated conical inserts and perforated plate inserts 

respectively. Moreover, using multi-objective optimisation, Pareto optimal solutions were 

obtained and presented for each heat transfer enhancement technique.  

In summary, results from this study demonstrate that for a parabolic trough system, rim 

angles, concentration ratios, flow rates and inlet temperatures have a strong influence on the 

thermal and thermodynamic performance of the parabolic trough receiver. The potential for 

improved receiver thermal and thermodynamic performance with heat transfer enhancement 

has also been demonstrated. Overall, this study provides useful knowledge for improved 

design and efficient operation of parabolic trough systems. 

Key words: Absorber tube; Computational fluid dynamics; Concentration ratio; Entropy 

generation rate; Heat transfer enhancement; Monte-Carlo ray tracing; Multi-

Objective optimisation; Parabolic trough receiver; Perforated plate inserts; 

Perforated conical inserts; Rim angle, Twisted tape inserts.  
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CHAPTER ONE 

 
CCHHAAPPTTEERR  OONNEE::  IINNTTRROODDUUCCTTIIOONN  

1.1 BACKGROUND 

Access to modern energy services is still a challenge to the world today, especially in 

developing countries. It is generally accepted that modern energy services are essential to the 

wellbeing of humankind and to the development of any country [1]. The provision of clean 

water, sanitation and health care, reliable and efficient lighting, heating and cooling, cooking, 

mechanical power, transport and telecommunication services depends on the availability of 

modern energy services [1]. According to the World Energy Outlook 2012 [1], millions of 

people gained access to modern energy services in the past two decades, most of them in 

India and China [1]. However, more than 1.3 billion people are still without access to much-

needed electricity, and 2.6 billion people still rely on traditional biomass to meet their fuel 

needs for cooking [1]. About 95% of those without access to modern energy services are in 

developing countries in Asia and sub-Saharan Africa.  

A secure and reliable supply of energy is essential for the growth and development of any 

economy. There is therefore a correlation between a country’s level of development and 

access to modern energy services. Figure 1.1 shows the World total primary energy supply by 

region [2], where most (61.4%) of the world’s primary energy supply is in the member 

countries of the Organisation for Economic Co-operation and Development (OECD). They 

include most of the developed nations such as the USA, Japan, the UK, Canada, Australia 

and the Netherlands. It is also clear that the demand for energy and therefore the primary 

energy supply is continuously increasing. The increase in the world’s population, increasing 

rates of urbanisation and industrialisation are partly responsible for the increase in the 

demand for energy. 
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(a) 

 

(b) 
Fig. 1.1: Total primary energy supply by region: (a) world total primary energy supply from 

1971 to 2010 by region (Mtoe) (b) 1973 and 2010 regional shares of total primary energy 

supply [2]. 

 

The world’s primary energy supply mix is predominantly based on fossil fuels, as shown in 

Fig. 1.2. The continued dependence on fossil fuels for meeting humankind’s energy needs has 

increased the emission of harmful substances and greenhouse gases into the atmosphere. The 

impacts of energy use on the environment are presented in detail by Dincer and by Dincer 

and Rosen [3,4]. The resulting emissions include carbon dioxide (CO2), methane (CH4), 

nitrogen oxides (NOx), halocarbons and others. CO2 is believed to be the most important 

anthropogenic greenhouse gas. The annual emissions of CO2 are estimated to have increased 

by 80% between 1970 and 2004 from 21 to 38 Gt [5]. The overall anthropogenic greenhouse 
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gas emissions have also increased overall since pre-industrial times: the increase was about 

70% between 1970 and 2004 [2,5]. Though the largest increase in greenhouse gas emissions 

has come from the energy supply [5], fossil fuels will continue to be the primary source of 

energy for some time. The demand for coal, oil and gas is expected to grow until 2035 [6]. 

The global energy demand will also continue to increase. The global energy demand is 

expected to go up by one-third by 2035. With the increase in demand for fossil fuels and 

energy, energy-related emissions are predicted to increase from 31.2 Gt in 2011 to 37 Gt in 

2035 [6].  

 

(a) 

 

(b) 
Fig. 1.2: Total primary energy supply by fuel: (a) world total primary energy supply from 

1971 to 2010 by fuel (Mtoe) and (b) 1973 and 2010 fuel shares of total primary energy 

supply [2]. 

 

The increased emission of greenhouse gases has significantly accelerated global warming and 

the resulting effects of climate change. The increase in the global average temperature, the 

rise in sea levels, flooding and loss of ice mass are some of the indications and the effects of 
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the changing climate. According to the IPCC [5,7], climate change is predicted to have severe 

impacts on systems and sectors. The impacts on the ecosystem will range from floods, 

wildfires, droughts, over-exploitation of natural resources, extinction of plant and animal 

species and negative consequences for biodiversity and ecosystem goods [5]. Additional 

impacts of climate change include a decrease in crop production, effects on industry, 

settlements and society due to floods and extreme weather conditions, higher incidence of 

disease, death and injury due to extreme weather conditions and pollution, and impacts on the 

availability and quality of water [5]. 

Consequently, the need to meet the ever-increasing energy demand, to ensure and improve 

access to modern energy services and to minimise the emission of greenhouse gases have led 

to increased research into, and the development of sustainable, clean and renewable energy 

technologies. The declaration by the United Nations of the year 2012 as the year of 

sustainable energy for all further underlines the importance of access to sustainable       

energy [1].  

Renewable energy resources, compared to non-renewable energy resources, are those that are 

replenished naturally. They are not finite when compared to non-renewable resources such as 

oil, coal or natural gas, which occur in finite amounts. Renewable energy resources include 

solar, wind, hydropower, biomass and geothermal sources. Renewable energy sources have 

several benefits when compared to fossil-based resources, such as little or no emissions, wide 

availability, the potential for use in the distributed generation of electricity [8] and lower 

costs of operation. According to the International Energy Agency [9], there has been a steady 

increase in hydropower generation, and solar and wind energy have been rapidly expanding. 

Predictions indicate that, by 2015, renewable energy will be the second-largest source of 

electricity and by 2035, it will approach coal as the primary source of global energy [9]. The 

decrease in technology cost, increase in fossil fuel prices, carbon pricing, continued subsidies 

[9], research and development of efficient and optimised power plant components [4] and 

provision of a secure supply of energy are some of the driving forces behind the rapid 

increase in renewable energy deployment. 

The solar energy resource is one of the renewable energy resources. It is the world’s most 

abundant and clean source of energy with the potential to meet a significant portion of the 
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global energy requirement. Even with a tiny part of the sun’s energy received on earth’s 

surface (about 1.7 x 1014 kW), it was estimated that only 84 minutes of solar radiation was 

equivalent to the world’s energy demand for one year of about 900 EJ in 2009 [10]. 

Furthermore, the potential of the solar resource is demonstrated by the DESERTEC concept 

developed by Trans-the Mediterranean Renewable Energy Cooperation (TREC). It shows 

that by using solar thermal technology in less than 1% of the Middle East and North African 

(MENA) deserts, sufficient electricity could be generated to meet the energy needs of 

Europe, the Middle East and North Africa (EU-MENA) [11]. Despite this enormous potential 

of the solar energy resource, there are still technical, economic and institutional challenges to 

its full exploitation [12]. As such, significant research and development efforts are still 

needed to overcome these challenges. Research and development focus at improving the 

existing or developing new, efficient and low-cost technologies so that the operation costs 

and capital costs can both be reduced.  

Concentrating solar power (CSP) technologies and solar photovoltaic technologies (PV) are 

the two main methods for converting solar radiation into electricity. Compared to solar 

photovoltaic technologies, the potential of CSPs to store thermal energy for later use makes 

them favourable for large-scale electricity generation. Besides electricity generation, CSP 

technologies have the potential to produce solar fuels and other energy carriers such as 

hydrogen [13], to provide energy for heating and cooling, and provide process heat and water 

desalination [14]. As such, CSPs are deemed to have great potential for mitigating climate 

change [13,15] and to provide reliable electricity [11,13]. With the reduction in the cost of 

generating electricity using concentrated solar power technologies [11,13,15-18], CSPs are 

becoming competitive with electricity from other alternative forms of energy and even 

becoming competitive with electricity from oil for sites with good solar radiation [11,19]. 

The estimated cost of electricity from solar thermal will be between 4-6 ¢/kWh by 2015. The 

cost at which it is competitive with fossil fuel alternatives was 5¢/kWh based on the 2002 oil 

prices [18]. Therefore, concentrated solar power will play a significant role in meeting the 

world’s energy needs. It will contribute about 7% of the world’s energy supply by 2030 and 

25% by 2050 for the advanced industry and high efficiency scenario, according to the global 

CSP outlook 2009 [17]. 
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CSP technologies use the direct solar radiation component of solar radiation [13,15,17]. 

Accordingly, they are usually deployed in regions with low atmospheric humidity, low dust 

and low fumes [13,17]. For these reasons, sites with direct normal irradiance of at least 2 000 

kWh/m2 are deemed suitable and the best sites are those with direct normal irradiance of 

more than 2 800 kWh/m2 per annum. Figure 1.3 shows a worldwide map of areas with 

potential for CSP deployment [20]. It can be seen from Fig. 1.3 that most sites with a high 

potential for CSP use are located in Northern Africa, Southern Africa, the Middle East, India, 

Australia, North America and South America [20].  

 

Fig. 1.3: Map showing the worldwide annual direct normal irradiation in kWh/m2/y for 

potential CSP sites [20]. 

 

Most CSP plants work in the same way as conventional power plants; they use steam or gas 

to drive turbines. Unlike conventional power plants that rely on fossil fuels, CSP plants use 

solar radiation from the sun. The sun’s energy is converted to high temperature steam or gas 

that is used to drive turbines and generate power. In general, CSP plants have four main 

components: the collector in the form of a concentrator, the receiver, transport media or 

storage media and power conversion devices [17]. The type and arrangement of these 

components are what differentiates the CSP technologies from other technologies. The 

collectors or concentrating systems can be linear or point-focusing. Linear systems 

concentrate up to 212 times (theoretical maximum limit), achieving temperatures of up to 
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550 oC, whereas point-focusing systems can concentrate up to more than 1 000 times, 

achieving working temperatures of the order of 1 000 oC and more [17].  

The main commercial technologies for CSP include parabolic trough systems, linear Fresnel 

systems, central receivers or solar towers and parabolic dishes. The output for each of these 

plants as of 2009 is shown in Table 1.1. As can be seen, most of the installed plants, plants 

under construction and proposed solar thermal power plants use the parabolic trough 

technology followed by the solar tower and then parabolic dishes.  

Table 1.1:  Solar thermal output for each technology as of 2009 [17]. 

Technology type Installed capacity 2009 

[MW] 

Electricity produced 

up to 2009 [GWh] 

Approximate capacity 

under construction 

and proposed [MW] 

Parabolic trough 500 >16 000 >10 000 

Solar tower 40 80 3 000 

Fresnel 5 8 500 

Dish 0.5 3 1 000 

 

As shown in Table 1.1, the parabolic trough technology is the most commercially established 

CSP technology today [10,17,21,22] and will continue to provide a significant portion of CSP 

electricity [15,17]. The successful operation experience of the first plants; the Luz Solar 

Electric Generating Systems (SEGS) in California’s Mojave Desert, is one of the factors that 

made the parabolic trough technology very successful. The SEGS plants were constructed in 

the period 1984-1990 in sizes between 14 MW – 80 MW, with an installed capacity of        

354 MW, covering more than 2 000 000 m2 of collector area [10,13,15,17,21]. They have 

been in continuous operation since then.  

The parabolic trough technology includes large fields of parabolic trough concentrator 

collectors; made of a parabolic linear reflecting surface (concentrator) and a linear receiver or 

heat collection element (HCE) at the collector’s focus, onto which the sun’s rays are focused. 

The receiver consists of an absorber, an evacuated glass envelope to reduce the heat loss and 

supporting structures. A heat transfer fluid flows through the receiver’s absorber tube where 

it is heated to high temperatures by concentrated solar radiation. The heated heat transfer 
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fluid then exchanges heat with the working fluid of a power cycle in the power block (usually 

water) to generate high-pressure superheated steam, which expands in the turbine, producing 

mechanical power that the generator converts into electrical power.  

Even though the parabolic trough receiver technology represents the most mature CSP 

technology available, it is believed that further improvements are possible [14,17,18,21]. The 

road map for the development of the parabolic trough technology highlights the research and 

development efforts needed to reduce the cost and improve the reliability and performance of 

the parabolic trough technology [23]. Research and development focus on all the components 

of the parabolic trough technology, ranging from improving the designs of the concentrators, 

trough receivers and reflectors, and the development of thermal storage systems, to advances 

in power cycle integration [21,23]. The SunShot initiative by the US department of energy 

represents one of the several research and development efforts to assess and improve the 

performance, increase the longevity and reduce the costs of CSP technologies [24].  

Increasing the size of the collectors of parabolic trough systems has the potential for cost 

reduction. Increased collector size would lead to a reduction in collector interconnections, 

drives, electronics and controls, and would therefore reduce costs [18,21]. The concentrator 

can be increased either lengthwise or aperturewise. With the availability of lightweight 

materials, concentrators are now longer than the ones previously used in the SEGS plants 

[18,21]. The EuroTrough, a European-developed parabolic trough concentrator, represents 

about a 14% reduction in solar field cost due to the reduction in weight and an extension of 

the collector to 150 m [25,26]. The other notable major development in concentrator 

technology is the SkyTrough®DSP, a novel parabolic trough system being developed by 

SkyFuel [27]. The entire programme works to achieve an optimised trough working at base 

load and temperatures of    100 oC above the state-of-the art systems. With these high 

temperatures, concentration ratios of 40%-90% greater than the prior state of-the-art and 

optical accuracies of 30% – 75% over the prior state of-the-art are anticipated [27]. Currently, 

the developed SkyTrough®DSP parabolic trough system has a 25% increase in concentration 

ratio, a 40% increase in aperture width and a 50% increase in length, compared to today’s 

troughs [27].     
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There is still a potential for an increase in parabolic trough concentration ratios. The 

maximum theoretical achievable geometrical concentration ratio for parabolic trough linear 

reflectors is about 212.  Lower concentration ratios of about 61-82 are today’s state-of-the-art 

for most of the installed commercial parabolic trough systems [10,16,18,21,25,28]. High 

concentration ratios would require highly accurate tracking mechanisms and improved 

receiver designs to overcome some of the limitations on operating at high temperatures. The 

performance limitations of the current receivers at high temperatures include the degradation 

of absorber tube selective coatings at high temperatures, the degradation of most heat transfer 

fluids beyond 400 oC [29], higher absorber tube selective coating emissivity at elevated 

absorber tube temperatures [30,31] and an increase in the circumferential temperature 

gradients of absorber tube [32-35]. Research to overcome these limitations and the 

development of improved receivers have been continuing and are still ongoing [21]. Further 

research efforts are being undertaken, such as research and development initiatives under the 

SunShot initiative [24]. 

As absorber tube coatings that can withstand high temperatures and as heat transfer fluids that 

can operate at higher temperatures are developed, the use of higher concentration ratios will 

become an attractive option. Already, the use of higher concentration ratios has been 

demonstrated for the SkyTrough®DSP parabolic trough [27]. With the increase in 

concentration ratios, the resulting high heat fluxes and the possible higher absorber tube 

circumferential temperature difference will necessitate high heat removal capacities from the 

receiver’s absorber tube. The circumferential temperature differences in the receiver’s 

absorber tubes are one of the causes of failure of receivers (glass cover breakages) [32,36]. 

For this reason, the reduction of these temperature gradients is paramount for increasing the 

life span of the receiver. Moreover, high heat fluxes on the receiver’s absorber tube will 

increase the heat transfer irreversibilities due to the high finite temperature difference. 

Minimising these irreversibilities is also essential to improve the thermodynamic 

performance of the entire collector system. 

Most studies on parabolic trough receivers focus mainly on the performance assessment, 

absorber tube selective coating, vacuum reliability, improved glass cover transmittance and 

improved absorber tube absorptance, with few or limited studies on enhancing the 
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thermodynamic performance and heat transfer. Some studies have considered the potential of 

heat transfer enhancement in the receiver’s absorber tube, with a view to improving the 

performance of the receiver. Muñoz and Abánades [32] have demonstrated the potential of 

heat transfer enhancement for reducing the absorber tube’s circumferential temperature 

difference. Enhancement of heat transfer in the receiver’s absorber tube is not only essential 

for reducing the absorber tube’s circumferential temperature difference, but also for 

improving the thermal and thermodynamic performance of the receiver. The improved 

thermal performance is achieved through a reduction in the receiver’s heat loss, thus 

increasing the heat transfer rate from the absorber tube to the heat transfer fluid. These all 

lead to improved thermodynamic performance through a reduction of heat transfer 

irreversibilities, especially at a high concentration ratio.  

Therefore, this work investigated the thermal and thermodynamic performance of the 

parabolic trough receiver at different rim angles, concentration ratios, inlet temperatures and 

Reynolds numbers. Also investigated were the potential of different heat transfer 

enhancement techniques for reducing the absorber tube’s circumferential temperature 

difference, improving heat transfer performance and minimising entropy generation due to 

heat transfer and fluid flow processes in the receiver’s absorber tube. 

1.2  REVIEW OF RELATED LITERATURE  

The research and development efforts in parabolic trough systems are broad, covering almost 

every component of the parabolic trough system [23,24]. In this research, the focus is on the 

thermal performance of the receiver as well as heat transfer enhancement in the receiver’s 

absorber tube. As the receiver is responsible for converting highly concentrated solar 

radiation into thermal energy, it is one of the crucial components in parabolic trough systems 

[21,36,37]. It is one of the reasons for the high efficiencies achievable in the current parabolic 

trough systems [21,23]. It is also the most critical part as far as the reliability of the entire 

parabolic trough system is concerned. Experience in the operation of the SEGS plants shows 

that the failure of the receiver tubes is one of the largest contributors to the operational costs 

of the plants [18,21,36]. At SEGS plants the cost of replacing a failed receiver tube has a 

payback period of 1 – 5 years [21]. This is why one of ways of further bringing down the cost 
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of electricity from parabolic trough systems is by improving the thermal performance and 

reliability of the receiver.  

 

Fig. 1.4: Schematic diagram of a parabolic trough receiver tube [21]. 

 

The conventional receivers in use today consist of an absorber tube with a selective coating to 

minimise the radiation heat loss. The absorber tube is enclosed in an anti-reflective evacuated 

glass envelope to minimise the convection heat loss. The glass-to-metal seals and metal 

bellows are used to ensure a vacuum condition in the space between the absorber tube and the 

glass cover and to accommodate the difference in thermal expansion between the steel and 

the glass cover. Figure 1.4 shows a conventional receiver tube [21]. 

Several options for improving the reliability of receivers have been developed and other 

efforts are still continuing. These efforts have developed and tested receivers that differ from 

the Luz types designed for the SEGS plants. They include the Solel UVAC receiver [21] and 

the SCHOTTs receiver [30]. Other low-cost receivers for use in low-temperature parabolic 

trough systems have also been developed and their performance assessed [38,39]. As 

discussed above, heat transfer enhancement in the receiver’s absorber tube will play a 

significant role in improving performance and in ensuring the receiver’s reliability, especially 

when using higher concentration ratios. However, studies on the use of heat transfer 

enhancement techniques on the performance of receiver tubes are still limited.  



 

Chapter One: Introduction 

 

 

12 

 

The next sections present a review of the literature related to the thermal performance and 

heat transfer enhancement of parabolic trough receivers.  

1.2.1 THERMAL PERFORMANCE OF PARABOLIC TROUGH RECEIVERS 

The receiver’s thermal performance greatly affects the thermal efficiency of the collector and 

the efficiency of the entire power plant. Accordingly, several studies dedicated to the 

assessment of the thermal performance of the receiver tube have been conducted. Most 

important, thermal performance analysis is used to assess the performance of different 

receiver configurations and different operating conditions. Studies on receiver thermal 

performance include experiments under actual operating conditions, steady-state laboratory 

investigations and recently, numerical analysis using computational fluid dynamics tools. 

Dudley et al. [40] carried out thermal testing of the LS-2 collector and provided information 

on the efficiency and thermal losses of the collector under various operating conditions. A 

full collector module including the concentrator, the receiver, support structure was 

investigated using the AZTRAK rotating platform at the SANDIA National Laboratories. 

Two receivers with different coatings were used: cermet and black chrome in three 

configurations, i.e. one with a glass envelope and vacuum, another with a glass envelope 

filled with air and the third with a bare absorber tube. The cermet coated receiver had a 

performance superior to that of black chrome, given its lower emissivity. The evacuated 

receiver also showed better performance than the one with air in the annulus and the other 

with no glass envelope at all. 

In a similar study, Dudley et al. [40] investigated the thermal performance of an Industrial 

Solar Technology collector [41]. The tests showed an improved optical efficiency of 77% 

because of the silver-film reflectors, the black nickel selective coating and the solgel anti-

reflective glass receiver envelope used. An experimental facility for parabolic trough 

collectors was also built to assess the thermal performance of the collector in the Tongzhou 

district in Beijing [42]. The variables were the mass flow rate of the heat transfer fluid and 

the solar radiation heat flux. The efficiency achieved was in the range 40% – 60%.  

Almanza et al. [35] experimentally studied the behaviour of receivers under direct steam 

generation. They concluded that, to avoid the thermal stresses from the presence of the 
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circumferential temperature difference in the receiver’s absorber tube, steel tubes should be 

replaced by copper tubes. Using steel absorber tubes (thermal conductivity = 54 W m-1K-1) 

the temperature difference was about 60 oC causing a deflection of about 6.5 cm that broke 

the glass cover. When using copper absorber tubes (thermal conductivity = 389 Wm-1K-1), a 

temperature difference of 10 oC was observed with a deflection of 2 mm. 

Concerning steady-state laboratory tests, the receiver is tested for thermal performance under 

uniform heat flux conditions. The electrical power needed to maintain the temperature 

constant is the receiver heat loss at that temperature. Burkholder and Kutscher [31] used this 

method to investigate heat loss in two Solel UVAC3 receivers in the range of absorber tube 

temperatures of 300 oC to 400 oC. The heat loss was presented as a function of the difference 

between the average absorber tube temperature and ambient temperatures. In a similar study, 

Burkholder and Kutscher [30] studied the heat loss for SCHOTT’s new receiver (PTR®70). 

The heat loss was found to be a strong function of the average absorber tube temperature. The 

emissivity of the absorber tube also depended on the temperature of the absorber tube. 

Lüpfert et al. [43] presented a study on the experimental analysis of the thermal performance 

of trough receivers. They used steady-state equilibrium, quasi-steady-state and surface 

measurement tests, all without solar irradiation, to determine the receiver’s heat loss. Some 

deviations in the measurements were reported due to the different testing conditions. The 

assumed evenness of the absorber tube temperature for laboratory testing also represents a 

source of deviations in the measured heat loss. Nevertheless, these authors report the same 

trend of increasing heat loss with absorber tube temperature. 

Price et al. [44] reported the results obtained by using an infrared camera for evaluating the 

in- situ performance of parabolic trough receivers. They observed temperatures of up to over 

170 oC in the glass cover, depending on the design of the receiver, the life of the receiver and 

whether the receiver incorporated hydrogen removers or had getters. Hydrogen build-up in 

the annulus space is one of the causes of the observed high receiver tube temperatures due to 

the increase in heat loss as hydrogen is formed in the vacuum space [45]. 

Forristall [45] developed and validated a heat transfer model for the parabolic trough receiver 

implemented in EES. The model accounts for all the heat transfer modes in the conventional 
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receivers with or without vacuum, as well as a receiver without a glass envelope, different 

absorber tube selective coatings, different gases in the annulus space and different wind 

speeds. Similar to the previous heat loss tests, the heat loss is expressed as function of the 

average absorber tube temperature above the ambient temperature. The heat loss increased as 

this temperature difference increased. In addition, the wind speed is shown to have a strong 

effect on the collector’s thermal efficiency for the case of a bare absorber tube. The 

accumulation of hydrogen in the annulus space is shown to increase significantly the thermal 

losses when compared to the evacuated receiver tube and one with air in the annulus space. 

The author recommends a study of the possible use of heat transfer enhancement in the 

absorber tube to improve the receiver’s thermal performance. 

The presence of a circumferential temperature difference in parabolic trough receivers is a 

cause for concern and significantly affects their reliability [35]. Several studies have reported 

the existence of temperature gradients/differences in the circumference of the receiver’s 

absorber tube [32-35,46]. These temperature gradients induce thermal stresses that can 

generate some bending moments in the receiver and therefore cause eventual failure, 

especially in high-performance applications such as direct steam generation [35,46]. Lüpfert 

et al. [46] experimentally produced temperature maps using an infrared camera with a highly 

spectral filter. They report uneven temperature distribution in the longitudinal direction as 

well as around the absorber tube circumference. He et al. [34] used a Monte-Carlo ray trace 

procedure coupled with a finite volume method to solve the heat transfer mechanism in the 

parabolic solar collector system. Their analysis also shows the existence of a circumferential 

temperature difference in the absorber tube. In an absorber tube of a fixed size, an increase in 

the geometric concentration ratio reduced the non-uniformity in the heat flux on the absorber 

tube surface. The studies by He et al. [34] and Cheng et al. [33] both demonstrate the use of a 

Monte-Carlo ray trace to represent the non-uniform solar flux on the receiver.  

With the increased computational power of the available computers as well as advances in 

computational fluid dynamics, the complex heat transfer mechanisms underlying the thermal 

performance of a parabolic trough receivers can now be studied [33,34,47]. This has enabled 

several investigators to build numerical models to assess the thermal performance of various 

receiver configurations. He et al. [34] and Cheng et al. [33] demonstrate the use of numerical 
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methods that combine Monte-Carlo ray tracing and computational fluid dynamics so that the 

actual performance of parabolic trough collector system can be accurately represented.  

Several other configurations of the receiver tube have been investigated. Roesle et al. [47] 

used computational fluid dynamics and Monte-Carlo ray tracing to study the performance of 

a parabolic trough receiver with an active vacuum system. They show that the temperature of 

the glass cover, the absorber tube temperatures and heat loss increase as the absorber tube 

temperature and heat transfer fluid temperature rise. Al-Ansary and Zeitoun [39] present the 

results of an investigation into an insulated air-filled annuli receiver tube for low temperature 

applications. The use of insulation significantly reduced the receiver’s heat loss. A uniform 

heat transfer coefficient and a constant bulk fluid temperature were used as the boundary 

conditions on the absorber tube. The effect of the absorber tube’s angle of orientation on heat 

loss was investigated and shown to be small. In another study on modified receivers for low 

temperature applications, Daniel et al. [38] showed that a receiver with an outer vacuum shell 

performed better than a non-evacuated receiver tube. The receiver also showed better 

performance than the evacuated receiver at a higher value of emissivity and that wind speed 

had a negligible effect on its performance. In their study, a uniform heat flux was assumed on 

the absorber tube circumference. The effect of the receiver’s angle of orientation on thermal 

performance and glass cover temperature was not investigated. 

In summary, a significant amount of research has been carried out to assess and improve the 

thermal performance of parabolic trough receiver tubes. All these investigations have shown 

that the thermal performance of the receiver is reduced as the absorber tube temperatures 

increase. Other studies showed the existence of non-uniform absorber tube circumferential 

temperatures, which are likely to induce stresses and cause receiver failures. Still other 

investigators showed the potential for modifying the receiver for low temperature 

applications, using air in the annulus space between the absorber tube and the glass cover. 

This would give a low-cost and reliable receiver by avoiding the use of the glass-to-metal 

seals found in conventional evacuated receivers. Most of the above studies are limited to the 

thermal analysis of the receiver, and none of the studies examines the thermodynamic 

performance of the receiver. Moreover, most of these studies do not present the effect of the 

rim angle and concentration ratio on both the thermal and thermodynamic performance and 
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use a uniform heat flux on the receiver’s absorber tube. Thermodynamic performance 

analysis becomes important in parabolic trough systems, especially as the concentration ratios 

and heat fluxes on the receiver’s absorber tube increase, resulting in higher entropy 

generation rates due to the greater difference in finite temperature.  

1.2.2 HEAT TRANSFER ENHANCEMENT 

As in other engineering applications, heat transfer enhancement in parabolic trough receivers 

has the potential to improve the receivers’ performance significantly. In the literature review 

of the receiver’s thermal performance presented above, it is shown that a receiver’s heat loss 

mainly depends on the temperature of the absorber tube [30,31,43]. Therefore, improved 

receiver performance due to heat transfer enhancement can be achieved through a reduction 

in the absorber tube’s average temperatures and an increased heat transfer rate from the 

absorber tube to the heat transfer fluid. Furthermore, the reduction in the absorber tube’s 

circumferential temperature difference due to heat transfer enhancement [32] is another 

benefit of heat transfer enhancement, especially at low flow rates. This will be essential for 

improving the reliability of the receiver, especially as the use of higher concentration ratios 

becomes feasible [24,27]. As the absorber tube’s average temperatures reduce, the radiation 

heat loss will also reduce, further improving the receiver’s thermal performance. Further 

improvement in thermal performance due to a reduction in the radiation heat loss will result 

from the lower emissivity of the absorber tube’s selective coating as the absorber tube’s 

temperatures reduce. Moreover, a reduction of entropy generation at higher concentrations 

and higher heat flux is worth investigating as it could be another likely benefit of heat transfer 

enhancement in parabolic trough receivers. 

Given the above benefits, considerable attention is being given to heat transfer enhancement 

in parabolic trough receivers. Studies on various techniques for heat transfer enhancement in 

parabolic trough receivers are recommended [45]. The role of computational fluid dynamics 

in studying heat transfer enhancement in parabolic trough receivers under actual conditions or 

approximate conditions cannot be under-estimated. Recent studies have used computational 

fluid dynamics tools to represent the complex heat transfer mechanisms involved in parabolic 

trough receivers. 
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Reddy et al. [48] used porous fins to study heat transfer enhancement in parabolic trough 

receivers. They used a commercial computational fluid dynamics code (FLUENT) in their 

analysis and used the RNG k-ε model for turbulent closure. The performance of the porous 

fins was compared with that of a solid fin and found to be significantly better. They presented 

a correlation for the Nusselt number and used a comparative study to obtain optimal porous 

fin geometries. The optimum fin geometry was found to be 4 mm for the considered receiver 

tube with a spacing of 49.5 mm between the consecutive porous fins. 

Kumar and Reddy [49] report on an investigation on heat transfer enhancement in a parabolic 

trough receiver with wall-mounted porous discs. Different orientations, heights and distance 

between the discs were considered and their influence on the receiver’s thermal performance 

investigated. They achieved optimum thermal performance with a top-mounted half-porous 

disc receiver with a height H = 0.5di, spacing w=di and angle of orientation θ = 30o. At the 

optimal configuration, the Nusselt number increased by about 64% and the pressure drop 

penalty of    457 Pa against a tubular receiver was obtained. 

Recently Muñoz and Abánades [32] used CFD tools to investigate the use of internal helical 

fins on the performance of a parabolic trough receiver. The emphasis of the study was on 

reducing the temperature gradients in the receiver’s absorber tube. The temperature 

difference of about 176.5 oC in the absorber tube for non-enhanced receiver was obtained for 

the low flow rates used. The authors show that using internally helically finned absorber 

tubes, the temperature difference can be reduced by up to 41.6% depending on the 

configuration of the helical fins. 

Another recent study by Cheng et al. [50] showed an improvement in the heat transfer 

enhancement of the receiver tube using longitudinal vortex generators. They studied the 

effects of Reynolds numbers, heat transfer fluid inlet temperature, incident solar radiation and 

geometrical parameters of the vortex generators. These authors show that for a smooth tube, 

the increase in Reynolds number reduces both the heat loss and the absorber wall 

temperatures. The performance evaluation in heat transfer enhancement based on equal 

pumping power is shown to increase with an increase in the temperature of the heat transfer 

fluid. The thermal loss for the enhanced receiver is reduced by 1.35% – 12.10% for the range 

of parameters studied. Larger Reynolds numbers provided a comprehensive heat transfer 
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performance. The average Nusselt number and average fluid friction increased with the 

geometrical parameters while the wall temperature and thermal losses decreased with an 

increase in the geometrical parameters considered.  

Despite the limited studies on heat transfer enhancement in parabolic trough receivers, the 

field of heat transfer enhancement has been greatly developed and various heat transfer 

enhancement techniques have been developed and investigated. The review on heat transfer 

enhancement by Bergles [51,52], Webb [53] and Manglik [54] indicates the importance of 

heat transfer enhancement and the enormous database of technical literature available.  

The enhancement techniques are broadly classified as passive – those requiring no direct 

external power input, and active – those requiring direct external power input [53]. The 

effectiveness of either of the two methods strongly depends on the application under 

consideration and whether it is used for single-phase or multi-phase heat transfer [52]. Since 

these techniques involve no direct external power supply and usually have fewer 

complications, passive enhancement techniques tend to be used more in most applications 

and have been widely investigated [53]. Their enhancement capabilities for a given 

application can be determined using different criteria as given by Bergles and by Webb 

[52,53].  

The available passive techniques for heat transfer enhancement include [52] the following: 

� Treated surfaces – involving the fine-scale alteration of surface finish or coating. 

� Rough surfaces – ranging from random sand grain-type rough surfaces to discrete 

protuberances.  

�  Extended surface – including the use of fins, interrupted surfaces and ribbed surfaces. 

� Displaced enhancement devices – these are inserted into the flow channel to indirectly 

improve energy transport at the heated surface. Flow is displaced from the core of the 

flowing fluid to the surface being cooled.  

� Swirl flow devices – including geometrically varied flow arrangements, duct 

modification and tube inserts. They promote heat transfer through fluid agitation and 

mixing induced by the generated secondary circulation from the helical fluid motion. 

They include twisted tapes, axial cores with screw-type windings, helical vane inserts, 

static mixers, inlet swirl vanes and helically twisted tubes. 
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� Coiled tubes – generating secondary flow, leading to higher single-phase coefficients. 

� Surface tension devices – consisting of wicking or grooved surfaces to direct the flow. 

� Additives for liquids and additives for gases. 

Two or more of the above techniques may be used together to provide better heat transfer 

enhancement.  

Among the passive enhancement techniques mentioned above, tube inserts appear attractive 

for heat transfer enhancement in parabolic trough receivers. Given the high temperatures and 

high heat fluxes that can be achieved and the likely thermal stresses due to modification of 

the absorber tube surface, the absorber tube surface should essentially be left intact and heat 

transfer enhancement achieved through fluid agitation, mixing or displacement. Furthermore, 

it is paramount to avoid formation of temperature hot spots that are likely in areas of low heat 

transfer, as is the case with enhancement techniques involving re-circulation and re-

attachment. With the current heat transfer fluids, the decomposition of the heat transfer fluid 

is accelerated with temperatures higher than 400 oC [29,55] and the hydrogen formed 

significantly increases the heat loss [45,46].   

Several inserts are available as displaced enhancement devices or as swirl flow devices. 

Among the swirl flow devices, twisted tape inserts are the most widely used devices in many 

industrial applications for transfer enhancement [56]. They provide very high heat transfer 

enhancement with a relatively low pressure drop and are easy to install [52,54,56]. Regarding 

displaced enhancement devices, the heated surface is left intact and fluid flow near the 

surface is altered by the insert. Displaced enhancement devices include metallic mesh, static 

mixer elements, rings, disks or balls. They provide significant heat transfer enhancement but 

have a high pressure drop. In view of this, a method for heat transfer enhancement in the core 

flow along the tube was developed by Liu et al.[57,58]. They propose temperature uniformity 

in the core flow of the tube as a way of forming a thin thermal boundary layer near the wall 

and a high temperature gradient and these have high heat transfer enhancement effect. The 

essentials and further consideration of the proposed mechanism include: (a) strengthening the 

temperature uniformity in the core flow; (b) avoiding an increase in velocity gradients in the 

core; (c) reducing the disturbance to the hydrodynamic boundary layer inside the tube; and 

(d) reducing the surface area of the heat transfer component in the core flow to minimise 
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surface friction [57]. The use of porous media inserts is considered to satisfy the above 

requirements, especially for ensuring temperature uniformity [57-59]. The additional benefits 

of the use of porous media in heat transfer enhancement are better stiffness and a light 

weight, higher surface area to volume ratio and reduced local thermal stresses [60].  

Therefore, twisted tape inserts and displacement enhancement devices have the potential to 

enhance heat transfer in parabolic trough receivers. In the present research, an investigation 

of heat transfer enhancement in parabolic trough receivers using twisted tape inserts and 

perforated inserts is considered numerically. The perforated inserts investigated are 

perforated plate inserts and perforated conical inserts. 

Heat transfer enhancement results in increased fluid friction irreversibility and reduced heat 

transfer irreversibility. Thermodynamic optimisation requires that the generated entropy due 

to heat transfer enhancement should be less than that of a non-enhanced device or, better still, 

should be a minimum [61]. This is because the generation of entropy is directly proportional 

to the destruction of the available work according to the Gouy-Stodola theorem [61]. Higher 

entropy generation rates result in greater destruction of the available work. The entropy 

generation minimisation method (EGM) that is synonymous with thermodynamic 

optimisation, second law analysis, etc. and first introduced by Bejan [62], provides a means 

of determining the irreversibilities in engineering systems through the second law of 

thermodynamics. The EGM method combines the fundamental principles of fluid mechanics, 

heat transfer and thermodynamics for establishing the irreversibility in a system or system 

components. In heat transfer, the EGM method finds applications in both internal and 

external flows, heat exchanger design as well as in heat transfer enhancement [61]. Therefore, 

for each heat transfer enhancement technique, the resulting entropy generation rates will be 

analysed and compared to those in plain absorber tubes.  

Furthermore, in addition to heat transfer enhancement, most heat transfer enhancement 

techniques result in increased pressure drops. For applications where maximizing the heat 

transfer and minimizing the pressure drop are equally important, the heat transfer technique 

should be optimised so that sufficient heat transfer enhancement is achieved with the 

minimum pressure drop or fluid friction. This presents a multi-objective optimisation 

problem. There is no single solution which satisfies both objectives for such a problem. 
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Instead, a set of solutions called non-dominated solutions is sought, in which an increase in 

the quality of one objective sacrifices the quality of the other [63]. Therefore, the designer 

has a choice among a set of trade-off solutions. Multi-objective genetic algorithms are suited 

to such problems [63,64] and have been used for the analysis of engineering problems 

involving more than one objective [65-72] as well as in the optimisation of heat exchangers 

and heat transfer devices [73-80]. 

In summary, heat transfer enhancement in parabolic trough receivers provides a means of 

improving performance and reducing temperature gradients in the receiver’s absorber tube. 

Despite the significant amount of research on heat transfer enhancement in many engineering 

applications, there has been little research on heat transfer enhancement in parabolic trough 

receivers. Moreover, studies are not widespread on heat transfer enhancement in parabolic 

trough receivers with the realistic non-uniform heat flux boundary condition on the receiver’s 

absorber tube. Most studies on heat transfer enhancement, as provided in reviews by      

Webb [53], Manglik [54] and Bergles [51,52,56], use constant heat flux or constant 

temperature boundary conditions on the tube’s surfaces, yet parabolic trough receivers 

present a non-uniform heat flux distribution on the absorber tube’s surface. Furthermore, the 

studies presented in the above reviews provide significant information on heat transfer and 

fluid friction and correlations are presented in most cases. However, studies are not 

widespread on finding optimum configurations based on multi-objective optimisation 

techniques and thermodynamic optimisation through entropy generation minimisation. 

1.3 NEED FOR THE STUDY 

The increased need for reducing the cost of electricity from concentrated solar power systems 

is one of the drivers of the current research on and development of concentrated solar power 

technologies. Improving the performance of the receiver and increasing the concentrator sizes 

(concentration ratios) are some of the cost reduction options for parabolic trough technology. 

The use of higher concentration ratios in parabolic trough collectors provides an opportunity 

to reduce system costs. However, high concentration ratios give rise to high heat fluxes and 

result in high absorber tube circumferential temperature gradients and high heat transfer 

irreversibilities in parabolic trough receivers. With these, heat transfer enhancement appears 

an attractive option for improving receiver’s thermal performance.  
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Despite the enormous number of investigations on heat transfer enhancement and the several 

heat transfer enhancement techniques developed, heat transfer enhancement in parabolic 

trough receivers has not been widely investigated. Moreover, entropy generation in the 

receiver at different concentration ratios, rim angles, inlet temperatures and Reynolds 

numbers and the analysis of entropy generation of several heat transfer enhancement 

techniques used in parabolic trough receivers, have not been investigated. In addition, most of 

the studies available in the literature on the thermal performance of parabolic trough receivers 

assume a constant heat flux around the circumference of the receiver’s absorber tube, yet the 

actual realistic heat flux profile is non-uniform. 

Therefore, in this work an appropriate thermal model of a parabolic trough receiver is 

developed and used to investigate the thermal and thermodynamic performance of a parabolic 

trough receiver with and without inserts for heat transfer enhancement. Unlike, other models 

that assume constant heat flux on the reeciver’s absorber tube, this model uses the actual heat 

flux profile which provides a means for determining actual circumferential temperature 

gradients in the receiver’s absorber tube.   

1.4 RESEARCH OBJECTIVES 

1.4.1 GENERAL OBJECTIVE 

The overall objective of this work was to develop thermal and thermodynamic models for 

investigating the performance of a parabolic trough receiver and to investigate the potential 

for improvement in receiver thermo-hydraulic and thermodynamic performance with several 

heat transfer enhancement techniques.  

1.4.2 SPECIFIC OBJECTIVES 

In order, to achieve the general objective, the following specific objectives were defined: 

� To develop and validate a numerical model to predict the thermal performance of 

parabolic trough receivers with a realistic non-uniform heat flux profile. 

� To investigate the entropy generation due to heat transfer and fluid flow irreversibilities 

in parabolic trough receivers at different operating conditions. 

� To investigate the heat transfer enhancement potential of twisted tape inserts, perforated 

plate inserts and perforated conical inserts in parabolic trough receivers: develop 
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relevant correlations for heat transfer and fluid friction, determine the potential absorber 

tube circumferential temperature reductions and determine the resulting entropy 

generation rates.  

� To determine optimal configurations and conditions of the considered heat transfer 

enhancement techniques for maximum heat transfer rate, minimum fluid friction and 

minimum entropy generation. 

1.5 RESEARCH APPROACH 

The developments in electronics have made high power and fast computers available. This, 

together with availability of general-purpose CFD codes, has made it possible to solve 

complex heat transfer and fluid flow problems with complex boundary conditions, complex 

geometries as well as complex multi-physics. The present research used a general-purpose 

commercial CFD code to study the thermal performance and heat transfer enhancement in 

parabolic trough receivers. A numerical model was developed and validated to predict the 

performance of a parabolic trough receiver. The developed model was then used to evaluate 

the receiver’s thermal and thermodynamic performance.  

Several techniques for heat transfer enhancement in the receiver’s absorber tube have been 

suggested and analysed numerically. The heat transfer enhancement techniques include the 

use of wall-detached twisted tape inserts, perforated plate inserts and perforated conical 

inserts. The potential of these enhancement techniques in providing maximum heat transfer 

enhancement at minimum pressure drop with low levels of entropy generation was also 

investigated through the simultaneous use of multi-objective optimisation and entropy 

generation minimisation. 

For all the numerical investigations, validation was achieved by conducting mesh dependence 

tests and comparing the numerical results with the experimental data or numerical data 

reported in related studies available in the literature. 

1.6 ORGANISATION OF THE THESIS 

This thesis is organised in eight chapters. For better organisation and ease of understanding, 

Chapters four, five, six, and seven are written as semi-autonomous chapters, detailing the 

solution procedure, validation of the numerical models, results and discussions and 
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conclusions. Chapters five, six and seven have been written with stand-alone introduction 

sections for a better work flow. Chapter three gives the detailed explanation of the numerical 

modelling framework and optimisation. A detailed explanation of each chapter of the thesis is 

given below.  

� Chapter One provides a general background to the study, presents a brief review of the 

related literature on parabolic trough receiver thermal performance and heat transfer 

enhancement. The need for the study, objective of the study and research approach are 

also presented in this chapter. 

� Chapter Two gives a review of the fundamentals of concentrated solar power systems, 

with specific emphasis on parabolic trough receivers.  An in-depth presentation of the 

theoretical aspects of the thermal and thermodynamic performance of the parabolic 

trough receivers is given in this chapter. 

� Chapter Three presents the numerical modelling used in this study. The governing 

equations and turbulence modelling procedure are discussed in detail. This chapter also 

presents the fundamental aspects of the method for minimising entropy generation for 

heat transfer problems. Finally, the chapter discusses the multi-objective optimisation 

method. The optimisation procedure used in the present work is presented in detail with 

a discussion of the relevant steps involved. 

� Chapter Four presents the development and validation of the numerical model for the 

thermal performance of a parabolic trough receiver. This chapter demonstrates the non-

uniformity of heat flux on the receiver and the presence of circumferential temperature 

difference in the receiver’s absorber tube. The thermal performance of the receiver with 

non-uniform heat flux at different rim angles and concentration ratios is discussed in this 

chapter. 

� Chapter Five provides an analysis of the entropy generation in parabolic trough 

receivers at different conditions. This chapter gives a detailed analysis of entropy 

generation in a parabolic trough receiver with a plain absorber tube at different inlet 

temperatures, concentration ratios, rim angles and Reynolds numbers. The entropy 

generation due to heat transfer and fluid flow irreversibilities are investigated 
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numerically. The chapter also compares the entropy generation due to heat transfer and 

fluid flow with the entropy generation for the entire collector system. 

� Chapter Six describes a detailed numerical investigation of heat transfer enhancement 

in a parabolic trough receiver, using twisted tape inserts. Different twist ratios and width 

ratios of the twisted tape are considered and an analysis given of the potential of the 

twisted tape inserts for improving heat transfer and the thermal performance of the 

receiver, reducing the absorber tube’s circumferential temperature difference and 

minimising entropy generation. Correlations for Nusselt numbers and the friction factor 

obtained are also presented. The chapter further presents the results from the multi-

objective optimisation approach.  

� Chapter Seven presents a detailed numerical investigation of heat transfer enhancement 

in a parabolic trough receiver, using perforated inserts. Two types of inserts are 

considered, i.e. perforated plate inserts and perforated conical inserts. For different 

variables of the two inserts, the potential is investigated for enhancing heat transfer, 

reducing the absorber tube’s circumferential temperature difference and minimising 

entropy generation using each insert. Correlations for Nusselt numbers and the fluid 

friction are developed and presented. The chapter also presents the results of a multi-

objective optimisation approach to maximise heat transfer and minimise fluid friction 

for each of the inserts considered. 

� Chapter Eight provides the general conclusions drawn from this study and makes 

recommendations on possible future work.   
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CHAPTER TWO 

 

CCHHAAPPTTEERR  TTWWOO::    CCOONNCCEENNTTRRAATTEEDD  SSOOLLAARR  PPOOWWEERR  

FFUUNNDDAAMMEENNTTAALLSS  

2.1 INTRODUCTION 

This chapter serves to lay a foundation for an understanding of concentrated solar power. It 

begins with a description of the commonly used concentrated solar power technologies, the 

advantages and disadvantages of each and then gives a more detailed theoretical background 

to parabolic trough technology. 

2.2 CONCENTRATED SOLAR POWER TECHNOLOGIES 

In the past decade, the concentrated solar power (CSP) industry has grown rapidly and is 

expected to continue growing in the next years. CSP installations generated about 436 MW of 

the world’s electricity by 2008, the projects under construction in 2009 were expected to add 

another 1 000 MW by 2011 and other planned projects are expected to add another        

10 000 MW by 2017 [17]. The installed capacity was about 3.6 GW by the end of 2013 

according to the IEA 2014 technology roadmap for solar thermal electricity [81]. This shows 

the rapid growth of the CSP industry sector. The cost of CSP electricity is decreasing and it is 

deemed that it will continue decreasing and become competitive with thermal generation 

from medium sized coal plants [17,19]. The cost of CSP electricity is mainly affected by the 

solar resource, grid connectivity, local infrastructure, project development costs and type of 

technology. Cost reductions can be achieved by scaling-up plant sizes, advances in research 

and development, greater market competition and the increased production volume of 

components, and government actions through good legislation, preferential financing and tax 

or investment incentives [17]. 

The concept of concentrating solar radiation to achieve higher temperatures was first 

demonstrated by Archimedes around 212 B.C., when he devised a concave metallic mirror 

from hundreds of polished shields to burn an attacking Roman fleet [16]. Since then, many 
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attempts have been made to convert solar energy into other forms [16]. The commercial 

exploitation of concentrated solar power was demonstrated in the mid-1980s, when the first 

large-scale solar electricity generation plants were built in California’s Mojave Desert 

[13,16,21]. Given the vast renewable resource it uses (the sun) and very few shortcomings, 

CSP has since demonstrated huge technical and economic promise [17] and many 

technologies have been developed and others are still in the research and development phase. 

Most technologies for concentrating solar power and its consequent conversion into 

electricity use the same principle. The main components required for all CSP technologies 

include a concentrator, a receiver, heat transport media or storage, and a power conversion 

unit. The variation in the shape and configuration of these components is what differentiates 

one technology from another. The four major CSP technologies for electricity generation are 

the parabolic trough, the parabolic dish, the central receiver (also called solar tower) and the 

linear Fresnel reflector. 

2.1.1 PARABOLIC TROUGH  

In this type of technology, parabolic trough shaped mirrors reflect the sun’s direct solar 

radiation onto a linear receiver, also called the heat collection element, placed at the trough’s 

focal line as shown in Fig. 2.1. The parabolic trough collectors have the property that all rays 

parallel to the axis of the parabola are reflected to a single point, the focal point of the 

parabola, and for cylindrical collectors the rays are reflected to a focal plane. Parabolic trough 

systems for high temperature delivery fall in the category of sun-tracking imaging collectors 

where the system continually follows the motion of the sun. Figure 2.1 shows an arrangement 

of a parabolic trough collector system. 

Usually single-axis tracking is sufficient, making it possible to use long collector modules 

[16] Geometrical concentration ratios up to 212 are theoretically achievable. The heat transfer 

fluid circulating through the receiver is heated (up to about 400 oC) and pumped through a 

series of heat exchangers to produce superheated steam. The superheated steam is then used 

for electricity generation in a cycle similar to the conventional steam cycle or integrated into 

a combined steam and gas cycle or an organic Rankine cycle [15]. 
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Fig. 2.1: Schematic diagram of a parabolic trough solar collector assembly [15]. 
 

2.1.2 CENTRAL RECEIVER/SOLAR TOWER 

These make use of a circular array of heliostats (larger individually tracking mirrors) to 

concentrate the sun’s direct solar radiation onto a central receiver. The highly concentrated 

radiation is then absorbed in the central receiver by an absorber and converted into thermal 

energy that is used for the generation of superheated steam. The heat transfer fluids mainly 

used include water/steam, molten salts, liquid sodium and air [15]. The high heat flux 

intercepted by the receiver results in temperatures higher than 1 500 oC [16]. Figure 2.2 

shows an arrangement of a central receiver. 

2.1.3 PARABOLIC DISH  

This concentrates direct solar radiation onto a receiver at its focal point. The schematic 

representation of the dish system is shown in Fig. 2.3 [15]. The dish must track the sun fully 

to reflect direct radiation onto the receiver. These receivers can achieve temperatures above 

1 500 oC, concentration ratios between 600 – 2 000 and are the most efficient of all the CSP 

technologies [16]. 
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Fig. 2.2: Schematic diagram of a solar thermal collector system with heliostats and a central 

receiver [15]. 

 

 

Fig. 2.3: Schematic diagram of a parabolic dish solar thermal system [15]. 
 

2.1.4 LINEAR FRESNEL REFLECTOR (LFR) 

These make use of near-flat reflector arrays to concentrate solar radiation onto elevated 

inverted linear receivers. Similar to parabolic trough systems, they are also linear focusing 

systems. They have the advantages of low cost for structural supports and reflectors, fixed 

fluid joints, receivers separated from the reflector system and long focal length allowing the 

use of flat mirrors [17]. 
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Fig. 2.4: Schematic diagrams of linear Fresnel solar thermal systems [17]. 

 

Parabolic trough technology represents the most mature solar thermal technology, both 

commercially and technically [15,17,21]. With research and development, the other 

technologies also have significant potential for concentrated solar power. Table 2.1 shows a 

summary of the application, advantages and disadvantages of each technology. 

Table 2.1: Comparison of the main types of concentrated solar thermal technologies. 

 Parabolic trough Central receiver Parabolic dish Fresnel linear 

reflector 

Applications - Grid-connected 

plants, mid to high-
process heat. 

- Highest single unit 

solar capacity to 
date: 80 MWe.  

- Total capacity 
built: over          
500 MW and more 

than 10 GW under 
construction or 
proposed. 

- Grid-connected 

plants, high 
temperature process 

heat. 

- Highest single unit 
capacity to date:     

20 MWe under 
construction. 

- Total capacity –     

50 MW with at least 
100 MW under 
development. 

- Stand-alone, small 

off-grid power 
system or clustered 

to large-scale grid-

connected dish parks. 
- Highest single unit 

capacity to date:    
100 kWe, proposal 
for 100 MW and    

500 MW in Australia 
and US. 

- Grid 

connected, or 
steam 

generation. 

- Highest single 
unit to date:        

5 MW, with     
177 MW of 
installation 

and under 
development. 

 

 

Advantages - Commercially  

Available. 

- Commercially 
proven annual net 

efficiency of 14% 

(solar radiation to 
electric output). 

- Good mid-term 

prospects for high 

conversion 
efficiencies, 

operating 
temperature potential 

beyond 1 000 oC. 

- Very high conversion 

efficiencies – peak 

solar to net electric 
conversion efficiency 

of over 30%. 
- Modularity. 

- Most effectively 

- Readily 

available. 

- Flat mirrors 
can be 

purchased 

and bent on 
site leading 
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- Commercially 

proven investment 
and operation 
costs. 

- Modularity 

- Good land-use 

factor 

- Lowest material 
demand. 

- Hybrid concept 

proven. 
- Storage capability. 

 

- Storage at high 

temperatures. 
- Hybrid systems 

operational. 

- Better suited to dry 
cooling concepts. 

- Better options to use 

non-flat sites. 

integrated thermal 

storage for a large 
plant. 

- Operation experience 

of first demonstration 
projects. 

- Easily manufactured 
and mass-produced 
from available parts. 

- No water 
requirements for 
cooling the cycle. 

to lower 

manufacturin
g costs. 

- Hybrid 

operation 
possible. 

- Very high 
space 
efficiency 

around solar 
noon. 

Disadvantag

es  

- The use of oil-

based heat transfer 

media restricts 
operating 
temperatures today 

to 400 oC, resulting 

in only moderate 

quality steam. 

- Projected annual 

performance values, 

investment and 
operating costs need 
wide-scale proof in 

commercial 

operation. 

- No large-scale 

commercial 

examples. 
- Project cost goals of 

mass production still 

to be proven. 
- Lower 

dispatchability 

potential for grid 
integration. 

- Hybrid receivers still 

an R&D goal.  
 

- Recent 

market 

entrant, 
only small 
projects 

operating. 

 Source: Adopted from Richter et al. [17]. 

 

Despite being the most technically and commercially proven of the CSP technology, research 

and development of parabolic trough system components is still ongoing. The recent 

developments include [15]: (i) advanced structural design to improve optical accuracy to 

reduce weight and costs; (ii) increasing collector sizes to reduce end losses, reduce on-drive 

systems and controls as well as connection piping; (iii) Next-generation receiver tubes to 

reduce thermal losses and increase reliability; (iv) improvements in the heat transfer medium 

operating temperature and performance; and (v) low-cost thermal bulk storage to increase 

annual operating hours and reduce generation costs. With the use of high concentration ratios, 

the absorber tube’s circumferential temperature difference and heat transfer irreversibility are 

expected to increase. Therefore, heat transfer enhancement will prove crucial to reducing the 

absorber tube’s circumferential temperature difference and minimising the heat transfer 

irreversibility. The present research has been done on the thermal performance and heat 
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transfer enhancement of the parabolic trough receiver. The following sections discuss the 

theoretical analysis of parabolic trough collectors as well as the thermal performance of the 

receiver. 

2.3  PARABOLIC TROUGH COLLECTORS 

Parabolic trough collectors are sun-tracking as well as concentrating collectors. For energy 

delivery at high temperatures, solar radiation is usually concentrated onto a small collection 

area by interposing an optical device between the sun and the heat collection surface [16]. 

Because of this, concentrating collectors collect very little diffuse radiation and some form of 

tracking is essential to ensure that the collector follows the sun. Figure 2.5 shows the installed 

EuroTrough collector system in operation. 

 

Fig. 2.5: Photograph of an installed EuroTrough parabolic trough system [26]. 

 

When pointed towards the sun, parallel rays from the sun are reflected onto a linear receiver, 

as such single-axis tracking is sufficient. Collectors are usually oriented along the east-west 

axis, tracking the sun from north to south or along the north-south axis, tracking the sun from 

east to west depending on the demand for the produced energy. The east-west oriented trough 

collectors with north-south tracking require less adjustment through the day and the full 

aperture always faces the sun at noon. But their performance in the early and late hours is 

strongly affected by large incidence angles. The north-south oriented trough collectors have 

high cosine losses at noon and the lowest losses during the mornings and evenings when the 

sun is due east or due west [16]. 
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The main components of the parabolic trough collector system include the concentrator, the 

receiver, the tracking mechanism and the supporting structure. The concentrator is made by 

bending a sheet of reflective material into a parabolic shape [10,16]. The high-quality of the 

glass material used has a high reflectivity – over 0.98. The receiver or heat collection element 

is the part of the collector system where the absorbed radiation is converted into heat and 

transferred to a heat transfer fluid. It consists of a linear metallic tube, called the absorber 

tube that is placed along the focal line of the trough and surrounded by a glass envelope that 

is evacuated to suppress convection loss. The size of the absorber is determined by the size of 

the reflected image of the sun and the tolerances during the manufacture of the trough [16]. 

Various forms of tracking the sun are available from very simple to very complex. Tracking 

mechanisms can be categorised as mechanical and electrical or electronic systems. The 

electronic systems give greater reliability and tracking accuracy; they include mechanisms 

employing motors controlled electronically through sensors that detect the magnitude of solar 

radiation and mechanisms using computer-controlled motors that provide feedback by 

measuring the solar heat flux on the receiver [16]. Several structural concepts have been 

proposed, such as the steel framework structures with central torque tubes or double             

V-trusses or fibreglass [10]. Recently, the design and manufacture of the Euro trough 

collector with advanced light-weight structures has significantly reduced the cost of 

electricity from parabolic trough receivers [25,26]. Advances in the research and 

development of parabolic trough technology and several achievements in terms of efficiency 

and cost reduction are presented by Price et al. [21]. 

2.3.1 PARABOLIC TROUGH GEOMETRY 

The geometry of the collector plays a significant role in the performance of the entire 

collector system. The optical efficiency and how much of the reflected rays are intercepted by 

the receiver are significantly influenced by the accuracy with which the concentrator is made.  

The geometry of the cross-section making up the parabolic trough concentrator is shown in 

Fig. 2.6 [10]. The important factors to consider in designing the collector include: the rim 

angle, φr; the rim radius, rr; the focal distance, fp; half acceptance angle, θm; and the receiver 

diameter to intercept the entire solar image, D. 
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Fig. 2.6: Schematic diagram showing parabolic trough collector geometry and reflection of 

rays from the mirror. 

 

The equations for determining these parameters are presented by Kalogirou, Duffie and 

Beckman and Stine et al. [10,28,82] respectively. 

The parabolic shape forming the concentrator is defined by the equation:   

2 4 py f x=  2.1 

For specular reflectors, and considering perfect alignment, there is a size of a circular receiver 

for which all of the incident solar image will be intercepted. Trigonometrically, the size D to 

intercept the entire solar image is given as [10] 

sin( )
2 sin( )

sin
a m

r m

r

W
D r

θ
θ

ϕ
= =  

2.2 

The half acceptance angle, θm, is determined by the accuracy of the tracking mechanism and 

the irregularities appearing in the reflector surface [10]. A small effect of these two gives θm 

close to the sun disc angle of about 16' and thus a smaller image and higher concentration. By 

contrast, a large effect of the error in tracking and reflector surface will result in image spread 

and less concentration. 

The rim radius is given accordingly as  

y 

x hp 

fp 
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2

1 cos
pf

r
ϕ

=
+

 2.3 

where φ is the angle between the collector axis and a reflected beam at the focus, so that the 

rim radius (rr) is a maximum at the rim of the collector and is determined from Eq. (2.3) 

when φ = φr. 

The collector’s aperture Wa is also given from Fig. 2.6 as 

2 sina r rW r ϕ=  
2.4 

Combining Eq. (2.3) and Eq. (2.4) gives 

4 sin( )
4 tan

1 cos( ) 2
p r r

a p

r

f
W f

ϕ ϕ
ϕ

 
 
 

= =
+

 
2.5 

The equations given above define a parabola of an infinite extent. For a truncated portion 

usually employed for actual collectors, the extent of the parabola depends on the ratio of the 

focal length to the aperture’s width [82]. The size of the truncated curve can then be specified 

for a given aperture in terms of either fp or Wa as shown in Fig. 2.7 [82]. 

 

 

Fig. 2.7: Focal length to aperture width ratio (fa/Wa) as a function of rim angle at a given 

aperture width [82]. 
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Once a specific curve has been selected, the height of the parabola, hp, shown in Fig. 2.6 is 

given by 

16
a

p

p

W
h

f
=  

2.6 

The rim angle is given by 

1 1 1
2

8
1

tan 2 tan sin
2

416 1

p

a a
rim

rpp

aa

f
W W

rff
WW

ϕ − − −

    
                              

= = =

−

 2.7 

 

Figure 2.7 shows that it is possible to use different rim angles for the same aperture. The 

mean focus-to-reflector distance is minimised as the rim angles increase but the material 

usage increases. With minimum focus-to-reflector distance, the beam spread is minimised 

because such tracking errors and slope errors are less pronounced [10]. However, a trade-off 

has to be made concerning the sacrifice in optical efficiency achievable at high rim angles 

and the material savings achievable at low rim angles. 

For a tubular receiver, the geometric concentration ratio, CR, is defined as the ratio of the 

projected aperture area to the projected area of the receiver as  

a

R

W L
C

D L

×
=

×
 2.8 

where L is the span-wise length of the collector and receiver.  

Substituting Eq. (2.2) and Eq. (2.4) in Eq. (2.8) gives 

sin( )
sin( )

r
R

m

C
ϕ
θ

=  
2.9 

According to Eq. (2.9), maximum geometric concentration ratio will occur when φr = 90o and 

is given as (CR)max = 215 for a half angle of 16'. Low concentration ratios are generally used, 
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currently up to 82 [21]. Higher concentration ratios are possible [24,27] but the tracking 

mechanisms should be as accurate as possible [16]. 

2.3.2 OPTICAL EFFICIENCY 

The collector’s optical efficiency determines how much of the incident solar radiation will be 

absorbed by the receiver. Several factors determine the collector’s optical efficiency and 

these include: the optical properties of the materials used, the geometry of the collector and 

various imperfections arising from the collector during manufacture and assembly. Other 

errors are due to the fact that the sun’s rays are not truly parallel. Many variations exist in the 

expressions for determining the collector’s optical efficiency; the widely used and acceptable 

definition is given by Kalogirou [10] as  

(1 tan ) cos
o c g abs f

Aη ρ τ α γ θ θ = −   2.10 

 

where ρc – is the reflectivity of the concentrator mirror, τg – the transmissivity of the glass 

envelope, αabs – the absorptivity of the absorber tube, θ – the angle of incidence of the solar 

rays. Af  is the geometric factor defined from the geometry of the collector, measuring the 

effective reduction of the aperture area due to abnormal incidence effects including: 

blockages, shadows and loss of radiation reflected from the mirror beyond the end of the 

receiver [10]. The parameter γ is the intercept factor defined as the ratio of energy intercepted 

by the receiver to the energy reflected by the collector. 

The suggested value of Af was given by Jeters in 1983 [10] as the ratio of the lost area to the 

aperture area. The lost area Al is given as [10] 

2

2

2
1

3 48
a

l a p p a

p

W
A W h f W

f

 
= + + 

  
 2.11 

 
where Wa  is the aperture diameter, hp – the height of the parabola, fp – the focal length and Af  

is 

l

f

a

A
A

A
=  2.12 
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The angle of incidence varies according to the declination of the sun, the hour angle, the 

latitude, zenith angle and the number of days. The detailed definition and determination of 

these angles is presented in [16,28]. 

The determination of the intercept factor involves determining the energy reflected from the 

concentrator and that incident on the receiver. As discussed above, the intercept factor 

depends on the size of the receiver, the surface angle errors inherent in the mirror and the 

solar beam spread. An optimally sized receiver will intercept between 90% – 95% of the 

incident solar radiation [28]. 

2.3.3 THERMAL ANALYSIS OF PARABOLIC TROUGH RECEIVERS 

The thermal analysis of the parabolic trough system centres mostly on the receiver system. 

The receiver is a central component to the performance of the entire trough system. It is the 

reason for the high efficiency of the current plants [21]. The performance of the receiver has 

been the subject of many investigations [21,30,31,37,39,83] and any new receiver that is 

developed must be tested to assess its thermal performance. 

The receiver or the heat collection element (as shown in Fig. 2.8) consists of a steel absorber 

tube enclosed in a glass jacket that is evacuated to suppress convection heat loss. The glass 

cover and absorber tube are sealed by bellows at the receiver end to keep the receiver 

evacuated and allow for thermal expansion between the glass envelope and the absorber tube. 

Getter material is provided to absorb any hydrogen that infiltrates from the heat transfer fluid. 

Radiation loss is minimised by using selective coating on the absorber tubes with high 

absorptivity to the incoming radiation low emissivity for infrared radiation [21]. 

The gas in the annulus space significantly influences the thermal performance of the receiver. 

Heat loss is significantly higher with increased amounts of hydrogen in the annulus space 

compared to the loss when there is air [45]. Hydrogen in the receiver’s annulus is formed 

when the temperatures of the heat transfer fluid reaches about 400 oC. At these temperatures 

and higher, the current heat transfer fluids begin to decompose [29,55]. A cross-section of the 

receiver tube is shown in Fig. 2.9. 
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Fig. 2.8: Schematic diagram of a parabolic trough receiver tube [21]. 
 

                                 

(a) Evacuated receiver                                                       (b) Non-evacuated receiver 

Fig. 2.9: Schematic diagrams showing cross-section views of evacuated and non-evacuated 
parabolic trough receiver tubes, respectively. 

 

The instantaneous efficiency of the collector is determined from the receiver’s energy 

balance. For a receiver of length L and area Ar, the useful energy is given as [10,16,28] 

( )a r L

u b o r a

A A U
q I T T

L L
η′ = − −  2.13 

 



 

Chapter Two: Concentrated solar power fundamentals 

 

 

40 

 

The useful energy is equivalent to the energy transferred by conduction to the heat transfer 

fluid inside the absorber tube. When the local fluid temperature is Tf, the useful energy per 

unit length can also be given by  

( )
'

ln
2

r

r f

u

ro ro ro

fi ri abs ri

A
T T

L
q

d d d

h d dλ

  − 
 =

+
 2.14 

Where hfi is the heat transfer coefficient on the inner wall of the absorber tube and λabs is the 

absorber tube’s thermal conductivity. For cases where analytical methods are used and Tr is 

not known, the elimination of Tr by combining Eq. (2.14) and Eq. (2.13) yields an appropriate 

equation relating useful heat to the overall heat transfer coefficient, ambient temperature, heat 

transfer fluid temperature, incident solar radiation and concentration ratio. 

The energy carried by the heat transfer fluid is  

( )u p outlet inletq mc T T= −ɺ  2.15 

The value of the overall heat transfer coefficient in Eq. (2.13) depends on the state of the 

receiver: whether it is bare, with air in the annulus or evacuated. 

For a bare receiver tube, assuming no temperature difference in the receiver, the overall heat 

transfer coefficient includes: convection and radiation from the surface as well as conduction 

through the supports [10]. It is therefore given as  

w r cLU h h h= + +  2.16 

where hw is the heat transfer coefficient due to wind effects. It is related to the Reynolds 

number according to Kalogirou [10].  

0.520.4 0.54Nu Re= +

for 0.1 < Re <1 000

 

2.17 

0.60.3Nu Re=

         for 1 000 < Re < 50 000

 

2.18 
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Burkholder and Kutscher [30] propose a simpler relation that gives an approximate value of 

the wind loss coefficient. It is given as  

24.9 4.9 0.18w w wh v v= + −  2.19 

The linearised radiation heat transfer coefficient is given as [28] 

4 4
r sky

r
r a

T T
h

T T
εσ

 
 
 
 

−
=

−
 2.20 

The conduction heat loss coefficient (hc) is estimated based on knowledge of the construction 

of the collector and how it is supported [10]. 

For an evacuated receiver in which the convection heat loss between the absorber tube and 

the glass cover are negligible, the overall heat transfer coefficient is given by Kalogirou [10] 

as 

, ,

1
( )

r
L

w r c a gc r r c

A
U

h h A h− −

 
 
  

= +
+

 2.21 

hr,c-a – is the linearised radiation coefficient from the cover to ambient temperature, as 

estimated by Eq. (2.20) (W/m2 K), Agc – is the area of the glass cover (m2), hr,r-c – is the 

linearised radiation coefficient from the absorber tube to the glass cover, given by 

( )2 2

,

( )

1 1
1

r c r c

r r c

r

r c c

T T T T
h

A

A

σ

ε ε

−  
 
 

+ +
=

+ −
 

2.22 

The convective heat transfer coefficient inside the absorber tube (hfi) appearing in Eq. (2.14) 

can be determined from the existing correlations for Nusselt numbers commonly used for 

internal forced convection. A modern correlation by Gnielinski [84] covering lower Reynolds 

numbers as well as larger Reynolds numbers and a wider range of Prandtl numbers is 

generally used and is given as [84]  



 

Chapter Two: Concentrated solar power fundamentals 

 

 

42 

 

( )

( )
0.5

2 /3

1000 Pr8

1 12.7 Pr 18

f Re

Nu
f

 
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 

 
 
 

−
=

+ −
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3×103 ≤ Re ≤ 5×106

 
2.23 

The friction factor in Eq. (2.23) is the Darcy friction factor, which can be determined for 

smooth tubes according to Petkuhov’s first equation as [84] 

( ) 2
0.790ln 1.64f Re

−
= −  

2.24 

The absorber tube’s thermal conductivity λabs, in Eq. (2.14) is also determined based on 

knowledge of the material used in the construction of the absorber tube. For stainless steel, a 

temperature-dependent thermal conductivity is given by [45] 

14.8 0.0153 rabs
Tλ = +  2.25 

The solution of the above equations will give the thermal performance of the parabolic trough 

receiver. Unknown parameters in the above equations are determined through an energy 

balance applied to the receiver. Accordingly, the energy that is lost from the absorber tube by 

radiation and convection is equal to the energy conducted through the glass and is equal to 

the energy lost from the surface of the glass envelope to the environment by convection and 

radiation. 

For a receiver of length L surrounded by a glass cover, the heat transfer from the absorber 

tube at Tro to the inside glass cover at Tgi , through the glass cover to the outside of the glass 

cover at Tgo and then to the surroundings is given by Duffie and Beckman as given in Eq. 

(2.26) [28].  

( ) ( ) ( )4 4 22

11ln ln

ro go gi g gi goeff

ro giloss
gi g goro

ro r g gi gi

d L T T T TL
Q T T

d dd
d d d

π σ πλπλ

ε
ε ε

   
      
   

− −
= − + =

−
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2.26 

or 
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( ) ( )4 4
go w go a g go goloss skyQ d Lh T T d L T Tπ ε π σ= − + −  2.27 

The subscript ro – represents the absorber tube outer wall, gi – represents the glass cover 

inner wall, go – represents the glass cover outer wall, g – represents the glass cover and r – 

represents the absorber tube, whereas σ is the Stefan Boltzman constant, where                          

σ = 5.670373×10−8 W m−2 K−4 and λg is the glass cover’s thermal conductivity. 

The effective thermal conductivity of air, λair,eff  depends on the state of the annulus space 

between the glass cover and the absorber tube and is determined according to the correlation 

given by Raithby and Hollands [84] 

,  

1
4*

air eff

air

Pr Ra
max 1, 0.386

0.861 Pr

λ
λ

       

×
=

+
 

Valid for Ra*≤ 107

 2.28 

where  

( )

4
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3 3
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Ra Ra

L d d
− −

  
     =

+
 2.29 

The characteristic Rayleigh number, RaL is based on the space between the absorber tube and 

the glass cover, Lc =(dgi - dro)/2 according to: 

3

2

( )
ro gi c

g T T L
Ra

β

ν

−
=   2.30 

For Ra* ≤ 100, Eq. (2.28) gives λair,eff = λair and convection currents become so negligible that 

heat is lost due to free molecular conduction. The reduction of annulus pressures to lower 

levels reduces the conductivity of air so much that at very low vacuum pressures, λair,eff  ≈ 0 

and only the radiation heat transfer term in Eq. (2.26) between the glass cover and the 

absorber tube is considered. As the pressure reduces, the thermal conductivity of air varies 

with pressure according to Potkay and Sacks [85]  
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7.6 101
air air o

c

x
LP

T

λ λ −=
+

  

2.31 

Where the characteristic length, Lc = (dgi - dro)/2. And λair,o is the thermal conductivity of air 

determined at standard temperature and pressure conditions   

The value of the sky temperature in these equations is approximated according to García-

Valladares and Velázquez [86] 

1.50.0552sky ambT T=  2.32 

The emissivity of the absorber tube varies with the temperature, depending on the selective 

coating used. For a cement-coated receiver, the emissivity is given by Kalogirou [83] as: 

ξabs = 0.000327(T+273.15) - 0.065971       2.33 

The equations presented in section 2.3.2 and 2.3.3 provide a way of characterising the optical 

and thermal performance of parabolic trough systems, respectively. The thermal analysis 

presented in section 2.3.3 assumes that there is a uniform temperature distribution on the 

absorber tube, which is not the case in an actual trough system. Accordingly, experimental 

methods [46] or numerical procedures should be used [33,34,47] to account for the non-

uniform temperature distribution in the receiver’s absorber tube. 

2.3.4 SECOND LAW ANALYSIS OF SOLAR COLLECTORS 

The use of the second law of thermodynamics for the analysis of engineering systems and 

components provides a basis for evaluating the quality and quantity of energy in these 

systems. The second law of thermodynamics provides a basis of determining the 

irreversibility in engineering systems and components. An engineer’s main interest is to have 

reversible systems and reversible components, since reversible energy-producing systems and 

components will produce more work, whereas reversible energy-consuming systems and 

components will consume less energy. 

Based on Bejan’s work on entropy generation minimisation in solar collectors [61], 

Kalogirou [10] adapted the analysis to concentrating collectors. For a collector with an 
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aperture area Aa, receiving solar radiation at the rate Q* from the sun with qo as the energy 

absorbed by the receiver, qo = ηoQ*/A as shown in Fig. 2.10. 

 

Fig. 2.10: Representation of energy flow for concentrating collectors [10]. 

Some of the radiation incident on the collector is not delivered to the power cycle. The 

difference between what the collector receives and what is delivered to the power cycle 

represents the ambient heat loss Qo. 

*
o

Q Q Q= −  2.34 

The second law analysis, also known as the entropy generation minimisation method, seeks 

to minimise the destruction of available work thus maximising the power output. The entropy 

generation is related to the energy destroyed through the Gouy-Stodola theorem [61] as: 

Exergy destroyed
o gen in out

T S E E= − =  2.35 

The exergy flow diagram for the collector processes is shown in Fig. 2.11 [10], for a collector 

of area Aa, receiving solar radiation at a rate Q* from the sun. Q* is proportional to the area of 

the collector and the direct normal irradiance, Ib. The incident solar radiation is partly 

delivered to the user as heat transfer Q at the receiver temperature Tr, the remaining fraction, 

Qo is lost to the ambient. 
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Fig. 2.11: Schematic representation of exergy analysis for concentrating solar collectors [10]. 

 

where T* is the apparent temperature of the sun as an energy source approximately equal to 

¾Ts [10], Ts is the apparent blackbody temperature of the sun, To is the ambient temperature. 

*

*

1 o
in

T
E Q

T

 
  
 

= −  2.36 

and 

1 o
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r

T
E Q

T

 
 
 

= −  2.37 

Such that on combining Eqs. (2.35) – (2.37), the entropy generation rate becomes  

*

*

o
gen

o r

Q Q Q
S

T T T
= + −  2.38 

For a non-isothermal collector, the entropy generation due to these processes, without 

considering the pressure drop between the inlet and outlet, is given as [10,61] 

*

*

ln out o
gen p

oinlet

T QQ
S mc

T T T
= − +ɺ  2.39 
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From Eqs. (2.34) – (2-39) several combinations of collector parameters and operating 

conditions can be determined for which the entropy generation is minimum and therefore 

power output is maximum. The determination of entropy generation can also be realised 

through consideration of the local entropy generation rates due to heat transfer and fluid flow 

in the absorber tube [61] such that combinations of flow rates, concentration ratios are also 

achieved for which the entropy generation rate is minimum. This method is essential when 

heat transfer enhancement is under consideration. This method is considered in detail in 

Chapter 5 to lay a foundation for the thermodynamic comparison of enhanced and non-

enhanced receiver tubes. 

2.4 CONCLUDING REMARKS 

In this chapter, a brief background on concentrated solar power is presented. The different 

concentrated solar power technologies have been described and the advantages and 

disadvantages of each technology discussed. The parabolic trough technology is shown to be 

the most commercially and technically developed concentrated solar power technology. 

An overview of the parabolic trough technology has also been provided to lay a foundation 

for work in the next chapters of this thesis. Equations for the parabolic trough geometry, 

optical analysis of the collector and thermal analysis of the receiver tube as well as for the 

second law analysis of concentrating collectors are discussed briefly. 
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CHAPTER THREE 

 
CCHHAAPPTTEERR  TTHHRREEEE::  NNUUMMEERRIICCAALL  MMOODDEELLLLIINNGG  AANNDD                

OOPPTTIIMMIISSAATTIIOONN  PPRROOCCEEDDUURREE  

3.1 INTRODUCTION  

Chapter two introduced the equations for the thermal analysis of parabolic trough receivers. 

The analytical solutions of these equations yield typical solutions that characterise the 

performance of parabolic trough receivers. The main shortcoming of this analytical method is 

the assumption of a uniform temperature on the absorber tube’s circumference. An accurate 

prediction of the receiver’s thermal performance can be obtained through experimentation 

under actual operating conditions or through numerical modelling. Numerical modelling 

using computational fluid dynamics provides an alternative to experimentation for 

determining the performance of the receiver with realistic boundary conditions so that the 

circumferential temperature differences in the receiver’s absorber tube are accounted for. 

This also reduces the time, cost and effort that would be required for equivalent experimental 

investigations. Furthermore, the availability of optimisation tools coupled with tools for 

computational fluid dynamics enables designers to determine optimal configurations, 

significantly reducing the time for product design. Computational fluid dynamics modelling 

can be a valuable tool, but only if the designer knows the specific limitations, assumptions, 

solution techniques and mathematical modelling capabilities so that the problem under 

consideration is accurately described and the physics involved are solved in as detailed a 

manner as possible. Therefore, this chapter presents a general overview of the numerical 

modelling and optimisation framework used in the present work. The specific solution 

procedure used for each of the cases considered in Chapters 4 to 7 are presented in those 

chapters. 
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3.2 NUMERICAL MODELLING 

Computational fluid dynamics has grown and become an essential tool for the analysis and 

investigation of fluid flow, heat transfer and associated phenomena in engineering systems 

ranging from simple to complex. The Navier-Stokes equations that represent fluid flow are so 

highly coupled and non-linear that obtaining an analytical solution is not feasible for most 

flows. For some flows where an analytical solution is possible, well-defined boundary 

conditions and additional simplifying assumptions must be provided. Accordingly, most heat 

transfer and fluid flow problems in many engineering applications involving complex 

geometries, complex flow interactions and complex multi-physics require numerical 

approaches to obtain acceptable solutions. 

With the advances in computational fluid dynamics in the past few decades, the availability 

of general-purpose solvers has increased mainly because of the availability of affordable 

high-performance computer hardware [87]. The general-purpose solver is now widely used in 

industry and academia. Using general-purpose solvers eliminates the repetition of 

programming so that the same code can be used for a diverse number of problems and the 

researcher/designer can focus on the problem instead of programming. The present research 

used a computational fluid dynamics code (CFD), ANSYS FLUENT [88,89].   

All CFD codes work in almost the same way: they include a user interface to input the 

problem parameters and examine the results obtained [87]. The basic steps involved in the 

CFD analysis are [87] as follows: 

� Pre-Processing: consists of defining the problem and geometry under consideration – the 

computational domain; generation of the grid – subdividing the domain into smaller 

non-overlapping subdomains; selecting the physical and chemical phenomena to be 

modelled; defining the fluid properties; and specifying the appropriate boundary 

conditions. 

� Solver Execution: all the governing equations are integrated over the computational 

domain; then the resulting integral equations are converted into a system of algebraic 

equations; the resulting algebraic equations are solved iteratively. 
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� Post-Processing: involves examining the results obtained and validating them with 

existing data or models.  

All of the above steps were implemented in a commercial code ANSYS® release 13, 14 and 

14.5. The problem geometries were modelled in ANSYS design modeller; the grid generation 

was done in ANSYS meshing; the problem solutions and post-processing were done in 

ANSYS FLUENT with further post-processing done in ANSYS CFD post. For any results of 

a numerical investigation to credible and of acceptable standard, several guidelines have been 

proposed. In this work, the guidelines of the editorial policy statement on numerical accuracy 

by the ASME Journal of Heat Transfer [90] were followed. 

3.2.1 GOVERNING EQUATIONS  

The flow of a fluid is described in terms of mass, momentum and energy transfer by a set of 

non-linear partial differential equations called the Navier-Stokes equations. When the flow is 

turbulent, the small-scale fluctuations cannot be resolved by using the Navier-Stokes 

equations, instead the Navier-Stokes equations are averaged to give the Reynolds Averaged 

Navier-Stokes (RANS) equations [87,91]. As the averaging of the Navier-Stokes equations 

presents a closure problem, they require additional equations to achieve a numerical solution. 

The additional equations are provided through turbulence modelling with a variety of 

turbulence closure models that are discussed later. 

In parabolic trough receivers, laminar and turbulent flows are both possible, depending on the 

condition of the glass envelope. In the annulus space between the absorber tube and the glass 

cover, laminar natural convection co-exists with radiation when the space is not evacuated. 

Inside the absorber tube, higher flow rates are generally required to provide better heat 

transfer and to reduce the absorber tube’s circumferential temperature differences; 

accordingly the flow is turbulent forced convection.  

Other equations may be solved depending on the physics being considered. In this research, 

radiation heat transfer between the absorber tube and the glass cover of the receiver is 

accounted for by solving the radiative heat transfer (RTE) equation [87]. The solution to the 

radiative heat transfer equation is obtained by using the discrete ordinates model with air or 

vacuum in the annulus space radiatively non-participating [88]. 
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The governing equations are presented in detail in later sections of this chapter.  

3.2.2 SOLUTION ALGORITHMS AND DISCRETISATION SCHEMES 

The problems associated with the non-linearities as well as the pressure-velocity linkage in 

the Navier-Stokes equations require appropriate solution algorithms. The algorithm used 

depends largely on the type of flow under consideration. The most common algorithms are 

the ‘Semi-Implicit Method for Pressure Linked Equations’ or SIMPLE algorithm of    

Patankar [87,92] and the “Pressure-Implicit with Splitting of Operators” of Issa [87]. Other 

variations of the SIMPLE algorithm are also available [88,89]. The algorithm used does not 

affect the results in most cases, but can affect the simulation run time or memory usage. The 

SIMPLE algorithm is widely used for steady-state problems and was used for this work; each 

governing equation is segregated from other equations while being solved and is memory 

efficient [88,89]. The steps followed are shown in Fig. 3.1 [88]. 

The choice of the discretisation scheme can affect the solution. In CFD codes, the flow 

variable values are stored at the cell centres, yet the solution algorithm requires values at the 

cell faces. Therefore the solution variables must be interpolated from the cell centre values 

[88]. Upwinding is commonly used for this purpose, so that face values are derived from 

quantities in the cell upstream relative to the direction of normal velocity [88]. Second-order 

discretisation schemes are recommended for accurate results, especially for complex flows 

and in cases where flow is not aligned with the mesh [89]. For this reason, the second-order 

upwind scheme was adopted for all our simulations in the present research. 
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Fig. 3.1: Flow diagram of the solution procedure based on the SIMPLE algorithm [88]. 

 

3.3 TURBULENCE MODELLING  

Most flows present in nature as well as in most engineering applications are turbulent. 

Several efforts have therefore been directed to modelling and understanding the turbulent 

flow phenomena. A flow is said to become turbulent when the inertial forces in the fluid 

dominate the viscous forces. The transition from a laminar to a turbulent flow regime 

depends on whether flow is an internal or external forced convection or a natural convection. 

For internal flows the transition takes place at Reynolds numbers of about 2 300 [84,91]. 

Turbulent flows are characterised by rapid and irregular fluctuations in the flow field 

variables promoting mixing in a fluid and therefore have higher heat transfer rates than 
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laminar flows. As discussed above, the Reynolds Averaged Navier Stokes equations are used 

for modelling turbulent flows. 

3.3.1 REYNOLDS AVERAGED NAVIER-STOKES EQUATIONS  

The Navier-Stokes equations describe fully both laminar and turbulent flows, but because in 

turbulent flows the fluctuations can be too small and of a high frequency, they are usually 

computationally expensive to resolve numerically. Accordingly, the basic governing 

equations are time-averaged so that small-scale variations are removed, resulting in a set of 

equations that is less computationally expensive and known as the Reynolds Averaged 

Navier-Stokes equations (RANS). 

The averaging process that yields the RANS equations results in additional unknown terms, 

causing a closure problem. The process of obtaining these additional terms is called 

turbulence modelling. The steady-state RANS equations obtained after averaging are given 

after time averaging the Navier-stokes equations [88]. 

The instantaneous field is defined as the sum of the mean and fluctuating components. For 

pressure and velocity, it is given as  

   i i iP P P and u u u= + = +′ ′     3.1 

By averaging the Navier-Stokes equations, the Reynolds averaged Navier-Stokes equations 

become [88]: 
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Conservation of energy 
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3.4 

The additional terms appearing in the governing equations result from the averaging process 

and represent the effects of turbulence. Where 
jiuu ′′− ρ
 
are the Reynolds stresses,

 
and

i j
u u  

are the time-averaged velocity components in the i- and j-directions respectively, T  is the 

time-averaged temperature, P  is the time-averaged pressure and λ is the fluid thermal 

conductivity. The Reynolds stress tensor ( i j
u uρ ′ ′− ) introduces six new unknowns in a 3-D 

analysis that can only be obtained when the turbulent structure is known. This turbulent 

structure is not known beforehand so the effects of small-scale fluctuations are given through 

turbulent modelling instead of calculating the turbulent inertia tensor. 

RANS models fall into two categories, depending on how the Reynolds stresses i j
u uρ ′ ′− are 

calculated. These categories are the Eddy viscosity models (EVM) and Reynolds stress 

models (RSM). The eddy viscosity models assume the stress is proportional to strain, so that 

closure is achieved by using the Boussinesq approach in which Reynolds stresses are taken to 

be homogenous and represented by [88] 
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∂ ∂∂′ ′− = + − +
∂ ∂ ∂

     3.5 

where k is the turbulent kinetic energy per unit of mass, given by 

( )2 2 21
2

k u v w′ ′ ′= + +         3.6 

Various models based on the Boussinesq approach have been developed; they include the k-ε 

models, the standard and SST k-ω models, the k-kl-ω model and the 2v f− model. Interested 

readers are referred to the ANSYS FLUENT theory guide [88] for details of these models and 

their use in FLUENT. The k-ε models are the most widely used and validated turbulence 

models for most engineering applications [87,88]. Due to the strengths and weaknesses of the 
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original version of these models, the standard k-ε, modifications to improve its performance 

were introduced, including the RNG k-ε model and the realisable k-ε model. It is not clear yet 

under what circumstances the realisable k-ε outperforms the RNG k-ε but initial studies have 

shown that it has a far superior performance than all k-ε for separated flows and flows with 

complex secondary features [88]. The realisable k-ε model was used throughout this research 

study and solves two additional equations for turbulent kinetic energy (k) and turbulent 

dissipation rate (ε,) given as:  

For kinetic energy (k) 

( )j k

j j k j

ktku G
x x x

µ
ρ µ ρε

σ

  ∂ ∂ ∂  = + + −
 ∂ ∂ ∂   

       3.7 

For dissipation rate (ε) 

( )
2

1 2
t

j

j j j

u C S C
x x x k

ε
ε

µ ε ερε µ ρ ε ρ
σ νε

  
      

∂ ∂ ∂
= + + −

∂ ∂ ∂ +
     3.8 

 

Gk represents the turbulent generation of kinetic energy due to mean velocity gradients 

2
tkG Sµ=        3.9 

The eddy viscosity is given by 

2

t

k
Cµµ ρ

ε
=        3.10 

Unlike the standard k-ε, the value of Cµ is not constant in the realisable k-ε model and is given 

as  

*

1

o s

C
kU

A A
µ

ε

=
+

       
3.11 

where 

*
ij ij ij ijU S S= +Ω Ωɶ ɶ        3.12 

and  
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2ij ij ijk k

ij ij ijk k

ε ω

ε ω

Ω = Ω −

Ω = Ω −

ɶ

       3.13 

 

ij
Ω is the mean rate of rotation tensor viewed in a moving reference frame with angular 

velocity ωk. The model constants Ao and As are given as Ao = 4.04, As = 6 cosφ  

where  

1

3

1 1
cos ( 6 ),  ,   and 

3 2
ij jk ki j i

r r ij ij ij

i j

S S S u u
W W S S S S

x xS
φ −

 
 
 
 

∂ ∂
= = = = +

∂ ∂
ɶ

ɶ
  3.14 

The other model constants for the realisable k-ε are  

1 21.44, 1,  1.0  1.2
k

C C andε εσ σ= = = =   3.15 

In the Reynolds stress model (RSM), equations are derived for each stress term in Eq. (3.3) 

and Eq. (3.4), yielding a set of six equations in the 3-dimensional space. The additional 

equations are solved with the additional equation for the dissipation rate. The assumption of 

isotropy of the Reynolds stresses is removed so that the magnitude of u'
 varies in different 

directions. The model is complex, but may be crucial in some flows where the anisotropic 

nature of turbulence is of importance. In many cases the eddy viscosity models may perform 

so well that the additional computational expense of the Reynolds stress model is not 

warranted [88]. The use of RSM is recommended for cases where turbulence is highly 

anisotropic and affects the mean flow, such as highly swirling flows, and stress-driven 

secondary flows in ducts, such as cyclone flows, rotating flows in flow passages and highly 

swirling flows in combustors [88]. 

3.3.2 NEAR-WALL TREATMENT 

The turbulent models discussed above do not resolve the near-wall phenomena. In particular, 

the models based on k-ε are derived for the bulk flow region and are invalid in regions near 

the walls. Solution variables in the near-wall region have large gradients and momentum, and 

other scalar transport occurs most vigorously. Therefore, for wall-bounded flows, the flow 

near the wall should be represented accurately to obtain acceptable results. 
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The near-wall region can be subdivided into three layers: the innermost layer called the 

viscous sublayer where flow is almost laminar and momentum and heat transfer are mainly 

due to molecular viscosity, the outer layer which is a fully turbulent layer and the region 

between the viscous sublayer and the fully turbulent layer where molecular viscosity and 

turbulence are of equal importance. Figure 3.2 shows these regions plotted on a graph of 

dimensionless velocity and y+. 

Where y+ ≡ ρuτy/µ and µτ is the friction velocity defined as w

τ

τ
µ

ρ
= , and u+ = u/uτ 

The near-wall region is usually modelled using two approaches. In one approach, semi-

empirical formulas called “wall functions” are used to bridge the viscous-affected region and 

the fully turbulent region; in this case, the viscous affected inner region is not resolved. In the 

other approach, turbulent models are modified to enable the resolution of the viscous affected 

region with a mesh all the way to the wall, including the viscous sublayer [88]. 

 

Fig. 3.2: Graph showing the subdivisions of the near-wall region for turbulent flows [88]. 

 

The standard wall functions implemented in ANSYS FLUENT are based on the work of 

Launder and Spalding (1972) and are given as [88] 

u/uτ 

u/uτ = uτy/ν 

u/uτ = 2.5 ln (uτy/ν) + 5.45 

ln uτy/ν 
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* *1
ln( )U Ey

κ
=   3.16 

where U* is the dimensionless velocity given by 

1 1
4 2

* P P

w

U C k
U

µ

τ
ρ

=   3.17 

y* is the dimensionless distance from the wall given by 

1 1
4 2

* p pC k y
y

µρ
µ

=   3.18 

κ is the von Kármán constant (= 0.4187), E is an empirical constant (= 9.793), Up is the mean 

velocity of the fluid at the near-wall node p, kp is the turbulent kinetic energy at the near-wall 

node p, yp is the distance from point p to the wall; and µ is the dynamic viscosity of the fluid. 

The temperature wall function is given by 

1
4

*
( )w p p pT T c C k

T
q

µρ−
≡

ɺ
 3.19 

cp is the specific heat capacity of the fluid, qɺ is the wall heat flux, Tw is the wall temperature, 

Tp is the temperature of the first near-wall node p. 

The use of standard wall function leads to unbounded errors in the wall shear stress and heat 

transfer when the grid is refined in a wall-normal direction, leading to a deterioration of 

numerical results. This is why advanced wall formulations allowing for the refinement of the 

mesh without a deterioration of results are implemented in ANSYS FLUENT and are 

recommended for use with most turbulence models. This is achieved using the enhanced wall 

treatment, which combines the two-layer model with the so-called enhanced wall function 

and allows the refinement of the mesh so that the viscous sublayer (y+ ≈ 1) is resolved [88]. 
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In the two-layer model for enhanced wall treatment, the entire domain is divided into a 

viscous-affected region and a fully turbulent region. The demarcation of these regions is 

given by the wall-distance-based turbulent Reynolds number, Rey defined as 

y

y k
Re

ρ
µ

=  3.20 

 y is the wall-normal distance calculated at the cell centres, interpreted as the distance to the 

nearest wall; and k is the turbulent kinetic energy. In the fully turbulent region (Rey > Rey
*; 

Rey
* = 200), the k-ε model and Reynolds stress models are used [88]. In the viscosity-

dominated region (Rey < Rey
*), the one-equation model of Wolfestein [88] is used. In this 

one-equation model, the momentum and k equations are defined similarly to those used in the 

k-ε and Reynolds stress models but the turbulent viscosity is given as [88] 

,2t layer C l kµ µµ ρ=  3.21 

The length scale lµ is given as  

Re
* (1 )

y
A

ll yC e µ
µ

−

= −  3.22 

The turbulent viscosity for the two-layer formulation described above is used as part of the 

enhanced wall treatment, in which smooth blending of the two-layer formulation with high 

Reynolds number µt definition from the outer region as proposed by Jongen (1992) as given 

in Ref. [88] as 

, ,2(1 )tt enh t layerε εµ µ µ= + −Ż Ż  3.23 

where µt is the high Reynolds number definition given in the k-ε models, ƛε is a blending 

function defined such that it is unity away from the walls and zero in the vicinity of the wall. 

It has the form [88].  

1
1 tanh

2

*
y yRe Re

A
ε

  
  

    

−
= +Ż  3.24 



 

Chapter Three: Numerical modelling and optimisation procedure 

 

 

60 

 

The constant A, determines the width of the blending function. For λε to be within 1% of its 

far-field value, given a variation of ΔRey, then  

artanh(0.98)
yRe

A
∆

=  3.25 

The typical value of ΔRey is between 5% and 20% of Rey
* [88]. The ε field in the viscous -

affected region is computed from 

3
2k

lε
ε =  3.26 

The length scale lε is computed in the same way as lµ according to Eqn. (3.22) such that  

Re
*(1 )

y
A

l
l yC e ε
ε

−

= −  3.27 

The constants appearing in the above equations are given as  

3* *4 , 70,  2 
l l

C C A A Cµ µ εκ −
= = =  3.28 

In the enhanced-wall treatment, the law of the wall is formulated so that it is applicable 

throughout the near-wall region (viscous sublayer, buffer region and fully turbulent outer 

region) as a single wall law for the entire wall region [88]. In ANSYS FLUENT this is 

achieved by a blending function suggested by Kader (1981) as given by Ref. [88] for the 

linear (laminar) and logarithmic (turbulent) laws of the wall as 

1

lam turb
u e u e u+ Γ + +Γ= +  3.29 

The blending function Г is given as  

4( )
1
a y

b y

+

+Γ = −
+

 3.30 

where a = 0.01 and b = 5 and the general derivative is given as  
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1
lam turbdu dudu

e e
dy dy dy

+ ++
Γ Γ

+ + += +  3.31 

With this approach, the fully turbulent law can be easily modified and extended to take into 

account variable fluid properties and other effects including pressure gradients. The correct 

asymptotic behaviour for large and small y+
 is guaranteed as well as a reasonable 

representation of velocity profiles when y+  is within the wall buffer region (3 < y+ < 10) [88]. 

In most parts of the present work, the enhanced-wall treatment was used and the y+ ≈1 

ensured. 

3.4 OPTIMISATION  

The optimisation used in this work is based on the entropy generation minimisation method 

and multi-objective optimisation. The two methods are briefly discussed in this section. 

3.4.1 ENTROPY GENERATION MINIMISATION 

The entropy generation method is used for modelling and optimisation and combines the 

second law of thermodynamics, heat transfer and fluid mechanics to obtain an optimum 

design, namely the one with the lowest entropy generation. The second law of 

thermodynamics is the basis of any entropy analysis. It relates the entropy change in an 

irreversible process with the heat transfer rate and entropy generation as  

2

2 1

1

gen

Q
S S S

T

∂
− = +∫  3.32 

The entropy generation Sgen is a measure of irreversibility accompanying the process 1 to 2. 

For all engineering systems, Sgen is undesirable and should be reduced. Two methods are 

generally used in thermal design and optimisation to minimise entropy generation. They are: 

(1). exergy analysis, which relies on thermodynamics alone and relates the exergy destruction 

to entropy generation according to the Gouy-Stodola theorem [61]. According to the Gouy-

Stodola theorem, the exergy destroyed (ED) is directly proportional to the entropy generated 

according to:  

o genDE T S=     3.33 
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and (2) the entropy generation minimisation method which combines fundamental principles 

of fluid mechanics, heat transfer and thermodynamics to establish the level of irreversibility 

in a system and its components. The entropy generation minimisation method does not 

necessarily rely on the concept of exergy [61]: it is a new method combining 

thermodynamics, heat transfer and fluid mechanics. Since its introduction by Bejan in 1979 

[62], it has become widely used in the design and optimisation of thermal systems. It finds 

applications in the optimisation of cryogenics, heat transfer devices (such as heat exchangers, 

ducts and fins), storage systems, power plants, solar energy conversion systems, etc. The 

entropy generation minimisation method has been used in the present work.  

The application of the entropy generation method to solar collectors is discussed in section 

2.3.4. This section discusses the application of the entropy generation minimisation method 

to heat transfer and more specifically for assessing heat transfer enhancement techniques. 

For the flow of a single phase fluid through a heat exchanger tube, the entropy generation rate 

per unit of tube length, as derived from the second law of thermodynamics in combination 

with heat transfer and fluid mechanics, is given in terms of the contribution from heat transfer 

and fluid friction according to [61] 

32

2 2 2 5

32 f
gen

bulk bulk

m cq
S

T Nu T Dπλ π ρ
′

′ = +
ɺ

 3.34 

 
Where mɺ  is the stream flow rate, D is the tube diameter, q' is the heat transfer rate per unit 

length, Nu =hD/λ with h=q''/(Tw-Tbulk), cf = (-dp/dx)ρD/2G2, with 24 /G m Dπ= ɺ and Tbulk is the 

bulk fluid temperature (Tinlet +Toutlet)/2. 

Equation (3.34) is applicable to a tube subjected to a constant heat flux and without any 

modifications or any inserts. As conditions vary from these assumptions, Eq. (3.34) can no 

longer be relied on to determine the entropy generation rates accurately [93]. Kock and 

Herwig [93] demonstrate the performance of Eq. (3.34) for a tube with a twisted tape insert 

and show that large errors occur, compared with methods considering local entropy 

generation using numerical methods. The advantages of evaluating entropy generation in a 

local sense lies in the ability of the method to be used with complex geometries and complex 
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boundary conditions. Accordingly, the analysis of local entropy generation rates and its use in 

general-purpose computational fluid dynamics codes have been recommended [61,94]. 

Kock and Herwig [94], using the equation for the transport of entropy for a single phase and 

incompressible fluid, together with the time-averaging approach applied in the RANS 

equations, derived useful relations for predicting the local entropy generation rates. Similar to 

Eq. (3.34), the derived set of equations gives the entropy generation in terms of entropy 

generation due to heat transfer irreversibility and fluid friction/fluid flow irreversibility. 

According to Kock and Herwig [94], the local entropy generation is given by [94] 

( ) ( )gen gen genF HS S S′′′ ′′′ ′′′= +  3.35 

The entropy generation due to fluid friction (S'''
gen)F  is given as  

, ,( )gen F PROD VD PROD TDS S S′′′ ′′′ ′′′= +  3.36 

where  

,
ji i

PROD VD

j i j

uu u
S

x x xT

µ  ∂∂ ∂
′′′ = +  ∂ ∂ ∂ 

 3.37 

is the entropy generation by direct dissipation  

and  

T
S TDPROD

ρε
=′′′ ,  3.38 

is the entropy production by indirect (turbulent) dissipation. 

The entropy generation due to heat transfer irreversibility (S'''
gen)H, is given as  

, ,( )gen H PROD T PROD TGS S S′′′ ′′′ ′′′= +  3.39 

where  



 

Chapter Three: Numerical modelling and optimisation procedure 

 

 

64 

 

2
, 2

( )PROD TS T
T

λ
′′′ = ∇  3.40 

is the entropy production by heat transfer due with mean temperatures and  

2

2, )( T
T

S t
TGPROD ∇=′′′

λ
α
α

 3.41 

is the entropy production with fluctuating temperatures, λ is the fluid thermal conductivity, α 

and αt are the thermal diffusivities. 

This method has been validated against the analytical expression for entropy generation in a 

tube with a constant heat flux boundary condition given by Eq. (3.34). The results obtained 

were found to be in agreement [94]. For complex geometries, the method predicts the same 

trend, but gives large errors when compared with the results given by Eq. (3.34) [94]. For this 

reason, the direct method, which uses Eqs. (3.35) – (3.41) in determining entropy generation 

rates in heat transfer and fluid flow problems is recommended when flow deviates from 

simple tube flow with constant heat flux boundary conditions. The direct method was utilised 

in the present work to determine the local entropy generation in parabolic trough receivers of 

different configuration as well as to assess the thermodynamic performance of enhanced 

receivers whose absorber tubes are enhanced. 

3.4.2 MULTI-OBJECTIVE OPTIMISATION IN HEAT TRANSFER 

ENHANCEMENT 

Optimisation is the process of determining a set of solutions for a vector of design variables 

so that there is an optimum value for an objective. Calculus-based methods for single-

objective constrained or unconstrained optimisation using the gradient-based approach to 

search for optimal solutions are widely used and well documented [95]. Optimisation 

algorithms using the direct search and gradient-based methods are associated with some 

difficulties, such as the dependence of the converged solution on the initial solution guess, 

failure to locate the global optimal solution by getting stuck on the local optimal solution, 

failure in handling problems with discrete search spaces and the lack of a general-purpose 
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algorithm [63,72]. These difficulties have inspired the use of heuristic optimisation methods 

such as Genetic algorithms (GAs) in the past two decades [72].  

Genetic algorithms borrow their name from the field of genetics. They use fundamental ideas 

of genetics to construct search algorithms that are robust and require minimum problem 

information [63]. Interested readers are referred to [63,64] for details on genetic algorithms 

and their application to multi-objective optimisation problems. Genetic algorithms generally 

work with a population rather than a single point in the search space. This is why they are not 

trapped in local optima [72], provided that the diversity of the population is preserved. 

Many engineering problems have multiple objectives. These objectives are generally 

conflicting and require simultaneous optimisation. The objectives might include maximising 

performance, minimising cost or maximising reliability. For a given system, an improvement 

in performance will require modification or additional components which increase the cost. 

In heat transfer enhancement problems, the objective is usually to improve the heat transfer 

performance. However, the improvement in heat transfer performance is usually associated 

with an increase in pressure drop, which should be minimised, giving another objective for 

the optimisation problem. 

GAs are well suited to multi-objective optimisation problems since they use a population-

based approach. Several multi-objective genetic algorithms have since been developed and 

are widely used in multi-objective optimisation problems. Konak et al. [64] provide a list of 

well-known multi-objective genetic algorithms, their advantages and disadvantages, and how 

they work. Deb [63] gives a detailed explanation of both non-elitist and elitist multi-objective 

genetic algorithms. A comparison of different genetic algorithms shows that the strength of 

the Pareto evolutionary algorithm (SPEA) and the non-dominated sorting genetic algorithm 

(NGSA) have superior performance compared to other algorithms [96]. In the same study, 

elitism is also shown to be an important factor in evolutionary multi-objective optimisation 

[96]. The concept of elitism involves the use of an elite-preserving operator such that the 

elites of a population are directly carried over to the next generation. Once introduced, elitism 

ensures that the fitness of the population-best solution does not deteriorate. Accordingly, a 

good solution found earlier on in the simulation will never be lost unless a better solution is 

found [63]. 
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The non-dominated sorting genetic algorithm II (NSGA II) proposed by Deb et al. [97,98] as 

an improvement of the NSGA algorithm to solve the inherent issues of NSGA, which 

include: the high computational complexity of non-dominated sorting, lack of elitism and the 

need for specifying a sharing parameter [98]. The variant algorithm NSGA II was found to 

give better results than the SPEA and other contemporary algorithms, with better 

convergence towards a global optimal front, maintaining the diversity of the population on 

the Pareto-optimal front as well presenting less computational complexity than other multi-

objective evolutionary algorithms. The NSGA II has become widely used in many multi-

objective optimisation problems and is implemented in the ANSYS design exploration 

toolbox. For these reasons, the NSGA II was used in this work for the multi-objective 

optimisation of the suggested heat transfer enhancement techniques. Detailed information 

about the NSGA II algorithm is given by several sources [63,97,98]. 

3.4.2.1 Multi-objective optimisation problem 

In its general form, a multi-objective optimisation problem can be written as [63]: 

Minimise/maximise fm(x),            m = 1, 2,….……,M; 

Subject to   gj(x) ≥  0   j  = 1, 2,………...,J;             3.42 

   hk(x) = 0   k = 1, 2,………..,K; 

   xi
(L) ≤ xi ≤ xi

(U)   i  = 1,2,…………,n. 

where fm(x) is the objective function and M is the number of functions to be optimised. A 

solution x is a vector of n decision variables such that x = (x1, x2,….,xn)T. The functions gj(x) 

and hk(x) are constraint functions with J representing the inequality constraints and K the 

equality constraints. The last set represents the variable bounds, where each variable takes a 

value within the specified lower limit xi
(L)

 and upper limit xi
(U)

. 

For multi-objective optimisation problems, no single solution is possible that satisfies all the 

objectives, especially when the objectives are conflicting. In such a case, a set of best 

solutions often called non-dominated solutions or Pareto optimal solutions [63,99] is sought, 

such that selecting any one solution in place of another sacrifices the quality of one of the 

objectives while improving the other objective. With higher-level information, a designer can 

then choose among the Pareto optimal solutions [63]. The concept of domination is 

commonly used to obtain such a set of solutions. 
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3.4.2.2 Concept of domination 

Determination of the set of solutions that are non-dominated with respect to one another is 

the main objective of multi-objective optimisation. The NSGA II algorithm and most other 

genetic algorithms used for multi-objective optimisation use the concept of domination 

between two solutions to obtain a set of solutions that are not dominated with respect to one 

another.  

A solution x(1) is said to dominate  solution x(2) if these two conditions are true [63]. 

• The solution x(1) is no worse than x(2) in all objectives  

• The solution x(1) is strictly better than x(2) in at least one objective 

The non-dominated set of solutions, also called the Pareto-optimal solutions, can then be 

defined as [63]: given a set of solutions P, the non-dominated set of solutions P'
 are those that 

are not dominated by any member of the set P. A set of these non-dominated solutions 

represents the "best” solutions in the sense of multi-objective optimisation. 

3.5 DESIGN OF EXPERIMENTS 

Meta-modelling-based optimisation involves the use of experimental or simulation data and 

then constructing meta-models to which the optimisation algorithm is applied. For the 

effective representation of the design space, design of experiments (DOE) is used to 

determine the location of sampling points in such a way that the space of random input 

variables is explored in the most efficient way and the required information is obtained with a 

minimum number of sampling points. Five types of DOE are available in ANSYS, i.e. 

Central Composite Design, Box-Behnken Design, Optimal Space-filling Design, Custom, 

Custom and Sampling and Sparse Grid Initialisation [99].  

For non-random and deterministic computer experiments, “space filling” designs are 

considered efficient since they treat the design space equally [99,100]. They also support the 

use of higher-order meta-models including Kriging meta-models [99]. Therefore, the optimal 

space-filling DOE type [99] was used in this work. 
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3.6 META-MODELLING  

Meta-modelling, also called surrogate modelling or response surface methodology is an 

engineering method used when an outcome of interest cannot be easily or directly measured, 

so that a model of the outcome is used. In many real-world engineering problems, 

experiments or simulations are required to evaluate design objectives and constraint functions 

as the functions of design variables. These experiments or simulations may take minutes, 

hours or days to complete.  This method of query and response often leads a designer to a 

trial-and-error approach, where the designer may never appreciate the functional relationship 

between the independent variables and the output and best settings for the independent 

variables might never be identified. 

As a way of alleviating the above concerns, statistical techniques such as meta-modelling that 

mimic the behaviour of the simulation model as closely as possible while being 

computationally cheaper, are widely used in engineering design [100]. They give an insight 

into the functional relationship among the independent variables, and the output and best 

settings can be easily identified. 

In meta-modelling-based optimisation, an initial meta-model is built, using the available 

experimental or simulation data to which an optimisation algorithm is applied. The accuracy 

of the model can then be improved, using higher-order meta-models. 

For most real engineering problems, second-order models usually suffice [101]; these are 

based on regression analysis to estimate the relationship between two or more independent 

variables and a dependent variable. 

Meta-modelling involves the use of a collection of statistical tools and mathematical 

techniques to develop, improve and optimise processes and products [101]. It provides a way 

to better understand functional relationships among design variables or inputs and responses 

or outputs. For a design involving a response y which is usually not known and perhaps 

complicated, as it depends on controllable input variables x1, x2…..xk. We can write a true 

response y as y = f(x1, x2,..…….,xk). Meta-modelling uses the results from experiments or 

from a numerical analysis of design points to build responses using empirical models. The 

responses from these empirical models are usually approximations of the true response. For k 
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independent variables and n observations where n > k, a second-order model which includes 

all two-factor interactions is given by 

2
0

1 1 2

k k k

j j jj j ij i j i

j j i j

y x x x xβ β β β ε
= = < =

= + + + +∑ ∑ ∑ ∑       for i = 1, 2, 3…. n 3.43 

where εi is the error in fitting the model. 

Equation (3.43) is a multiple linear regression model with k regressors (independent 

variables, or predictor variables); the parameters βj, βjj , βij  for j = 0, 1, …. k  and i = 1, 2, 

3,…..n are called regression coefficients. The parameters βj , βjj , βij represent the expected 

change in response y per unit change in  xi, xj when all the remaining independent variables xi 

(i≠j) are held constant. 

The method involves statistical analysis and is fully explained by several sources [101-103]. 

The linear and quadratic terms in Eq. (3.43) are treated in the same way. After linearisation, 

the model can be written as  

y X β ε= +        3.44 

where  
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where xij is the ith observation or level of variable xj, ε is an n × 1 vector of random errors, n is 

the number of experiments or numerical investigations and k is the number of polynomial 

terms or independent variables. 

The regression coefficients in the multiple linear regression models are estimated by using 

the method of least squares. The estimators of the response, also called least-squares 
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estimators, are determined by regression analysis through the minimisation of the sum of the 

squares of the resulting errors. This is similar to minimising the function, L [101]  

∑
=

=
n

i

iL
1

2ε        3.46 

such that  

1ˆ ( )T TX X X yβ −=        3.47 

The fitted regression model is  

ˆŷ Xβ=        3.48 

Several metrics are used to measure the accuracy or goodness of fit of the response surface 

model. The methods most often used include the following: 

Root mean square error (RMSE): this is the square root of the average square of residuals 

e, where e = yi - ŷi. The best value should be zero for the predicted response to accurately 

represent the observed values. 

2

1

ˆ( )
n

i i

i

y y

RMSE
n

=

−
=

∑
       

3.49 

Maximum relative residual (MRR): this is the maximum distance of all the generated 

values from the calculated response surface to each generated value. Should be zero or close 

to zero for better accuracy, it is mathematically represented as  

 1:

ˆ
Max i i

i n

y y
MRR Abs

y=

  
     

−
=        3.50 

Relative average absolute error (RAAE): this is the absolute maximum residual value 

relative to the standard deviation of the actual output data modified by the number of 

samples. It should be close to zero for better accuracy of the response surface. 
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1 1
ˆ( )

n

i i

i ny

RAAE Abs y y
nσ =

= −∑        3.51 

Coefficient of determination (R2): gives the percentage of the variation of the output 

parameter that can be explained by the response surface regression equation. It measures the 

amount of reduction in the variability of y obtained by using the regression model. R2 should 

be as close to 1 as possible for the regression model to accurately represent the actual 

response. 

2

2

2

ˆ( )
1

( )

i i

i

i i

i

y y

R
y y

−
= −

−

∑
∑

       3.52 

Because R2 always increases when additional terms are added to the model, the adjusted R2
adj 

is sometimes used and gives a good measure of variability, taking into consideration the 

number of samples. R2
adj is defined as [101]. 

( )2 21
1 1

adj

n
R R

n p

−
= − −

−
       3.53 

yi is the output parameter at the i-th sampling point, ŷ is the value of the regression model at 

the i-th sampling point, ȳ is the arithmetic mean of the values yi, n is the number of samples, 

p is the number of polynomial terms for a quadratic response surface (p=k+1) and σy is the 

standard deviation of the values yi. 

Since R2
adj takes the sample size into consideration, it is usually more reliable for small 

samples (n < 30) [99]. 

The accuracy of the response surface can be improved by using higher-order models; in 

ANSYS design exploration, the Kriging meta-model is provided [99]. It is an interpolating 

meta-modelling technique for improving the accuracy of the response surfaces. The Kriging 

meta-model in ANSYS® 14 [99] has an automated refinement procedure. It determines 

where more design points are needed in a response surface in order to improve its accuracy. 

The refinement terminates when the number of specified refinement points is reached or 
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when the predicted relative error has been achieved. The use of the Kriging meta-model is 

recommended for deterministic and highly non-linear functions with factors less than 50 

[100]. 

Kriging suggests a combination of a polynomial model and a departure of the form 

[99,100,104]  

( ) ( ) ( )y x f x Z x= +  3.54 

 

y(x) is the unknown function of interest, f(x) is a polynomial of x, and Z(x) is the realisation of 

a normally distributed Gaussian random process with mean zero and variance σ2, and a non-

zero covariance. In this case, f(x) is similar to the polynomial model, providing a global 

model of the design space while Z(x) creates localised variations so that the Kriging model 

interpolates the n sample data points. 

3.7 OPTIMISATION PROCEDURE 

The multi-objective optimisation was carried out using the design exploration toolbox 

available in ANSYS® release14 and 14.5 [99]. The flow chart illustrating the optimisation 

procedure is shown in Fig. 3.3.  
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Fig. 3.3: Flow chart of the multi-objective optimisation procedure using ANSYS design 
exploration toolbox. 

 

The optimisation process starts by building an accurate physical model of the problem using 

the numerical procedure discussed above. Then the design parameters and their ranges of 

variation are selected as well as the specification of performance parameters. After the 

physical model, the design variables as well as performance parameters are defined and an 

initial solution is obtained and used as a base case for the optimisation process. Using Design 
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of Experiments (DOE), a set of design points was generated, based on the selected DOE type. 

The design points correspond to different geometrical configurations of the physical model. 

“Space filling” designs are considered efficient for deterministic computer experiments, since 

they treat the design space equally [99,100]. “Space filling” also supports the use of higher-

order meta-models including the Kriging meta-models also used in the present study [99]. 

Therefore, the optimal space-filling DOE type in the ANSYS® release 14 design exploration 

toolbox [99] was used in the present work. The optimisation requires the specification of a 

number of design points, which represent different combinations of independent variables. 

The configurations given by the chosen design points are then evaluated using ANSYS 

FLUENT® a commercial computational fluid dynamics code, following the same procedure 

described in the numerical modelling procedure to obtain the defined performance 

parameters. 

Once all the design points have been updated, the next step is building response surfaces or a 

meta-model to relate the performance parameters to the design parameters. The accuracy of 

the response surface is essential for the remaining steps. The detailed method for building 

standard response surfaces and metrics used for determining the response surface accuracy is 

detailed in Myers and Montgomery [101]. A brief discussion of the meta-modelling 

procedure appears in section 3.6 above. 

3.8 DECISION SUPPORT PROCESS 

Most multi-objective optimisation problems require a decision support tool to help the 

designer come to a single design. If higher-level information concerning the objectives is 

available (such as whether heat transfer enhancement is more important than fluid friction or 

if the minimisation of fluid friction is more important than heat transfer enhancement or if all 

have the same level of importance), a design can be arrived at by using some decision support 

procedure. A decision support process provided in ANSYS® release 14 was adopted for this 

study. The decision support process used is a goal-based, weighted, aggregation-based 

technique that ranks the design candidates according to the order of importance of the 

objectives [99]. 
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For n input parameters and m output parameters and their individual lower and upper bounds, 

the objectives are combined into one weighted objective function Φ [99]. The candidates are 

then ranked in ascending orders of magnitudes of the values of Φ. 

1 1

n m

i i j j

i j

w N w M
= =

Φ ≡ +∑ ∑  3.55 

wi, wj are weights defined as [99] 

1.000 if the importance is higher

0.666 if the importance is default

0.333 if the importance is lower
i jw w







= =   3.56 

Ni and Mj are normalised objectives for input and output parameters, respectively [99] 
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 

−
=

−
 3.58 

 

where x = current value of input parameter i, xt, yt = corresponding “target values”,                 

y = current value for output parameter j, xl and xu are lower and upper bounds, respectively, 

for input parameters i, ymin and ymax correspond to the lower and upper bounds respectively 

for out parameter j. 

For continuous input parameters, the targets will give the desired values of the parameter 

according to ANSYS® [99]. 

1
2
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3.60 

where *  user-specified target value
t

y = . 

3.9 CONCLUDING REMARKS 

This chapter describes the numerical modelling essentials and procedure used in the entire 

work. The numerical modelling procedure used in this work together with the governing 

equations, turbulence modelling procedure and near-wall treatment is presented in detail. For 

accurate prediction of temperature and velocity fields from which the entropy generation 

rates are determined, the need to maintain the dimensionless wall coordinate about 1 (y+ ≈1) 

is emphasised. Also provided is a review of the two optimisation methods used in the present 

work, i.e. the entropy generation minimisation method and multi-objective optimisation.  

Furthermore, the concepts of design of experiments and meta-modelling are introduced since 

they are needed for goal-driven optimisation in ANSYS design exploration. For multi-

objective optimisation, it has been shown that the non-dominated sorting genetic algorithms 

(NSGA) provide better results than the other genetic algorithms. Accordingly, the non-

dominated sorting genetic algorithm II (NSGA II) an improvement of the ordinary NSGA 

algorithm was chosen for multi-objective optimisation studies in this work.  
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CHAPTER FOUR 

 
CCHHAAPPTTEERR  FFOOUURR::  DDEEVVEELLOOPPMMEENNTT  AANNDD  VVAALLIIDDAATTIIOONN  OOFF  TTHHEE  

PPAARRAABBOOLLIICC  TTRROOUUGGHH  RREECCEEIIVVEERR  TTHHEERRMMAALL  

MMOODDEELL    

4.1  INTRODUCTION  

This section presents the development and validation of the parabolic trough receiver thermal 

model. The developed thermal model was thoroughly validated against experimental data 

from Sandia National Laboratories by Dudley et al. [40] for temperature gain and collector 

efficiency and against experimental data from Burkholder and Kutscher [31] for the 

receiver’s heat loss. The forced convection heat transfer in the receiver’s absorber tube was 

validated by Gnielski correlation (Eq. 2.23) as obtained from Cengel [84]. The fluid friction 

was compared with Petukhov’s first equation for friction factors (Eq. 2.24) also quoted in 

Cengel [84]. 

4.2 MODEL DESCRIPTION  

This chapter presents the two models of the receiver that were developed. The first model 

(model A), modelled the forced convection heat transfer in the receiver, heat conduction in 

the absorber tube, radiation heat transfer between the absorber tube’s outer wall and the glass 

cover’s inner wall, heat conduction through the glass cover and radiation between the glass 

cover and the sky, and convection heat transfer between the glass cover and the ambient 

temperature. The representation of model A is shown in Fig. 4.1.  

The second model (model B) considered a simplified receiver. In this model, only the forced 

convection heat transfer in the absorber’s receiver tube and heat conduction through the 

absorber tube walls was considered. Radiation exchange between the absorber tube’s outer 

wall and the glass cover inner wall was applied as a radiation boundary condition. 
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Fig. 4.1: Schematic diagram of receiver model A: (a) longitudinal view and (b) cross-section 
view. 

 

4.3 RAY TRACING 

The actual heat flux profile on the receiver’s absorber tube is non-uniform. Several methods 

can be used to obtain the heat flux or temperature distribution on the receiver’s absorber tube. 

These range from measurements [46], ray tracing methods [34,105] and analytical methods 

[106,107]. 

In this study, the Monte Carlo ray-tracing method was used to obtain the heat flux 

distribution on the receiver’s absorber tube. In Monte Carlo ray-tracing, a number of rays are 

selected and traced as they undergo several optical interactions. For the purposes of this 

study, SolTrace was used, which is an optical modelling software developed by the National 

Renewable Energy Laboratory for modelling concentrated solar power systems [108]. The 

ray-tracing procedure involves specifying the sun’s shape, the optical properties of the 

collector and the receiver, and the geometries of the collector and the receiver. Then a 

maximum number of rays to be generated by the sun are selected and desired number of ray 
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intersections specified. The rays are then traced as they are reflected by the reflecting mirror, 

transmitted through the glass cover and absorbed by the absorber tube. A sample of ray 

intersection obtained from SolTrace is shown in Fig. 4.2(a) for a rim angle of 80o and 

aperture width of 10 m and in Fig. 4.2(b) for a rim angle of 40o and an aperture width of      

10 m. The heat flux received on the absorber tube’s circumference can then be obtained from 

the contours of heat flux available in SolTrace once the ray tracing is complete [108]. 

(a) φr = 80o (b) φr = 40o 

Fig. 4.2: Ray tracing results for a parabolic trough collector with an aperture width of 10 m 
for different rim angles: (a) rim angle, φr  = 80o and (b) rim angle, φr  = 40o

. 

 

The results obtained in the present study from the Monte Carlo ray-tracing were validated 

with available data from the literature [34,105,106]. As shown in Fig. 4.3, for half the 

circumference of the receiver’s absorber tube, our results for the local concentration ratio, 

LCR (the ratio of actual heat flux on the absorber tube to that incident on the reflector) show 

good agreement with the available data. In this study, the concentrator was taken to be of 

perfect shape and perfect alignment. The pillbox sun shape was assumed and 106 ray 

intersections were used. The geometry of the collector and receiver was specified using Eqs. 

(2.1) – (2.7) given in Section 2.3.1 of Chapter 2. The absorber tube circumferntial angle, θ is 

measured as shown in Fig. 4.1. 
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Fig. 4.3: Comparison of the present study prediction of local concentration ratio (LCR) as a 
function of circumferential angle (θ) with literature.  

 

4.4 BOUNDARY CONDITIONS 

The boundary conditions used in the present work depend on the geometry under 

consideration as well as the computational domain used. This section on receiver thermal 

model development considers the full receiver length. The following boundary conditions 

were used for model A. (1) Non-uniform heat flux on the absorber tube’s outer wall. The 

sample heat flux distribution used in this study is shown in Fig. 4.4 as determined using ray 

tracing in SolTrace [108] for different rim angles and an aperture width of 6 m or a 

concentration ratio (CR) of 86. A direct normal irradiance (DNI) of 1 000 W/m2 was assumed. 

(2) Velocity inlet and pressure outlet boundary conditions were used for the absorber tube’s 

inlet and outlet respectively. (3) The inner absorber tube walls were considered no-slip and 

no-penetration. (4) For the inlet and outlet of the receiver’s annulus space, a symmetry 

boundary condition was used such that the normal gradients of all flow variables were zero. 

(5) For the outer wall of the glass cover, a mixed boundary condition was used to account for 

both radiation and convection heat transfer. Stefan Boltzmann’s law with the sky as the 

external radiation enclosure gives radiation between the glass cover and the sky. Convection 
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heat transfer was modelled by specifying a convection heat transfer coefficient and fluid 

temperature. 
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Fig. 4.4: Absorber tube heat flux as a function of circumferential angle (θ) and rim angle (φr) 

for a concentration ratio (CR) of 86, Re = 1.02×104 and inlet temperature of 400 K.  

 

The sky temperature is given by [86] as 

Tsky = 0.0552Tamb
1.5 4.1 

Several expressions for determining the wind heat transfer coefficient have been proposed as 

given by Eqs. (2.17) - (2.19). Mullick and Nanda [109] give a more accurate expression for 

the wind heat transfer coefficient as 

0.58 0.42
w w goh V d −=  4.2 

The boundary conditions used in model A, for flow inside the absorber tube (1-4), also apply 

to model B. In addition to these boundary conditions, a radiation boundary condition was 

applied to simulate the radiation exchange between the absorber tube and the glass cover. The 

external radiation temperature (average glass-cover temperature) for model B was determined 

from the results of model A at different inlet temperatures and Reynolds numbers. 

The geometrical and simulation parameters used are shown in Table 4.1. The values are the 

same as those of commercially available receivers [40]. 
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 Table 4.1: Geometrical parameters and environmental conditions used in this study 

Reflector Receiver 

Aperture width, Wa 4 – 10 m Absorber tube inner diameter, dri 0.066 m 
Collector length, Lc 5 m Absorber tube outer diameter, dro 0.07 m 

Reflectivity, ρc 0.96 Glass cover inner diameter, dgi 0.11 m 
Rim angle, φr 40-120o Glass transmissivity, τg 0.97 

Concentration ratio, 
CR=Ac/Ar 

57 – 143 Absorber tube absorptivity, αabs 0.96 
 Glass cover emissivity, ξg 0.86 

Environmental conditions 

Direct normal irradiance, 

DNI 
1 000 W/m2 

Ambient temperature, Tamb 300 K 
Wind velocity, Vw 2 m/s 

Inlet temperature, Tinlet 350 – 650 K 

                

The Reynolds number and the mass flow rate depend on the properties of the heat transfer 

fluid, which vary with fluid temperature. For flow rates in the range 4.9 m3/h – 154 m3/h 

used, the Reynolds number varies in the range 6 730 – 1 676 100 and the mass flow rate is in 

the range 0.78 kg/s – 37.8 kg/s.  

4.5 NUMERICAL ANALYSIS 

In actual parabolic trough plants, the flow rates in the turbulent flow regime are used. In this 

study, the flow inside the absorber tube was also considered turbulent for both models, such 

that the RANS equations, Eqs. (3.2) - (3.4) are applied. In model A, the radiation heat transfer 

between the absorber tube’s outer wall and the inner wall of the glass cover was accounted 

for by using the discrete ordinates model [88,89], with air taken as radiatively non-

participating. The thermal conductivity of air in the vacuum space was calculated according 

to Eq. (2.31). In both models, stainless steel was used as the absorber tube material, its 

thermal conductivity is temperature dependent as given by Eq. (2.25). The coating on the 

absorber tube was modelled to have a temperature-dependent thermal emissivity given in    

Eq. (2.33). In model A, the receiver’s glass cover was made of Pyrex® with properties 

similar to those of current receivers as given by Forristall [45].  
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For model A, the convection and radiation heat exchange between the glass cover and the 

ambient temperature was modelled using a mixed radiation and convection boundary 

condition. The convection heat transfer coefficient was approximated from Eq. (4.2). The 

emissivity of the glass cover was taken as 0.86 [45]. The sky radiation temperature was 

obtained from Eq. (4.1). 

4.6 SOLUTION METHODOLOGY  

The solution of the RANS equations, together with/without equations for radiation heat 

transfer in the receiver’s annulus space and equation for conduction heat transfer in the 

absorber tube’s wall for both model A and B were obtained from ANSYS® release 14 and 

14.5. The geometry was modelled in the ANSYS design modeller, the descretisation of the 

computational domain in ANSYS meshing and the solution were obtained using ANSYS 

FLUENT [88,89]. ANSYS FLUENT is a commercial computational fluid dynamics code that 

uses the finite volume method to solve the governing equations. Turbulence closure was 

achieved using the realisable k-ε model and the near-wall phenomenon was modelled using 

the enhanced-wall treatment option. Values of y+ ≈ 1 were used to fully resolve the viscous 

sublayer. Hexahedral and quadrilateral mesh elements were used for the discretisation of the 

computational domain. Second-order upwind schemes were employed for integrating the 

governing equations together with the boundary conditions over the computational domain.  

In model A, radiation heat transfer in the annulus was modelled using the discrete ordinates 

model. Air was taken as a radiatively non-participating medium. In model B, a radiation 

boundary condition was used to account for the radiation exchange between the absorber tube 

and the glass cover. The radiation temperature of the glass cover was determined from the 

results of model A for each Reynolds number and fluid temperature. 

Convergence was obtained with scaled residuals of mass, momentum, turbulent kinetic 

energy (k) and turbulence dissipation rate (ε) less than 10-4 while the energy residuals were 

less than 10-6. In addition, the solution was also considered fully converged when monitors of 

the convergence history of the absorber tube’s outlet temperature and glass cover temperature 

flattened for more than 200 successive iterations.  
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Mesh independence studies for several refinements of the mesh were carried out with the 

receiver heat loss (ql) and heat gain (qu) as monitored quantities for model A. For model B, 

the only monitored quantity  was the heat gain (qu). According to Eq. (4.3)  

11

1 1
0.01 and 0.01

i ii i

u u l l

i i

u l

q qq q

q q

++

+ +

−−
≤ ≤  4.3 

where i is the value before mesh refinement and i+1 is the value after mesh refinement.  

The mesh used in the simulation is shown in Fig. 4.5. Figure 4.5 (a) shows the cross-section 

mesh of the receiver tube for model A. It includes the heat transfer fluid inside the absorber 

tube, the absorber tube wall and the annulus space between the glass cover and the absorber 

tube. Figure 4.5 (b) shows the cross-section mesh of the absorber tube for model B. It 

includes only the absorber tube wall and the heat transfer fluid inside the absorber tube. 

Figure 4.5 (c) shows the 3-D mesh for some receiver walls for model A. The mesh was 

generated in a way that it was refined in the absorber tube wall’s normal direction with prism 

layers to ensure a y+ ≈ 1 for both models.  

Model A was also refined in the receiver’s annulus space; at the interface between the 

absorber tube and annulus space; and between the annulus space and the glass cover. 

The heat transfer fluid used throughout the present work was SYLTHERM 800. Its properties 

are temperature-dependent as defined in the product’s technical details [110]. From the 

manufacturer’s technical data, the thermal physical properties have been represented by 

temperature-dependent polynomials by curve fitting as given by Eqs. (4.4) – (4.8) and used in 

the numerical simulations. Unless specified, the properties of the heat transfer fluid used in 

the numerical simulations were the temperature-dependent polynomials given by Eqs. (4.4) – 

(4.8). 

The specific heat capacity cp, for the temperature range 233.15 ≤ T ≤ 673 K is given by 

)/(1070736.101787.1 3 kgKkJTc p

−×+=
 

4.4 

The density ρ, for the temperature range 233.15 ≤ T ≤ 673.15 K is given by  
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3 3 2 6 3 31.2691 10 1.52115 1.79133 10 1.67145 10  ( / )T T T kg mρ − −= × − + × − ×  4.5 

The thermal conductivity λ, for the temperature range 233.15 ≤ T ≤ 673.15 K is given by 

1 31.90134 10 1.88053 10    ( / )T W mKλ −= × − ×  4.6 

The variation of the heat transfer fluid’s viscosity is given by a piece-wise polynomial. For 

the temperature range 233 ≤ T ≤ 343 K, it is  

4 2 2 2 3

5 4 8 5 11 6

5.14887 10 9.61656 10 7.50207 3.12468 10

       7.32194 10 9.14636 10 4.75624 10  ( . )

T T T

T T T mPa s

µ −

− − −

= × − × + − ×

+ × − × + ×
 4.7 

  

(a)                                                                                 (b) 

                    

(c) 
Fig. 4.5: Representative mesh of the developed receiver models: (a) cross-section view of model 
A, (b) cross-section view of model B and (c) lateral view of model A.  
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For the temperature range 343 ≤ T ≤ 673 K, the viscosity of the heat transfer fluid is given by  

1 1 3 2 6 3

9 4 13 5

9.88562 10 7.30924 10 2.21917 10 3.42377 10

       2.66836 10 8.37194 10 ( . )

T T T

T T mPa s

µ − − −

− −

= × − × + × − ×

+ × − ×
 4.8 

Samples of the thermal physical properties of SYLTHERM 800 at Tinlet = 400 K, 550 K and 

650 K are shown in Table 4.2. 

Table 4.2: Syltherm 800 thermal properties at Tinlet = 400 K, 550 K and 650 K 

Thermal property 
Tinlet (K) 

400 K 550 K 650 K 

Specific heat capacity (cp), J/kg K 1791 2047 2218 
Density (ρ), kg/m3 840 696 578 

Thermal conductivity (λ), W/m K 0.115 0.087 0.068 

Viscosity (µ), Pa.s 0.002160 0.000555 0.000284 

 

4.7 RESULTS 

4.7.1 RECEIVER MODEL VALIDATION 

The selected test points from Dudley’s experimental results used for the validation of the 

receiver thermal models are listed in Table 4.3. 

Table 4.3: Experimental data used in validation of parabolic trough receiver model [40] 

 
DNI 

(W/m2) 

Wind 
speed 
(m/s) 

Air 
temperature 

(oC) 

Flow rate 
(L/min) 

Tinlet 

(oC) 
Tout 

(oC) 
ΔT (oC) 

 

1 933.70 2.60 21.20 47.70 102.20 124.00 21.80 
2 968.20 3.70 22.40 47.78 151.00 173.30 22.30 
3 982.30 2.50 24.30 49.10 197.50 219.50 22.00 
4 909.50 3.30 26.20 54.70 250.70 269.40 18.70 

5 937.90 1.00 28.80 55.50 297.80 316.90 19.10 
6 880.60 2.90 27.50 55.60 299.00 317.2 18.20 
7 920.90 2.60 29.50 56.80 379.50 398.00 18.50 
8 903.20 4.20 31.10 56.30 355.90 374.00 18.10 
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Figure 4.6 (a) shows a comparison of temperature gain for the present models. It can be seen 

that both models predict the same variation of temperature gain. Model B slightly over-

predicts the temperature gain compared to model A, because heat loss is not explicitly 

modelled in a way that takes into consideration the effect of wind speed and sky radiation. In 

both models, the percentage variation compared with experimental data from                 

Dudley et al. [40] is within ± 7.0% for all data points. The comparison of model A’s 

temperature gain and collector efficiency is shown in Fig. 4.6 (b). The collector efficiency is 

within 5% of the experimental results, except for the third-last point where it is higher. 
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Fig. 4.6: Comparison of present study receiver thermal model with experimental results from 
SANDIA national laboratory [40]: (a) validation of receiver temperature gain (ΔT) for models 

A and B and (b) temperature gain and collector thermal efficiency validation for model A. 
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Figure 4.7 shows the validation of the present models’ heat loss with the test results from 

Burkholder and Kutscher [31]. Only model A explicitly models the heat loss, for model B the 

heat loss was determined by using Burkholder and Kutscher’s correlation [31] which relates 

heat loss with absorber tube temperature. The figure indicates that both models give nearly 

the same heat-loss prediction because the predicted absorber tube temperatures for model A 

and model B are almost the same. The agreement is within less than 6.5% with most points 

within less than 4%. 
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Fig. 4.7: Comparison of predicted receiver heat loss for model A and model B as a function 

of absorber tube - ambient temperature difference with experimental data.  

 

The two models give similar results for heat loss, since the heat loss for evacuated receiver 

tubes is shown to depend more strongly on the absorber tube’s wall temperature than on wind 

speed, ambient temperature and sky temperature [30,31]. Figure 4.7 further shows that the 

receiver heat loss increases as the absorber-ambient temperature difference rises. The 

absorber tube temperature is dependent on the inlet temperature. The absorber tube 

temperature increases as the inlet temperature rises. 
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4.7.2 HEAT TRANSFER AND PRESSURE DROP VALIDATION FOR A PLAIN 

ABSORBER TUBE 

The heat transfer in the absorber tube of the receiver was validated using the Gnieliski 

equation for the Nusselt number (Eq. 2.23). Figure 4.8 shows that the agreement of the 

Nusselt number for the eight points used in the validation is within ± 8% of the values given 

by the correlation. 

0

100

200

300

400

500

600

0 20 40 60 80 100

Gnielinski [84]
Present study

N
u

Re

All error bars within 8%

[ x 103 ]
 

Fig. 4.8: Comparison of present study receiver’s heat transfer performance as a function of 

Reynolds number with Gnielinski’s correlation [84]. 

 

The friction factor was validated with Petukhov’s first equation (Eq. 2.24) for the calculated 

friction factor. Figure 4.9 shows the variation in the friction factor for the data points used in 

the validation. The percentage error is within ± 6% except for the first and second points 

corresponding to low heat transfer fluid inlet temperatures and a Reynolds number of about 

5 750 and 8 340 respectively. The percentage error for these two points was about 14.6% and 

9.5% respectively. 
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Fig. 4.9: Comparison of present study receiver friction factor as a function of Reynolds 
number with Petukhov’s first equation [84]. 

 

In this study, simpler correlations for heat transfer performance and fluid friction were 

derived using curve fitting and regression analysis. The correlations predict the Nusselt 

number and friction factor within ± 4% and ± 3.5% respectively. 

The Nusselt number for the receiver with a plain absorber tube is given by 

0.374 0.8850.0104 Pr ReNu =  4.9 

R2 = 1.0 for this correlation and the correlation predicts the Nusselt number within ± 4%. 

The friction factor correlation is  

0.19740.173 Ref −=  4.10 

R2 = 0.994 for the friction factor correlation and the correlation is valid within ± 3.5%. 

Equations (4.9) – (4.10) were obtained with parameters in the range 

1.02× 104 ≤ Re ≤ 1.68×106  

 9.29 ≤ Pr ≤ 33.7 and 400 K ≤ Tinlet ≤ 650 K 



 

Chapter Four: Development and validation of the parabolic trough receiver thermal model 

 

 

91 

 

The Nusselt number and friction factor obtained from the correlations in Eqs. (4.9) and (4.10) 

were compared with known correlations. A scatter plot for Nusselt number and friction factor 

is shown in Fig. 4.10. 

 

Fig. 4.10: Comparison of present study heat transfer and fluid friction correlations with 

Gnielinski and Petukhov correlations respectively [84] on a scatter plot. 

 

4.7.3 HEAT FLUX AND TEMPERATURE DISTRIBUTION 

The heat flux on the receiver’s absorber tube circumference varies with the rim angle and the 

concentration ratio. Figure 4.11(a) and 4.11(b) show the variation of heat flux on the absorber 

tube’s circumference at various rim angles for concentration ratios of 86 and 143 

respectively. As shown in the figures, the heat flux profile varies greatly around the absorber 

tube’s circumference, depending mainly on the rim angle. 

 [84] 

 [84] 
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(b) 

Fig. 4.11: Absorber tube heat flux as a function of circumferential angle (θ) and rim angle 
(φr) for an inlet temperature of 400 K, Re = 1.02 ×104 and a given concentration ratio (CR): 
(a) CR = 86 and (b) CR = 143. 

 

The heat flux distribution is characterised by an area where the absorber tube shadows the 

collector depending on the rim angle (at a rim angle of 120o and concentration ratio of 86, this 

area is in the range -90o ≤ θ ≤ -80o). An area where the heat flux is increasing also depends on 

the rim angle (is in the range -80o ≤ θ ≤ 15o, at a rim angle of 120o and concentration ratio of 

86). An area where the heat flux is reducing, also depends on the rim angle (is in the range 
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15o ≤ θ ≤ 55o, at a rim angle of 120o and concentration ratio of 86). And an area where only 

direct solar radiation is incident on the absorber tube (in the range 55o ≤ θ ≤ 90 at a rim angle 

of 120o
 and concentration ratio of 86). 

These regions are more distinct at rim angles above 60o. The shadow effect is significant as 

the rim angles increase, whereas the area receiving direct solar radiation decreases as the rim 

angles increase. The figure also shows that the peak heat flux increases as the rim angle 

decreases. At rim angles above 80o, the change in the peak heat flux is not significant. At a 

rim angle of 40o, there is almost no shadowing effect and no heat flux increasing area. The 

heat flux will be concentrated on the half of the absorber tube facing the collector. As shown, 

at such low rim angles, high heat flux peaks and large circumferential temperature gradients 

will result. 

Figures 4.12(a) and 4.12(b) show the variation of heat flux around the absorber tube’s 

circumference at various concentration ratios for rim angles of 40o and 100o. As expected, as 

the concentration ratio increases, the heat flux on the absorber tube increases. At larger rim 

angles, the heat flux profile consists of a shadow effect area, an increasing heat flux area, a 

decreasing heat flux area and a direct solar heat flux area [34].  

It is clear from the figures that at very low rim angles, the shadow effect and heat flux 

increasing area do not exist and the peak heat flux increases. As the rim angles increase the 

shadow effect and heat flux increasing areas become more pronounced and the peak heat flux 

decreases. 

Therefore, higher rim angles are necessary to avoid such larger temperature differences, 

especially when low flow rates and higher concentration ratios are desirable. However, using 

larger rim angles increases the material requirements for the collector. Therefore, a trade-off 

has to be made on how large the rim angle should be to avoid larger temperature difference 

while using as little material as possible to keep costs low. Figures 4.11 (a) and 4.11(b) 

indicate that above a rim angle of 80o, the peak heat flux does not decrease significantly, as 

the rim angle is increased further. Accordingly, no significant reduction in temperature 

absorber tube circumferential temperature difference will be achieved as the rim angles are 

increased above 80o. 
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(b) 

Fig. 4.12: Absorber tube heat flux as a function of circumferential angle (θ) and 
concentration ratio (CR) for an inlet temperature of 400 K, Re = 1.02 ×104 and a given rim 
angle (φr): (a) φr = 40o and (b) φr = 100o

. 

 

4.7.4 ABSORBER TUBE’S CIRCUMFERENTIAL TEMPERATURE DIFFERENCE 

At each concentration ratio, the peak heat flux increases as the rim angle decreases. This 

increase in peak heat flux increases the peak temperature and therefore the finite temperature 

difference. Figures 4.13(a) and 4.13(b) show the temperature contours of the receiver’s 
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absorber tube at rim angles of 40o and 120o respectively at a Reynolds number of 1.02 × 104, 

Tinlet  = 400 K and a concentration ratio of 86.  

As expected, the temperature difference in the absorber tube at a rim angle of 40o is higher 

than that at 120o. The absorber tube’s temperature difference at these rim angles for the 

conditions considered is about 192 oC and 87 oC respectively. As shown, the uneven heating 

of the receiver’s absorber tube results in a temperature difference across the absorber tube’s 

circumference. 

(a) 
 

(b) 
 

Fig. 4.13: Contours of absorber tube temperature at Re = 1.02 × 104, an inlet temperature of 
400 K, concentration ratio (CR) of 86 and a given rim angle (φr): (a) φr = 40o and                  

(b) φr = 120o. 
 

Figure 4.14 (a – f) shows the contours of temperature for some selected cases on the absorber 

tube’s outlet as well as the receiver’s annulus space section. In Fig. 4.14 (a – f), the inlet 
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temperature is kept at 350 K, the concentration ratio is fixed at 86 and the direct normal solar 

irradiance is fixed at 1 000 W/m2. The figures clearly show the presence of a temperature 

difference in the absorber tube’s circumference. As expected, the absorber tube’s 

circumferential temperature difference decreases with an increasing rim angle, as discussed 

above. High flow rates give rise to high flow Reynolds numbers and better heat transfer 

coefficients. 

     
          

(a) Absorber tube outlet temperature at  
Re = 6 913 and φr = 60o 

  
(b) Reveiver annulus temperature at          

Re = 6 913 and  φr = 60o 
  

       
         

(c) Absorber tube outlet temperature at 
 Re = 6 913 and φr = 80o  

(d) Receiver annulus temperature at          
Re = 6 913 and φr = 80o   
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(e) Absorber tube outlet temperature at  
Re = 6 913 and φr = 100o  

(f) Receiver annulus temperature at           
Re = 6 913 and φr = 100o  

Fig. 4.14: Temperature contours at the absorber tube’s outlet and receiver’s annulus space at 
different Reynolds numbers and rim angles (φr) for direct normal irradiance (Ib) of                
1 000 W/m2, concentration ratio (CR) of 86 and inlet temperature of 350 K. 

 

For this reason, when the solar radiation is high and heat flux on the absorber tube increases, 

the flow rates of the heat transfer fluid also increase. At a given flow rate, increasing fluid 

temperatures also reduce the differences in the absorber tube circumferential temperature. 

Figure 4.15 shows the variation of temperature difference with Reynolds number and inlet 

temperatures. 

It can be seen from Fig. 4.15 (a) that the absorber tube’s circumferential temperature 

differences are strong functions of the Reynolds number of flow. An increase in the heat 

transfer fluid temperature slightly reduces the absorber tube’s circumferential temperature 

difference at a given flow rate, as seen in Fig. 4.15(b). This is because, as the temperatures 

increase, the heat transfer properties of the heat transfer fluid improve. In Fig. 4.15 (a and b), 

ϕ = Tabs,max – Tabs,min. 

The reduction in absorber tube’s circumferential temperatures as flow rates increase is the 

motivation for operating in the turbulent flow regime for high heat fluxes on the absorber 

tube. 
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(a) (b) 

Fig. 4.15: Variation of absorber tube circumferential temperature difference (ϕ): (a) as a 

function of Reynolds number and rim angle (φr) for an inlet temperature of 650 K and a 
concentration ratio (CR) of 86 (b) as a function of inlet temperature and concentration ratio 
(CR) for a rim angle (φr) of 80o and flow rate of 31 m3/h. 

 

Figure 4.16 shows the variation of the absorber tube’s circumferential temperature difference 

with the Reynolds number at different concentration ratios. The figure indicates that, as the 

concentration ratio increases, the absorber tube’s circumferential temperature difference 

increases. The increase in temperature difference is very high at low Reynolds numbers. At 

the lowest Reynolds number in this figure, the absorber tube circumferential temperature 

difference increases from 145 oC to about 378 oC as the concentration ratio increases from 57 

to 143. At the highest Reynolds number, the absorber tube’s circumferential temperature 

difference increases from about 13 oC to 30 oC as the concentration ratio increases from 57 to 

143. Therefore, at high concentration ratios, operation at high flow rates is necessary to 

achieve low temperature differences in the absorber tube’s circumferential temperature. The 

maximum temperature difference for the safe operation of the receiver is about 50 K. 

Therefore, the flow rate to achieve temperature differences lower than 50 K will depend on 

the rim angle and the concentration ratio. Flow rates higher than 43 m3/h (about 8.61 kg/s at 

400K, 7.66 kg/s at 500 K, 6.56 kg/s at 550 K and 5.92 kg/s at 650 K) will give absorber tube 

circumferential temperature differences lower than 50 K.  
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Fig. 4.16: Absorber tube circumferential temperature difference (ϕ) as a function of Reynolds 
number and concentration ratio (CR) for an inlet temperature of 400 K and a rim angle (φr) of 
80o. 

 

Even though using higher flow rates reduces the absorber tube’s circumferential temperature 

differences, the available energy or the exergetic performance of the receiver and the 

parabolic trough receiver system depends on the mass flow rate and the outlet temperature. 

An increase in mass flow rate will reduce the exergetic performance of the collector and 

reduce the absorber tube’s outlet temperatures. By contrast, low mass flow rates will give 

excessively high absorber tube’s circumferential temperature differences. Low mass flow 

rates will also result in high outlet temperatures, high finite temperature differences, and 

therefore in less exergetic performance. 

For this reason, the mass flow rate for the optimal performance of the receiver should be 

determined, at which the system’s exergetic performance is not significantly affected and at 

which the absorber tube’s circumferential temperature difference is low. The other way of 

minimising the irreversibilities or improving the exergetic performance of the receiver is to 

use moderate flow rates and consider heat transfer enhancement in the receiver’s absorber 

tube. This method improves heat transfer performance while minimising the irreversibilities 

due to heat transfer across a finite temperature difference. It will also minimise the absorber 

tube’s circumferential temperature difference at low flow rates. The thermodynamic 
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performance of the receiver is discussed further in Chapter 5. The potential improvements in 

receiver performance due to heat transfer enhancement are discussed in Chapters 6 and 7. 

4.8 THERMAL PERFORMANCE 

The thermal performance of the receiver is characterised by the receiver’s thermal loss or the 

thermal efficiency of the collector. The equations needed for the thermal analysis of the 

receiver are presented in Section 2.3.3 of Chapter 2. 

Figure 4.17 (a) shows the variation of the receiver’s thermal loss with inlet temperature at a 

flow rate of 4.9 m3/h (1.14 kg/s at 400 K, 1.01 kg/s at 500 K, 0.86 kg/s at 600 K and 0.78 kg/s 

at 650 K). Generally, the thermal loss increases as the inlet temperature increases. At high 

inlet temperatures, the absorber tube’s temperatures are high and so the radiation heat loss is 

high. The radiation heat loss increases further because the emissivity of the absorber tube’s 

selective coating increases as the absorber tube temperature rises. Figure 4.17 (a) also shows 

that the thermal loss increases slightly as the rim angle reduces. As discussed above, low rim 

angles lead to higher heat flux peaks and therefore to higher temperature peaks, which lead to 

the increase in receiver heat loss. 

The variation of receiver thermal loss with rim angle becomes negligible at higher flow rates 

because of better heat transfer and a significant reduction in temperature gradients. The 

thermal efficiency compares the useful heat gain to the incident solar radiation.                     

In Fig. 4.17 (b), the thermal efficiency is shown to be slightly higher at rim angles above 80o 

than at lower rim angles of 40o and 60o. At the flow rate in Fig. 4.17 (4.9 m3/h), the difference 

in efficiency for rim angles 40o and 80o is in the range 5.8% - 7.2% depending on the rim 

angle and inlet temperature. 
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(b) 

Fig. 4.17: Change in receiver thermal performance: (a) receiver heat loss as a function of 
inlet temperature and rim angle (φr) for a flow rate of 4.9 m3/h and (b) receiver thermal 
efficiency as a function of inlet temperature and rim angle (φr) for a flow rate of 4.9 m3/h. 

 

As the flow rates increase, the temperature peaks decrease and the heat loss do not vary 

significantly with rim angle. The difference in efficiency as the rim angles increase will also 

slightly reduce. At 31 m3/h (about 7.18 kg/s at 400 K, 6.79 kg/s at 500 K, 5.46 kg/s at 600 K 

and 4.93 kg/s at 650 K), the difference in efficiency as the rim angle increases from 40o to 80o 
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is about 5% for all inlet temperatures. Therefore, rim angles higher than 80o give higher 

receiver thermal performance and should be used instead of lower rim angles. However, the 

increase in the cost of the collector as rim angles increase should be weighed up against the 

gain in receiver performance.  

Figure 4.18(a) and (b) show the variation of receiver thermal loss with inlet temperature. The 

variation of receiver thermal loss with inlet temperature at different concentration ratios is 

presented at two flow rates i.e. 4.9 m3/h and 31 m3/h respectively. As shown in the figure, 

there is a general trend of increasing thermal loss with inlet temperature. At very low flow 

rates, the increase in thermal loss as the concentration increases is significant. For example, at 

a flow rate of 4.9 m3/h, the thermal loss increases from 229 W/m at a concentration ratio of 

57 to 520 W/m at a concentration ratio of 143 when the rim angle is 80o and inlet temperature 

is 600 K as shown in Fig. 4.18 (a). At a flow rate of 31 m3/h, close to the maximum flow 

rates in commercial plants, the thermal loss increases from about 170 W/m at a concentration 

ratio of 57 to 196 W/m at a concentration ratio of 143 for a rim angle of 80o and inlet 

temperature of 600 K as shown in Fig. 4.18(b). At the flow rates close to those in current 

commercial plants, the thermal loss increases only slightly as the concentration ratio 

increases. The increase in the thermal loss as the concentration ratio increases can be 

attributed to higher absorber tube temperatures from high heat fluxes as the concentration 

ratios increase. At high flow rates, the heat transfer rates are higher and increasing the 

concentration ratio does not significantly affect the receiver’s thermal performance. 

The thermal efficiency of the collector, defined as the ratio of useful heat gain and incident 

solar radiation, was plotted and is shown in Fig. 4.19. Figure 4.19 (a) shows that the thermal 

efficiency depends more strongly on inlet temperature than on the concentration ratio. As 

shown in Figs 4.19 (a) and 4.19 (b), the thermal efficiency increases with flow rate up to 

some flow rate/ Reynolds number and stays constant.  
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(b) 

Fig. 4.18: Receiver heat loss as a function of inlet temperature and concentration ratio (CR) 
for a rim angle (φr) of 80o: (a) flow rate of 4.9 m3/h and (b) flow rate of 31 m3/h. 
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(b) 

Fig. 4.19: Variation of receiver thermal efficiency: (a) receiver thermal efficiency as a 
function of inlet temperature and flow rate for a rim angle (φr) of 80o and (b) receiver thermal 
efficiency as a function of Reynolds number and rim angle (φr) for a concentration ratio (CR) 

of 86. 
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As discussed above, low rim angles will result in higher temperature peaks, thus increasing 

radiation heat loss from the receiver’s absorber tube to the glass cover and subsequently to 

the surroundings. The high temperature peaks will also lead to high emissivity of the absorber 

tube coating, which will further increase the radiation loss. At rim angles above 80o, there is 

no significant change in the collector’s thermal efficiency as rim angles increase. 

4.9 CONCLUDING REMARKS 

This chapter presents the development and validation of the parabolic trough receiver thermal 

model. The determination of the heat flux profile using Monte Carlo ray-tracing is 

demonstrated and the results are validated using data from the available literature. The two 

different models developed for the receiver are shown to give nearly the same results. The 

percentage deviation for the two models is within ± 7% for temperature gain, within ± 7% for 

collector thermal efficiency and within ± 6.5% for receiver heat loss when compared with 

experimental data from SANDIA national laboratories [40]. 

The dependence of heat flux on the collector’s rim angle and concentration ratio is presented 

and discussed. Low rim angles are shown to give high peak heat fluxes and thus high 

absorber tube circumferential temperature differences. A thermal analysis at different rim 

angles shows that the receiver’s thermal loss is high at low rim angles. Lower rim angles 

(lower than 60o) are shown to reduce thermal efficiency by efficiencies of up to 7.2% in the 

range of the parameters considered. This is due to the higher temperature peaks that are 

obtained at these rim angles, which result in greater absorber tube emissivity and thus higher 

radiation heat loss. At higher flow rates, increasing the concentration ratio does not 

significantly affect the collector’s thermal performance. 

In general, for rim angles 80o and above, there is no significant increase in receiver thermal 

loss and absorber tube circumferential temperature gradients. Hence, rim angles higher than 

80o are recommended for all ranges of flow rates. At low rim angles or high concentration 

ratios, careful matching of flow rates with incident solar radiation is essential to keep 

absorber tube circumferential temperature gradients at desirable levels. At flow rates close to 

or greater than 31 m3/h, the influence of rim angles and concentration ratios was shown to be 

insignificant.   
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CHAPTER FIVE 

 
CCHHAAPPTTEERR  FFIIVVEE::  NNUUMMEERRIICCAALL  IINNVVEESSTTIIGGAATTIIOONN  OOFF  EENNTTRROOPPYY  

GGEENNEERRAATTIIOONN  IINN  AA  PPAARRAABBOOLLIICC  TTRROOUUGGHH  

RREECCEEIIVVEERR  AATT  DDIIFFFFEERREENNTT  CCOONNCCEENNTTRRAATTIIOONN  

RRAATTIIOOSS  AANNDD  RRIIMM  AANNGGLLEESS  

5.1  INTRODUCTION  

Parabolic trough systems represent one of the most technically and commercially developed 

concentrated solar power technologies. The evacuated receiver tube of the parabolic trough 

collector system is a component that is central to system performance. It is one of the reasons 

for the high efficiencies obtained in this type of concentrated solar power technology [21]. 

Several options for reducing the cost of parabolic trough collector systems have been 

proposed and the cost of the electricity from these systems is decreasing and becoming 

competitive with the cost of electricity from medium-sized coal-fired power plants             

[17-19,21,23]. One of the options for further reducing the cost of parabolic trough systems is 

to increase the collector size as well as the use of higher concentration ratios, thereby 

reducing the number of connections, drives and controls needed [18,23,24,27]. 

With the increase in concentration ratios, the receiver’s absorber tubes will be subject to high 

heat fluxes and high temperatures. These high heat fluxes and temperatures will lead to high 

heat transfer irreversibilities due to the presence of a high finite temperature difference in the 

receiver’s absorber tube. The increased heat transfer irreversibilities will lead to increased 

entropy generation rates. These irreversibilities can be minimised by increasing the flow rate 

of the heat transfer fluid, but increasing flow rates will also result in an increase in the fluid 

friction irreversibility. For this reason, an optimum flow rate has to be established, at which 

the entropy generation from the two competing irreversibilities is at a minimum. 
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The second law of thermodynamics provides a basis for characterising the systems and 

system components in terms of the irreversibility occurring in them. For energy systems, the 

determination of the available energy and quality of this energy is of fundamental importance 

to characterising their performance. The determination of the system’s available energy is 

possible through the simultaneous application of the first and second laws of thermodynamics 

through the method called exergy analysis [61]. In the exergy analysis method, the theoretical 

operating conditions of the system in the reversible limit are obtained. The entropy generated 

is then related to the exergy destroyed, by using the Gouy-Stodola theorem [61]. By contrast, 

another method for modelling and optimising thermal systems, called the entropy generation 

method (EGM), bridges the gap between thermodynamics, heat transfer and fluid mechanics 

to determine the entropy generated or the exergy destroyed in thermal systems and system 

components [61,111]. 

In the EGM method, the entropy generated (Sgen), is a function of physical parameters of the 

model, and the main aim of the method is the minimisation of the calculated entropy 

generation rate [111]. To minimise the entropy generation rate, the degree of thermodynamic 

non-ideality must be related to the physical characteristics of the system, such as the finite 

dimensions, shapes, materials, finite speeds and finite time intervals of operation [61]. 

The entropy generation minimisation method has developed since its introduction by Bejan 

[62] and has become widely applied to the design and optimisation of thermal systems [61]. 

The entropy generation minimisation method combines the fundamental principles of fluid 

mechanics, heat transfer and thermodynamics when establishing the entropy generation rates 

in thermal systems and system components. 

Several researchers have used the entropy generation minimisation method in the design and 

optimisation of thermal systems and system components, while others have applied the EGM 

method to the analysis of entropy generation in fluid flow and heat transfer for various 

system configurations and boundary conditions [16,93,94,112-126]. These studies show the 

importance of the entropy generation method for thermodynamic optimisation in a wide 

range of applications ranging from forced convection, natural convection, heat transfer 

enhancement, power plant optimisation, heat exchanger design and optimisation, etc. 
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For the purposes of the present study, a review is presented of studies related to entropy 

generation due to heat transfer and fluid flow. Like most engineering processes, heat transfer 

and fluid flow processes are also irreversible, and according to the second law of 

thermodynamics, they generate entropy, which results in the destruction of available work.  

Therefore, study of entropy generation due to heat transfer and fluid flow processes is 

essential in the search for optimal configurations that minimise the generated entropy. 

Kock and Herwig [93,94] used the Reynolds averaging process to derive model equations  for 

calculating the local entropy production rates in turbulent shear flows from the entropy 

balance equations. The equations account for the entropy generation due to dissipation in 

mean and fluctuating velocity fields, and for entropy generation due to heat flux for mean and 

fluctuating temperature fields.  

Ko and Ting [115] numerically analysed entropy generation due to forced convection in a 

curved rectangular duct with external heating. They investigated the effect of the Dean 

number, external wall heat flux and cross-sectional aspect ratios on entropy generation due to 

frictional irreversibility and heat transfer irreversibility. The study also showed the existence 

of an optimal Dean number, which increased with wall heat flux. Ko and Wu [117] 

numerically studied entropy generation induced by turbulent forced convection in a curved 

rectangular duct with external heating for various aspect ratios. They used the method 

proposed by Kock and Herwig [93,94] to determine the entropy generation rates. For the 

considered parameters, the resultant entropy generation rates in the flow fields were found to 

be dominated by fluid friction irreversibilities. The optimum aspect ratio at which entropy 

generation was minimum, was found to be 1. 

Herpe et al. [118] used the finite volume method to numerically investigate the entropy 

generation in a finned oval tube with vortex generators. In their study, they showed that the 

entropy generation method is a useful tool for studying local conjugate heat transfer and 

defining the global heat exchange criterion. Satapathy [123] used the second law of 

thermodynamics to determine the irreversibilities in a coiled tube heat exchanger for both 

laminar and turbulent flow conditions. They showed the presence of an optimum diameter 
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ratio at which the entropy generation is minimum for a given value of Prandtl number, Dean 

number and heat exchanger duty parameter. 

Șahin [127] used the second law of thermodynamics to compare analytically the 

irreversibilities in ducts with various geometries. In terms of minimum entropy generation, 

the circular duct gave the best performance, whereas triangular and rectangular duct 

geometries showed inferior performance. In another study, Șahin [128] presented the results 

of the thermodynamic analysis of turbulent fluid flow through a smooth duct subject to 

constant heat flux, using the entropy generation minimisation method. Abu-Nada [129] 

numerically studied entropy generation over a backward-facing step for various values of 

expansion ratios (ER) and Reynolds numbers in the laminar flow regime. An increase in 

Reynolds number was found to increase the total entropy generation.  

Khan et al. [130] used the entropy generation minimisation method to optimise the overall 

performance of micro channel heat sinks. They formulated the entropy generation in terms of 

the pressure drop and thermal resistance and studied the effect of several values of flow rates, 

Knudsen numbers, channel aspect ratios, fin spacing and the thermal conductivity of the heat 

sink material on the entropy generation rate. Herwig and Kock [131] compared the direct and 

indirect methods of calculating entropy generation rates in turbulent convection heat transfer 

problems. They used the equations derived in their earlier work (Kock and Herwig [94]), 

called the direct method, and compared their results with those of the indirect method, based 

on the analytical expression for the volume integrated time-average entropy balance equation. 

The direct method was superior for determining entropy generation in cases where the flow 

field is complex and when complex boundary conditions are involved. 

In other studies, Sahiti et al. [132] used the entropy generation minimisation method to study 

heat transfer enhancement in a double pipe-pin fin heat exchanger. Esfahani and Shahabi 

[133] studied the entropy generation for developing laminar flow. Ozalp [134] numerically 

investigated the entropy generation for fully developed, forced convection laminar flow in a 

micro-pipe. Giangaspero and Sciubba [135] recently applied the entropy generation to a 

forced convection-cooling problem of an LED-based spotlight. They showed that the best 

performance, i.e. minimum entropy generation occurs when the fins are periodically spaced 
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in the radial direction. Amani and Nobari [136] present a numerical and analytical study of 

entropy generation in the entrance region of curved pipes at a constant heat flux. Amani and 

Nobari [137] numerically and analytically investigated entropy generation in the entrance 

region of curved pipes with a constant wall-temperature boundary condition. In the numerical 

method, they present the local entropy generation rates due to friction and heat transfer and 

compare their results with approximate analytical solutions. Both methods predict the 

presence of an optimal Reynolds number at which entropy generation is minimum. 

Many other studies on entropy generation for heat transfer and fluid flow problems can be 

found in literature. Interested readers are directed to these additional studies: Wu et al. [138], 

Ko [139], Mansour et al. [140], Ilis et al. [141], Dagtekin et al. [142], Jankowski [143], 

Sciubba [144], Balaji et al. [145], Hooman et al. [146], Mahmud and Fraser [147], Mahmud 

and Fraser [148] and recently Zhang et al. [149].   

It is clear from the above literature that the entropy generation minimisation method is an 

effective tool for the design and optimisation of thermal systems and system components as 

well as heat transfer devices. It is also clear that the entropy generation rates depend on the 

geometry of the problem under consideration, the boundary conditions and the nature of the 

flow field. 

For parabolic trough collectors, the presence of high heat fluxes and high temperatures at 

high concentration ratios will lead to high entropy generation rates due to heat transfer 

irreversibility. With the feasibility of high optical efficiencies in parabolic trough systems, 

larger parabolic trough collector sizes and therefore larger concentration ratios are now 

possible, as discussed above. For this reason, a study on the effect of high concentration 

ratios on entropy generation in parabolic trough systems is necessary to establish the optimal 

flow rates at which entropy generation is a minimum. Moreover, as the geometry of the 

collector changes, the thermodynamic performance of the receiver is expected to change. 

Therefore, it becomes crucial to investigate the effect of different collector rim angles on 

entropy generation rates in the receiver. 
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Studies on entropy generation behaviour in parabolic trough systems are not widespread in 

the literature. Bejan [61] and Kalogirou [10,16] present a method for determining entropy 

generation in a solar collector system and the subsequent determination of the optimal 

collector temperature and flow rate. The method they present relates the entropy generation to 

the mass flow rate, the collector’s inlet and outlet temperatures, heat loss and solar radiation. 

Though Kalogirou [16] adapted the method presented by Bejan [61] to imaging collectors, 

entropy generation due to heat transfer and fluid friction in the receiver of the parabolic 

collector trough system is not explicitly accounted for. Nor is the non-uniformity of the heat 

flux on the receiver’s absorber tube considered. With low rim angles, the peak heat flux will 

be high, as already shown in Chapter 4, and the heat transfer irreversibility will also be high. 

This is why the actual heat flux profiles have to be used for an accurate representation of 

entropy generation in the receiver. 

According to Bejan [61] and Kalogirou [10,16], the entropy generation in the parabolic 

trough collector system is a strong function of the flow conditions in the receiver’s absorber 

tube. Accordingly, minimising the entropy generation in the receiver’s absorber tube will 

reduce the total entropy generated by the collector. In the present study, the entropy 

generation minimisation method was applied to the receiver tube of the parabolic trough 

system to account for heat transfer and fluid flow irreversibilities. Minimising the entropy 

generation due to heat transfer and fluid friction is expected to reduce the total entropy 

generation of the collector system. This is in line with the suggestion made by Bejan [150]. 

He suggests that irreversibility minimisation at system component level would result in the 

minimisation of the total entropy generation rate of the entire system, even if the entropy 

generation in other components of the system is not changed. Emanating from the reviewed 

studies, the determination of entropy generation due to heat transfer and fluid flow in 

parabolic trough receivers can help to establish the optimum flow rates for minimum entropy 

generation and therefore maximum power delivery by the collector system. Moreover, this 

chapter provides a basis for the entropy generation analysis of heat transfer enhancement 

techniques in the receiver’s absorber tube. Knowledge of entropy generation rates in the non-

enhanced receiver help to determine which configurations of heat transfer enhancement 

techniques make thermodynamic sense. 
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5.2 MODEL DESCRIPTION 

5.2.1 PHYSICAL MODEL  

The heat collection element of the parabolic trough system is fundamental to the performance 

of the entire system. To ensure high efficiencies, the heat collection element consists of a 

steel absorber tube enclosed in a glass jacket, which is evacuated to pressures below the 

Knudsen gas conduction level (0.013 Pa) [21] to suppress convection heat loss. Moreover, the 

receivers are made with absorber tubes, which are selectively coated to ensure higher 

absorptivity of incoming solar radiation and low emissivity of infrared radiation. Because 

current heat transfer fluids decompose when temperatures exceed about 400 oC [29,55], getter 

material is provided to absorb the hydrogen formed inside the receiver’s annulus since its 

accumulation drastically increases the receiver’s thermal loss [45].  

The model of the parabolic trough receiver analysed in the present study is shown in Fig. 5.1. 

The space between the absorber and the glass cover is considered evacuated so that only 

radiation heat loss takes place. The concentration ratio is defined as CR = Aa/Ar where Aa is 

the area of the collector’s aperture and Ar is the projected area of the absorber tube. Because 

of symmetry, only half of the receiver was considered, as shown by Section AA. 

The upper half receives direct solar radiation, whereas the lower half receives concentrated 

solar radiation. The emissivity of the absorber tube varies with temperature according to Eq. 

(2.33). 

The assumptions used in the study are as follows: 

• Flow is steady-state 

• Flow is turbulent for effective heat transfer and for the reduction of absorber 

tube temperature gradients 

The geometrical parameters and simulation parameters used in this study are shown in      

Table 5.1. Other parameters are similar to those used in Chapter 4, as shown in Table 4.1. 
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Fig. 5.1: 2-D schematic representation of the parabolic trough receiver computational 
domain: (a) longitudinal view and (b) cross-section view. 
 

5.2.2 GOVERNING EQUATIONS  

High heat transfer fluid mass flow rates are essential for the high heat fluxes and high 

temperatures achievable at high concentration ratios and the flow in the absorber tube is in 

the turbulent regime. In addition, the flow inside the absorber tube is considered to be steady 

state. The Reynolds Averaged Navier-Stokes equations (RANS) (Eqs. 3.2 - 3.4) detailed in 

Section 3.3.1 are applicable to this kind of problem. The realisable k-ε was used for 

turbulence closure. This model is an improvement of the standard k-ε and has superior 

performance for separated flows and flows with complex secondary features. The model 

solves two additional equations for the turbulent kinetic energy (Eq. 3.7) and turbulent 

dissipation rate (Eq. 3.8) as detailed in Section 3.31 of this work. The entropy generation 

rates are determined from the equations (Eqs. 3.35-3.41) given in Section 3.4.1 of Chapter 3. 

 

(b) 

(a) 

 

A 

A 
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Table 5.1: Geometrical parameters of the receiver used in this study 

Parameter Value 

dgi (cm) 11.5 
dri (cm) 6.6 
dro (cm) 7 

L (m) 5 

Wa (m) 4 -10 
Ib (W/m2) 1 000 
φr (Degrees) 40, 60, 80, 90, 100, 120 
CR 57, 71, 86, 100, 114, 129, 143 

 

5.2.3 BOUNDARY CONDITIONS 

The boundary conditions adopted for this study are discussed in Chapter 4, Section 4.4. Due 

to symmetry, only half of the receiver was considered and the end effects as well as the effect 

of the receiver’s supports were deemed negligible. This chapter uses the full receiver model 

described as model A. 

5.2.4 SOLUTION PROCEDURE  

The numerical solution was implemented in a commercial software package ANSYS® 13 

and 14.5. The geometry was built in ANSYS design modeller and the computational grid 

created in ANSYS meshing. The numerical solution was obtained in ANSYS FLUENT, 

which uses a finite volume method for solving the governing continuity, momentum, energy 

and k-ε model equations. The SIMPLE algorithm proposed by Patankar and Spalding [92] 

was used for coupling the pressure and velocity. Second-order upwind schemes were 

employed for integrating the governing equations together with the boundary conditions over 

the computational domain.  

Given the need to capture a high resolution of gradients near the wall, the enhanced wall 

functions [88,89] were used and y+ ≈ 1 was used in all simulations. Where y+ = yμτ/ν, ν is the 

fluid’s kinematic viscosity, y is the distance from the wall and uτ is the friction velocity given 

by ( / )
wτµ τ ρ= . To predict the near-wall cell size, the distance y was calculated as 

/y uτµ ρ+
, for internal flow, 2 / 2

w f
c Uτ ρ ∞= ; where 0.250.079

f d
c Re−= . 
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Convergence was obtained with scaled residuals of mass, momentum, turbulent kinetic 

energy and a turbulence dissipation rate of less than 10-4 whereas the energy residuals were 

less than 10-7. Convergence was also monitored by using the convergence history of volume-

averaged entropy generation in the absorber tube. The solution was considered converged 

when the volume-averaged entropy generation remained constant for more than 200 

successive iterations. 

Mesh independence studies for several refinements of the mesh were carried out with the 

volume integral entropy generation as a monitored quantity. Accordingly, the solution was 

considered mesh independent when |(Sgen
i
 - Sgen

i-1)/Sgen
i-1| ≤ 0.01. The indices i and i-1 

represent the values before and after refinement respectively. The sample mesh used in this 

study is the same as that presented in Chapter 4, Fig. 4.5. 

Syltherm 800 [110] was used as the absorber tube’s heat transfer fluid; its properties were 

entered as temperature-dependent polynomials for specific heat capacity (cp), density (ρ) and 

thermal conductivity (λ) and the piece-wise temperature-dependent polynomial for viscosity 

(μ) as derived from the manufacturer’s specifications [110] given in Chapter 4 by               

Eqs. (4.4 – 4.8). The sample thermal properties of Syltherm 800 at Tinlet = 400 K, 550 K and 

650 K were shown in Table 4.2. The absorber tube material is stainless steel with a 

temperature-dependent thermal conductivity [45] given according to Eq. (2.25). 

5.3 RESULTS 

5.3.1 VALIDATION OF NUMERICAL RESULTS 

The validation of the receiver model is presented in Chapter 4. This section presents the 

validation of the entropy generation model. The indirect method of determining entropy 

generation as proposed by Bejan [61] was used to validate the results obtained in this study 

by the direct method. This same validation was used by Herwig and Kock [131] to validate 

the proposed expressions for the direct method of determining entropy generation. The 

example studied by Bejan [61] was reproduced in the present study for validation purposes. A 

tube with a diameter D and a fully developed turbulent flow of water is heated by a constant 
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heat flux of 105 W/m2 over its length L, so that the temperature is raised from 300 K to 310 K. 

The values of D and L are varied for a constant heat transfer surface area πDL = 0.42 m2. 

Figure 5.2 shows that the direct method and indirect method give almost similar values 

except for cases of low Reynolds numbers. Although the direct and indirect methods give 

similar results for simple cases of tube configurations under different operating conditions or 

complex geometries, the direct method gives more accurate results for entropy generation 

[131]. 
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Fig. 5.2: Comparison of predicted entropy generation as a function of Reynolds number with 
Bejan’s analytical expression [61]. 

 

Shown in Fig. 5.3 is the entropy generation in the absorber tube at a constant heat flux, with 

the direct and indirect method for a 4 m length. If the actual heat flux on the receiver is 

considered (concentrated heat flux on the lower half and direct solar radiation on the upper 

half), the values of entropy generation differ greatly. The optimum operating conditions also 

differ slightly. 
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Fig. 5.3: Entropy generation in the receiver’s absorber tube as a function of Reynolds number 
for a receiver with constant heat flux and one with non-uniform heat flux.  

 

5.3.2 DISTRIBUTION OF ENTROPY GENERATION IN THE ABSORBER TUBE 

The value of y+ ≈ 1 was used in all simulations to ensure the correct prediction of entropy 

generation close to walls. To study the distribution of entropy in the absorber tube, a 

concentration ratio of 86, inlet fluid temperature of 500 K and a Reynolds number of         

2.69 × 105 were used. Entropy generation at different locations in the absorber tube’s 

streamwise direction, x/L = 0.5, 0.75 and dimensionless radial positions, y/R were determined 

(y/R = 0 represents the centre of the tube, y/R =1 the absorber tube’s upper wall and y/R = -1 

the absorber tube’s lower wall at any given value of x/L). As shown in Fig. 5.4, the entropy 

generation is higher close to the walls, given the high temperature and velocity gradients in 

the near-wall regions. 
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Fig. 5.4: Entropy generation in the receiver’s absorber tube as a function of absorber tube’s 
radial position (y/R) and different positions along the tube’s streamwise direction (x/L). 

 

The figure also shows that the entropy generation is higher on the lower half of the absorber 

tube (y/R = -1) than on the upper half (y/R = 1) since the lower half receives the concentrated 

heat flux. At half the length of the absorber tube (x/L = 0.5), the entropy distribution shows a 

minimum at y/R = 0. The entropy generation distribution at x/L = 0.75 and 1 shows a more 

constant profile for the entropy generation rate given that, at these distances, the flow is 

thermally fully developed.  

Figure 5.5 shows entropy generation at different values of y/R along the length of the 

absorber tube, both S'''gen and (S'''gen)H are shown. (S'''gen)H is the dominant source of 

irreversibility in the regions very close to the lower wall, as shown at y/R = -0.91. The heat 

transfer irreversibility is high when close to the absorber tube’s lower wall because of the 

concentrated heat flux incident on the lower half of the absorber tube. Far from the lower-

absorber tube wall, the contribution of (S'''gen)H to the total entropy generation rate decreases. 
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For example, at y/R = 0.91 (close to the upper-absorber tube wall), the contribution of 

(S'''gen)H to total entropy generation is just above zero and S'''gen  is 5 W m-3K-1.  
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Fig. 5.5: Total entropy generation and entropy generation due to heat transfer irreversibility 
in the receiver’s absorber tube as a function of absorber tube’s streamwise position (x/L) and 
tube’s radial position (y/R). 

 

Compared to the lower wall of the absorber tube, the upper wall receives only direct solar 

radiation, hence the observed lower values of heat transfer irreversibility. Figure 5.6 shows 

the contribution to the total entropy generation that is due to heat transfer irreversibility in the 

absorber tube at various locations using the Bejan number. The Bejan number approaches 1 

in the lower half of the absorber tube and is about zero close to the upper wall of the absorber 

tube.  
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Fig. 5.6: Bejan number as a function of absorber tube streamwise position (x/L) and absorber 

tube radial position (y/R). 

 

5.3.3 EFFECT OF CONCENTRATION RATIO ON ENTROPY GENERATION 

To investigate the effect of the concentration ratio on total entropy generation (Sgen) in the 

receiver, concentration ratios of 57, 71, 86, 100, 114, 129 and 143 were considered. For a 

fluid element of volume V, the total entropy generation is given by dVSS

V

gengen ∫∫∫ ′′′= . genS ′′′  is the 

volumentric entropy generation rate given by Eq. (3.35). Since Reynolds numbers depend on 

the fluid inlet temperature and flow rates, for comparison purposes, the fluid’s flow rate is 

used (where the flow rate is ( )
inlet c

V u A= ×ɺ . Two flow rates Vɺ = 18.5 m3/h (Fig. 5.7) and      

Vɺ  = 104.8 m3/h (Fig. 5.8) were used to show the variation of entropy generation due to the 

inlet temperature and concentration ratio. 
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Fig. 5.7: Entropy generation in the receiver’s absorber tube as a function of inlet temperature 
and concentration ratio (CR) for a flow rate of 18.5 m3/h and a rim angle (φr) of 80o. 

 

Figures 5.7 and 5.8 show that at a given flow rate, the entropy generation rate per unit length 

(S'
gen= Sgen/L) decreases as the absorber tube inlet temperature increases. Furthermore, at a 

given flow rate and inlet temperature, the entropy generation increases as the concentration 

ratio increases. Increasing the concentration ratios means increased heat flux on the absorber 

tube, therefore such higher temperature gradients and increased heat transfer irreversibility 

require a higher fluid flow rate or heat transfer augmentation for better heat transfer.   
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Fig. 5.8: Entropy generation in the receiver’s absorber tube as a function of inlet temperature 

and concentration ratio (CR) for a flow rate of 104.8 m3/h and a rim angle (φr) of 80o. 

 

The entropy generation rates are higher at lower flow rates, as shown in Fig. 5.7 compared 

with entropy generation rates at high flow rates as shown in Fig. 5.8. As the flow rate 

increases, the heat transfer irreversibility is reduced, but the fluid friction irreversibility 

increases. Both figures show a reduction in the entropy generation as the heat transfer fluid 

inlet temperatures increase. The reduction in entropy generation as the inlet temperature 

increases is due to the variation of the fluid’s thermal properties with temperature: as the inlet 

temperatures increase, the fluid becomes less dense and less viscous, leading to reduced fluid 

friction irreversibility.  

Specific fluid inlet temperatures are considered so as to present the results in terms of the 

Reynolds numbers. Figures 5.9 and 5.10 show the Nusselt number and friction factor 

respectively for an inlet temperature of 550 K. The figures show that increasing the 

concentration ratio has no effect on the Nusselt number and friction factor. They also show 

that continually increasing the Reynolds numbers increases the Nusselt numbers and reduces 
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the friction factor. Therefore, based on the first law of thermodynamics, there is no clear 

optimal operation point. However, an analysis based on the second law of thermodynamics 

shows that at a given concentration ratio, an increase in the Reynolds number reduces the 

heat transfer irreversibility while increasing the fluid friction irreversibility. Accordingly, 

there is a Reynolds number at which the sum of the heat transfer irreversibility and fluid 

friction irreversibility is a minimum. 
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Fig. 5.9: Receiver heat transfer performance as a function of Reynolds number and 
concentration ratio (CR) for an inlet temperature of 550 K and rim angle (φr) of 80o. 
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Fig. 5.10: Receiver friction factor as a function of Reynolds number and concentration ratio 
(CR) for an inlet temperature of 550 K and rim angle (φr) of 80o. 

 

Figures 5.11 and 5.12 show that for every concentration ratio and a given inlet temperature, 

there is a Reynolds number that minimises the entropy generation in the absorber tube. The 

figures also show that high concentration ratios result in higher entropy generation rates 

owing to increased heat transfer irreversibility. The optimum Reynolds number is shown to 

increase as the concentration ratio increases. Therefore, an increase in concentration ratio 

would require a corresponding increase in the fluid flow rate to minimise the heat transfer 

irreversibility for minimum entropy generation. 
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Fig. 5.11: Entropy generation in the receiver’s absorber tube as a function of Reynolds 

number and concentration ratio (CR) for an inlet temperature of 400 K and a rim angle (φr) of 
80o. 
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Fig. 5.12: Entropy generation in the receiver’s absorber tube as a function of Reynolds 

number and concentration ratio (CR) for an inlet temperature of 600 K and a rim angle (φr) of 
80o. 
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Figure 5.13 shows the distribution of entropy generation at concentration ratios of 71 and 129 

at Tinlet = 500 K. The fluid friction irreversibility increases as the Reynolds number increases, 

but does not change when the concentration ratio changes, whereas the heat transfer 

irreversibility decreases with increasing Reynolds numbers and increases significantly as the 

concentration ratios increase. The entropy generation due to heat transfer is dominant at low 

Reynolds numbers, since the low heat transfer coefficients and entropy generation due to 

fluid friction become the dominant source at high values of Reynolds number because of the 

increased drop in pressure. 
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Fig. 5.13: Total entropy generation, entropy generation due to heat transfer irreversibility and 
entropy generation due to fluid friction irreversibility in the receiver’s absorber tube as 
functions of Reynolds number for concentration ratios (CR) of 71 and 129 and inlet 

temperature of 500 K. 

 

For all concentration ratios, Fig. 5.14 shows the variation of the Bejan number with 

concentration ratio and the Reynolds number at Tinlet = 500 K. The Bejan number approaches 

1 at very low Reynolds numbers and approaches zero as Reynolds numbers are increased for 

low concentration ratios. The Bejan number is also shown to increase with an increase in the 

concentration ratios. 
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Fig. 5.14: Bejan number as a function of Reynolds number and concentration ratio (CR) for 
an inlet temperature of 500 K and a rim angle (φr) of 80o. 

 

The optimal Reynolds number (at which entropy generation is a minimum) is shown to 

increase as the concentration ratio increases, as shown in Figs 5.11 – 5.13 and 5.15 for 

specific inlet temperatures. Figure 5.15 also shows that as the inlet temperatures increase, the 

optimal Reynolds number also increases because the density and viscosity of the fluid were 

taken to vary with temperature. Based on the heat transfer fluid flow rate, the flow rates 

corresponding to the optimal Reynolds number are nearly the same for the different inlet 

temperatures at a given concentration ratio. For all inlet temperatures, the average optimal 

flow rates are shown in Table 5.2 at the different concentration ratios considered in this 

study. 
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Fig. 5.15: Optimal Reynolds number as a function of inlet temperature and concentration 
ratio (CR) and a rim angle (φr) of 80o. 

 

 Table 5.2: Optimal flow rates at different concentration ratios. 

Concentration ratio (CR) Optimal flow rate (m3/h)  

57 52.7 
71 62.4 
86 70.3 
100 79.5 
114 87.0 
129 91.2 
143 95.1 

 

For a fair evaluation of entropy generation at different concentration ratios, the non-

dimensional entropy generation number Ns, which relates the entropy generated to the inlet 

temperature and heat transfer rate was defined as: 

inlet

gen

s
Tq

S
N

ɺ
= , where qɺ - is the heat transfer rate and Tinlet - is the inlet temperature.  

Figure 5.16 shows the variation of Ns with the Reynolds number at an inlet temperature of 

550 K. The location of the optimal Reynolds number is clearly shown and does not differ 
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from that indicated in Figs 5.11 and 5.12. However, Fig. 5.16 shows that the entropy 

generation number is higher as the concentration ratios increase for low Reynolds numbers 

and becomes lower as the concentration ratios increase for higher flow rates. Therefore, 

higher flow rates are undesirable for lower concentration ratios. 
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Fig. 5.16: Entropy generation number as a function of Reynolds number and concentration 
ratio (CR) for an inlet temperature of 550 K and rim angle (φr) of 80o. 

 

5.3.4 EFFECT OF RIM ANGLE ON ENTROPY GENERATION 

As discussed, rim angles have a significant influence on the peak heat fluxes as well as the 

peak temperatures in the receiver. Accordingly, the heat transfer irreversibility is expected to 

increase as the rim angle reduces. The increase in the heat transfer irreversibility is more 

pronounced at higher Reynolds numbers. When looking at the Bejan number in Fig. 5.17 it 

can be seen that the heat transfer irreversibility increases as the rim angle reduces. From the 

point of view of entropy generation, the higher the finite temperature difference, the greater 

the heat transfer irreversibility. Therefore, at the same flow rate/Reynolds number and 

concentration ratio the entropy generation is expected to reduce as the rim angle increases. 
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(b) 

Fig. 5.17: Bejan number as a function of Reynolds number and rim angle (φr) for a 
concentration ratio (CR) of 86: (a) inlet temperature of 400 K and (b) inlet temperature of     
600 K. 
 

Figures 5.18(a) and 5.18(b) show the variation of entropy generation with Reynolds numbers 

at different rim angles for inlet temperatures of 400 K and 600 K respectively.  



 

Chapter Five: Numerical investigation of entropy generation in a parabolic trough receiver 

at different concentration ratios and rim angles 

 

 

131 

 

0

1

2

3

4

5

0 50 100 150 200 250 300 350

40
60
80
90
100
120

S
' g

en
 (

W
/m

 K
)

Re

ϕ
r
 (degrees)

 [ x 103 ]  
(a) 

0

0.5

1.0

1.5

2.0

0 200 400 600 800 1 000 1 200 1 400

40
60
80
90
100
120

S
' g

en
 (

W
/m

 K
)

Re

ϕ
r
 (degrees)

[ x 103 ]
 

(b) 

Fig. 5.18: Entropy generation in the receiver’s absorber tube as a function Reynolds number 

and rim angle (φr) for a concentration ratio (CR) of 86: (a) inlet temperature of 400 K and (b) 
inlet temperature of 600 K. 
 

As anticipated, the entropy generated increases as the rim angle reduces at each temperature 

considered. At the lowest Reynolds number in the figures, the entropy generation reduces by 

about 35% and 72% at the respective temperatures as the rim angle increases from 40o to 
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120o. Therefore, in addition to reducing the absorber tube’s temperature difference, the use of 

higher rim angles also ensures the efficient utilisation of the available energy. It can also be 

noted from the figures that the entropy generation is smaller at higher temperatures than at 

lower temperatures, as already discussed. In addition, the rim angle does not have any 

significant effect on the optimal flow rates or Reynolds number at any given concentration 

ratio and fluid temperature. 

5.3.5 COMPARISON WITH ENTROPY GENERATION FOR THE ENTIRE 

COLLECTOR SYSTEM 

So far, we have presented the results of entropy generation due to heat transfer and fluid flow 

in the parabolic trough receiver alone. To compare this with the entropy generation for the 

entire collector system, the method proposed by Bejan [61] for solar collectors was used. The 

method considers entropy generation upstream of the collector, downstream of the collector 

and inside the collector. The exergy flow diagram is given in Fig. 5.19 [10,16] for a collector 

of area Aa, receiving solar radiation at a rate Q* from the sun. 

Where Q* is proportional to the area of the collector and the direct normal irradiance, Ib. The 

incident solar radiation is partly delivered to the user as heat transfer Q at the receiver 

temperature Tr, the remaining fraction, Qo is lost to the ambient air. The entropy generation 

due to these processes for a non-isothermal collector, without considering the pressure drop 

between the inlet and outlet, is given as [10,16,61] 

*

,

*

ln outlet o

gen col p

inlet o

T QQ
S mc

T T T
= − +ɺ  

5.1 

where T* is the apparent temperature of the sun as an energy source approximately equal to 

¾Ts [10], Ts  is the apparent blackbody temperature of the sun, To is the ambient temperature,           

Qo = Q*- Q and ( )
p outlet inlet

Q mc T T= −ɺ .  
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(a) 

 

(b) 
Fig. 5.19: Representation of energy and exergy analysis for concentrating collectors: (a) 

energy flow diagram for concentrating solar collectors and (b) exergy flow diagram. 

 

Figure 5.20 shows the entropy generation rate per unit length (S'gen,col = , /
gen col

S L ) of the 

entire collector system at Tinlet  = 400 K at different concentration ratios and Reynolds 

numbers. The figure shows that the entropy generation rate of the collector system depends 

more strongly on the concentration ratio than on Reynolds numbers. This is due to the 

increase in the entropy generation from heat transfer as concentration ratios increase. 
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Fig. 5.20: Entropy generation for an entire parabolic trough collector system as a function of 
Reynolds number and concentration ratio (CR) for an inlet temperature of 400 K and a rim 

angle (φr) of 80o. 

 

A closer look at each concentration ratio shows that the entropy generation is minimum at 

some Reynolds number as shown in Fig. 5.21 for CR = 86. This is in agreement with our 

analysis when only entropy generation due to heat transfer and fluid friction was considered. 

Therefore, the entropy generation due to heat transfer and fluid friction in the receiver is 

related in some way to the collector’s entropy generation through the first term in Eq. (5.1). 

The point of minimum entropy will exist in this case because the mass flow rate and outlet 

temperature in the first term of Eq. (5.1) are interdependent. Increasing the mass flow rate 

increases the contribution due to 
p

mcɺ while at the same time reducing the contribution due to 

ln(Tout/Tinlet), so that there is a point at which the product of the two terms is a minimum.  
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Fig. 5.21: Entropy generation for an entire parabolic trough collector system as a function of 
Reynolds number at a concentration ratio (CR) of 86, rim angle (φr) of 80o and an inlet 
temperature of 400 K. 

 

Table 5.3 summarises the entropy generation of the different processes given in Eq. (5.1) and 

also compares the entropy generation due to heat transfer with the fluid flow determined by 

the CFD analysis. Given the assumed constant value of the direct normal irradiance (Ib), the 

entropy generation from solar radiation (Q*/T*) remains constant at a given concentration 

ratio. The entropy generation due to heat transfer (( ln( / )
p outlet inlet

mc T Tɺ ) is the largest 

contributor to the entropy generation budget of the collector system, as shown in Table 5.3. 

Our analysis (4-m long collector system) noted a slight variation of the entropy generation 

due to heat transfer at each inlet temperature and concentration ratio. This variation is 

because at a given inlet temperature and concentration ratio, the heat transfer rate does not 

vary much over the 4-m long collector system considered. 
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 Table 5.3: Entropy generation due to heat transfer and fluid flow compared with 
entropy generation in the collector. 

(a) Tinlet = 400 K, CR = 86 
Flow rate (m3/h)  

ln outlet

p

inlet

T
mc

T
ɺ   

(W/K) 

Q* /T* 

(W/K) 
Qo/To 

(W/K) 
S'gen,col 

(W/m K) 
S'gen 

(W/m K) 
S'gen/S'gen,col 

(%) 

9.2 52.46 5.17 10.50 14.45 2.14 14.83 
18.5 51.95 5.17 10.28 14.26 1.35 9.48 
30.8 51.62 5.17 10.20 14.16 0.95 6.69 
43.1 51.53 5.17 10.18 14.13 0.76 5.39 
55.4 51.50 5.17 10.16 14.12 0.68 4.78 
80.1 51.80 5.17 10.08 14.18 0.67 4.75 
104.7 52.43 5.17 10.06 14.33 0.85 5.94 
153.9 56.72 5.17 9.95 15.37 1.70 11.08 

 

(b) Tinlet  = 550 K, CR =86 
Flow rate (m3/h) 

ln outlet

p

inlet

T
mc

T
ɺ   

(W/K) 

Q* /T* 

(W/K) 
Qo/To 

(W/K) 
S'gen,col 

(W/K) 
S'gen 

(W/K) 
S'gen/S'gen,col 

(%) 

9.2 35.65 5.17 12.74 10.81 0.85 7.82 
18.5 35.10 5.17 12.33 10.56 0.51 4.83 
30.8 34.50 5.17 12.21 10.38 0.32 3.05 
43.1 34.50 5.17 12.15 10.37 0.28 2.68 
55.4 35.00 5.17 12.05 10.47 0.25 2.38 
80.1 35.80 5.17 11.90 10.63 0.27 2.50 
104.7 36.65 5.17 11.80 10.82 0.36 3.32 
153.9 38.34 5.17 11.70 11.22 0.79 7.00 

 

The entropy generation due to heat loss (Qo/To) reduces with an increase in flow rates owing 

to the reduced heat loss (Qo) resulting from the reduced temperature difference between the 

receiver and the surroundings. 

The entropy generation due to heat transfer and fluid flow is a small percentage of the 

entropy generation for the entire collector system given by Eq. (5.1). The percentage depends 

on the inlet temperature and the flow rate; S'gen is about 15% of S'gen,col at Tinlet = 400 K,       

CR = 86 when the flow rate is 9.2 m3/h and 7.8% of S'gen,col when the inlet temperature is     

550 K at the same flow rate and concentration ratio. Even though the entropy generation 
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predicted for the entire collector system is larger than the entropy generation due to heat 

transfer and fluid flow, they all show the same variation with temperature, concentration ratio 

and Reynolds number. Either of the two methods can be used to optimise the performance of 

solar collector systems since it has been shown in this study that minimising the entropy 

generation due to heat transfer and fluid flow minimises the entropy generation for the entire 

collector system and vice versa. 

5.4 CONCLUDING REMARKS 

A numerical analysis on entropy generation for a receiver of a parabolic trough collector at 

different rim angles, concentration ratios, inlet temperatures and Reynolds numbers was 

carried out. Even though the analysis based on the first law of thermodynamics shows no 

variation in the Nusselt number and friction factor as concentration ratios change, using the 

second law of thermodynamics has shown that increasing the concentration ratios increases 

the entropy generation rates in the receiver. 

From the local determination of entropy generation rates in the receiver’s absorber tube, it 

has been shown that high entropy generation rates occur in the lower half of the receiver 

owing to the highly concentrated heat flux incident on it. This results in high temperature 

gradients and thus high heat transfer irreversibility. 

The entropy generation rates increase as the rim angle reduces because of the higher 

temperature peaks associated with low rim angles. The increase in entropy generation as the 

rim angles increase is not very significant for rim angles above 80o and for flow rates higher 

than 31 m3/h.  

For a given inlet temperature, it has been shown using the Bejan number that entropy 

generation due to heat transfer dominates for lower values of Reynolds numbers, whereas 

entropy generation due to fluid friction dominates for higher values of Reynolds numbers. 

The Bejan number approaches 1 for Re < 2 x 105 for all the concentration ratios and is less 

than 0.4 for Re > 8 × 105 for all concentration ratios when Tinlet = 550 K. The Bejan number 

also increases as the concentration ratio increases for a given inlet temperature and Reynolds 

number.  
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Also shown is that, at a given concentration ratio and inlet temperature, there is a Reynolds 

number (Reopt) for which the entropy generation is a minimum. The value of the optimum 

Reynolds number increases as the concentration ratio increases. Because of the variation in 

the fluid’s heat transfer properties, the optimal Reynolds number is shown to increase as the 

inlet temperature increases.  

However, the obtained optimal Reynolds numbers correspond to volumetric flow rates of       

52.7 m3/h, 62.4 m3/h, 70.3 m3/h, 79.5 m3/h, 87 m3/h, 91.2 m3/h, 95.1 m3/h at concentration 

ratios 57, 71, 86, 100, 114, 129 and 143 respectively, regardless of the inlet temperature used. 

It has also been shown that minimising the entropy generation due to heat transfer and fluid 

flow in the receiver minimises the entropy generation for the entire collector system. 
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CHAPTER SIX 

 

CCHHAAPPTTEERR  SSIIXX::    HHEEAATT  TTRRAANNSSFFEERR  EENNHHAANNCCEEMMEENNTT  IINN  PPAARRAABBOOLLIICC      

TTRROOUUGGHH  RREECCEEIIVVEERRSS  UUSSIINNGG  WWAALLLL--DDEETTAACCHHEEDD  

TTWWIISSTTEEDD  TTAAPPEE  IINNSSEERRTTSS  

6.0 INTRODUCTION 

The need to further reduce the costs of parabolic trough collector systems has motivated the 

use of larger as well as longer concentrator modules [18,21,23]. An increase in concentrator 

size ensures a reduced number of drives as well as controls, thus a reduction in capital costs 

and operation costs. Larger concentrator sizes lead, however, to higher concentration ratios 

and therefore to high heat fluxes on the receiver’s absorber tube. These high heat fluxes 

significantly increase the circumferential temperature difference in the receiver’s absorber 

tube, increase the heat transfer irreversibilities (as shown in Chapters 5) and reduce the 

reliability of the receivers. Therefore, with higher concentration ratios, it becomes necessary 

to improve the heat transfer performance of parabolic trough receivers in order to: (i) improve 

their thermal performance; (ii) reduce the absorber tube’s circumferential temperature 

difference; and (ii) minimise the heat transfer irreversibilities. 

Heat transfer enhancement is one way of improving the heat transfer performance of heat 

exchangers. The field of heat transfer enhancement has been extensively developed and an 

enormous database of technical literature is available on the subject [53,54]. The need to 

improve the thermal performance of heat transfer exchangers and heat transfer devices is 

motivated by the possible reductions in energy utilisation, materials and costs. Several 

techniques have been developed for heat transfer enhancement and are widely used in many 

applications. They are classified as active or passive heat transfer enhancement techniques. 

Passive heat transfer enhancement techniques have been extensively researched and are 

widely used in many industrial applications since they require no direct power input in 

comparison to active techniques which require a direct power input. A detailed review of 
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various heat transfer enhancement techniques is presented by Manglik [54], Bergles [52,151] 

and Webb [53]. 

Of the several passive heat transfer enhancement techniques developed and researched, 

techniques that generate swirl flow in tubes are very attractive and much utilised. Passive 

swirl flow techniques come in many arrangements, such as inserts, geometrically modified 

flow arrangements and duct modifications [56]. Tube inserts include twisted tapes, axial 

cores with screw-type windings, helical vane inserts, static mixers and periodically spaced 

propellers [56]. 

Twisted tape inserts are the most widely used swirl-generating devices and are broadly 

employed in many applications for enhancing single-phase and two-phase as well as laminar 

and turbulent forced convention heat transfer. The wide application and interest in using 

twisted tape inserts can be seen in the number of studies dedicated to heat transfer 

enhancement using twisted tape inserts, provided in reviews by Manglik [56], Bergles [52] 

Webb [53], Dewan et al.[152], Nithiyesh [153] and Liu and Sakr [154]. Twisted tape inserts 

generally give high heat transfer rates with a moderate increase in pressure drops. 

The wide applicability of twisted tape inserts is also partly due to their ease of manufacture 

and installation in heat exchangers. Several features exhibited by twisted tape inserts result in 

heat transfer enhancement. These features include: fluid agitation and mixing induced by the 

cross-section secondary circulation, a thinner boundary layer, a longer path due to the helical 

twisting of fluid motion, partitioning and blockage of the tube flow cross-section and an 

induced tangential flow velocity component.  

Several studies are available in the literature regarding heat transfer enhancement using 

twisted tape inserts of varying configurations. The configurations include: (i) conventional or 

typical twisted tape inserts – a thin metallic strip with the same width as the tube’s inside 

diameter is twisted into a constant pitch helix and inserted in a tube; (ii) modified twisted tape 

inserts – including short lengths of twisted tape placed at tube inlet, variations of tape 

geometry and/or surface and interspaced short-length twisted tape inserts [56];                    
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(iii) compound enhancement with twisted tapes – twisted tape inserts are used with one or 

more other enhancement techniques [56]. 

Marner and Bergles [155] compared heat transfer enhancement in a tube using twisted tape 

inserts and internal fins using Polybutene 20 as a heat transfer fluid for laminar flow 

conditions. They showed that twisted tape inserts perform better than internal fins for cooling 

applications. Agarwal and Raja Rao [156] also demonstrate the use of twisted tape inserts 

with high Prandtl number fluids. For twist ratios of 2.41 – 4.84, using Servotherm oil as the 

heat transfer fluid and Reynolds numbers in the range 70 ≤ Re ≤ 4 000, they report an 

increase in Nusselt numbers in the range 1.31 – 3.70 and 1.21 – 3.70 times compared to those 

of plain tubes for constant flow rate and constant pumping power respectively at the 

minimum twist ratio. The friction factors increased by 3.13 – 9.71 times compared to those of 

plain tubes. 

Kumar and Prasad [157] investigated heat transfer enhancement in solar water-heating 

systems using twisted tape inserts. For Reynolds numbers in the range 4 000 ≤ Re ≤ 21 000, 

they showed an increase in heat transfer performance between 18% to 70% and a pressure 

drop increase between 87% and 132%. Jaisankar et al. [158-160] also present the results of 

studies on heat transfer enhancement in solar water-heating systems, using twisted tape 

inserts. They report an increased heat transfer performance due to the use of twisted tape 

inserts. In all their studies, the temperatures of the absorber plate are shown to decrease with 

the use of twisted tape inserts. Minimum twist ratios are shown to give the largest reduction 

in absorber plate temperature. 

Noothong et al. [161] experimentally investigated heat transfer enhancement in a concentric 

heat exchanger, using twisted tape inserts of twist ratios 5 and 7. The experiments were 

carried out using water as the test fluid, for Reynolds numbers in the range                        

2 000 ≤ Re ≤ 12 000. Small twist ratios were found to give higher heat transfer, pressure 

drops and thermal enhancement efficiency. 

Several modifications of twisted tapes have been studied and reported in the literature. The 

modifications are intended to either reduce the pressure drop or increase the heat transfer rate.  
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The modifications include modifications of the twisted tape arrangement or of the twisted 

tape geometry. 

Saha et al. [162] present an experimental investigation of heat transfer enhancement using 

regularly spaced twisted tape inserts for laminar flow conditions. The twist ratio was varied 

in the range 3.18 ≤ y ≤ ∞ while the spacing ratio 2.5 ≤ y ≤ 10. Pumping power was shown to 

significantly reduce with no significant reduction in heat transfer, when using regularly 

spaced twisted tape inserts. In another study, Saha et al. [163] used the same twist ratios and 

spacing ratio for turbulent flow conditions. They report that using regularly spaced twisted 

tape significantly reduces the pressured drop with less impact on heat transfer. Date and Saha 

[164] present a study on laminar prediction and heat transfer in a tube with regularly spaced 

twisted tape inserts. Date and Gaitonde [165] developed correlations for predicting the 

characteristics of laminar flow in a tube with regularly spaced twisted tape inserts. 

Saha and Dutta [166] experimentally investigated heat transfer enhancement using regularly 

spaced twisted tapes with smoothly varying pitch and uniform pitch. They used Servotherm 

oil as the test fluid and Reynolds numbers in the range 10 000 ≤ Re ≤ 20 200. Their study 

shows that smoothly varying pitch twisted tapes have a worse performance than those of a 

uniform pitch. Eiamsa-ard et al. [167] experimentally investigated the use of regularly spaced 

twisted tape inserts for heat transfer in a double-pipe heat exchanger. Two twist ratios, 6 and 

8, were used and three spacing ratios 1.0, 2.0 and 3.0 considered. They show that the heat 

transfer and fluid friction increase with a reduction in the twist ratio and free-spacing ratio. 

Wang et al. [168] present a numerical and experimental investigation of regularly spaced 

twisted tape inserts with twist ratios in the range 2.5 – 8.0. Air was used as the test fluid, and 

a constant wall temperature boundary condition was used for Reynolds numbers in the range               

10 000 ≤ Re ≤ 20 200. Better heat transfer performance was achieved with smaller twist 

ratios. Enhancement efficiency was achieved, based on a constant pumping-power 

comparison in the range 0.84 ≤ η ≤1.4. Eiamsa-ard et al. [169] report the results of an 

experimental investigation on dual and regularly spaced twisted tape inserts, in which smaller 

spacing ratios show higher heat transfer performance and pressure drop. 
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Jaisankar et al. [170] experimentally investigated the use of twisted tape inserts with a rod or 

spacer at the trailing edge in a thermosyphon solar water-heating system. For the twist ratios 

of 3 and 5 and a rod or space length of 100 mm, 200 mm, 300 mm and laminar flow regime, 

they showed that using rods and spacers at the trailing edge reduced the heat transfer 

performance by 17% – 29% respectively, and reduced the pressure drop by 39% – 47% 

respectively. They conclude that using rods and spacers at the trailing edge is advantageous 

for reducing the friction factor with less impact on heat transfer enhancement. Seemawute 

[171] report the results for decaying swirl in round tubes, using short-length twisted tapes 

inserts. They demonstrate that the short-length twisted tape inserts have a poorer heat transfer 

performance than full-length twisted tape inserts. Eiamsa-ard [172] report the results of an 

experimental investigation for heat transfer enhancement with short-length twisted tape 

inserts. They also show that short length tapes have lower Nusselt numbers and friction 

factors than full-length twisted tapes. 

Several authors have also investigated other modifications of the twisted tape geometries. 

Eiamsa-ard et al. [173] experimentally investigated and compared the performance of typical 

twisted tape, alternate clockwise and counter-clockwise tapes. In another study, Eiamsa-ard et 

al. [174] experimentally and numerically investigated the use of twin counter/co-swirl twisted 

tape inserts. They reported more heat transfer enhancement in counter-swirl tapes than co-

swirl tapes. Chiu and Jang [175] numerically and experimentally investigated heat transfer 

enhancement with twisted tape inserts of different angles with holes. Eiamsa-ard et al. [176] 

investigated heat transfer enhancement with twisted tape inserts that had centre wings, 

alternate axes and centre wings with alternate axes. Eiamsa-ard et al. [177] experimentally 

investigated delta-winglet twisted tape inserts for twist ratios 3, 4 and 5 with wing cut ratios 

of 0.11, 0.21 and 0.32. They report higher heat transfer enhancement in delta-winglet twisted 

tapes inserts than in typical twisted tapes. 

Other geometry modifications reported in the literature include: twisted tapes with serrated 

edges [178], broken twisted tapes [179], twisted tapes with alternate axes and triangular, 

rectangular and trapezoidal wings [180], twisted tapes with square cuts [181], twisted tapes 

with wire nails [182], converging and diverging tubes with twin counter-swirling twisted 

tapes [183]. 
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Several authors have also investigated compound heat transfer enhancement using twisted 

tape inserts. Zimparov [184] experimentally studied the heat transfer performance in 

corrugated tubes with twisted tape inserts. In Zimparov’s other studies correlations were 

mathematically derived for friction factor: Zimparov [185], and for heat transfer coefficients: 

Zimparov [186], for corrugated tubes with twisted tape inserts. Thianpong et al. [187] 

experimentally studied the heat transfer performance of a dimpled tube with twisted tape 

inserts. Eiamsa-ard et al. [188] experimentally investigated heat transfer performance for a 

non-uniform wire coil and twisted tape insert. Bharadwaj et al. [189] studied the combined 

use of twisted tapes and spiral grooves for heat transfer enhancement in a circular tube, for 

both laminar flow and turbulent flow. Promvonge and Eiamsa-ard [190] studied the 

combined use of twisted tape inserts and conical rings for heat transfer enhancement in a 

tube. Promvonge et al. [191] experimentally investigated heat transfer enhancement in a 

helically ribbed tube together with twin twisted tape inserts. Liao and Xin [192] 

experimentally investigated heat transfer enhancement in a tube using a combination of 

twisted tape inserts or segmented tape inserts with internal fins. In these studies, heat transfer 

performance was significantly increased by combining twisted tape inserts with other 

enhancement methods. However, the fluid friction also increased significantly. 

Several authors have proposed several modifications of twisted tapes as a way of reducing 

fluid friction. Apart from regularly spaced twisted tape inserts, the use of twisted tapes inserts 

placed separately from the wall is another way of reducing fluid friction and has been 

investigated by several researchers. Twisted tape inserts placed separately from the wall are 

also useful to prevent deposition and the build-up of foreign material on the tube’s inner 

surface, thereby maintaining high heat transfer rates. Several studies have shown that the 

fluid friction depends largely on the gap between the wall and the twisted tape, for example 

the studies by Ayub and Al-Fahed [193], Al-Fahed and Chakroun [194], Bas and Ozceyhan 

[195] and Eiamsa-ard et al. [196]. 

Ayub and Al-Fahed [193] first reported an experimental investigation on fluid friction for 

twisted tape inserts placed separately from the wall. They found that the gap between the tube 

and the tape is responsible for the enormous pressure drop. Al-Fahed and Chakroun [194] 

later investigated the use of wall-separated twisted tape inserts on heat transfer for fully 
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developed turbulent flow. They report that the heat transfer enhancement decreases with 

tube-tape clearance and that tighter fitting tapes result in higher heat transfer enhancement 

than loose fitting twisted tapes. Guo et al. [197] numerically studied heat transfer 

enhancement using centre-cleared twisted tape inserts in comparison with short-width twisted 

tape inserts. They report that both methods are effective for reducing the flow resistance. The 

centre-cleared twisted tape enhanced heat transfer by 7% – 20% compared with a tube with a 

conventional twisted tape insert, whereas for short-width tapes, heat transfer and thermo-

hydraulic performance were weakened by cutting off the tape edge. 

Eiamsa-ard et al. [196] also considered the use of loose-fit twisted tape inserts on heat 

transfer enhancement in a tube. They report high heat transfer enhancement at the lowest 

twist ratio and the smallest clearance ratio. Friction factors are shown to reduce as clearance 

ratios increase. The best thermal performance factor was obtained at clearance ratio of 0. Bas 

and Ozceyhan [195] recently presented an experimental investigation on the use of twisted 

tape inserts placed separately from the wall. They report that the twist ratio has a major effect 

on heat transfer enhancement compared to the clearance ratio. A reduction in pumping power 

as the clearance ratio increases is reported. 

Recently Zhang et al. [198] used the principles of heat transfer enhancement in the core flow, 

to study heat transfer and flow characteristics numerically for laminar flow, using multiple 

regularly spaced twisted tape inserts. They considered several arrangements of twisted tapes 

with a relative twist ratio of 2.5 placed separately from the wall and laminar flow conditions. 

They report that the heat transfer enhancement factor increases with the distance between the 

tapes, that heat transfer enhancement as well as the friction factor increase as the number of 

tapes increase. The heat transfer enhancement is shown to increase in the range of            

162% – 189% while the friction factor increases in the range 5.33 – 7.02 times compared to a 

plain tube. 

According to the literature review above, several studies have been done on the use of typical 

twisted tapes, modified twisted tapes and twisted tapes combined with other enhancement 

techniques for heat transfer enhancement and these studies have reported useful information 

on heat transfer enhancement, fluid friction and enhancement efficiencies. Low twist ratios 
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are desirable for better heat transfer enhancement, but the pressure drop also increases as the 

twist ratio decreases. Several modifications aimed at reducing the pressure drop have been 

studied, but most of these modifications also reduce the heat transfer enhancement. Similarly, 

the use of compound enhancement provides better heat transfer, but with greater fluid 

friction. 

Heat transfer enhancement in core flow has shown potential for heat transfer enhancement 

with less fluid friction. Therefore, there appears to be potential for better heat transfer 

enhancement and less friction factors with smaller twist ratios and twisted tape inserts placed 

separately from the wall. This arrangement provides a means of increasing fluid agitation and 

mixing with a lower twist ratio, while ensuring reduced pressure drop by placing the tapes 

separately from the tube walls. This arrangement has not been widely investigated. Moreover, 

twisted tape inserts appear to be a better heat transfer enhancement technique for a parabolic 

trough receiver where the absorber tube walls are differentially heated in such a way that 

fluid mixing and agitation will help improve the heat transfer performance and reduce the 

absorber tube’s circumferential temperature difference. The fluid mixing and longer helical 

path provided by twisted tape inserts with a low twist ratio are expected to significantly 

improve their heat transfer performance. Moreover, reduced absorber tube temperatures will 

further improve the performance of the receiver by reducing the radiation heat loss between 

the absorber tube and the glass cover. The reason is that the emissivity of the coating 

increases with the temperature of the absorber tube, and the radiation heat loss increases with 

the temperature of the absorber tube. 

Moreover, it is known that for high heat fluxes and high temperatures in solar collectors, heat 

transfer irreversibilities increase causing an increase in the entropy generation rates [16,199]. 

This is why entropy generation analysis is necessary for concentrating solar collector systems 

used for high temperature applications. Most of the studies reported in the literature on heat 

transfer enhancement rely on the first law of thermodynamics. Studies on entropy generation 

analysis are limited. As discussed in Chapter 5, the efficient use of energy is crucial to the 

performance of thermal systems. Therefore, an assessment of the quantity as well as the 

quality of the available energy becomes crucial. The determination of the quality of energy is 

only possible with the use of the second law of thermodynamics. Using the second law of 
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thermodynamics, the entropy generation rates as well the irreversibilities present in the 

systems and system components can be determined. 

The present work investigates a low twist ratio and wall-detached twisted tape inserts for heat 

transfer enhancement in parabolic trough receivers. Using the second law of 

thermodynamics, the entropy generation rates due to the use of twisted tape inserts were 

investigated. With the further use of multi-objective optimisation, solutions were obtained for 

which the heat transfer is maximum and fluid friction minimum. To the best of the present 

authors’ knowledge, this type of twisted tape arrangement has not been investigated for heat 

transfer enhancement in parabolic trough receivers. Moreover, no studies are reported in the 

literature on the use of the entropy generation minimisation method for the analysis of 

parabolic trough receivers with twisted tape inserts. 

6.1 MODEL DESCRIPTION 

This section briefly describes the model of a parabolic trough receiver whose absorber tube is 

fitted with twisted tape inserts. 

6.1.1 PHYSICAL MODEL AND COMPUTATIONAL DOMAIN  

Figure 6.1 shows the physical model of a parabolic trough receiver with a twisted tape insert 

placed separately from the wall. For conventional receivers, the annulus space between the 

absorber tube and glass cover is evacuated to very low pressures so that only radiation heat 

transfer takes place. In the annulus space, only the absorber tube temperature and the 

emissivity of the selective coating influence the radiation heat transfer. Therefore, the 

physical model discussed here is for the absorber tube only. The physical model for the entire 

receiver is discussed in earlier chapters. In addition, the flow is periodically fully developed 

far from the entrance region. Therefore, periodic boundary conditions are used at the absorber 

tube’s inlet and outlet. For the periodic module considered, Fig. 6.2 shows the computational 

domain for the absorber tube used in this study. 
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Fig. 6.1: Schematic diagram of the parabolic trough receiver physical model: (a) with very 
tight twist ratio and (b) with less tight twist ratio. 

 

 
Fig. 6.2: Schematic diagram of the periodic computational domain of the receiver’s absorber 
tube with a twisted tape insert: (a) lateral view and (b) longitudinal view. 

 

The twist ratio is defined as the ratio of the pitch through the 180o turn, H and the diameter of 

the receiver’s absorber tube as 

ri

H
y

d
=ɶ  6.1 
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The dimensionless twisted tape width ratio wɶ , defines the clearance between the twisted tape 

and the absorber tube’s wall. For zero clearance between the tube and the twisted tape,  1w =ɶ . 

ri

W
w

d
=ɶ  6.2 

The size of the receiver and absorber tube is determined through an optical analysis of the 

entire parabolic trough collector system. In this study, a commercially available receiver was 

used where the diameter of the absorber tube was fixed at 6.6 cm. The geometrical parameter, 

optical parameters and other simulation parameters used in this study are shown in Table 6.1. 

The other receiver and environmental parameters given in Table 4.1 apply. 

Table 6.1: Simulation parameters for a receiver with twisted tape inserts 

Parameter Value  

Absorber tube diameter (m) 0.066 [40,45] 
Absorber tube thickness (m) 0.002 [40,45] 
Inlet temperature (K) 400, 500, 600  

Reynolds number  1.02 × 104 – 1.36 × 106  

Pitch, yɶ   0.50 - 2.00  

Width ratio, wɶ  0.53 - 0.91  

Tape width (m) 0.0005  
Direct normal solar irradiance (W/m2) 1 000  
Glass cover transmissivity,τg 0.97  

Geometrical concentration ratio, CR 86  

Absorber tube absorptivity, αabs  0.96  

 

6.1.2 GOVERNING EQUATIONS  

For the high heat fluxes and high temperatures achievable at high concentration ratios in 

parabolic trough receivers, high heat transfer fluid mass flow rates are essential and the flow 

in the absorber tube is in the turbulent regime. In this study, the assumption of steady-state 

flow conditions was made. Accordingly, the Reynolds Averaged Navier-Stokes equations 

(RANS) given by Eqs. (3.2) – (3.4) and detailed in Section 3.3.1 of Chapter 3 are applicable. 
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For turbulence closure, the realisable k-ε is used. As discussed in Chapter 3, this model is an 

improvement of the standard k-ε with superior performance for separated flows and flows 

with complex secondary features. The model solves two additional equations for turbulent 

kinetic energy (Eq. 3.7) and turbulent dissipation rate (Eq. 3.8) as detailed in Chapter 3, 

Section 3.31 of this thesis. 

6.1.3 BOUNDARY CONDITIONS  

As described in Chapter 4, model A of the receiver was used in this study with the inlet and 

outlet replaced by periodic boundary conditions. Therefore, the boundary conditions used 

include periodic boundary conditions at the inlet and outlet, non-uniform heat flux at a rim 

angle of 80 and a concentration ratio of 86 as given in Fig. 4.11 (a). In Fig. 4.11 (a), the heat 

flux is presented for half the circumference of the absorber tube. Since the heat flux 

distribution is symmetrical, the heat flux profile of the other half of the absorber tube has the 

same distribution. 

6.1.4 SOLUTION PROCEDURE 

The numerical solution was implemented in a commercial software package ANSYS® 14 

and 14.5. The geometry was built in the ANSYS design modeller and the computational grid 

created in ANSYS meshing. The numerical solution was obtained in ANSYS FLUENT, 

which uses a finite volume method for solving the governing continuity, momentum, energy 

and k-ε model equations. The SIMPLE algorithm was used for coupling the pressure and 

velocity. Second-order upwind schemes were employed for integrating the governing 

equations together with the boundary conditions over the computational domain. 

A structured mesh was used in this study. Even though generating the mesh was tedious, it 

significantly reduced the number of required mesh elements compared to a tetrahedron mesh. 

Figure 6.3 shows the sample mesh used in this study. 
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(a) Lateral view 

 
(b) Front view – periodic boundaries 

Fig. 6.3: Discretised domain of the absorber tube for a receiver with a twisted tape insert. 

 

Grid dependence studies for several refinements of the mesh were carried out with the 

volume integral entropy generation, Nusselt number and fluid friction as the monitored 

quantities for representative cases. The number of mesh elements depends on the twist ratio 

and the width ratio of the twisted tape used. Table 6.2 shows the grid dependence tests in 

some cases. Given the need to capture a high resolution of gradients near the wall, the 

enhanced wall treatment was used, with y+ ≈ 1 in the absorber tube’s wall normal direction 

ensured in all simulations. 
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Table 6.2: Mesh dependence tests for a parabolic trough receiver with twisted tape inserts 

Mesh 
elements f Nu S'gen 

1

1

i i

i

f f

f

+

+

−
 

1

1

i i

i

Nu Nu

Nu

+

+

−

 

1

1

i i

i

gen gen

gen

S

S

S +

+

−

 
 0.5 and 0.91y w= =ɶ ɶ , Rep = 1.02 × 104,  Tinlet = 400 K  

75 761 0.3214 307 2.322 - -  
122 302 0.3213 315 2.243 0.000 0.028 0.040 
204 723 0.3213 318 2.245 0.000 0.009 0.002 

 0.5 and 0.91y w= =ɶ ɶ , Rep = 1.42 × 105, Tinlet  = 500 K  

82 500 0.1660 6853 2.350 - -  
156 024 0.1644 6882 2.397 0.001 0.004 0.02 
268 916 0.1639 6900 2.406 0.003 0.003 0.004 
 

Convergence was obtained when the scaled residuals of mass, momentum, turbulent kinetic 

energy and turbulence dissipation rate were less than 10-4 while the energy residuals were less 

than 10-7. Convergence was also monitored using the convergence history of volume -

averaged entropy generation in the absorber tube. The solution was considered converged 

when the volume-averaged entropy generation remained constant for more than 200 

successive iterations. 

Syltherm 800 [110] was used as the absorber tube’s heat transfer fluid. Given the limitations 

of the periodic model, the properties of the heat transfer fluid were evaluated at the bulk 

temperatures of 400, 500 and 600 K at all Reynolds number simulations. Therefore, the 

properties used were specific heat capacity (cp) of 1791 J/kg K, density (ρ) of 840 kg/m3, 

thermal conductivity (λ) of 0.115 W/m K and viscosity (μ) of 0.00216 Pa.s as determined 

from the manufacturer’s specifications for a temperature of 400 K. At other temperatures, the 

properties used are presented in Tables 4.2 and 5.2 [110]. Stainless steel was used as the 

absorber tube material; the emissivity of the absorber tube coating is temperature depended as 

given by Eq. (2.33), and the thermal conductivity depends on temperature as given by        

Eq. (2.25). 

6.1.5 DATA REDUCTION  

The heat transfer performance is given in terms of the heat transfer coefficient and Nusselt 

numbers. The average heat transfer coefficient is given by  
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ri b

q
h

T T

′′
=

−
 6.3 

where Tri is the inner wall temperature of the absorber tube and Tb represents the bulk 

temperature of the fluid at the periodic boundaries. From the average heat transfer coefficient, 

the average Nusselt number is given by  

rid
Nu h

λ
=  6.4 

where λ is the thermal conductivity of the heat transfer fluid and dri is the inner diameter of 

the absorber tube. 

The friction factor is related to the pressure drop according to  

21
2 m

L
dri

P
f

uρ
∆

=
⋅

 6.5 

where ∆P is the pressure drop, ρ is the density of the heat transfer fluid, um is the mean 

velocity of flow inside the absorber tube, L is the length of the periodic module and dri is the 

inner diameter of the absorber tube. 

For the preliminary evaluation of heat transfer enhancement techniques at constant pumping 

power, the thermal enhancement factor [200] was used, according to this: 

( ) ( )
p en

V P V P∆ = ∆ɺ ɺ  6.6 

Expressing Vɺ  and ∆P in terms of friction factors and Reynolds numbers Eq. (6.6) becomes 

( ) ( )3 3Re Re
p en

f f=  6.7 

The thermal performance factor χ for the absorber tube fitted with twisted tape inserts for 

constant pumping power comparison is given as  
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1
3

pen en

p p en
pp

fNu Nu

Nu Nu f
χ

  
= =      

 6.8 

Where Nuen is the Nusselt number for an enhanced absorber tube, Nup is the Nusselt number 

for the plain absorber tube, fen is the friction factor for an enhanced absorber tube and fp is the 

friction factor for a plain absorber tube. 

Another evaluation criterion for heat transfer enhancement is based on the second law of 

thermodynamics [61,201,202]. The rates of entropy generation in an enhanced tube are 

compared with those of plain tubes. The enhancement entropy generation number Ns,en was 

used in this work. It is defined as [202] 

,

( )

( )
gen en

s en

gen p

S
N

s
=  6.9 

Enhancement techniques with Ns,en < 1 are taken to be thermodynamically advantageous 

[202]. In addition to enhancing heat transfer, such techniques also reduce the irreversibilities 

in the heat transfer component. In this study, the entropy generation rates were determined 

using the direct method [131] according to Eqs. (3.35 -3.41) discussed in Chapter 3,       

Section 3.4.1. 

Overall system performance is another important factor to consider when evaluating the 

performance of parabolic trough systems used for electricity generation. With heat transfer 

enhancement, it is expected that the heat transfer performance will increase but with 

increasing fluid friction. Using the overall collector performance as an evaluation tool helps 

determine the performance characteristics at which the gain in performance is higher than the 

increase in pumping power. 

To investigate the actual collector thermal performance, the actual gain in collector 

performance due to heat transfer enhancement should be compared with the corresponding 

increase in pumping power. Collector performance can be characterised in terms of the 

collector’s thermal efficiency, which is a function of the heat transfer rate, pumping power 

and incident solar radiation as 



 

Chapter Six: Heat transfer enhancement in parabolic trough receivers using wall-detached 

twisted tape inserts 

 

 

155 

 

u p

th

a b

Q W

A I
η

−
=
ɺ ɺ

 
   6.10 

In Eq. (6.10), ( )u p outlet inletQ mc T T= −ɺ ɺ  is the heat transfer rate; pW V P= ∆ɺ ɺ is the pumping power; 

Aa is the collector’s aperture area and Ib is the incident solar radiation. 

6.2 RESULTS AND DISCUSSION – HEAT TRANSFER AND FLUID FLOW 

6.2.1 MODEL VALIDATION 

For the analysis using computational fluid dynamics, the validation of the obtained numerical 

results is fundamental to their acceptance. Therefore, comparing the numerical results with 

the experimental results is essential for determining the accuracy of the numerical model 

developed. Chapter 4 explains the validation of the heat transfer and friction factors for the 

plain absorber tube and Chapter 5 explains the validation of the entropy generation model. 

For the absorber tube fitted with twisted tape inserts, the present model was validated by 

using the experimental data of Manglik and Bergles [203]. The comparison shows good 

agreement of the present work with the experimental data for heat transfer performance as 

shown in Fig. 6.4 for Nusselt numbers. The Nusselt numbers from this study are within 

± 6.5% of those in the experimental data. The friction factor has also been shown to be in 

good agreement with the experimental data as seen in Fig.6.5. The friction factors obtained 

are within ± 8% of those in the experimental data. 
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Fig. 6.4: Comparison of present study heat transfer performance for a tube with a twisted 

tape insert as a function of Reynolds number with Manglik and Bergles correlation [203] 
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Fig. 6.5: Comparison of present study friction factor for a tube with a twisted tape insert as a 

function of Reynolds number with Manglik and Bergles correlation [203] 

 

6.2.2 HEAT TRANSFER PERFORMANCE 

The heat transfer performance of a tube with twisted tape inserts is dependent on the twist 

ratio, the twisted tape width to tube diameter ratio and the Reynolds number.                   
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Figure 6.6 (a – c) shows the variation of Nusselt numbers with Reynolds numbers at different 

twist ratios. 
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(c) 

Fig. 6.6: Heat transfer performance in a receiver with twisted tape inserts as a function of 

Reynolds number and twist ratio ( )~y : (a) width ratio ( w~ ) of 0.76 and inlet temperature of     

400 K, (b) w~  = 0.91 and inlet temperature of 500 K and (c) w~  = 0.91 and inlet temperature 

of 600 K. 

 

All the figures show an increase in the Nusselt number with increasing Reynolds numbers 

and decreasing twist ratios. As the clearance ratio reduces (higher values of wɶ ) there is an 

increase in the Nusselt number. For a given value of Reynolds number and twist ratio, the 
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Nusselt number increases as wɶ increases. Smaller twist ratios mean an increased helical 

length that the fluid must cover within a unit length of the absorber tube, therefore, increased 

fluid mixing and turbulent intensity, which result in improved heat transfer. Appendix A 

shows the flow field and temperature contours for the twisted tape model. The helical path is 

shown by the streamlines in A.1 and A.2. 

Figure 6.7 (a and b) shows clearly the variation of the Nusselt number with width ratio at 

given Reynolds numbers at the same flow rate (19 m3/h) for fluid temperatures of 400 K and 

600 K respectively. As shown, the Nusselt number increases as the width ratio increases. An 

increase in the width ratio reduces the tube-tape clearance and tends to partition the absorber 

tube into two halves, allowing for higher fluid acceleration in the absorber tube and therefore 

better heat transfer. 
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Fig. 6.7: Heat transfer performance in a receiver with twisted tape inserts as a function of 

width ratio ( w~ ) and twist ratio ( y~ ): (a) inlet temperature of 400 K and Rep = 3.84 × 104
 and 

(b) inlet temperature of 600 K and Rep = 8.13×104
. 

 

A comparison between the heat transfer performances of an absorber tube with twisted tape 

inserts against a plain absorber tube is given by heat transfer enhancement factor,              

Nu+= Nu/Nup. Figure 6.8 (a and b) show the variation of Nu+ with Reynolds numbers for 

different values of  yɶ  when wɶ = 0.91 at 400 K and wɶ =0.91 at 600 K respectively. The 

variation in the heat transfer performance factor depends mainly on the twist ratio and width 

ratio. It increases at low Reynolds numbers, and attains a more or less constant value at high 
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Reynolds numbers. At the different temperatures the heat transfer enhancement factors were 

shown to have the same trend with the Reynolds numbers. At a given Reynolds number, twist 

ratio and width ratio, the heat transfer enhancement factor is nearly the same for the different 

temperatures considered. Only a slight increase occurs as the temperatures increase. For a 

given width ratio and Reynolds number, higher values of heat transfer enhancement are 

shown to exist at the lowest twist ratio. Tight twist ratios ensure effective mixing and a longer 

path of the heat transfer fluid in the absorber tube, therefore improved heat transfer. 

Depending on the Reynolds number, twist ratio, width ratio and fluid temperature, the 

Nusselt numbers increased between 1.05 – 2.69 times compared with a plain tube.  
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Fig. 6.8: Heat transfer enhancement factors for a receiver with twisted tape inserts as a 

function of Reynolds number and twist ratio ( y~ ): (a) inlet temperature of 400 K and width 

ratio ( w~ ) of 0.91 and (b) inlet temperature of 600 K and w~  = 0.91. 

 

6.2.3 FRICTION FACTORS 

The use of twisted tape inserts causes an increase in the pumping power requirements 

compared to plain absorber tubes. Figure 6.9 (a – c) shows the variation of friction factors 

with Reynolds numbers and twist ratios at width ratios wɶ  = 0.76 and 0.83 for a temperature 

of 400 K and wɶ  = 0.91 for a temperature of 600 K. As expected, the friction factor is shown 

to reduce as the Reynolds numbers increase. The figures also show that the friction factor 

increases as the width ratio increases and as the twist ratio reduces. This is due to an increase 
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in flow resistance because of swirl flow, impingement on the absorber tube as well as the 

obstruction to flow from the twisted tape. The friction factor is shown to be significantly 

higher at the lowest twist ratio. This is probably due to the high chaotic mixing likely at low 

twist ratios and the possible fluid impingement on the twisted tape as well as the tube walls. 

The friction factor used here depends on the actual velocity inside the enhanced tube. This is 

lower than the friction factor, based on the velocity of a comparable plain absorber tube. 

The pressure drop penalty factor, (f/fp) gives a comparison of the increment in pressure drop 

due to the use of enhancement devices. Figure 6.10 (a and b) shows the variation of the 

pressure drop penalty factor with Reynolds number. As shown in the figure, the pressure drop 

penalty factor has a nearly constant variation with Reynolds number. The pressure drop 

penalty factor depends mainly on the twist ratio and width ratio of the twisted tape. For the 

range of parameters considered, the pressure drop increases 1.6 – 14.5 times compared with a 

plain receiver. 
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Fig. 6.9: Friction factor in a receiver with twisted tape inserts as a function of Reynolds 

number and twist ratio ( y~ ): (a) inlet temperature of 400 K and width ratio ( w~ ) of 0.76,      

(b) inlet temperature of 400 K and w~  = 0.83 and (c) inlet temperature of 600 K and           

w~  = 0.91. 
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Fig. 6.10: Pressure drop penalty factor as a function of Reynolds number and twist ratio ( y~ ) 

for an inlet temperature of 600 K: (a) width ratio ( w~ ) of 0.76 and (b) w~  = 0.91. 
 

6.2.4 PERFORMANCE EVALUATION 

As a preliminary measure of the thermal performance of heat transfer enhancement 

techniques, Webb [200] developed a performance evaluation criterion based on a constant 

pumping comparison. For constant power comparison, the thermal enhancement factor given 

by Eq. (6.8) should be greater than 1.0, if the heat transfer enhancement technique is to be 

considered better. 

The variation of the thermal enhancement factor with Reynolds number for different values 

of twist ratios is given in Fig. 6.11 (a – c) for wɶ = 0.91 at temperatures 500 K and 600 K and          

wɶ  = 0.76 at 500 K respectively. Generally, the variation is the same as that shown by the heat 

transfer enhancement factor. The thermal enhancement factor increases with the Reynolds 

number and attains a nearly constant value at high values of Reynolds numbers at each 

temperature considered. At low width ratios, the variation of the thermal enhancement factor 

with twist ratio is not as much when considered with that at high twist ratios. The thermal 

enhancement factor is shown to increase as the width ratio increases because of the better 

heat transfer rates at higher width ratios. 
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(c) 

Fig. 6.11: Thermal enhancement factor as a function of Reynolds number and twist ratio 

( y~ ): (a) inlet temperature of 500 K and width ratio ( w~ ) of 0.91, (b) inlet temperature of  

600 K and w~  = 0.91 and (c) inlet temperature of 500 K and w~  = 0.76. 

 

The thermal enhancement factor was shown to depend largely on the twist ratio and width 

ratio of the twisted tape. For the range of parameters considered in this work, the thermal 

enhancement factor varied between 0.74 and 1.27.  

As mentioned earlier, the thermal efficiency of the collector system should be evaluated to 

obtain the actual performance of the collector. Figure 6.12 (a) – (c) show the variation of the 
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thermal efficiency with Reynolds number at different values of twist ratios. In the figures, 

(ηth)p is the thermal efficiency with an absorber tube having no twisted tape inserts. 
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Fig. 6.12: Thermal efficiency as a function of Reynolds number and twist ratio ( y~ ): (a) inlet 

temperature of 400 K and width ratio ( w~ ) of 0.91, (b) inlet temperature of 600 K and          

w~  = 0.76 and (c) inlet temperature of 500 K and w~  = 0.91. 

 

It can be observed from Fig. 6.12 (a – c) that the thermal efficiency of the collector increases 

with heat transfer enhancement for some range of Reynolds numbers at every value of twist 

ratio. Increases in efficiency in the range 5% – 10% are achievable for twist ratios yɶ  greater 

than 1.0 for almost all width ratios provided that the flow rate is lower than 43 m3/h. This 

flow rate corresponds to 10.05 kg/s at 400 K, 8.94 kg/s at 500 K, 7.65 kg/s at 600 K and     
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6.91 kg/s at 650 K. At twist ratios lower than 1, the efficiency will increase at low Reynolds 

numbers, but as the Reynolds numbers increase, the pumping power required will be higher 

than the gain in heat transfer rate, so the efficiency will become lower than one in a collector 

with a non-enhanced receiver. The highest increase in efficiency will be at the lowest 

Reynolds numbers, since it is at these low Reynolds numbers that the heat transfer 

performance is low and the absorber tube’s temperatures are higher. 

The increase in the efficiency of the collector is due to improved heat transfer performance 

and the associated reduction in absorber tube temperatures. Heat transfer enhancement will 

reduce the absorber tube’s temperatures. As a result, the emissivity will also reduce since it 

varies with temperature. This will lead to reduced radiation heat loss. The thermal efficiency 

of a collector with a non-enhanced receiver tube is shown to increase with Reynolds numbers 

up to some values, after which it becomes constant. This is because at higher flow rates, the 

reduction in absorber tube temperatures is not significant as has been shown in the present 

study. 

Performance evaluation using collector thermal efficiency showed that the efficiency of the 

collector could be significantly improved with the use of twisted tape inserts. This is probably 

because the evaluation based on a comparison of constant pumping power does not consider 

the reduction in the radiation heat loss due to heat transfer enhancement. 

6.2.5 ABSORBER TUBE TEMPERATURE DIFFERENCE 

The improved heat transfer performance in the receiver’s absorber tube due to the use of 

twisted tape inserts reduces the absorber tube’s circumferential temperature difference.                     

Figures 6.13 (a –c) show the variation of absorber tube temperature gradients with Reynolds 

numbers at different values of twist ratios, width ratios and temperatures. In the figures, ϕp is 

the absorber tube’s circumferential temperature difference for a receiver with no twisted tape 

inserts. Generally, the absorber tube’s circumferential temperature difference decreases with 

a reducing twist ratio and Reynolds number at any given value of the width ratio. 
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Fig. 6.13: Absorber tube circumferential temperature difference (ϕ) as a function of 

Reynolds number and twist ratio ( y~ ): (a) inlet temperature of 400 K and width ratio ( w~ ) of 

0.76, (b) inlet temperature of 500 K and w~  = 0.83, (c) inlet temperature of 600 K and          

w~  = 0.76 and (d) inlet temperature of 600 K and w~  = 0.91. 

 

At a given Reynolds number, the absorber tube’s circumferential temperature difference 

decreases as the twisted tape’s width ratio increases. This is in line with the variation of the 

Nusselt number, as higher heat transfer performance leads to lower absorber tube’s 

circumferential temperature differences. As the Reynolds numbers increase, the absorber 

tube’s circumferential temperature difference reduces to small values. The absorber tube’s 

circumferential temperature difference is shown to reduce between 4% – 68% for the range of 



 

Chapter Six: Heat transfer enhancement in parabolic trough receivers using wall-detached 

twisted tape inserts 

 

 

167 

 

parameters considered. The greatest reduction in temperature difference occurs at lower flow 

rates. 

6.2.6 EMPIRICAL CORRELATIONS FOR HEAT TRANSFER AND FRICTION 

FACTORS 

Based on the results of the numerical simulations, empirical correlations for the Nusselt 

numbers were derived for the range of parameters studied. The correlations were derived by 

means of the curve-fitting method using regression analysis. 

The Nusselt numbers are correlated by:  

0.8933 0.3890 0.4802 0.3881
0.01709 Pr

p
Nu Re y w

−= ɶ ɶ                 6.11 

Valid for  1.02×104 ≤ Rep ≤ 1.35 ×106 and 10.7 ≤ Pr ≤ 33.7 

400 K ≤ T ≤ 600 K 

0.53 0.91w≤ ≤ɶ  

0.50 2.0y≤ ≤ɶ  

The correlation in Eq. (6.11) is valid within ± 15% as shown in the parity plot for the 

observed Nusselt numbers and those predicted from the correlations in Fig. 6.14. 
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Fig. 6.14: Comparison of the predicted heat transfer performance with the observed heat 

transfer performance for a receiver with twisted tape inserts. 
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The friction factors are correlated by  

1.0917 1.1802 0.19231.1289 enf y w Re− −= ɶ ɶ                   6.12 

Valid for  1.02 × 104 ≤ Re ≤ 1.35 ×106 and 10.7 ≤ Pr ≤ 33.7 

400 K ≤ T ≤ 600 K 

0.53 0.91w≤ ≤ɶ  

0.50 2.0y≤ ≤ɶ  

Equation (6.12) predicts the friction factors within ± 16% for the entire range of Reynolds 

numbers. Figure 6.15 shows the parity plot for the friction factors. 
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Fig. 6.15: Comparison of the predicted friction factor with the observed friction factor for a 
receiver with twisted tape inserts. 

  

In Eq. (6.11) and Eq. (6.12), Rep is the Reynolds number based on the mean velocity and 

inner diameter of a plain absorber tube. For the same mass flow rates, the use of twisted tape 

inserts increases the mean velocity in the tube, therefore Reen is the Reynolds number based 

on the mean velocity in the absorber tube with twisted tape inserts and the inner diameter of 

the plain absorber tube. 
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The use of Eq. (6.12) requires knowledge of the actual mean velocity in the enhanced 

absorber tube to obtain Reen. Then Reen can be related to Rep according to  

0.4048 0.6364 0.9818
1.9681

pen
Re y w Re

−
= ɶ ɶ  6.13 

The friction factor, f and the correlation for f are based on the actual mean flow velocity. This 

gave the best curve fit compared to friction factors based on the mean velocity in a plain 

tube’s mean velocity. 

6.3 RESULTS AND DISCUSSION – ENTROPY GENERATION  

Another way of assessing the performance of enhancement techniques is to consider the 

entropy generation rates as a result of applying the enhancement technique [61,202]. With 

this, the aim is to minimise the irreversibilities so that the most desirable technique or 

configuration has the lowest entropy generation rates. In heat transfer problems, two 

irreversibilities i.e. heat transfer irreversibility and fluid flow irreversibility, always compete 

with one another. 

Regarding entropy analysis in heat transfer problems, the objective of heat transfer 

enhancement is to reduce these irreversibilities. As the heat transfer irreversibility reduces, 

the fluid flow irreversibility will increase. For this reason, the determination of entropy 

generation distribution is fundamental to establishing the conditions and configurations for 

which entropy generation is a minimum. This section presents the entropy generation rates 

due to the use of twisted tape inserts in parabolic trough receivers. Chapter 5 shows that the 

entropy generation rates reduce as the fluid inlet temperature increases, and increase as the 

concentration ratio increases. Equations (3.35) – (3.41) in Chapter 3 of this thesis were used 

to obtain the local entropy generation rates in the receiver’s absorber tube. 

6.3.1 ENTROPY GENERATION DISTRIBUTION 

Figure 6.16 (a – c) shows the variation of entropy generation rates with Reynolds numbers at 

the lowest and greatest twist ratio for width ratios of 0.61, 0.76 and 0.91 respectively when 

the inlet temperature is 600 K. At every width ratio, the figures show that for a given twist 
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ratio, there is a Reynolds number for which the total entropy generation rate (S'gen) is a 

minimum. 
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(c) 

Fig. 6.16: Total entropy generation, entropy generation due to heat transfer irreversibility and 

entropy generation due to fluid friction irreversibility in the receiver’s absorber tube as 

functions of Reynolds number and twist ratio ( y~ ) for an inlet temperature of 600 K: (a) width 

ratio ( w~ ) of 0.61, (b) w~  = 0.76 and (c) w~  = 0.91. 

 

There is the same variation at the other inlet temperatures. The figures also show that the 

entropy generation due to heat transfer irreversibility decreases as the Reynolds numbers 

increase, while the entropy generation due to fluid flow irreversibility increases as the 
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Reynolds numbers increase. As the width ratio increases, the increasing fluid flow 

irreversibility leads to higher entropy generation rates while the heat transfer irreversibility 

decreases due to increased heat transfer performance. This causes a shift to the left in the 

optimal Reynolds number at each twist ratio as the width ratio increases. The variation of the 

two irreversibilities with the width ratio can be clearly seen in Fig. 6.17 (a – d).  
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(c) (d) 

Fig. 6.17: Entropy generation due to heat transfer irreversibility (S'gen)H and entropy 

generation due to fluid friction irreversibility (S'gen)F in the receiver’s absorber tube as 

functions of Reynolds number and width ratio ( w~ ): (a) (S'gen)F for an inlet temperature of     

500 K and twist ratio ( y~ ) of 0.5, (b) (S'gen)H for an inlet temperature of 500 K and y~  = 0.5,  

(c) (S'gen)F for an inlet temperature of 600 K and y~  = 2.0 and (d) (S'gen)H for an inlet 

temperature of 600 K and y~  = 2.0. 
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At a given twist ratio and fluid temperature, the fluid flow irreversibility increases as the 

width ratio and Reynolds number increase, while the heat transfer irreversibility reduces as 

the width ratio and Reynolds numbers increase. 

Figure 6.18 (a – d) shows the variation of heat transfer and fluid flow irreversibilities with 

Reynolds numbers at different values of twist ratios. 
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Fig. 6.18: Entropy generation due to heat transfer irreversibility (S'gen)H and entropy 
generation due to fluid friction irreversibility (S'gen)F in the receiver’s absorber tube as 

functions of Reynolds number and twist ratio ( y~ ): (a) (S'gen)F for an inlet temperature of 500 K 

and width ratio ( w~ ) of 0.91, (b) (S'gen)H for an inlet temperature of 500 K and w~  = 0.91,       

(c) (S'gen)F for an inlet temperature of 600 K and w~  = 0.76 and (d) (S'gen)H for an inlet 

temperature of 600 K and w~  = 0.76. 
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As shown in the figures, the fluid flow irreversibility increases significantly as the twist ratio 

reduces below 1.0 at high Reynolds numbers. The heat transfer irreversibility reduces as the 

twist ratio reduces. Significant reductions in the heat transfer irreversibility are shown to exist 

at low Reynolds numbers. At high Reynolds numbers, there is a low temperature difference 

between the absorber tube and heat transfer fluid. At low Reynolds numbers, heat transfer 

irreversibility is the dominant source of entropy generation due to the presence of a high 

finite temperature difference. 

A more reasonable and clear representation of the distribution of irreversibilities is by using 

the Bejan number, as it relates the entropy generation due to heat transfer to the total entropy 

generation according to [61] 

( )gen
H

gen

S
Be

S
=  6.14 

The Bejan number ranges from 0 ≤ Be ≤ 1, the heat transfer irreversibility dominates if Be is 

close to one, whereas the fluid friction irreversibility dominates if Be is close to zero. 

Accordingly, the heat transfer enhancement at a given Reynolds number should be 

considered if Be is close to 1. Figure 6.19 (a – c) shows the variation of Bejan number with 

Reynolds number at different twist ratios for wɶ  = 0.61, 0.76 and 0.91 respectively.   

The figures show that the Bejan number reduces when compared with the Bejan number of a 

plain absorber tube. The Bejan number also reduces with an increase in the Reynolds number 

due to increasing fluid flow irreversibility. Accordingly, a reduction in Be implies a reduction 

in the heat transfer irreversibility and/or an increase in the fluid friction irreversibility.            

Figure 6.19 (d) shows the variation of the Bejan number with the Reynolds number at 

different values of width ratios for yɶ = 0.5. The figure shows a significant reduction in heat 

transfer irreversibilities at this twist ratio. Larger width ratios give lower values of the Bejan 

number, due to a reduction in the heat transfer irreversibility and an increase in the fluid flow 

irreversibility. Figure 6.19 (a – d) also shows that lower twist ratios and large width ratios are 

more desirable for reduced heat transfer irreversibility than larger twist ratios and smaller 

width ratios. 
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Fig. 6.19: Bejan number in a receiver with twisted tape inserts for an inlet temperature of   

600 K as a function of Reynolds number and: (a) twist ratio ( y~ ) for w~  = 0.61, (b) twist ratio 

( y~ ) for w~  = 0.76, (c) twist ratio ( y~ ) for w~  = 0.91 and (d) width ratio ( w~ ) for y~  = 0.5. 

 

However, it should be noted that at high Reynolds numbers, low twist ratios and large width 

ratios also significantly increase the fluid flow irreversibility, as discussed above. A closer 

look at the effect of the width ratio on the Bejan number shows that at a given Reynolds 

number, the Bejan number reduces slightly with an increase in width ratio, as shown in     

Fig. 6.20 (a – d) for Reynolds numbers 1.94 ×104, 6.4 x 104, 8.9 ×104 and 1.45 ×105 
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respectively and an inlet temperature of 400 K. The reduction is more visible for lower twist 

ratios due to the improved heat transfer performance. 
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Fig. 6.20: Bejan number in a receiver with twisted tape inserts as a function of width ratio 

( w~ ) and twist ratio ( y~ ) for an inlet temperature of 400 K: (a) Rep = 1.94 × 104,                 

(b) Rep = 6.40 × 104, (c) Rep = 8.94 × 104 and (d) Rep = 1.45 × 105
. 

 

Generally, the Bejan number reduces as the width ratio increases, at any given Reynolds 

number. Figure 6.20 (a – d) also shows that as the Reynolds number increases, the Bejan 

number reduces; for lower values of the twist ratios the Bejan number is low and shows a 

significant reduction as the width ratio increases. This is mainly due to the high fluid flow 

irreversibilities at low twist ratios. Therefore, at a given lower Reynolds number, lower twist 
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ratios are desirable for reduced heat transfer irreversibilities. For higher Reynolds numbers, 

the heat transfer irreversibility is small compared to the fluid friction irreversibility, so heat 

transfer enhancement may not make thermodynamic sense. 

When added, the fluid flow irreversibility and heat transfer irreversibility yield the total 

entropy generation rate. Given the variation of the fluid flow and heat transfer irreversibilities 

discussed above, the total entropy generation rate is expected to reduce with increased in 

Reynolds numbers up to some minimum value due to the reduction in heat transfer 

irreversibility, and then increase with the Reynolds numbers due to the significant increase in 

fluid flow irreversibility. 

Figure 6.21 (a and b) shows the variation of the total entropy generation rate with Reynolds 

numbers at different width ratios for twist ratios of yɶ = 1.0 and 2.0 respectively when the 

inlet temperature is 600 K. As shown in the figure, there is a Reynolds number (optimal 

Reynolds number) at which the entropy generation rate is a minimum at each width ratio for 

any given twist ratio. The figures also show that the optimal Reynolds number becomes 

lower as the width ratio increases. Figure 6.21 (c and d) show the variation of the total 

entropy generation rate with Reynolds numbers at different twist ratios for width ratios of     

wɶ  = 0.91 at 500 K and 600 K respectively. The figures also show the presence of an optimal 

Reynolds number at every twist ratio for the two temperatures considered. In all the figures, 

when compared with the entropy generation rate for a plain absorber tube, there is a point at 

which the entropy generation becomes higher than that in a plain absorber tube. Beyond such 

a point, heat transfer enhancement using twisted tape inserts does not make thermodynamic 

sense. 

In Fig. 6.21 (a – d), it is shown that below the optimal Reynolds number, high heat transfer 

rates are essential to significantly reduce the heat transfer irreversibility. Therefore, lower 

twist ratios and large width ratios are essential. 
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(c) (d) 
Fig. 6.21: Total entropy generation rate in a receiver with twisted tape inserts as a function of 

Reynolds number and: (a) width ratio ( w~ ) for an inlet temperature of 600 K and twist ratio 

( y~ ) of 1.0, (b) width ratio for an inlet temperature of 600 K and y~  = 2.0, (c) twist ratio for 

an inlet temperature of 500 K and w~  = 0.91 and (d) twist ratio for an inlet temperature of   

600 K and w~  = 0.91. 

 

After the optimal Reynolds number, an increase in the Reynolds numbers increases the 

entropy generation rate significantly due to the significant increase in fluid flow 

irreversibility at high Reynolds numbers, so that low twist ratios and large width ratios result 

in very high entropy generation rates. 
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The sample variation of the optimal Reynolds number with the twist ratio is shown in         

Fig. 6.22 at an inlet temperature of 400 K. The optimal Reynolds number is correlated 

logarithmically within 5% by the following correlation when wɶ  = 0.91.  

574,687 1.0692 10 log( )
opt

Re y= + × ɶ                                6.15 

For wɶ  = 0.61, the optimal Reynolds number is also correlated logarithmically within 5% by 

494,462 8.2130 10 log( )
opt

Re y= + × ɶ
                  6.16
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Fig. 6.22: Optimal Reynolds number for a receiver with twisted tape inserts as a function of 

twist ratio ( y~ ) at width ratios ( w~ ) of 0.61 and 0.91 and an inlet temperature of 400 K. 

 

Generally, the optimal Reynolds number increases as the twist ratio increases and as the 

width ratio reduces. The optimal Reynolds number also depends on the concentration ratio 

and the incident solar radiation.  

6.3.2 THERMODYNAMIC EVALUATION OF TWISTED TAPE INSERTS  

For evaluating the thermodynamic effectiveness of a given heat transfer technique, the 

enhancement entropy generation number, Ns,en given in Eq. (6.9) is used. In general, the value 

of this ratio should be less than 1 if the enhancement technique is to be thermodynamically 

feasible. For ratios less than 1.0, the irreversibilities are reduced when compared to a plain 
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tube and for ratios greater than 1, the enhancement techniques lead to more irreversibilities 

compared to a plain tube. 

In Fig. 6.23 (a – d), Ns,en  decreases as the twisted tape’s width ratio increases at low Reynolds 

numbers. As the Reynolds numbers increase, Ns,en begins to increase. At high Reynolds 

numbers, Ns,en  increases with the Reynolds numbers and is significantly greater than 1.0.   
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Fig. 6.23: Enhancement entropy generation number (Ns,en) for a receiver with twisted tape 

inserts as a function of width ratio ( w~ ) and twist ratio ( y~ ) for an inlet temperature of 400 K:               

(a) Rep = 3.84 × 104, (b) Rep = 8.33 × 104, (c) Rep = 1.66 × 105 and (d) Rep = 3.20×105. 

 

For the inlet temperature of 400 K, above a Reynolds number of about 1.0×105, the high fluid 

flow irreversibilities make the value of Ns,en greater than 1 for most twist ratios and width 
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ratios. For large values of Reynolds numbers (Rep ≥ 1.0 ×105), the value of Ns,en increases 

with the increase in the width ratio and reducing twist ratio owing to the increased 

contribution of the fluid flow irreversibility to entropy generation. Therefore, at high 

Reynolds numbers, less tight twisted tapes will be desirable since they will result in low 

entropy generation rates. 

Figure 6.24 (a – d) shows the variation of Ns,en with Reynolds number at different twist ratios, 

width ratios and inlet temperatures. Generally, the figures show that as the Reynolds number 

increases above a given Reynolds number, the entropy generation ratio becomes greater than 

1 for most twist ratios. This Reynolds number depends on the twist ratio and width ratio of 

the insert used. For all inlet temperatures, the flow rate at which an entropy generation ratio 

lower than 1 is obtained is about 43 m3/h (10.05 kg/s at 400 K, 8.94 kg/s at 500 K, 7.65 kg/s 

at 600 K and 6.91 kg/s at 650 K) for twist ratios greater than 1.0 and widths greater than 0.61. 

At flow rates higher than this, the reduction in entropy generation is not significant or the 

entropy generation ratio is much greater than 1.0. For twist ratios lower than 1.0 and all width 

ratios, significant reductions in entropy generation are possible, provided that the flow rates 

are lower than 31 m3/h (about 7.18 kg/s at 400 K, 6.38 kg/s at 500 K, 5.46 kg/s at 600 K and    

4.93 kg/s at 650 K). 

As shown in Fig. 6.24 (a – d), the use of tight twist ratios at high Reynolds numbers is not 

desirable since the ratio Ns,en is increased to more than 1.0. Entropy generation ratios up to 22 

were obtained, depending on the twisted tape width ratio, twist ratio, Reynolds number and 

inlet temperature used. In general, at a given temperature, higher values of the entropy 

generation ratio were obtained at the lowest twist ratio, largest width ratio, largest Reynolds 

numbers and lowest inlet temperature. At low Reynolds numbers, entropy generation ratios 

lower than 1.0 were obtained due to the improved heat transfer and significant reduction in 

the finite temperature difference and lower fluid friction irreversibility. This study showed 

that the entropy generation rates were reduced up to 59% at flow rates lower than 43 m3/h, 

twist ratios greater than 1.0 and width ratios greater than 0.61. 
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Fig. 6.24: Enhancement entropy generation number (Ns,en) for a receiver with twisted tape 

inserts as a function of Reynolds number and twist ratio ( y~ ): (a)  inlet temperature of 400 K 

and width ratio ( w~ ) of 0.76, (b) inlet temperature of 400 K and w~  = 0.91, (c) inlet 

temperature of 500 K and w~  = 0.83 and (d) inlet temperature of 500 K and w~  = 0.91. 

 

6.4 MULTI-OBJECTIVE OPTIMISATION 

As discussed above, heat transfer enhancement leads to an increase in the heat transfer 

performance of a given heat exchanger but with a greater pressure drop. As the twist ratio 

was reduced and width ratio increased, both the heat transfer and pressure drop increased. 

Therefore, in the optimisation of heat transfer enhancement techniques, both objectives 

should be considered. The objectives in this case were to maximise heat transfer performance 
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and minimise fluid friction. As such, a multi-objective optimisation problem arises. As 

presented in Section 3.4.2, genetic algorithms are suited to such types of problems. Multi-

objective genetic algorithms use the concept of dominations to search the decision variable 

space for a set of solutions that are non-dominated with respect to one another and that 

dominate all other solutions. In the absence of further information, all these solutions are 

equally important. This set of solutions is known as the Pareto optimal solutions. In this 

section, the hybrid variant of the non-dominated sorting genetic algorithm II (NSGA II) 

available in ANSY design explorer [99] was used to obtain such solutions. 

6.4.1 FORMULATION OF THE OPTIMISATION PROBLEM 

The multi-objective optimisation problem under consideration can be written according to       

Eq. (3.42) as  

Maximise f1(x)/ Minimise f2(x) 6.17 

The objective functions f1(x) and f2(x) are heat transfer performance expressed as the Nusselt 

number, Nu and pressure drop expressed as the fluid friction, f according to Eqs. (6.4) and 

(6.5) respectively. 

The optimisation was considered for fixed-flow Reynolds numbers. The Reynolds numbers 

considered ranged from 1.04 × 104 ≤ Re ≤ 1.36×106. The Reynolds numbers depended on the 

flow rate and inlet temperature considered. The inlet temperatures used were 400 K, 500 K 

and 600 K and the heat flux on the receivers’ absorber tube was kept constant according to 

the boundary conditions used. 

The design variable ranges considered are given as 

0.42 ≤ yɶ  ≤ 2.42 

0.53 ≤ wɶ  ≤ 0.91 
6.18 
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6.4.2 OPTIMISATION PROCEDURE 

The multi-objective optimisation in this chapter and subsequent sections was carried out 

using the design exploration toolbox available in ANSYS® release14 [99] as described in 

Chapter 3 Section 3.7 of this thesis. 

The configurations given by the 30 design points were evaluated using ANSYS FLUENT® a 

commercial computational fluid dynamics code, following the same procedure described in 

Section 3.7 to obtain the defined performance parameters. 

Once all the design points are updated, the next step is building response surfaces or a meta-

model to relate the performance parameters to the design parameters. The accuracy of the 

response surface is essential for the remaining steps. The detailed method for building 

standard response surfaces and metrics used for determining the response surface accuracy is 

detailed in Myers and Montgomery [101] as discussed in Section 3.6 of Chapter 3. In the 

present work, second-order polynomials were sufficient with the values of R2 given by       

Eq. (3.52) and R2
adj given in Eq. (3.53) greater than 0.98. The relative mean square errors 

given by Eq. (3.49) for the parameters of interest were less than 3% at all Reynolds numbers. 

Appendix A.5 contains the sample metrics for response surface verification. The goodness-

of-fit chart shows good accuracy for most parameters. Appendices A.6 and A.7 contain the 

sensitivity charts that show the variation of output parameters with input parameters. The 

charts show how the input parameters influence the output parameters. 

6.4.3 OPTIMISATION RESULTS 

Figure 6.25 (a and b) shows the sample 3-D response surfaces for the variation Nusselt 

number and friction factor, respectively for a Reynolds number of 8.24 × 104 when the inlet 

temperature is 600 K. The same trend was obtained at other Reynolds numbers and inlet 

temperatures. In Fig. 6.25 (a), the Nusselt number is shown to increase with the reducing 

twist ratios and increasing width ratios of the twisted tape as discussed above. High Nusselt 

numbers exist at the point of the lowest twist ratio and greatest width. 

The variation of the friction factor is similar to that of Nusselt number: the highest friction 

factors are achieved at low twist ratios and higher twisted tape width, as shown in              
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Fig. 6.25 (b). The trend shown by the absorber tube’s circumferential temperature difference 

is the inverse of the Nusselt number variation. As the Nusselt numbers increase, the absorber 

tube’s circumferential temperature difference is expected to reduce. The multi-objective 

optimisation in a case where two objectives are conflicting, yields a set of solutions in which 

an improvement in one objective sacrifices the quality of the other. As shown in this figure, 

there is no single optimum point that gives the maximum heat transfer and minimum fluid 

friction. 

 
 

(a) (b) 
Fig. 6.25: 3-D response surfaces for Nusselt number and friction factor, respectively for a 

receiver with twisted tape inserts as functions of twist ratio ( y~ ) and width ratio ( w~ ) at        

Rep = 8.28 × 104 and an inlet temperature of 600 K. 

 

In such a case, the Pareto optimal solutions are sought. Figure 6.26 shows such solutions of 

the multi-objective optimisation. Figure 6.26 (a – c) show the sample 3-D Pareto optimal 

fronts obtained for variations of the multi-objective optimisation functions with the design 

variables. From these solutions, a 2-D Pareto optimisation front was obtained for a variation 

of the multi-objective functions with one another as shown in Fig. 6.26 (d). All the solutions 

on the Pareto optimal front are equally important and the designer can select any solution 

depending on the design criteria being used or the availability of higher-level information. 
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Fig. 6.26: Pareto optimal solutions for a receiver with twisted tape inserts for an inlet 
temperature of 600 K and Rep = 1.64 × 105:  (a) Nusselt number as a function of width ratio 

( w~ ) and friction factor, (b) Nusselt number as a function of friction factor and twist ratio 

( y~ ), (c) friction factor as function of width ratio and twist ratio solutions and (d) Pareto 

optimal front for Nusselt number and friction factor.  
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As expected, the Pareto optimal solutions are shown to lie on a continuous curve, along 

which an increase in Nusselt numbers is accompanied by an increase in fluid friction. The 

two objectives are conflicting, increasing the quality of one objective decreases the quality of 

the other objective. In the sense of multi-objective optimisation, all the solutions on the 

Pareto front in   Fig. 6.26 (d) are equally important and no solution can be said to be better 

than another. The same trend obtained in Fig. 6.26 (a – d) occurs at other values of Reynolds 

numbers and inlet temperatures. 

In most multi-objective optimisation problems, a decision support tool is necessary to help 

the designer obtain a single design which satisfies specific criteria. If higher-level 

information concerning the objectives is available (such as whether heat transfer 

enhancement is more important than fluid friction or if the minimisation of fluid friction is 

more important than heat transfer enhancement or if all have the same level of importance), a 

design can be arrived at using a decision support procedure. A decision support process 

provided in ANSYS® design exploration toolbox is discussed in Section 3.8 of Chapter 3: it 

is a goal-based, weighted, aggregation-based technique that ranks the design candidates 

according to the order of importance of the objectives [99]. 

The detailed description of the decision support process is given in Section 3.8 of Chapter 3. 

According to Eqs. (3.55) – (3.60), five cases are possible and can be explored, namely: 

• Case A: when the heat transfer enhancement and fluid friction have the same 

importance and take default values. 

• Case B: when maximising the heat transfer enhancement is of greater importance than 

minimising the fluid friction. Fluid friction has a default level of importance. 

• Case C: when minimising the fluid friction is more important than maximising the 

heat transfer enhancement. Heat transfer enhancement has a default level of 

importance. 

• Case D: when maximising the heat transfer enhancement is of greater importance and 

minimising the fluid friction is of lesser importance. 
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• Case E: when minimising the fluid friction is more important and maximising the heat 

transfer performance is less important. 

The weight of the objective defined as more important is 1.00, for a default objective the 

weight is 0.666 and an objective that is of lower importance takes a weight of 0.333 as given 

in Eq. (3.56). Considering the case when all objectives are of equal importance (Case A), and 

using default weights for each objective, we can arrive at single design points at each inlet 

temperature and flow rate. 

Figure 6.27(a and b) shows the variation of the optimal twist ratio and optimal width ratio 

with Reynolds numbers respectively at the different inlet temperatures used in this study for 

case A. The figure shows that the optimal twist ratio and width ratio do not vary appreciably 

with the Reynolds numbers. At a given inlet temperature, the optimal twist ratio stays the 

same as the Reynolds number changes. It is also noted that, in all cases, a combination of low 

twist ratios and average width ratios is desirable. At these low twist ratios, a high turbulence 

intensity and better fluid mixing give better heat transfer rates. 
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(a) (b) 

Fig. 6.27: Optimal twisted tape geometry for a receiver with twisted tape inserts as a 

function of Reynolds number and inlet temperature: (a) optimal twist ratio ( opty~ ) and (b) 

optimal width ratio ( optw~ ).  
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The optimal twist ratio was about 0.42 at all Reynolds numbers and fluid temperatures. The 

optimal width ratio did not vary with the Reynolds number and fluid temperature. For the 

range of parameters considered, the average optimal width ratio was about 0.65 with very 

small fluctuations of about ± 0.2. 

Figure 6.28 (a – d) shows the results for optimal heat transfer performance and optimal fluid 

friction. At all inlet temperatures, the optimal heat transfer enhancement factors are nearly the 

same. For the range of parameters considered, the optimal designs gave enhancement factors 

in the range of 1.81 – 2.36 with an increase in thermal efficiency between 3.8 – 8.2% if the 

flow rate was lower than 43 m3/h. There was the same trend of Nu and f as discussed in 

Section 6.2. 

The friction factor variation for the optimal parameters is shown in Fig. 6.28 (c). The friction 

factor ratio shown in Fig. 6.28 (d) does not change significantly with the Reynolds number 

and fluid temperature, as already discussed. The average optimal friction factor ratio (f/fp)opt 

for the range of parameters considered in this study is about 14.0 times compared with that of 

a receiver with a plain absorber tube. 

As shown in Fig. 6.29 (a), the entropy generation for all optimised cases has the same 

variation with the Reynolds number. This trend is almost similar to the one obtained in 

Section 6.3.  There is a Reynolds number at which the entropy generation rate is a minimum, 

therefore the combined use of multi-objective optimisation and thermodynamic optimisation 

can be helpful in determining designs with low friction factors, high heat transfer rates and 

minimum entropy generation. It should be noted that the optimal flow rates corresponding to 

the optimal Reynolds number do not vary significantly with the inlet temperature used. 

Figure 6.29 (b) shows the variation of the enhancement entropy generation ratio, Ns,en at each 

temperature, Ns,en ≤ 1 at some Reynolds numbers. 
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(c) (d) 

Fig. 6.28: Optimal performance parameters for a receiver with twisted tape inserts as a 
function of Reynolds number and inlet temperature: (a) optimal Nusselt number, (b) optimal 

heat transfer enhancement factor, (c) optimal friction factor and (d) optimal pressure drop 
penalty factors. 
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(a) (b) 

Fig. 6.29: Optimal entropy generation and enhancement entropy generation number, 

respectively for a receiver with twisted tape inserts as functions of Reynolds number and 
inlet temperatures.  

 

From the optimal results, a Reynolds number at which heat transfer enhancement makes 

thermodynamic sense (Ns,en ≤ 1) can be obtained. The flow rate at which Ns,en ≤ 1 is about      

37 m3/h at all inlet temperatures (about 8.62 kg/s at 400 K, 7.66 kg/s at 500 K, 6.56 kg/s at 

600 K and 5.92 kg/s at 650 K). This is lower than the result obtained in Section 5.3 for a 

receiver with a plain absorber tube which is 62 m3/h (about 14.36 kg/s at 400 K, 12.78 kg/s at 

500 K, 10.94 kg/s at 600 K and 9.88 kg/s at 650 K). 

In another approach, three points are selected from the Pareto optimal front corresponding to 

the maximum heat transfer rate (point A), the minimum fluid friction (point B) and another 

point obtained as an intersection of the Pareto front and the diagonal of the rectangle, as 

shown in Fig. 6.30 (Point C). Figure 6.30 shows the location of the three points on a Pareto 

optimal front for Tinlet = 600 K and Re = 1.64×104. The graph has a similar trend to the one 

obtained in Fig. 6.26 (d). The same trend can be obtained for several combinations of 

Reynolds numbers and inlet temperatures and points A, B and C obtained. 
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Fig. 6.30: Pareto optimal front for a receiver with twisted tape inserts for an inlet 

temperature of 600 K and Rep = 1.64 ×104. 

 

For these three points, the optimal twist ratios and width ratios are plotted against the flow 

Reynolds number for each inlet temperature. As shown in Fig. 6.31 (a), the optimal twist 

ratio does not vary with temperature at any given point considered. Point A shows a slightly 

lower twist ratio than C, while point B has the highest twist ratio. The optimal width ratio is 

shown in Fig. 6.31 (b) for points A, B and C. 

At location A, the optimal width ratio is higher. The width ratio is lower at point B. This is 

because A represents the highest heat transfer and so the width ratio should be higher and 

twist ratio lower to facilitate high heat removal from the absorber tube wall. At point B, the 

fluid friction is lower and heat transfer is lower, hence the lower width ratio and higher twist 

ratio. For point A, the optimal twist ratio is about 0.42, for point B it is about 2.10, for point 

C it is about 0.64 at all Reynolds numbers and inlet temperatures. The corresponding width 

ratios are 0.92 at point A, 0.55 at point B and at point C the optimal width ratio is 0.92 at     

400 K, 0.72 at 500 K and 0.62 at 600 K. 
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(b) 

Fig. 6.31: Variation of optimal twisted tape geometry for a receiver with twisted tape inserts 
as function of Reynolds number and inlet temperature for points A, B and C on the Pareto 

front in Fig. 6.30: (a) optimal twist ratio ( opty~ ) and (b) optimal width ratio ( optw~ ).  

 

For the optimal points A, B and C, determining the true performance of the collector with an 

enhanced tube can further assist with making a decision about which design is better. As 

discussed above, the collector’s thermal efficiency shows a true picture of the performance 

due to heat transfer enhancement. As shown in Fig. 6.32, at any given Reynolds number and 
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inlet temperature, operating at point B gives a higher increase in efficiency. Points B and C 

also give a positive increase in collector efficiency at almost all Reynolds numbers, especially 

when the fluid temperatures are higher than 500 K. 

Heat transfer enhancement in parabolic trough receivers improves efficiency due to a 

combination of better heat transfer rates, lower absorber tube temperatures and lower 

absorber tube coating emissivity owing to reduced absorber tube temperatures. For point A, 

high heat transfer rates are achieved, but the pumping power also increases significantly and 

becomes higher than the gain in heat transfer rate as the Reynolds numbers increase, in this 

way lowering the efficiency instead. At point B, the heat transfer enhancement improves heat 

transfer performance and significantly reduces the absorber tube temperatures, as discussed in 

Section 6.25. There is a lower increase in the pumping power requirement at point B, the 

increase in thermal efficiency is higher in some cases at this point. As the temperatures 

increase, the change in thermal efficiency at points B and C approach one another. Any other 

points can be chosen from the Pareto front and compared, depending on the designer’s needs. 
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Fig. 6.32: Change in collector’s thermal efficiency for a receiver with twisted tape inserts for 

the optimal twisted tape geometry of Fig. 6.31 as a function of Reynolds numbers and inlet 
temperature for the different points on the Pareto front. 
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6.5 CONCLUDING REMARKS 

This chapter presents the numerical investigation of the heat transfer, fluid friction and 

thermodynamic performance of a parabolic trough receiver with low twist ratio wall-detached 

twisted tape inserts. Further multi-objective optimisation was used to obtain Pareto optimal 

solution sets for which heat transfer performance is maximum and fluid friction is minimum.  

The numerical model of the twisted tape insert was validated against the experimental data 

available in the literature and good agreement obtained. It was shown that an analysis based 

only on Nusselt numbers and friction factors does not give a true indication of the 

performance of the parabolic trough receiver. The entropy generation ratio is essential for 

characterising thermodynamic performance, whereas collector efficiency is useful for 

characterising the actual thermal performance of the collector system. The following main 

conclusions can be drawn from the study: 

• The use of twisted tape inserts for heat transfer enhancement in parabolic trough 

receivers results in high heat transfer rates. This is due to the increased turbulence 

intensity and the mixing of the heat transfer fluid from that part of the absorber tube 

receiving concentrated heat flux with the heat transfer fluid from the part receiving 

only direct solar heat flux. 

• In the study, the heat transfer increases in the range 1.05 – 2.69 times, fluid friction 

increases in the range 1.60 – 14.5 times and the thermal enhancement factor at a 

constant pumping comparison with a plain receiver tube was in the range 0.74 -1.27. 

The use of low twist ratios is shown to significantly enhance the heat transfer 

performance of the receiver tube, even at low width ratios. 

• The efficiency increases in the range 5% – 10% for twist ratios greater than 1.0 and 

for almost all width ratios. This increase in thermal efficiency is achievable, provided 

the flow rates are lower than 43 m3/h. 

• The absorber tube’s circumferential temperature difference reduces by 4% – 68% in 

the range of the parameters considered. Higher reductions are achievable at flow rates 

lower than 31 m3/h. 

• There is also an optimal Reynolds number at which the entropy generation rate is 

minimum at every given twist ratio and width ratio. Below the optimal Reynolds 
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number, low twist ratios and larger width ratios are preferred for low entropy 

generation rates. Whereas above the optimal Reynolds numbers, large twist ratios and 

low width ratios are preferred. For flow rates higher than 43 m3/h, the use of twisted 

tape inserts is thermodynamically undesirable for most twist ratios and width ratios.  

• A multi-objective optimisation approach was used to obtain Pareto optimal solutions. 

Moreover, results for different cases defined according to the level of importance of 

the objectives in the objective function were presented. In a case where the objectives 

are equally important, the Nusselt number increases in the range 1.81 – 2.36 with an 

increase in efficiency between 3.8 – 8.2% if the flow rate is lower than 43 m3/h.  
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CHAPTER SEVEN 

 
CCHHAAPPTTEERR  SSEEVVEENN::  HHEEAATT  TTRRAANNSSFFEERR  EENNHHAANNCCEEMMEENNTT  IINN  

PPAARRAABBOOLLIICC  TTRROOUUGGHH  RREECCEEIIVVEERRSS  UUSSIINNGG  

PPEERRFFOORRAATTEEDD  IINNSSEERRTTSS  

7.0 INTRODUCTION 

As discussed above, heat transfer enhancement in parabolic trough receivers has several 

advantages, including: improvement in heat transfer performance, reduced absorber tube’s 

circumferential temperature difference, increased thermal performance due to low radiation 

loss and reduced entropy generation rates due to reduced heat transfer irreversibilities.   

As discussed above, the need to avoid the forming of hot spots in the receiver’s absorber tube 

makes the use of tube inserts attractive for heat transfer enhancement. Tube inserts or 

displacement enhancement devices provide heat transfer enhancement by displacing the fluid 

from the heated or cooled surface with the fluid from the core flow [54]. Displacement 

enhancement devices as passive heat transfer enhancement techniques result in high fluid 

friction and are occasionally used for heat transfer enhancement [51,52,54,204]. Therefore, 

studies of the use of tube inserts are not widespread in the literature. However, several 

investigators have shown that careful selection of the geometry of these inserts may result in 

effective heat transfer enhancement with less fluid friction. For solar thermal applications, the 

gain in the collector’s thermal performance achieved from the use of tube inserts may be 

much higher than the increase in the pumping power required. Moreover, it has also been 

reported that the use of tube inserts provides a means of reducing fouling in heat exchangers 

[205,206] and of keeping the heat exchanger’s performance high. 

Furthermore, for high temperature applications, thermal stresses become a concern for some 

heat transfer enhancement techniques such as grooved tubes [207]. Moreover, other 

enhancement techniques exhibit temperature hot spots [208], which can cause degradation of 
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the heat transfer fluid in parabolic trough receivers [55]. For this reason, for parabolic trough 

receivers, the use of tube inserts is an attractive alternative for heat transfer enhancement 

given the need to avoid thermal stresses in the absorber tube’s wall and temperature hot spots. 

The temperature hotspots are of significant concern, given that most heat transfer fluids 

degrade at elevated temperatures (above 400 oC). Studies on heat transfer enhancement in 

parabolic trough receivers are not widespread, but several researchers have studied the use of 

inserts in other applications. 

In their study on comparing the performance of some tube inserts, Wang and Sundén [209] 

report that the shape of the insert is an important factor for the performance of a given insert. 

This makes the selection of an insert complicated. They also state that, for the different 

inserts considered, the thickness of the insert does not affect the performance trend but 

influences the individual insert’s performance. Zimparov and Penchev [210] used extended 

performance evaluation criteria to evaluate the performance of some tube inserts. They also 

report that the selection of the best tube insert depends on the shape, geometrical parameters, 

and geometrical and operational constraints of an insert. 

Several other variations of tube inserts have been studied by several researchers.                

Kurtbaş et al. [211] proposed and investigated a novel conical injector-type swirl generator 

for heat transfer enhancement in a tube with a constant heat flux. They considered cone 

angles of 30o, 45o and 60o; Reynolds numbers in the range of 10 000 – 35 000 with different 

numbers of circular holes in the different cross-sections. Using flow directors of different 

angles, decaying flow was obtained. They report that the heat transfer enhancement ratio 

decreases with a decrease in Reynolds numbers, and increases as the flow director angle 

increases. Both heat transfer and pressure drop are shown to be considerably affected by the 

cone angle. The heat transfer performance ratio measured at constant pumping power was 

obtained in the range 1.3 – 2.2. 

Fan et al. [212] demonstrate that the use of conical strip inserts gives good thermo-hydraulic 

performance in the turbulent flow regime. From their study, the Nusselt number was 

augmented up to 5 times and the friction factor increased up to 10 times compared to a 

smooth tube. The performance evaluation criteria based on a constant pumping power 
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comparison in the range 1.67 – 2.06 was obtained for Reynolds numbers in the range 12 000 

– 42 000. Air was used as the working fluid. In their recent study, You et al. [213] have 

shown that conical strip inserts have excellent performance in the laminar flow regime. The 

Nusselt number was increased in the range 3.70 – 5.51 times, the friction factor was increased 

5.31 – 14.77 compared to those of plain tubes and the performance evaluation criteria based 

on constant pumping power were shown to be in the range 1.17 – 2.97. 

Kongkaitpaiboon et al. [214] experimentally investigated the convective heat transfer and 

pressure loss in a round tube fitted with circular-ring turbulators. Using air as a test fluid, a 

uniform heat flux boundary condition and Reynolds numbers in the range 4 000 – 20 000, 

they obtained heat transfer augmentation of about 57% – 195% compared to a plain tube. The 

maximum thermal performance factor based on a constant pumping power comparison was 

1.07 and the minimum was about 0.5. 

Kongkaitpaiboon et al. [215] considered the use of perforated conical rings in turbulent 

convective heat transfer. Their study used uniform heat flux boundary conditions and 

Reynolds numbers in the range 4 000 – 20 000. For the range of parameters considered in 

their experiments, the heat transfer was increased up to 137%. The maximum thermal 

performance factor was about 0.92 at a pitch ratio of 4, with a conical ring of 8 holes for the 

lowest Reynolds number. The lowest thermal performance factor was about 0.5. 

Promvonge [216] presents an experimental investigation on heat transfer enhancement in 

round tubes with conical ring inserts. Different diameter ratios were considered                 

(d/D = 0.5, 0.6 and 0.7) with different arrangements for the rings. Air was used as the test 

fluid with a uniform heat flux boundary condition and the Reynolds numbers were varied in 

the range 6 000 – 26 000. He obtained heat transfer augmentation of between 91% – 333% 

with a substantial increase in the friction factor. The enhancement efficiencies based on a 

constant pumping power comparison were between 0.86 – 1.80. 

Promvonge and Eiamsa-ard [217] experimentally investigated the influence of conical-nozzle 

turbulators on heat transfer and friction characteristics in a circular tube. For diverging nozzle 

arrangements and converging nozzle arrangements, the pitch ratios were 2.0, 4.0 and 7.0 and 
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the Reynolds numbers in the range of 8 000 – 18 000. They showed an increase in heat 

transfer in the range 236% – 344% compared to a plain tube depending on the Reynolds 

number and the arrangement of the turbulators. 

To improve the effectiveness of heat transfer enhancement in the core flow, Liu et al. [57,58] 

suggest mechanisms for heat transfer enhancement in the core flow that might result in high 

heat transfer enhancement while keeping fluid friction low. They suggest that inserting a heat 

transfer component in the core flow of a tube may provide sufficient heat transfer 

enhancement while providing less resistance than the use of the extended surface heat 

transfer enhancement technique. Liu et al. [58] suggest (i) strengthening the temperature 

uniformity, (ii) increasing the fluid disturbance in the core flow, (iii) reducing the surface 

area of the heat transfer component in the core flow, and (iv) decreasing the fluid disturbance 

in the boundary flow, as some of the principles of heat transfer enhancement in the core flow. 

These principles for heat transfer enhancement in the core flow and the other benefits of 

using porous inserts when compared with solid inserts such as: light-weight, low fluid friction 

and potential for forcing uniform flow distribution, have motivated several investigators to 

consider the use of porous media for heat transfer enhancement in the core flow [57-59].                   

Huang et al. [59], using porous medium inserts in a tube, investigated the flow resistance and 

heat transfer characteristics for laminar to turbulent ranges of Reynolds numbers. For 

porosities of 0.951, 0.966 and 0.975 they report that the heat transfer rate is about 1.6 – 5.5 

times larger than that of smooth tubes with an accompanying increase in flow resistance. 

Using the performance evaluation criteria, they show that the integrated performance of heat 

transfer enhancement is better for the laminar case than in the turbulent case. 

From the above literature review, tube inserts can result in better heat transfer enhancement if 

certain criteria are met. Their advantage of avoiding hot spots, preventing fouling and 

avoiding thermal stress in the absorber tube, makes them ideal for use in the parabolic trough 

receiver’s absorber tube. Heat transfer enhancement in parabolic trough receivers has the 

potential to improve receiver thermal and thermodynamic performance through improved 

heat transfer performance and a reduction in receiver radiation loss. The reduction in receiver 

radiation loss is due to the reduced absorber tube temperatures and reduced absorber tube 
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emissivity. No studies are reported in the literature on the use of perforated inserts for heat 

transfer enhancement in parabolic trough receivers. Moreover, the available literature on the 

use of tube inserts uses the first law of thermodynamics to characterise their heat transfer and 

fluid friction performance. Studies on the use of the second law of thermodynamics to 

determine the resulting irreversibilities, the resulting entropy generation rates and optimal 

Reynolds numbers are not widespread. 

Therefore, this chapter discusses the investigation of the performance of a parabolic trough 

receiver whose absorber tube is fitted with two types of perforated inserts for heat transfer 

enhancement in the core flow. The two inserts considered are: perforate plate inserts (PPI) 

and perforated conical inserts (PCI). In addition to the analysis of the heat transfer and fluid 

friction performance, the second law of thermodynamics is used to determine the entropy 

generation rates resulting from the use of these inserts. Furthermore, a multi-objective 

optimisation approach was used to determine the optimal solutions for maximum heat 

transfer and minimum fluid friction. 

7.1 MODEL DESCRIPTION 

This section briefly describes models of parabolic trough receivers whose absorber tubes are 

fitted with the above-mentioned two types of inserts. 

7.1.1 PHYSICAL MODELS AND COMPUTATIONAL DOMAINS  

Figures 7.1 (a and b) show the physical model of a parabolic trough receiver whose absorber 

tube is fitted with perforated plate inserts (longitudinal and cross-sectional views 

respectively). Similar to the previous discussion on conventional receivers, the annulus space 

between the absorber tube and glass cover is evacuated to very low pressures so that only 

radiation heat transfer takes place. Far from the entrance, the flow is periodically fully 

developed, therefore, for reduced computational complexity, a periodic module of the 

receiver was considered. Due to the symmetrical nature of the receiver, only half of the 

receiver was considered. 
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(a) Longitudinal view (b) Cross-sectional view 

   

(c) Computational domain 

Fig. 7.1: Schematic representation of the physical model and computational domain of a 
receiver with perforated plate inserts.  
 

Figure 7.1 (c) shows the computational domain adopted for a parabolic trough receiver with 

perforated plate inserts. From the physical model in Fig 7.1, the following non-dimensional 

parameters have been defined: 

The dimensionless pitch (insert spacing per unit metre) is given by  

p
p

L
=ɶ  7.1 

where L is the length of the receiver, in this case L = 1 m. 

β 

p/2 
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dri 

Periodic 

boundary  

Periodic 
boundary  
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The dimensionless plate orientation angle β is given by 

max

β
β

β
=ɶ  7.2 

where βmax is 30o for this case. β is taken to be negative in the clockwise direction (plate 

opposing flow in absorber tube’s upper half) and positive in the counter-clockwise direction. 

The dimensionless plate diameter is given as 

ri

d
d

d
=ɶ  7.3 

Figure 7.2 (a and b) shows the physical model of a parabolic trough receiver model with a 

perforated conical insert (PCI) (longitudinal and cross-sectional views respectively). For the 

same reasons as those in the previous discussion, to reduce further the computational cost and 

time, the flow inside the absorber tube was considered as periodically fully developed and 

periodic boundary conditions were used at the absorber tube’s inlet and outlet. The flow is 

also symmetric; the computational domain considered for the PCI model is shown in          

Fig. 7.2 (c). 

For the receiver with perforated conical inserts, the dimensionless pitch (insert spacing per 

unit metre) is defined as  

c

p
p

L
=ɶ  7.4 

where L =1 m 

The dimensionless insert cone angle is given by 

max

c

β
β

β
=ɶ  7.5 
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where βmax= 90o for perforated conical inserts. For β = 0, the insert is similar to a plate placed 

perpendicular to the flow direction.  

  
(a) Longitudinal view (b) Cross-sectional view 

 

 

(c) 

Fig. 7.2: Schematic representation of the physical model and computation domain of a 

receiver with perforated conical inserts. 

 

The dimensionless insert radius is defined as  

2
p

c

ri

r
r

d
=ɶ  7.6 

In Eqs. (7.1) – (7.6), dri is the absorber tube’s inner diameter and p is the spacing between two 

consecutive inserts. 
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Similar to the previous chapters, a commercially available receiver was used. The inner 

diameter of the absorber tube was fixed at 6.6 cm and the outer diameter at 7.0 cm. The other 

general geometrical parameter, optical parameters and other simulation parameters used in 

this study are shown in Table 7.1. 

7.1.2 GOVERNING EQUATIONS  

The flow in the absorber tube is in the fully developed turbulent regime. The flow is also 

taken to be steady-state. The Reynolds Averaged Navier-Stokes equations (RANS)          

(Eqs. 3.2-3.4), detailed in Section 3.3.1 are applicable to for this kind of problem. For 

perforated inserts, the momentum equation is written with an additional source term, so that 

Eq. (3.3) becomes: 

Conservation of momentum  

( ) 2

3
ji i

i j ij i j m

j i j j i i

uu uP
u u u u S

x x x x x x
ρ µ µ δ ρ

  ∂∂ ∂∂ ∂ ∂ ′ ′= − + + − − +   ∂ ∂ ∂ ∂ ∂ ∂   
    7.7 

 

The source term (Sm) added to the momentum equation in Eq. (7.7) represents the pressure 

drop across the perforated insert. The perforated inserts are modelled as porous media of 

finite thickness with directional permeability over which there is a pressure drop. The 

pressure drop is defined as a sum of the viscous term according to Darcy’s law [88] and an 

inertial loss term [88]. 

2

1

2i p i

p

p u C u u m
µ

ρ
α

 
∇ = − + ∆  

 
 7.8 

where αp is the permeability of the porous medium, C2p is the inertial resistance factor and 

Δm is the thickness of the porous media. For perforated plates, it has been shown that the first 

term representing the viscous loss is so negligible that only the inertial loss term should be 

considered [88,218,219]. The coefficient C2p has been determined from the data presented by                

Weber et al. [220] for perforated plates and flat bar screens. In the streamwise direction,          

C2p = 853 m-1 for the considered porosity of 0.65, and plate thickness of 0.0015 m. In other 
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directions, inertial resistance factors of much higher magnitude are specified to restrict the 

flow in those directions.  

For turbulence closure, the realisable k-ε is used. As discussed above, this model is an 

improvement of the standard k-ε with superior performance for separated flows and flows 

with complex secondary features. The model solves two additional equations for turbulent 

kinetic energy (Eq.3.7) and turbulent dissipation rate (Eq.3.8) as detailed in Section 3.31 of 

this thesis. 

7.1.3 BOUNDARY CONDITIONS  

7.1.3.1 Perforated plate inserts  

The boundary conditions used for the perforated plate insert model were the same as those 

described in Chapter 4 for model A of the receiver. They include: the periodic boundary 

conditions at the inlet and outlet, a prescribed temperature at the inlet, a non-uniform heat 

flux at a rim angle of 80o and a concentration ratio of 86 as given in Fig. 4.11 (a). This heat 

flux was coupled with a computational fluid dynamics code using a user-defined function. 

The radiation heat exchange between the absorber tube and glass cover was modelled as 

discussed in Chapter 4.0 for model A of the receiver. 

7.1.3.2 Perforated conical inserts  

For the conical inserts, model A of the receiver was used with periodic boundary conditions.  

The boundary conditions used include: the periodic boundary conditions at the inlet and 

outlet (specified mass flow rate and specified temperature at the periodic boundaries), a non-

uniform heat flux at a rim angle of 80o and a concentration ratio of 86 as given in                

Fig. 4.11 (a). This heat flux was coupled with a computational fluid dynamics code using a 

user-defined function. The radiation heat exchange between the absorber tube and glass cover 

was modelled as discussed in Chapter 4 for model A of the receiver. 

Detailed simulation parameters for both models are given in Table 7.1. 
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Table 7.1: Simulation parameters for the parabolic trough receiver with perforated inserts 

 Value 

Absorber tube diameter (m) 0.066 
Absorber tube  thickness (m) 0.002 
Glass envelope inner diameter (m) 0.115 

Inlet temperature (K) 400 – 650 

Reynolds number  1.03 × 104 – 1.35 × 106 

Direct normal solar irradiance (W/m2) 1 000 
Geometrical concentration ratio, CR 86 

pɶ  0.04 – 0.20 

dɶ  0.45 – 0.91 

βɶ  -1 ≤ βɶ  ≤1 

c
pɶ  

0.06 – 0.18 

c
rɶ  

0.45 – 0.91 

c
βɶ  0.40 ≤ 

c
βɶ  ≤ 0.90 

 

7.1.4 SOLUTION PROCEDURE 

The numerical solution was implemented in the commercial software package ANSYS® 

14.5. The geometry was built in ANSYS design modeller and the computational grid created 

in ANSYS meshing. The numerical solution was obtained in ANSYS FLUENT, which uses a 

finite volume method for solving the governing continuity, momentum, energy and k-ε model 

equations. The SIMPLE algorithm [92] was used for coupling the pressure and velocity.  

Second-order upwind schemes were employed for integrating the governing equations 

together with the boundary conditions over the computational domain. Radiation heat transfer 

in the receiver’s annulus spaced was modelled using the Discrete Ordinates model in ANSYS 

FLUENT [88] with air in the evacuated annulus space as non-participating media. 

Due to the complexity of the geometry, the domain was discretised with tetrahedral volume 

elements with a structured mesh in the absorber tube wall’s normal direction. The mesh for 

the 3-D model of the absorber tube with perforated plates used in this study is shown in      

Fig. 7.3. The mesh for the periodic model of the absorber tube with perforated conical inserts 

is shown in Fig. 7.4. Grid dependence studies for several refinements of the mesh were 
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carried out with the volume integral entropy generation, Nusselt number and fluid friction as 

monitored quantities for representative cases of both types of inserts. The number of mesh 

elements depends on the pitch, size of the plate and angle of orientation. 

Given the need to capture a high resolution of gradients near the wall, the enhanced-wall 

treatment [88] was used, with y+ ≈ 1 in the absorber tube wall’s normal direction used for all 

simulations. Accordingly, the mesh dependence studies were carried out at each different 

Reynolds number independently. Tables 7.2 and 7.3 show the sample grid dependence tests 

for sample cases of the perforated plate inserts and perforated conical inserts respectively. 

The solution was considered grid-independent when the maximum change in the entropy 

generation rate, Nusselt number and friction factor was less than 2% as the mesh element size 

was changed. The changes in friction factor, Nusselt number and entropy generation as the 

mesh size was changed, are given by  

In Eq. (7.9), the indices i and i+1 indicate the mesh before and after refinement respectively. 

  

(a) Lateral view (b) Cross-sectional view 

Fig. 7.3: Discretised computational domain of a receiver with perforated plate inserts. 

 

1 1 1 1 1 1( ) / ; ( ) / ; ( ) / . 

where /( )

i i i i i i i i i

gen

gen gen o

f f f f Nu Nu Nu Nu S

S S

φ φ φ

φ

+ + + + + +∆ = − ∆ = − ∆ = −

=
 7.9 
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(a) Lateral view 

 

(b) Periodic boundaries 
 

Fig. 7.4: Discretised computational domain of the receiver’s absorber tube with perforated 

conical inserts. 

 

Solution convergence was obtained with scaled residuals of mass, momentum, turbulent 

kinetic energy and turbulence dissipation rate of less than 10-4 whereas the energy residuals 

were less than 10-7. Convergence was also monitored using the convergence history of 
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volume-averaged entropy generation in the absorber tube. The solution was considered 

converged when the volume-averaged entropy generation remained constant for more than 

200 successive iterations. 

Table 7.2: Mesh dependence studies for a parabolic trough receiver with perforated plate 

inserts 

Mesh elements f Nu Sgen/(Sgen)o ∆f ∆Nu ∆Sgen 

(a) Re = 1.02 × 104, pɶ = 0.09, dɶ  = 0.76 and βɶ  = -1 

55 635 0.3825 225.8 0.686    
90 863 0.3820 217.7 0.752 0.001 -0.037 0.088 

154 925 0.3819 217.8 0.749 0.000 0.000 0.003 

(b) Re = 1.94 ×104, pɶ = 0.18,  dɶ  = 0.91 and  βɶ  = 0 

83 557 0.4079 305.6 0.924    
141 617 0.4080 313.0 0.862 0.000 0.023 -0.07 
200 900 0.4085 314.0 0.858 0.001 0.003 -0.005 
350 855 0.4092 315.2 0.858 0.002 0.004 -0.000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter Seven: Heat transfer enhancement in parabolic trough receivers using perforated 

inserts 

 

 

210 

 

Table 7.3: Mesh dependence studies for a parabolic trough receiver with perforated conical 
inserts 

Mesh elements f Nu Sgen/(Sgen)o ∆f ∆Nu ∆Sgen 

(a) Re = 1.94 x 104, c
pɶ = 0.06, c

rɶ  =0.91 and
c

βɶ = 0.67 

46 381 0.752 391.8 0.771    
84 668 0.784 388.6 0.757 0.040 0.008 0.018 

156 720 0.794 388.2 0.749 0.013 0.001 0.011 

(b) Re = 1.94 x 104, c
pɶ = 0.15, c

rɶ  = 0.91 and 
c

βɶ  = 0.67 

77 623 0.380 336.0 0.864    
147 875 0.306 326.1 0.909 0.079 0.030 0.049 

250 860 0.305 326.5 0.903 0.002 0.001 0.007 

(c) Re = 6.40 x 104, c
pɶ = 0.07,  c

rɶ  = 0.91 and 
c

βɶ = 0.33 

53 424 0.1117 972.7 0.866    
104 004 0.1112 895.1 0.950 0.005 0.087 0.089 
205 186 0.1122 873.7 0.965 0.009 0.024 0.015 
308 841 0.1109 878.4 0.866 0.012 0.005 0.006 

(d) Re = 6.40 x 104,  c
pɶ  = 0.15,  c

rɶ  = 0.45 and 
c

βɶ = 0.83 

89 553 0.095 858.9 0.983    

157 113 0.094 834.4 0.964 0.007 0.029 0.020 
284 443 0.094 826.1 0.958 0.004 0.010 0.006 

(e) Re = 1.150 x 105, c
pɶ = 0.10, c

rɶ  = 0.91and 
c

βɶ  = 0.89 

114 510 0.689 2074.4 1.053    
226 331 0.691 1908.6 1.183 0.110 0.087 0.003 
319 413 0.690 1885.8 1.185 0.021 0.012 0.002 

434 744 0.690 1880.6 1.209 0.002 0.003 0.000 

 

Syltherm 800 [110] was used as the heat transfer fluid in the receiver’s absorber tube. Given 

the limitations of the periodic model, the properties of the heat transfer fluid were evaluated 

at the fluid temperatures of 400 K, 500 K, 600 K and 650 K used in this study. Sample fluid 

properties at different temperatures are given in Table 4.2 as determined from the 

manufacturer’s specifications [110].  
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The receiver parameters and environmental conditions used were the same as those presented 

in Table 4.1. Stainless steel was used as the absorber tube material in both cases. The coating 

of the absorber tube has an emissivity that varies with temperature according to Eq. (2.33).  

7.1.5 DATA REDUCTION  

The heat transfer performance is given in terms of the heat transfer coefficient and Nusselt 

numbers. The average heat transfer coefficient is given by  

ri b

q
h

T T

′′
=

−
 7.10 

where Tri is the inner wall temperature of the absorber tube and Tb represents the bulk 

temperature of the fluid.  From the average heat transfer coefficient, the average Nusselt 

number is given by  

ri
d

Nu h
λ

=  7.11 

where λ is the thermal conductivity of the heat transfer fluid and dri is the inner diameter of 

the absorber tube. 

The friction factor is related to the pressure drop according to  

21
2 inlet

L
dri

P
f

uρ
∆

=
⋅

 7.12 

uinlet is the mean velocity at the periodic boundaries. Equation (7.12) for the friction factor can 

be rewritten as  

21
2 m

L
dri

P
f

uρ
∆

=
⋅

 7.13 

In Eq. (7.12 and 7.13),  ∆P is the pressure drop, ρ is the density of the heat transfer fluid, uinlet  

is the inlet velocity, um is the mean velocity of flow inside the absorber tube, L is the length 

under consideration and dri is the inner diameter of the absorber tube. 
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For the preliminary evaluation of heat transfer enhancement techniques at constant pumping 

power, the thermal enhancement factor (χ) [200] was used. According to this, the pumping 

power of the enhanced tube is equal to the pumping power of the plain tube. Such that: 

( ) ( )
p en

V P V P∆ = ∆ɺ ɺ  7.14 

Expressing the volume flow rate (Vɺ ) and the pressure drop (∆P) in terms of friction factors 

and Reynolds numbers Eq. (7.14) becomes 

( ) ( )3 3Re Re
p en

f f=  7.15 

The thermal performance factor χ of the absorber tube fitted with perforated inserts for the 

same pumping power criteria is given as [200]   

1
3

pen en

p p en
pp

fNu Nu

Nu Nu f
χ

  
= =      

 7.16 

The heat transfer enhancement factor is defined from Eq. (7.16) as the ratio of the Nusselt 

number obtained with inserts to that in a plain absorber tube, given by  

en

p

Nu
Nu

Nu

+ =  7.17 

The pressure drop penalty factor is defined as the ratio of the pressure drop in the absorber 

tube with inserts to that in a plain absorber tube, as given by 

en

p

f
f

f

+ =  7.18 

Another performance evaluation criterion for heat transfer enhancement techniques is based 

on the second law of thermodynamics [61,201,202]. The rates of entropy generation in an 

enhanced tube are compared to those of plain tubes. The enhancement entropy generation 

number Ns,en is defined as [202] 
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,

,

,

gen en

s en

gen p

S
N

s
=  7.19 

Enhancement techniques with Ns,en < 1 are taken to be thermodynamically advantageous 

[202]. As the heat transfer performance is improved, there is a reduction in irreversibilities 

when compared to the plain tube. The entropy generation rates are determined according to 

Eqs. (3.35) – (3.41) as detailed in Chapter 3. 

Heat transfer enhancement should provide a considerable reduction in the heat transfer 

irreversibility with a minimum increase in fluid flow irreversibilities. The Bejan number 

defines the ratio of entropy generation due to heat transfer irreversibility to the total entropy 

generation rate as  

 
( )gen

H

gen

S
Be

S
=  7.20 

The Bejan number is in the range 0 ≤ Be ≤ 1. For Be ≈ 0 fluid flow irreversibility are 

dominant and for Be ≈ 1, the heat transfer irreversibilities dominate.  

7.1.6 MODEL VALIDATION 

The validation of the receiver model is presented in Chapter 4, and so too is the validation of 

heat transfer and friction factors for the plain absorber tube. The validation of the entropy 

generation model is presented in Chapter 5. 

The perforated insert model was validated using data from Guohui and Saffa [221]. The 

variation of the pressure coefficient k = ps/pv with distance from the perforated plate is shown 

in Fig. 7.5. The same trend as that obtained by Guohui and Saffa [221] was obtained in the 

current work, with a maximum deviation of less than 3% (ps is the static pressure and pv is the 

velocity pressure given by pv = 1/2ρv2). 
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Fig. 7.5: Comparison of present study pressure coefficient as a function of distance from the 
perforated plate with literature.  

 

Because the perforated plate is modelled in CFD as porous media with negligible viscous 

loss, numerical data from Kumar and Reddy [49], for a receiver with a wall-mounted porous 

disc at different angles was also used for further validation and comparison. Table 7.4 shows 

the comparison of our numerical model with Kumar and Ravi [49] for the orientation of the 

porous disc of 30o. Good agreement was achieved for both the Nusselt number and the drag 

coefficient. The porous disc model was then converted to a perforated insert model by 

assuming negligible viscous loss in Eq. (7.8) for our subsequent investigations. 

Table 7.4: Comparison of present study predicted heat transfer and fluid friction performance 
of the receiver perforated plate model with data from Kumar and Reddy [49] 

Reynolds 
number 

Nusselt Number                 Drag coefficient =
2

2 p

uρ
∆  

Kumar and 
Reddy [49] 

Present 
study 

Percentage 
deviation 

Kumar and 
Reddy [49] 

Present study Percentage 
deviation 

6.37 × 104 550 600 9.1 1 380 1 250 -9.4 
1.27 × 105 925 986 6.6 1 057 1 150 8.1 

1.91 × 105 1 321 1 375 4.1 1 008 1 040 3.1 
2.55 × 105 1 704 1 750 2.7 982 1 000 1.8 
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7.2 RESULTS AND DISCUSSION – PERFORATED PLATE INSERTS 

7.2.1 FLOW STRUCTURE 

The flow behaviour for the perforate plate model is shown in Fig. 7.6 using contours of 

velocity.  

 

 

(a)  Re = 1.94 ×104, 0β =ɶ , 0.91d =ɶ , 0.18p =ɶ and Tinlet = 400 K 

 

 

(b)  Re = 1.48 ×105, 1β = −ɶ , 0.91d =ɶ , 0.09p =ɶ  and Tinlet = 500 K 

 

 

(c)  Re = 1.35 x106, 0.83β =ɶ , 0.91d =ɶ , 0.15p =ɶ  and Tinlet = 600 K 

Fig. 7.6: Velocity contours for a receiver with perforated plate inserts on the symmetry 

plane of the receiver’s absorber tube at different values of Reynolds numbers, insert 

orientation ( βɶ ), insert spacing ( pɶ ), insert size ( dɶ ) and inlet temperatures. 
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The flow behaviour presented by the use of centrally placed perforated plates involves fluid 

displacement from the core flow, fluid mixing and flow impingement. Figure 7.6 shows the 

velocity contours for three sample cases. The figure shows the resulting fluid displacement, 

fluid mixing and flow impingement mechanism at three different angles of orientation      

( βɶ= 0, -1 and 0.83 respectively) for different Reynolds numbers, for spacing when the size of 

the plate is dɶ  = 0.91 and inlet temperatures are 400 K, 500 K and 600 K respectively. 

At βɶ  = 0, the flow remains perpendicular to the perforated plate and no considerable mixing 

is observed as shown in Fig. 7.6 (a). Figure 7.6 (b) shows that, for negative values of βɶ , flow 

impingement occurs in the upper half of the absorber tube. The perforated plate causes the 

displacement of the fluid from the upper to the lower half, and mixes the upper fluid with the 

lower heated fluid. At positive values of βɶ , flow impingement is observed on the lower half 

of the absorber tube and fluid is displaced from the lower half to the upper half of the 

absorber tube as shown in Fig. 7.6 (c). After impinging on the absorber tube’s wall, some of 

the fluid tends to slide on the plate depending on the angle of orientation. Therefore, the plate 

angle can be selected well to have high heat transfer rates by achieving high impingement 

rates on the absorber tube’s lower wall while keeping the fluid friction lower. 

7.2.2 HEAT TRANSFER PERFORMANCE 

7.2.2.1 Nusselt numbers 

The heat transfer performance of a parabolic trough receiver whose absorber tube is fitted 

with a perforated plate inserts is dependent on the plate spacing, plate size and plate angle of 

orientation. Figure 7.7 (a – d) show the variation of heat transfer performance with the size of 

the perforated plate at different plate orientation angles for given values of Reynolds 

numbers. The figures indicate that the Nusselt number will increase with the size of the plate 

at any Reynolds number and angle of orientation. As the size of the plate increases, higher 

fluid impingement occurs on the absorber tube’s wall. Also, the turbulent intensity in the free 

space between the insert and tube increases with an increase in plate size. Generally, the heat 

transfer performance is shown to increase slightly as the angle of orientation increases. For 
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most cases, the highest heat transfer performance was shown for βɶ  = 1. This is probably due 

to high impingement on the lower half of the absorber tube at positive angles of orientation.  

50

100

150

200

250

0.4 0.5 0.6 0.7 0.8 0.9 1

     =  -1
     = -0.5
     =  0
     = 0.5
     = 1
 Nu

p

N
u

 
dɶ

 
βɶ 
βɶ 
βɶ 
βɶ 
βɶ

 

200

400

600

800

1 000

1 200

0.4 0.5 0.6 0.7 0.8 0.9 1

     =  -1
     = -0.5
     =  0
     = 0.5
     = 1
 Nu

p

N
u

 
dɶ

 
βɶ 
βɶ 
βɶ 
βɶ 
βɶ

 
(a) (b) 

200

400

600

800

1 000

1 200

0.4 0.5 0.6 0.7 0.8 0.9 1

     =  -1
     = -0.5
     =  0
     = 0.5
     = 1
 Nu

p

N
u

 
dɶ

 
βɶ 
βɶ 
βɶ 
βɶ 
βɶ

 

200

400

600

800

1 000

0.4 0.5 0.6 0.7 0.8 0.9 1

     =  -1
     = -0.5
     =  0
     = 0.5
     = 1
 Nu

p

N
u

 
dɶ

 
βɶ 
βɶ 
βɶ 
βɶ 
βɶ

 
(c) (d) 

Fig. 7.7: Heat transfer performance of a receiver with perforated plate inserts as a function of 

insert size ( dɶ ) and insert angle orientation ( βɶ ): (a) inlet temperature of 400 K,                   

Re = 1.02×104 and insert spacing, pɶ = 0.04, (b) inlet temperature of 400 K, Re = 6.40×104 

and pɶ  = 0.12, (c) inlet temperature of 600 K, Re = 8.05×104 and pɶ  = 0.04 and (d) inlet 

temperature of 600 K, Re = 8.05×104 and pɶ = 0.12. 

 

Figure 7.8 (a – b) shows the variation of the Nusselt number with Reynolds numbers for 

different values of insert spacing for dɶ = 0.61 and 0.91 respectively at βɶ= 1 for 400 K.  
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Fig. 7.8: Heat transfer performance of a receiver with perforated plate inserts as a function of 

Reynolds number and insert spacing ( pɶ ): (a) inlet temperature of 400 K, insert size,             

dɶ  = 0.61 and insert orientation, βɶ  = 1, (b) inlet temperature of 400 K, dɶ  = 0.91 and βɶ  = 1, 

(c) inlet temperature of 650 K, dɶ  = 0.61 and βɶ  = 1 and (d) inlet temperature of 650 K,         

dɶ  = 0.91 and βɶ  = 1. 

 

Figure 7.8 (c-d) shows the same variation and for dɶ = 0.61 and 0.91 respectively at βɶ  = 1 for       

650 K. It can be seen that the Nusselt number increases with the reduction in plate spacing at 

all values of plate size. The reduction in plate spacing implies an increased number of plates 

per metre, hence improved fluid mixing and fluid impingement on the absorber tube wall. As 

seen in Fig. (7.7) and Fig. (7.8), the heat transfer performance depends more strongly on the 
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size of the plate and the spacing between the consecutive plates than on the angle of 

orientation. 

7.2.2.2 Heat transfer enhancement factor 

The heat transfer enhancement factor in Eq. (7.17) gives the ratio of Nusselt number due to 

heat transfer enhancement to that in a plain absorber tube. It basically shows how much the 

heat transfer rate has increased. Figure 7.9 shows the variation of the heat transfer 

enhancement factor with Reynolds numbers for different values of plate spacing. 
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Fig. 7.9: Heat transfer enhancement factors for a receiver with perforated plate inserts as a 

function of Reynolds number and insert spacing ( pɶ ): (a) inlet temperature of 400 K, insert 

size, dɶ  = 0.91 and insert orientation, βɶ  = 1 and (b) inlet temperature of 650 K, dɶ  = 0.91 and 

βɶ  = 1. 

 

Generally, the heat transfer enhancement factor is shown to increase as the Reynolds number 

increases, after which it becomes nearly constant. In this study, for the range of parameters 

considered, the value of Nu+ was in the range 1.08 ≤ Nu+ ≤ 2.33 depending on the angle of 

orientation, plate spacing and size of the plate. 

7.2.2.3 Nusselt number correlation 

Based on the results of the numerical simulation, a correlation for the Nusselt number was 

obtained for the range of parameters considered by using regression analysis. 
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The Nusselt number is correlated by 

0.9485 0.4050 0.1442 0.45685.817 Re Pr (1 0.0742 tan )

1000

p d
Nu

β− +
=

ɶɶ
                                                7.21 

Valid for  1 × 104 ≤ Re ≤ 1.35 × 106 and 10.7 ≤ Pr ≤ 33.7 

-30 ≤ β ≤ 30o 

0.04 0.20p≤ ≤ɶ  

0.61 0.91d≤ ≤ɶ  

400 K ≤ T ≤ 600 K 

 

The goodness of fit is given by the correlation coefficient (R2). R2 = 0.998 for this correlation. 

The correlation is within less than ± 15% for the range of parameters considered, as shown in 

the parity plot (Fig. 7.10) for over 450 data points. 
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Fig. 7.10: Comparison of present study predicted heat transfer performance with the observed 
heat transfer performance for a receiver with perforated plate inserts.  
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7.2.3 PRESSURE DROP  

7.2.3.1 Friction factors 

The pressure drop is related to the friction factors through Eq. (7.12). An increase in friction 

factor at a given Reynolds number implies an increase in pressure drop. The variation of 

friction factors with perforated plate orientation, spacing and size is presented in this section. 

Figure 7.11 (a – d) shows the variation of friction factor with the size of the plate at                      

Re = 1.02 ×104, pɶ  = 0.04 and Tinlet = 400 K; Re = 1.02 ×104, pɶ  = 0.20 and Tinlet = 400 K;           

Re = 4.26 ×104, pɶ  = 0.04 and Tinlet = 600 K, Re = 4.26 ×104, pɶ  = 0.20 and Tinlet = 600 K 

respectively. As expected, the friction factors in the absorber tube with inserts are 

significantly higher than those in the absorber tube with no inserts. It can also be observed 

that the friction factor increases significantly as the size of the perforated plate increases for 

all the four cases; this is due to the increased obstruction to flow as the plate size increases. 

It can also be seen from the figures that the angle of orientation of the perforated plate 

slightly affects the friction factor at low values of plate size and significantly as the plate size 

increases.  The friction factors at βɶ  = 1 and -1 are shown to be equal for a given value of 

plate size and Reynolds number. Similarly the friction factors at βɶ  = 0.5 and - 0.5 are also 

equal for a given value of plate size and Reynolds number. This is because there is the same 

resistance to fluid motion by the perforated plate at these equal but opposite angles. Fluid 

friction is shown to be higher at angles close to βɶ  = 0. For a given plate size, the obstruction 

to fluid flow increases as βɶ  approaches 0. At the same Reynolds number and inlet 

temperature, the friction factor is shown to increase significantly as the spacing reduces. 
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Fig. 7.11: Friction factor for a receiver with perforated plate inserts as a function of insert 

size ( dɶ ) and insert orientation ( βɶ ): (a) inlet temperature of 400 K, Re = 1.02 × 104 and 

insert spacing, pɶ = 0.04, (b) inlet temperature of 400 K, Re = 1.02 × 104 and pɶ = 0.20,       

(c) inlet temperature of 600 K, Re = 4.26 × 104 and pɶ = 0.04 and (d) inlet temperature of        

600 K, Re = 1.02 × 104 and pɶ = 0.20. 

 

Figure 7.12 (a – d) shows the variation of friction factor with Reynolds numbers at different 

values of plate spacing for dɶ = 0.61, βɶ  = 1 and Tinlet = 400 K; dɶ = 0.91, βɶ  = 1 and Tinlet = 

400 K; dɶ = 0.91, βɶ  = 1 and Tinlet = 500 K and dɶ = 0.91, βɶ  = 1 and Tinlet = 600 K respectively. 

Generally, the friction factor slightly reduces as the Reynolds number increases and is shown 

to increase as plate spacing is reduced. The increase in fluid friction as the insert spacing 
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reduces is mainly due to the increased number of plates per metre of the absorber tube that 

increase the resistance to fluid motion.  
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Fig. 7.12: Friction factor for a receiver with perforated plate inserts as a function of  

Reynolds number and insert spacing ( pɶ ): (a) inlet temperature of 400 K, insert size,            

dɶ  = 0.61 and insert orientation, βɶ  = 1, (b) inlet temperature of 400 K, dɶ  = 0.91 and βɶ  = 1, 

(c) inlet temperature of 500 K, dɶ  = 0.91 and βɶ  = 1 and (d) inlet temperature of 600 K,        

dɶ  = 0.91 and βɶ  =1. 

 

At the same plate size and angle of orientation, the friction factor is almost the same, 

regardless of the fluid temperature. 
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7.2.3.2 Pressure drop penalty factors 

The pressure drop of a receiver whose absorber tube is fitted with perforated plate inserts is 

related to that of a receiver with a plain absorber tube using the pressure drop penalty factor 

according to Eq. (7.18). Figure 7.13 (a and b) shows the variation of the pressure drop penalty 

factor with Reynolds numbers at different values of plate spacing for βɶ= 1 and dɶ = 0.91 at 

two fluid temperatures of 400 K and 600 K respectively. The pressure drop penalty factor 

increases with a decrease in plate spacing and an increase in the Reynolds number.  

For the range of parameters considered, the pressure drop penalty factors were in the range     

1.40 ≤ f/fp ≤ 95 depending on the Reynolds number, plate size, plate spacing and plate 

orientation. The higher the heat transfer enhancement achieved, the higher the fluid friction. 

The lower the heat transfer enhancement achieved, the lower the fluid friction. 
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Fig. 7.13: Pressure drop penalty factors for a receiver with perforated plate inserts as a 

function of Reynolds number and insert spacing ( pɶ ): (a) inlet temperature of 400 K, insert 

size, dɶ = 0.91 and insert orientation, 1β =ɶ  and (b) inlet temperature of 600 K, dɶ = 0.91 and 

1β =ɶ . 
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7.2.3.3 Friction factors 

Fluid friction is correlated by  

3.17830.0267 0.80720.1713Re (1 0.08996sin )f p d β− −= +ɶɶ             (7.22) 

For this equation R2 = 0.96 and is valid within ± 18%. The parity plot for f  is shown in Fig. 

7.14. 

Valid for  1.0 × 104 ≤ Re ≤ 1.35 × 106 and 10.7 ≤ Pr ≤ 33.7 

-30-≤ β ≤ 30o 

0.04 0.20p≤ ≤ɶ  

0.61 0.91 andd≤ ≤ɶ  400 K ≤ T ≤ 600 K 

The Reynolds number depends on the temperature considered. Therefore, the flow rates 

should be used to determine the velocities to be used in obtaining the Reynolds numbers for 

the correlations in Eq. (7.21) and Eq. (7.24). The flow rates based on the inner diameter of the 

plain absorber tube used, vary in the range 4.9 m3/h to 154 m3/h at each inlet temperature. 
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Fig. 7.14: Comparison of present study predicted friction factor with the observed friction 
factor for a receiver with perforated plate inserts. 
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7.2.4 THERMAL ENHANCEMENT FACTOR 

As a preliminary measure of the thermal performance of heat transfer enhancement 

techniques, Webb [200] developed a performance evaluation criteria based on a constant 

pumping comparison. For a constant power comparison, the thermal enhancement factor 

given by Eq. (7.16) should be greater than 1.0 when pumping power is of concern. Figure 

7.15 shows the variation of the thermal enhancement factor with plate size and Reynolds 

number. As shown in Fig. 7.15 (a and b), at a given Reynolds number, the thermal 

performance factor continually reduces as the size of the plate increases. This occurs because, 

despite the increased heat transfer as the plate size increases, the increase in fluid friction is 

much greater than the increase in heat transfer performance. Also shown by the figures is that 

the thermal performance reduces as the plate spacing reduces. 

Figure 7.15 (c and d) show that the thermal enhancement factor increases with the Reynolds 

number and attains a maximum value and remains constant depending on the angle and size 

of the plate. For the range of parameters considered, the thermal enhancement factor was in 

the range 0.44 ≤χ  ≤ 1.05. For a given Reynolds number, values close to 1 were obtained for 

the smallest value of plate size and large plate spacing given the small pressure drops at these 

values. 

Chapters 4 and 6 showed that the overall performance evaluation of the collector system 

gives an intuitive way of evaluating heat transfer enhancement techniques for parabolic 

trough receivers. Using Eq. (6.10), the thermal efficiency of the collector can be evaluated. 

Figure 7.16 (a and b) shows the variation of the collector’s thermal efficiency with Reynolds 

numbers at different values of insert spacing. 
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Fig. 7.15: Thermal enhancement factor for a receiver with perforated plate inserts as a 

function of: (a) insert size ( dɶ ) and insert spacing ( pɶ ) for an inlet temperature of 400 K,       

Re = 1.02 × 104 and insert orientation, βɶ  = 1, (b) insert size and insert spacing for an inlet 

temperature of 600 K, Re = 4.26 × 104 and βɶ  = 1, (c) Reynolds number and insert spacing  

for an inlet temperature of 400 K, dɶ = 0.45 and βɶ  = 1 and (d) Reynolds number and insert 

size for an inlet temperature of 600 K, pɶ = 0.20 and βɶ  = 1. 
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Fig. 7.16: Thermal efficiency of a receiver with perforated plate inserts as a function of 

Reynolds number and insert spacing ( pɶ ): (a) inlet temperature of 650 K, insert size, dɶ = 0.45 

and insert orientation, βɶ  = 1 and (b) inlet temperature of 650 K, dɶ = 0.91 and βɶ  = 1. 

 

Figure 7.16 (a and b) show the variation of thermal efficiency with Reynolds numbers at 

different values of insert spacing for 0.45d =ɶ  and 0.91d =ɶ respectively. As shown in          

Fig. 7.16(a) and 7.16 (b), the thermal efficiency increases with the use of perforated plate 

inserts at each value of insert spacing and insert size up to some Reynolds numbers and then 

becomes lower than that of a non-enhanced tube. The efficiency of an enhanced tube will be 

lower than that of a non-enhanced tube when the gain in heat transfer rate becomes less than 

the required increase in pumping power. As shown in Fig. 7.16 (a), the thermal efficiency is 

increased over a wider range of Reynolds numbers when the size of the insert is smallest. As 

the insert size increases, the thermal efficiency increases over a smaller range of Reynolds 

numbers as shown in Fig. 7.16 (b). At higher Reynolds numbers, the pumping power 

increases significantly and reduces the thermal efficiency below that of a plain receiver tube. 

There is the same variation at the other temperatures considered in this study. At a given 

insert orientation angle, the increase in thermal efficiency depends on the size of the insert, 

the spacing between the inserts and the Reynolds number (or flow rate). 
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The thermal efficiency increases in the range 1.2% - 8% for the range of parameters 

considered, depending on the insert size, spacing and Reynolds number. However, at all inlet 

temperatures, a flow rate lower than 37 m3/h (8.61 kg/s at 400 K, 7.66 kg/s at 500 K,         

6.56 kg/s at 600 K and 5.92 kg/s at 650 K) gives an increase in efficiency in the range of      

3% – 8% for insert spacing in the range 0.08 ≤ pɶ ≤ 0.20, when the insert size is in the range 

0.45 ≤ dɶ ≤ 0.61. At higher flow rates, an increase in efficiency is still feasible, but the value of 

the spacing should be higher and the size of the insert should be smaller, as shown in         

Fig. 7.16 (a). At lower flow rates (lower than 31 m3/h), an increase in efficiency is possible at 

most values of insert spacing and insert size, since the increase in pumping power is not 

significant compared to the gain in performance. 

The increase in efficiency is mainly due to the increased heat transfer performance as well as 

reduced receiver losses. Heat transfer enhancement reduces the absorber tube’s temperatures, 

the reduction in absorber tube’s circumferential temperature results in lower coating 

emissivity, hence lower radiation losses. For this reason, the increase in thermal efficiency is 

higher at low flow rates where there are significant reductions in absorber tube temperatures. 

Moreover, there is a far greater increase in performance than the increase in pumping power 

at low flow rates. 

It is worth noting that the use of the performance evaluation criteria at constant pumping 

power comparison given in Eqs. (6.8) and (7.16) does not give an accurate account of the 

actual performance of the parabolic trough receiver with heat transfer enhancement. This is 

probably because it does not account for the additional gain in performance from reduced 

absorber tube temperatures and the subsequent reduction in radiation heat losses. Moreover, 

with parabolic trough receivers, the gain in performance with heat transfer enhancement 

might be much higher than the increase in pumping power. 

7.2.5 ABSORBER TUBE TEMPERATURE DIFFERENCE 

The improved heat transfer performance in the receiver’s absorber tube is expected to reduce 

the absorber tube’s circumferential temperature difference. Figure 7.17 shows the variation of 

absorber tube’s circumferential temperature differences with Reynolds number at different 
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values of plate spacing. The highest reduction corresponds to the configuration with the 

highest heat transfer enhancement. The absorber tube’s circumferential temperature 

difference reduces with increasing Reynolds numbers, reducing plate spacing and increasing 

plate size. 
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Fig. 7.17: Absorber tube circumferential temperature difference in a receiver with perforated 

plate inserts as a function of Reynolds number and insert spacing ( pɶ ): (a) inlet temperature 

of 400 K, insert size, dɶ = 0.91 and insert orientation, βɶ  = 1 and (b) inlet temperature of      

600 K, dɶ = 0.91 and βɶ  = 1. 

 

For the range of parameters considered, the absorber tube’s circumferential temperature 

difference reduces by 5% – 67%. As far as the reduction in the absorber tube’s 

circumferential difference is concerned, heat transfer enhancement plays a crucial role only at 

low Reynolds numbers and low fluid temperatures, since it is at these low Reynolds numbers 

that the temperature difference is very high. For example, at 4.9 m3/h, the absorber tube’s 

circumferential temperature difference in a non-enhanced absorber tube is about 220 oC at 

400 K, 172 oC at 500 K and 164 oC at 600 K. At the same flow rate, with heat transfer 

enhancement, for βɶ  = 1, pɶ = 0.04 and dɶ = 0.91, the absorber tube’s circumferential 

temperature difference reduces to about 124 oC at 400 K, 88 oC at 500 K and 75 oC at 600 K. 

The reduction in absorber tube temperatures also leads to a significant reduction in the 

receiver’s radiation loss between the absorber tube and the glass cover. 
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7.2.6 ENTROPY GENERATION 

As discussed above, knowledge of the entropy generation rates is essential for determining 

whether a given heat transfer enhancement technique makes thermodynamic sense. The 

knowledge of entropy generation rates also provides a way of determining the irreversibilities 

present in the heat transfer and fluid flow processes. The analysis of entropy generation in 

solar collector systems is essential for high temperature applications, given the likely high 

heat transfer irreversibilities. Configurations with minimum entropy generation rates are 

considered thermodynamically optimal. In general, the entropy generation number given by 

Eq. (7.19) should be less than 1 for a heat transfer enhancement technique to make 

thermodynamic sense. 

7.2.6.1 Entropy generation distribution 

Figure 7.18 (a and b) shows the variation of entropy generation rates due to fluid flow and 

heat transfer irreversibilities with plate size at different angles of orientation for selected 

Reynolds numbers. The general trend shown is that the fluid flow irreversibilities continue to 

increase with an increase in plate size, whereas the heat transfer irreversibilities reduce with 

an increase in plate size. The increasing trend of the fluid flow irreversibilities is due to the 

increase in fluid friction as the plate size increases, whereas the reduction in heat transfer 

irreversibilities as the plate size increases is a result of improved heat transfer, hence reduced 

temperature differences. 

The variation of fluid friction irreversibility with the angle of orientation follows the same 

trend as the variation of fluid friction. Fluid flow irreversibilities are higher at βɶ  = 0 and 

lower at βɶ  = -1 and βɶ  = 1. Equal and opposite angles show almost the same fluid flow 

irreversibilities. The variation of the heat transfer irreversibility with the angle of orientation 

is the inverse of the Nusselt number variation. The heat transfer irreversibilities reduce as the 

Nusselt number increases. 
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Fig. 7.18: Entropy generation due to fluid friction irreversibility and entropy generation due to 

heat transfer irreversibility respectively as functions of insert size ( dɶ ) and insert orientation 

( βɶ ) for an inlet temperature of 400 K, Re = 1.94 × 104 and insert spacing, pɶ = 0.06.  

 

Figure 7.19 (a – d) shows the variation of entropy generation rates with Reynolds numbers 

for different values of plate spacing. Generally, the fluid friction irreversibility increases as 

the Reynolds numbers increase (Fig. 7.19 (a) for 400 K) whereas the heat transfer 

irreversibility reduces as the Reynolds numbers increase (Fig. 7.19 (b) for 400 K). The fluid 

flow irreversibilities are also shown to increase as the plate spacing reduces at a given 

Reynolds number whereas the heat transfer irreversibilities reduce as the plate spacing 

reduces at a given Reynolds number. The increase in fluid friction irreversibilities is due to 

increased resistance to fluid flow as well increasing turbulence intensities. The reduction in 

heat transfer irreversibilities is due to increasing heat transfer performance and hence a lower 

finite temperature difference. This variation of the heat transfer irreversibility and fluid flow 

irreversibility results in an optimal Reynolds number at which the total entropy generation 

rate is minimum, as was obtained for the plain receiver tube discussed in Chapter 5. The 

existence of the optimal Reynolds number is shown in Fig. 7.19 (c and d) for pɶ = 0.09 and 

pɶ = 0.045 respectively at dɶ = 0.91 and βɶ  = -1. 
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Fig. 7.19: Entropy generation due to fluid friction irreversibility, (S'
gen)F, entropy generation 

due to heat transfer irreversibility, (S'
gen)H and total entropy generation rate, S'

gen as functions 

of Reynolds number for an inlet temperature of 400 K: (a) (S'
gen)F for an insert size, dɶ = 0.91 

and insert orientation, βɶ  = 1, (b) (S'
gen)H for dɶ = 0.91 and βɶ  = 1, (c) (S'

gen)F, (S'
gen)H and S'

gen 

for an insert spacing, pɶ = 0.09 and dɶ = 0.91 and (d) (S'
gen)F, (S'

gen)H and S'
gen for pɶ = 0.045 

and dɶ = 0.91. 

 

Figure 7.20 (a – b) shows the variation of the total entropy generation rate per metre of the 

absorber tube with perforated plate inserts for dɶ = 0.91 at βɶ  = 1 and βɶ= 0 at an inlet 

temperature of 400 K. Figure 7.20 (c – d) show the total entropy generation rate at dɶ = 0.91 at  

βɶ  = 1 and βɶ= 0 at an inlet temperature of 600 K. The figures show that at low Reynolds 
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numbers, the entropy generation rates are lower than those in a plain absorber tube. As the 

Reynolds numbers increase beyond the optimal Reynolds number, the entropy generation 

rates increase substantially, making heat transfer enhancement not desirable in the 

thermodynamic sense. As shown in Fig. 7.20 (a – d), the entropy generation at a higher value 

of fluid temperature is significantly lower than at a lower temperature for the same perforated 

plate parameters.  
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Fig. 7.20: Total entropy generation rate in a receiver with perforated plate inserts as a 

function of Reynolds number and insert spacing ( pɶ ): (a) inlet temperature of 400 K, insert 

size, dɶ = 0.91 and insert orientation, βɶ  = 1, (b) inlet temperature of 400 K, dɶ = 0.91 and     

βɶ  = 0, (c) inlet temperature of 600 K, dɶ = 0.91 and βɶ  = 1 and (d) inlet temperature of      

600 K, insert size, dɶ = 0.91 and βɶ  = 0. 
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This is because increasing the fluid temperature reduces its density and viscosity and results 

in increased heat transfer performance. All these reduce the fluid flow and heat transfer 

irreversibility and therefore reduce the total entropy generation rates. 

A closer look at Fig. 7.20 (a – d), shows that using the perforated plates shifts the optimal 

Reynolds number to a lower value than the optimal Reynolds number in a plain absorber 

tube. For the plain absorber tube, the optimal Reynolds number was obtained as 1.41 × 105 

for Tinlet = 400 K and 7.05 × 105 at 600 K. The variation of the optimal Reynolds number with 

plate size and spacing is shown in Fig. 7.21. 
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Fig. 7.21: Optimal Reynolds number for a receiver with perforated plate inserts as a function 

of insert size ( dɶ ) and insert spacing ( pɶ ): (a) inlet temperature of 400 K and insert 

orientation, βɶ  = 1 and (b) inlet temperature of 600 K and βɶ  = 1. 

 

Generally, the optimal Reynolds number reduces with a reduction in plate spacing and with 

an increase in plate size. The optimal Reynolds number does not significantly depend on 

plate orientation. 

A more reasonable determination of the distribution of irreversibilities is the Bejan number, 

as it relates the entropy generation due to heat transfer to the total entropy generation 

according to Eq. (7.20). The Bejan number ranges from 0 ≤ Be ≤1, the heat transfer 

irreversibility dominates if Be is close to one, whereas the fluid friction irreversibility 
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dominates if Be is close to zero. Accordingly, the heat transfer enhancement at a given 

Reynolds number should be considered if Be is closer to 1 than to zero. A reduction in Be 

implies a reduction in the heat transfer irreversibility or an increase in the fluid friction 

irreversibility. Figure 7.22 (a – d) shows the variation of Bejan number with Reynolds 

numbers for different orientation angles, plate sizes and plate spacings at 400 K.  
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Fig. 7.22: Bejan number for a receiver with perforated plate inserts for an inlet temperature 

of 400 K as a function of Reynolds number and: (a) insert orientation ( βɶ ) for insert 

spacing, pɶ = 0.04 and insert size, dɶ = 0.91, (b) insert size ( dɶ ) for pɶ = 0.04 and βɶ  = 1,    

(c) insert spacing ( pɶ ) for dɶ  = 0.91 and βɶ  = 1 and (d) insert spacing ( pɶ ) for dɶ  = 0.91 and 

βɶ  = -1.  
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Figure 7.22 (a) shows that the angle of orientation does not significantly affect the Bejan 

number, but the Bejan number at all angles of orientation is lower than the Bejan number for 

a plain absorber tube. Figure 7.22 (b) shows that at a given Reynolds number, as the plate 

size increases the Bejan number reduces, due to the improved heat transfer that reduces the 

heat transfer irreversibility. Figure 7.22 (c and d) shows that at a given Reynolds number, the 

Bejan number reduces as the plate spacing reduces. 

The figure also clearly shows that the heat transfer irreversibility becomes less than the fluid 

flow irreversibility at higher Reynolds numbers for any value of plate size, angle of 

orientation and plate spacing. The Bejan number is more strongly dependent on the Reynolds 

number, plate spacing and plate size than on the angle of orientation. The same general trends 

occur at other values of fluid temperature. 

7.2.6.2 Thermodynamic evaluation of a receiver with perforated plate inserts  

For the evaluation of the thermodynamic effectiveness of a given heat transfer technique, the 

entropy generation ratio given in Eq. (7.19) is used. In general, the value of this ratio should 

be less than 1 for the enhancement technique to be thermodynamically feasible. For ratios 

less than 1.0, the irreversibilities are reduced when compared to a plain tube and for ratios 

greater than 1.0, the enhancement techniques results in more irreversibility than for a plain 

tube.  

Figure 7.23 (a – d) shows the variation of the enhancement entropy generation ratio with 

Reynolds numbers at different angles of orientation, different plate sizes and different plate 

spacing at a fluid temperature of 400 K. The use of inserts makes thermodynamic sense 

below some Reynolds numbers. Generally, at 400 K, for Reynolds numbers greater than      

1.0 ×105, Ns,en  increases significantly and becomes greater than 1 as the Reynolds numbers 

increase. For almost all the values of plate spacing considered, the value of Ns,en is greater 

than 1 for Re ≥ 1.0 × 105
 regardless of the angle of orientation and plate size. Figure 7.23 (d) 

shows the same variation of Ns,en with Reynolds numbers for different insert spacing, but for 

a temperature of 600 K. The same trend is obtained as that shown at 400 K.  
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(c) Inlet temperature of 400 K (d) Inlet temperature of 600 K. 

Fig. 7.23: Enhancement entropy generation number (Ns,en) for a receiver with perforated 

plate inserts as a function of Reynolds number and: (a) insert orientation ( βɶ ) for insert 

spacing,  pɶ = 0.04 and insert size, dɶ = 0.91, (b) insert size ( dɶ ) for pɶ = 0.04 and βɶ  = 1,   

(c) insert spacing ( pɶ ) for dɶ  = 0.91 and βɶ  = 1 and (d) insert spacing ( pɶ ) for dɶ  = 0.91 and  

βɶ  = 1. 

 

The same flow rates are also shown to give a Reynolds number for which the use of inserts 

makes thermodynamic sense. Flow rates of less than 43 m3/h  ( mɺ = 10.12 kg/s at 400 K,        

mɺ = 8.99 kg/s at 500 K, mɺ = 7.69 kg/s at 600 K and mɺ = 6.96 kg/s at 650 K) ensure entropy 

generation ratios less than 1.0 for all values of insert spacing, insert size, plate orientation and 

heat transfer fluid temperature. 



 

Chapter Seven: Heat transfer enhancement in parabolic trough receivers using perforated 

inserts 

 

 

239 

 

The entropy generation is shown to reduce up to 53% for the range of parameters considered. 

At higher Reynolds numbers, enhancement entropy generation ratios are as high as 17. 

Therefore, using inserts at these Reynolds numbers is not beneficial thermodynamically since 

higher available energy will be destroyed than when no inserts are used. 

7.2.7 MULTI-OBJECTIVE OPTIMISATION 

In most cases, heat transfer enhancement leads to an increase in the heat transfer performance 

of a given heat exchanger as well as an increase in the pressure drop. Usually, the objective is 

to improve heat transfer performance with minimum fluid friction. Therefore, a multi-

objective optimisation problem arises. As presented in Section 3.4.2, genetic algorithms are 

suited to such types of problems. Multi-objective genetic algorithms use the concept of 

domination to search the decision variable space for a set of solutions that are non-dominated 

with respect to one another. These solutions also dominate all other solutions. In the absence 

of further information, all these solutions are equally important. This set of solutions is 

known as the Pareto optimal solutions. In this section, the hybrid variant of the non-

dominated sorting genetic algorithm II (NSGA II) available in ANSYS® release 14 and 14.5 

was used to obtain such solutions.     

7.2.7.1 Formulation of the optimisation problem 

The multi-objective optimisation problem under consideration can be written according to 

Eq. (3.42) as  

Maximise f1(x)/ Minimise f2(x) 7.23 
 

The objective functions f1(x) and f2(x) are heat transfer performance expressed as the Nusselt 

number, Nu and pressure drop in terms of the fluid friction, f. 

The numerical simulations and optimisation were carried out for fixed values of Reynolds 

numbers. The Reynolds numbers were in the range 1.04 × 104 ≤ Re ≤ 1.36×106 depending on 

the fluid temperature used. The fluid temperatures were fixed at 400 K, 500 K and 600 K.  

The concentration ratio (CR) was fixed at 86, direct normal irradiance was fixed at            

1 000 W/m2. The design space for the optimisation process was defined in terms of lower and 

upper bounds of design variables as  
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0.04 0.20p≤ ≤ɶ  

0.30 0.91d≤ ≤ɶ  

1 1β− ≤ ≤ɶ  

7.24 

7.2.7.2 Optimisation results 

Using the optimisation procedure presented in Chapter 3 (Section 3.7), the following results 

were obtained from the multi-objective optimisation procedure. Accurate response surfaces 

or meta-models are essential in any meta-modelling-based optimisation study. In this study, 

second-order polynomials were not sufficient as the values of R2 given in Eq. (3.52) and R2
adj 

given in Eq. (3.53) were not close enough to 1. The relative mean square errors for the 

parameters of interest were also larger than 10% for some values of plate spacing. Therefore, 

the Kriging meta-modelling approach was used to improve the accuracy of the response 

surface. 

The Kriging meta-model in ANSYS® 14.5 [99] has an automated refinement procedure. It 

determines where more design points are needed in a response surface to improve its 

accuracy. The refinement terminates when the number of specified refinement points is 

reached or when the predicted relative error has been achieved [99]. The predicted relative 

error in all cases was set to 5% and 10 refinement points specified. Figure 7.24 shows the 

convergence curve for the Kriging meta-model for the four output parameters from which the 

performance parameters are derived. It can be seen that the predicted relative error reduces to 

less than 4% for all the output parameters shown as the refinement process proceeds. The 

response surface was further verified by comparing the results from the Kriging meta-model 

with the actual results from the computational fluid dynamics (CFD) simulation as shown in 

Table 7.5. 

 

 

 



 

Chapter Seven: Heat transfer enhancement in parabolic trough receivers using perforated 

inserts 

 

 

241 

 

Table 7.5: Comparison of results predicted by the response surface with CFD results for a 
parabolic trough receiver with perforated plate inserts 

Re pɶ  βɶ  dɶ  

Meta-model results 
Nu                      f 

CFD simulation 
results 

 Nu               f 

% Error 
Nu                f 

2.18 ×105 0.06 -1 0.30 2956 0.0699 2955 0.0699 -0.01 -0.09 

2.18 ×105 0.045 -1 0.91 4564 0.7447 4562 0.7447 0.04 0.00 
2.18 ×105 0.045 1 0.91 4147 0.7455 4308 0.7429 -3.72 0.36 
2.18 ×105 0.045 0 0.91 4832 1.2329 4706 1.2474 2.67 -1.16 
3.20 × 105 0.045 0.5 0.76 5337 0.5492 5358 0.5565 -0.40 -1.31 
3.20 × 105 0.045 -1 0.91 6027 0.7409 6177 0.7376 -2.43 0.45 

 

The absolute percentage error was less than 4% in all cases, showing that the meta-model 

accurately represents the physical model.  

Figure 7.25 shows the 3-D response surfaces for the variation in Nusselt numbers, friction 

factor and absorber tube temperature gradients for a Reynolds number of 4.03 × 105 and    

Tinlet  = 650 K. The same trend was obtained with other Reynolds numbers and other values of 

plate spacing. The figure shows that the Nusselt number increases with plate size. The 

variation of the Nusselt number with plate orientation is such that at βɶ  = 1, the Nusselt 

number has the smallest value. At values of βɶ  less 0.5, the Nusselt number variation is not 

very significant. 

The friction factor is also shown to increase with an increase plate size. At a given plate size, 

the friction factor shows minimum values at βɶ  =1 and βɶ  = -1 and a maximum at βɶ  = 0. The 

trend shown by the absorber tube’s circumferential temperature difference is the inverse of 

the Nusselt number variation. As the Nusselt numbers increase, the absorber tube’s 

circumferential temperature difference reduces due to improved heat transfer performance. 
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Fig. 7.24: Convergence of inlet pressure (Pinlet), outlet temperature (Toutlet), absorber tube 

wall inner temperature (Tri) and absorber tube wall heat flux (q'' ) in the Kriging-auto 
refinement procedure for a receiver with perforated plat inserts. 

 

The multi-objective optimisation for a case where two objectives are conflicting, yields a set 

of solutions in which an improvement in one objective sacrifices the quality of the other.         

Figure 7.26 (a-c) gives samples of the 3-D Pareto fronts, showing the variation of design 

variables with the objective functions at a Reynolds number of Re = 3.36 × 105 and           

Tinlet = 650 K. The figures provide a means for visualising the variation of each variable with 

the objective function. A number of solutions from which to choose are shown in these 

figures. From these figures, a 2-D curve showing the Pareto front for friction factor and 

Nusselt number is derived as shown in Fig. 7.26 (d).  
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(a) (b) 

 
 

(c) (d) 
Fig. 7.25: 3-D response surfaces for Nusselt number and friction factor for a receiver with 
perforated plate inserts for Re = 4.03× 105 and an inlet temperature of  650 K: (a) Nusselt 

number as a function of insert spacing ( pɶ ) and insert size ( dɶ ), (b) Nusselt number as a 

function of insert spacing ( pɶ ) and insert orientation ( βɶ ), (c) friction factor as a function of 

insert spacing ( pɶ ) and insert size ( dɶ ) and (d) friction factor as a function of insert size ( dɶ ) 

and insert orientation ( βɶ ). 
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Fig. 7.26: Pareto optimal solutions for a receiver with perforated plate inserts for an inlet 

temperature of 650 K and Re = 3.36 × 105: (a) Nusselt number as a function of insert size ( dɶ ) 

and friction factor, (b) Nusselt number as a function of insert spacing ( pɶ ) and friction factor,   

(c) Nusselt number as a function of insert orientation ( βɶ ) and friction factor and (d) 2-D 

Pareto optimal front for friction factor and Nusselt number. 

 

As expected, the variation of friction factor and Nusselt number on the Pareto front is a 

continuous curve along which selecting any one of the solutions along the curve will improve 
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one of the objectives while sacrificing the quality of the other objective. Therefore, selecting 

any one of the solutions along the curve will improve one of the objectives while sacrificing 

the quality of the other objective. A reduction in perforated plate spacing will give improved 

heat transfer performance, but it also significantly increases the fluid friction. 

Figure 7.27 (a) shows different solution sets of pressure drops (friction factor) and Nusselt 

numbers at three different Reynolds numbers. As discussed earlier, higher Reynolds numbers 

give better heat transfer performance, hence at high Reynolds numbers the heat transfer 

performance is higher as shown. Figure 7.27 (b) shows the optimal solution set at the same 

flow rate for different fluid temperatures. The same trend is obtained as seen in Figs 7.26 (d) 

and 7.27 (a). Higher fluid temperatures also show higher Nusselt numbers as discussed 

earlier. 

All the solutions on the Pareto front are optimum solutions for a multi-objective optimisation 

problem. The final design point can be chosen, depending on the importance of each 

objective [99]. 
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Fig. 7.27: Pareto optimal fronts showing friction factor as a function of Nusselt number and:    

(a) Reynolds number for an inlet temperature of 400 K and (b) inlet temperature for a flow 
rate of 43 m3/h. 

 

Several methods can be used when deciding on a single final design point from the Pareto 

optimal solution set. In this section, the decision support process discussed in Section 3.8 in 

Chapter 3 was used. It is a goal-based, weighted, aggregation-based technique [99]. Based on 
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this ranking method, several design candidates can be identified for each value of Reynolds 

number in their order of importance. Here a case is considered where all objectives are 

equally important. Figure 7.28 (a – c) shows the variation of design variables for the case 

when all objectives are equally important at each fluid temperature and flow rate. Figure 7.28 

(a) shows the variation of the optimal plate orientation with flow rate at different values of 

fluid temperature. In general, the flow rate and fluid temperature do not affect the optimal 

plate orientation significantly. The value of ( )
opt

βɶ varies between 0.985 – 0.999 as shown in 

the figure. This is in line with what was discussed in the parametric analysis where maximum 

heat transfer and minimum fluid friction were shown to exist at 1β =ɶ . 

Figure 7.28 (b) shows the variation of the optimal plate size with flow rate at different values 

of fluid temperature. The optimal plate diameter does not vary significantly with the flow 

rate. The optimal plate size, ( )
opt

dɶ

 
is about 0.82 , 0.78 and 0.758 at 400 K, 500 K and 600 K 

respectively. As shown in Fig. 7.28(c), the optimal plate spacing is very small and almost 

constant, about 0.036 for lower flow rates, then suddenly increases and becomes constant 

again for flow rates higher than 36 m3/h at each fluid temperature. It should be noted that 

these values are merely representative and will vary depending on the weights for each 

objective and other constraints, as well as the decision support method used. The best way to 

obtain the design candidates is to consider all the Pareto solutions, as shown in Fig. 7.26 and 

obtain the most suitable designs according to the designer’s needs. 
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Fig. 7.28: Optimal perforated plate geometry for a receiver with perforated plate inserts as a 

function of flow rate and inlet temperature: (a) optimal insert orientation ( )optβɶ , (b) optimal 

insert size ( )optdɶ  and (c) optimal insert spacing ( )optpɶ . 

 

At the optimal values of plate size, plate spacing and plate orientation in Fig. 7.28 (a – c), the 

heat transfer performance is enhanced in the range 1.92 – 2.11 while the fluid friction is in 

the range 30 – 39 times depending on the flow rate and fluid temperature. For these optimal 

solutions, the thermal efficiency increases in the range 2% – 6% provided that the flow rate is 

lower than 18 m3/h (4.30 kg/s at 400 K, 3.82 kg/s at 500 K, 3.27 kg/s at 600 K and 2.95 kg/s 

at 650 K)  
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It can be shown for the optimal configurations in Fig 7.28 that there is also a value of 

Reynolds number for which the entropy generation is a minimum, as shown in Fig. 7.29 (a).  

As such, multi-objective optimisation and the entropy generation minimisation method can be 

used simultaneously to obtain designs that are thermally and thermodynamically optimal. 

Furthermore, using the enhancement entropy generation ratio, Ns,en, Reynolds numbers or 

flow rates can be obtained for which the optimal solutions are thermodynamically better. 

Figure 7.29 (b) is the plot of the enhancement entropy generation ratio, the Reynolds numbers 

for which Ns,en ≤ 1 are clearly shown. 
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Fig. 7.29: Optimal entropy generation rate and optimal enhancement entropy generation 

number respectively as functions of Reynolds number and inlet temperatures in a receiver 
with perforated plate inserts.   

 

7.3 RESULTS AND DISCUSSION – PERFORATED CONICAL INSERTS 

7.3.1 FLOW STRUCTURE 

The flow behaviour for the perforated conical inserts model is shown in Fig. 7.30 using 

velocity contours on the symmetry plane in the longitudinal direction.  
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Fig. 7.30: Velocity contours for a receiver with perforated conical inserts on the 

symmetry plane of the receiver’s absorber tube for insert spacing, cpɶ  = 0.11, insert 

size crɶ  = 0.73, an inlet temperature of 400 K and Re = 1.94 × 104 for different values 

of insert angle ( )cβɶ . 

 

The flow behaviour presented by the use of centrally placed perforated conical inserts 

includes mostly flow impingement/tube-side intensification as shown in Fig. 7.30. The heat 

transfer fluid is displaced from the core flow to cause increased turbulent intensity on the 

tube side, hence improved heat transfer. 
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7.3.2 HEAT TRANSFER PERFORMANCE 

7.3.2.1 Nusselt numbers 

Figure 7.31 shows the variation of Nusselt numbers with the size of the perforated conical 

insert at different insert cone angles. At a given cone angle, the Nusselt numbers are shown to 

increase with an increase in insert size. As the insert size increases, the free-flow area 

reduces, resulting in increased turbulence intensity and flow impingement on the absorber 

tube’s walls. The figure also shows that, at a given size of the insert, the heat transfer 

performance increases as the cone angle increases. For all Reynolds numbers and insert 

spacing, the increase in heat transfer performance as the cone angle increases is significant 

for a cone angle 
c

βɶ  greater than 0.70. For angles lower than 0.70, an increase in the insert’s 

cone angle does not result in a significant increase in the receiver’s heat transfer performance. 

Figure 7.32 (a and b) shows the variation of the Nusselt numbers with Reynolds numbers for 

different values of insert spacing when c
rɶ  = 0.91 for 

c
βɶ = 0.70 and 

c
βɶ  = 0.90 respectively, 

for an inlet of temperature 600 K. Figure 7.32 (c and d) shows the variation of Nusselt 

numbers with Reynolds numbers for different values of insert spacing when c
rɶ  = 0.91 for 

c
βɶ = 0.70 and 

c
βɶ  = 0.90 respectively for an inlet temperature of 650 K. 

The Nusselt number continues to increase as the Reynolds number increases, due to the 

thinner boundary layer at higher Reynolds numbers. The Nusselt number is also shown to 

increase as the insert spacing reduces due to increased flow impingement and turbulent 

intensity resulting from the use of many inserts per unit metre. For the range of parameters 

considered, the change in Nusselt numbers as the plate spacing reduces is not very significant 

as can be seen in Fig. 7.32. The heat transfer rate at higher temperatures is greater than that at 

lower temperatures. At high temperatures, the Reynolds numbers are higher for the same 

flow rate, thus thinner boundary layer. 
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Fig. 7.31: Heat transfer performance of a receiver with perforated conical inserts as a 

function of insert size ( crɶ ) and insert cone angle ( cβɶ ) for: (a) inlet temperature of 400 K,     

Re = 3.91 × 104 and insert spacing, cpɶ = 0.06 and (b) inlet temperature of 650 K,                  

Re = 2.18 × 105 and cpɶ = 0.06. 
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Fig. 7.32: Heat transfer performance of a receiver with perforated conical inserts as a 

function of Reynolds number and insert spacing, ( cpɶ ) for: (a) inlet temperature of 600 K, 

insert cone angle, cβɶ = 0.70 and insert size, crɶ = 0.91, (b) inlet temperature of 600 K,           

cβɶ = 0.90 and crɶ = 0.91, (c) inlet temperature of 650 K, cβɶ = 0.70 and crɶ = 0.91 and (d) inlet 

temperature of 650 K, cβɶ = 0.90 and crɶ = 0.91. 

 

At a given value of insert cone angle and insert spacing, the heat transfer rate increases as the 

size of the insert increases. At a given value of the insert’s size, the heat transfer rate also 

increases as the cone angle increases. 
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7.3.2.2 Heat transfer enhancement factor 

The heat transfer enhancement factor by Eq. (7.17) gives the ratio of Nusselt number due to 

heat transfer enhancement to that in a plain tube. It shows by how much the heat transfer rate 

has increased. Figure 7.33 shows the variation of the heat transfer enhancement factor with 

Reynolds numbers for different values of plate spacing. 

Generally, the heat transfer enhancement factor is shown to increase as the Reynolds number 

increases. For the range of parameters considered, the value of Nu+ was in the range            

1.05≤ Nu+ ≤ 2.24 for 0.45 ≤ c
rɶ ≤ 0.91. 

7.3.2.3 Nusselt number correlation 

Based on the results of the numerical simulation, a correlation for the Nusselt number was 

obtained for the range of parameters considered, using regression analysis. The Nusselt 

number was found to be correlated by  

( ) ( ) ( ) ( )0.1840 0.3348 0.9355 0.3968
0.005746 (1 0.02759 tan )

c c c
Nu p r Re Prβ

−
= +ɶ ɶ  7.25 

The coefficient of determination (R2) is about 0.991 for this correlation. Figure 7.34 shows 

the parity plot for the Nusselt number. The correlation is valid within ± 12% for the range of 

parameters considered (tested for over 552 data points). 
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Fig. 7.33: Heat transfer enhancement factors for a receiver with perforated conical inserts 

as a function of Reynolds number and insert spacing ( cpɶ ) for: (a) inlet temperature of      

600 K, insert cone angle, cβɶ = 0.60 and insert size, crɶ = 0.91 and (b) inlet temperature of 

650 K, cβɶ = 0.90 and crɶ = 0.91. 
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Fig. 7.34: Comparison of present study predicted heat transfer performance with the 
observed heat transfer performance for a receiver with perforated conical inserts 

 

7.3.3 PRESSURE DROP  

7.3.3.1 Friction factors 

According to Eq. (7.13), the pressure drop is proportional to the friction factor. An increase in 

friction factor at a given Reynolds number implies an increase in pressure drop. The variation 

of friction factors with the perforated conical insert’s orientation, spacing and size is 

presented in this section. 

Figure 7.35 (a and b) shows the variation of friction factor with the size of the insert at              

Re = 3.91 ×104 and c
pɶ = 0.06 when the inlet temperature is 400 K and Re = 1.64 ×105 and      

c
pɶ = 0.14 when the inlet temperature is 600 K respectively. As expected, the figures show 

that the friction factors in the absorber tube with perforated conical inserts are higher than 

those in the absorber tube with no inserts. Generally, the friction factor increases as the size 

of the insert increases in all the four cases; this is due to the increased obstruction to flow as 

the insert size increases. 
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It can also be seen from the figures that as the insert cone angle increases, the friction factor 

increases significantly. For a given insert size, an increase of the insert cone angle increases 

the obstruction to flow, hence greater flow resistance. 

0

0.2

0.4

0.6

0.8

1.0

1.2

0.4 0.5 0.6 0.7 0.8 0.9 1

    = 0.40
    = 0.50

    = 0.60
    = 0.70
    = 0.80

    = 0.90
   f

p

f

 
c

rɶ

 

c
βɶ

 

c
βɶ

 

c
βɶ

 

c
βɶ 

c
βɶ 

c
βɶ

 
(a) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.4 0.5 0.6 0.7 0.8 0.9 1

    = 0.40

    = 0.50

    = 0.60

    = 0.70

    = 0.80

    = 0.90

   f
p

f

 
c

rɶ

 

c
βɶ

 

c
βɶ

 

c
βɶ 

c
βɶ 

c
βɶ 

c
βɶ

 
(b) 

Fig. 7.35: Friction factor for a receiver with perforated conical inserts as a function of insert 

size ( crɶ ) and insert cone angle ( cβɶ ) for: (a) inlet temperature of 400 K, Re = 3.91 × 104 and 

insert spacing, cpɶ  = 0.06 and (b) inlet temperature of 600 K, Re = 1.64 × 105 and             

cpɶ  = 0.14. 

 

Figure 7.36 (a and b) shows the variation of friction factor with Reynolds numbers at 

different values of insert spacing for 
c

βɶ  = 0.70 when c
rɶ = 0.76 at an inlet temperature of     

650 K and for 
c

βɶ  = 0.90 when c
rɶ  = 0.61 at an inlet temperature of 600 K respectively.  
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Fig. 7.36: Friction factor for a receiver with perforated conical inserts as a function of 
Reynolds number and insert spacing ( cpɶ ) for: (a) inlet temperature of 650 K, insert cone 

angle, cβɶ = 0.70 and insert size, crɶ  = 0.76 and (b) inlet temperature of 600 K, cβɶ = 0.90 and 

crɶ  = 0.61. 

 

There is the same trend in the two figures: the friction factor increases as the insert spacing 

reduces. This is due to the increased number of plates per metre of the absorber tube that 

offer increased resistance to fluid motion as the spacing reduces. 

As indicated above, the friction factor also increases as the cone angle increases and as the 

size of the insert increases. Increased obstruction to fluid motion as the size of the insert 
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increases and as the insert cone angle reduces also increases the friction factor. Differing 

from the heat transfer performance, the friction factor is shown to increase significantly as the 

insert spacing reduces. 

7.3.3.2 Pressure drop penalty factors 

The pressure drop of a receiver tube whose absorber tube is fitted with perforated conical 

inserts is related to that of a receiver with a plain absorber tube using the pressure drop 

penalty factor given by Eq. (7.18). Figure 7.37 (a) shows the variation of the pressure drop 

penalty factor with insert size at different angles of orientation for c
pɶ = 0.14. The same trend 

as that obtained for the friction factor is shown. The pressure drop increases as the insert cone 

angle and insert size increase. This is due to flow blockage at high values of orientation angle 

and insert sizes, hence high fluid friction. Figure 7.37 (b) shows the variation of the pressure 

drop penalty factor with Reynolds numbers at different values of insert spacing. Reducing the 

spacing between consecutive inserts significantly increases the pressure drop. Therefore, the 

proper selection of the insert geometrical parameters is essential to ensure a sufficient 

increase in the receiver’s heat transfer rates with a moderate increase in fluid friction. 

Moreover, reducing the spacing between consecutive inserts does not significantly increase 

the receiver’s heat transfer performance.  

The same trends can be obtained at other values of insert spacing and fluid temperatures. For 

the range of parameters considered, the pressure drop penalty factors were in the range                  

1.36 ≤ f/fp ≤ 69. 
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Fig. 7.37: Pressure drop penalty factors for a receiver with perforated conical inserts for an 

inlet temperature of 600 K: (a) as a function of insert size ( crɶ ) and insert cone angle ( cβɶ ) for 

insert spacing, cpɶ = 0.14 and Re = 2.18 × 105 and (b) as a function of Reynolds number and 

insert spacing ( cpɶ ) for cβɶ = 0.60 and crɶ  = 0.91. 

 

7.3.3.3 Friction factor correlation 

The friction factor is correlated according to  

( ) ( ) ( )0.7912 2.4149 6.4224 0.03731
0.002254 1 sin Re

c c
f p r β

− −
= +ɶ ɶ  7.26 
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R2 = 0.988 for this correlation, and f is valid within ± 16% for the range of parameters 

considered and with 0.60cβ ≥ .  

7.3.4 PERFORMANCE EVALUATION 

As a preliminary measure of the thermal performance of heat transfer enhancement 

techniques, Webb [200] developed a performance evaluation criteria based on a constant 

pumping comparison. For a constant power comparison, the thermal enhancement factor 

given by Eq. (7.16) should be greater than 1.0 where pumping power is concerned. 

As shown in Fig. 7.38 (a), the thermal enhancement factor reduces as the size of the insert 

increases and as the cone angle increases. This because the increase in friction factor is much 

more than the increase in heat transfer performance, as the insert size increases or as the 

insert’s cone angle increases. Figure 7.38 (b) shows that, at a given size of the insert and cone 

angle, the thermal enhancement factor increases with the Reynolds numbers up to some 

Reynolds numbers and then becomes nearly constant. 

The thermal enhancement factor is also shown to be slightly higher at higher values of insert 

spacing. This was the general trend observed; graphs similar to these can be obtained at other 

values of inlet temperature. For the range of parameters considered, the thermal enhancement 

factor was in the range 0.53 ≤χ≤ 1.14. 
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Fig. 7.38: Thermal enhancement factor for a receiver with perforated conical inserts: (a) as a 

function of insert size ( crɶ ) and insert cone angle ( cβɶ ) for an inlet temperature of 600 K, insert 

spacing, cpɶ = 0.14 and Re = 1.64 × 105 and (b) as a function of Reynolds number and insert 

spacing ( cpɶ ) for an inlet temperature of 650 K, cβɶ = 0.40 and crɶ  = 0.45. 

 

For a given Reynolds number, values close to 1 were obtained for the smallest value of insert 

size, smallest cone angle and largest spacing due to the small pressure drops at these values. 

Despite the value of χ  being close to 1, the obtained heat transfer increase was very small. 
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For solar thermal power plants, it is important to weigh up the increase in performance 

against the increase in pumping power. The increased heat transfer rate may be more than the 

increase in pumping power, even when the thermal enhancement factor is less than 1. 

Moreover, heat transfer enhancement provides additional benefits such as reducing the 

absorber tube’s circumferential temperature difference and reducing the heat transfer 

irreversibilities at high heat fluxes in parabolic trough systems. 

The use of collector thermal efficiency is recommended to show how heat transfer 

enhancement affects the actual performance of the parabolic trough collector. In this case, the 

actual gain in performance and the corresponding increase in pumping power are compared 

with one another as shown in Eq. (6.10). Figure 7.39 (a and b) shows the variation of 

collector thermal efficiency with insert spacing. Similar trends can be obtained for other inlet 

temperatures and different combinations of insert orientation and insert size. The reduction in 

absorber tube temperatures, the resulting reduction in absorber tube emissivity and improved 

heat transfer rates are the main factors leading to increased thermal efficiency. The thermal 

efficiency is shown to become lower than that in a collector with a non-enhanced receiver 

after some Reynolds numbers. This is because at values of Reynolds numbers higher than 

this, the achieved gain in performance is lower than the increase in pumping power.  

The Reynolds number at which the thermal efficiency becomes lower than that in a plain 

receiver depends on the orientation angle, insert size and insert spacing. In general, increases 

in efficiency in the range 3% – 8% are obtainable in the range 

0.10 0.18,  cp≤ ≤ɶ  0.45 0.76cr≤ ≤ɶ and0.40   0.70cβ≤ ≤ɶ  provided the flow rates are lower 

than 37 m3/h (about 8.6 kg/s at 400 K, 7.66 kg/s at 500 K, 6.56 kg/s at 600 K and 5.92 kg/s at 

650 K). Outside the range mentioned above, an increase in efficiency may be achieved if the 

flow rate and geometrical parameters are properly matched. For example, at flow rates higher 

than the one mentioned above, lower insert sizes, lower orientation angles and larger spacings 

might provide a reasonable increase in thermal efficiency.  



 

Chapter Seven: Heat transfer enhancement in parabolic trough receivers using perforated 

inserts 

 

 

263 

 

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500 600 700 800

   = 0.06
   = 0.10
   = 0.14
   = 0.18
(η

th
)

p

η th

Re

 

c
pɶ 

c
pɶ

 

c
pɶ 

c
pɶ

[ x 103 ]  
(a) 

0.4

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500 600 700 800

   = 0.06
   = 0.10
   = 0.14
   = 0.18

(η
th

 )
p

η th

Re

 

c
pɶ 

c
pɶ 

c
pɶ 

c
pɶ

[ x 103 ]
 

(b) 

Fig. 7.39: Thermal efficiency for a receiver with perforated conical inserts as a function of 

Reynolds number and insert spacing ( cpɶ ) and an inlet temperature of 650 K: (a) for insert 

cone angle, cβɶ = 0.60 and insert size, crɶ = 0.91 and (b) for cβɶ = 0.90 and crɶ = 0.91. 

 

7.3.5 ABSORBER TUBE TEMPERATURE DIFFERENCE 

The improved heat transfer performance in the receiver’s absorber tube is expected to reduce 

the absorber tube’s circumferential temperature difference. Figure 7.40 shows the variation of 

absorber tube temperature difference with Reynolds numbers at different values of the 

perforated plate spacing. 



 

Chapter Seven: Heat transfer enhancement in parabolic trough receivers using perforated 

inserts 

 

 

264 

 

0

50

100

150

200

0 100 200 300 400 500 600 700 800

   = 0.06
   = 0.10
   = 0.14
   = 0.18
(φ )

p

φ 
 (

 o
C

)

Re

 

c
pɶ 

c
pɶ

 

c
pɶ 

c
pɶ

[ x 103 ]  

0

50

100

150

200

0 100 200 300 400 500 600 700 800

   = 0.06
   = 0.10
   = 0.14
   = 0.18

(φ )
p

φ 
 (

 o
C

)

Re

 

c
pɶ 

c
pɶ

 

c
pɶ 

c
pɶ

[ x 103 ]  
(a) (b) 

Fig. 7.40: Absorber tube circumferential temperature difference for a receiver with perforated 
conical inserts as a function of Reynolds number and insert spacing ( cpɶ ) and an inlet 

temperature of 650 K: (a) for insert cone angle, cβɶ = 0.60 and insert size, crɶ = 0.91 and (b) for 

cβɶ = 0.90 and crɶ = 0.91.  

 

The highest reduction corresponds to the configuration with the highest heat transfer 

enhancement. Generally, the absorber tube’s circumferential temperature difference reduces 

with increasing Reynolds numbers, reducing insert spacing, increasing orientation angle and 

increasing insert size. 

For the range of parameters considered, the absorber tube’s circumferential temperature 

difference was reduced by 3% – 56%. The reduction in absorber tube circumferential 

difference is beneficial at low Reynolds numbers where temperature differences are higher. 

However, reductions in the absorber tube’s temperatures will still improve performance due 

to lower radiation loss, even at high Reynolds numbers if the increase in pumping power is 

lower than the gain in heat transfer performance. Low absorber tube temperatures reduce the 

radiation temperature and the emissivity of the absorber tube coating since the emissivity is 

temperature dependent. At lower Reynolds numbers, the absorber tube’s circumferential 

temperature differences are high. For example, at Re = 5.49 × 104 (inlet temperature, 650 K) 

the absorber tube’s circumferential temperature difference is 172 oC for a plain absorber tube. 

With heat transfer enhancement and the same Reynolds number, using the perforated conical 
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inserts, the circumferential temperature difference reduces to 83 oC for an orientation 

angle 0.90cβ =ɶ , insert size 0.90cr =ɶ  and spacing 0.06
c

p =ɶ . There is the same trend for other 

inlet temperatures and geometrical parameters. In general, the lower the insert spacing, the 

larger the insert size. 

7.3.6 ENTROPY GENERATION 

As discussed above, knowledge of the entropy generation rates is essential for determining 

whether a given heat transfer enhancement technique makes thermodynamic sense and for 

determining the configurations that are thermodynamically optimal. Configurations with 

minimum entropy generation rates are thermodynamically optimal. In general the entropy 

generation number given by Eq. (7.19) should be less than 1 for better thermodynamic 

performance of a given heat transfer enhancement techniques when compared with a plain 

absorber tube. This section presents the entropy generation analysis of a receiver tube whose 

absorber tube is fitted with perforated conical inserts. 

7.3.6.1 Entropy generation distribution 

Figure 7.41 (a) shows the variation of entropy generation due to fluid flow irreversibilities 

with insert size at different cone angles, and Fig. 7.41 (b) shows the variation of entropy 

generation due to heat transfer irreversibility with insert size at different cone angles, all at 

c
pɶ = 0.06 and Re = 2.18 × 105. The entropy generation due to fluid flow irreversibilities 

increases as the size of the insert size increases. 
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Fig. 7.41: Entropy generation due to fluid friction irreversibility and entropy generation due 
to heat transfer irreversibility, respectively for a receiver with perforated conical inserts as 

functions of insert size ( crɶ ) and insert cone angle ( cβɶ ) for an inlet temperature of 650 K,       

Re = 2.18 ×105 and insert spacing, cpɶ = 0.06.  

 

By contrast, the entropy generation due to heat transfer irreversibilities reduces as the size of 

the insert increases. The general trend shown is that the fluid flow irreversibilities continue to 

increase with an increase in insert size, whereas the heat transfer irreversibilities reduce with 

an increase in insert size for all Reynolds numbers. The increasing trend of the fluid flow 
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irreversibilities is due to the increase in fluid resistance as the insert size increases, whereas 

the reduction in heat transfer irreversibilities as the insert size increases is the result of 

improved heat transfer that reduces the finite temperature difference.  

The variation of fluid flow irreversibility with the insert’s cone angle generally follows the 

same trend as the variation of fluid friction. Fluid flow irreversibilities are shown to increase 

as the cone angle increases, as shown in Fig. 7.41 (a). Similar to fluid friction, smaller insert 

cone angles give lower fluid flow irreversibilities than larger angles, because of the 

obstruction of flow and increased flow impingement rates at larger angles. The variation of 

the heat transfer irreversibility with cone angle is the inverse of the Nusselt number variation. 

Smaller angles resulted in low Nusselt numbers, hence higher irreversibilities, whereas larger 

angles resulted in higher Nusselt numbers, hence reduced irreversibilities as shown in         

Fig. 7.41 (b). At all inlet temperatures, there are the same trends for the entropy generation 

due to fluid friction and entropy generation due to heat transfer irreversibility. 

The total entropy generation rate is shown to reduce with insert size for the lowest Reynolds 

number since the fluid flow irreversibility is not significant. As the Reynolds numbers 

increase, the total entropy generation rate increases with insert size and insert spacing owing 

to the higher fluid flow irreversibilities. 

The entropy generation due to fluid flow irreversibility is shown to increase as the spacing 

reduces as shown in Fig. 7.42 (a). This is due to increasing fluid friction as the spacing 

reduces. The variation of the heat transfer irreversibility with insert spacing is not very 

pronounced as shown in Fig. 7.42 (b). A closer look at Fig. 7.42 (b) shows that the entropy 

generation due to heat transfer irreversibilities slightly reduces with a reduction in the 

spacing. As discussed above, the heat transfer performance and absorber tube temperatures 

are not significantly affected by the reduction in insert spacing. 
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Fig. 7.42: Entropy generation due to fluid friction (S'gen)F, entropy generation due to heat 

transfer irreversibility (S'gen)H and total entropy generation rate, S'gen as functions of Reynolds 

number for insert cone angle, cβɶ  = 0.90 and insert size, crɶ = 0.91: (a) (S'gen)F for an inlet 

temperature of 600 K, (b) (S'gen)H an inlet temperature of 600 K, (c) (S'gen)F , (S'gen)H and S'gen 
for an inlet temperature of 600 K and (d) (S'gen)F , (S'gen)H and  S'gen  for an inlet temperature 
of 650 K. 

 

The variation of the heat transfer irreversibility and fluid flow irreversibility discussed above 

results in an optimal Reynolds number at which the total entropy generation rate is minimum, 

as was obtained for the plain receiver tube (see Chapter 5), for the twisted tape insert (see 

Chapter 6) and for the perforated plate inserts discussed above. The existence of the optimal 

Reynolds number is shown in Fig. 7.42 (c and d) for 
c

pɶ = 0.10 when 
c

βɶ = 0.90 at 600 K and 
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650 K respectively and a fixed insert size of  0.91
c

r =ɶ . The figures indicate that the entropy 

generation as well as the optimal Reynolds number for an enhanced receiver is lower than 

that for a plain receiver. 

Figure 7.43 (a – d) shows the variation of Bejan number with Reynolds number at different 

cone angles, conical insert sizes and conical insert spacings.  
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Fig. 7.43: Bejan number for a receiver with perforated conical insets a function of Reynolds 

number for an inlet temperature of 650 K and: (a) insert cone angle ( cβɶ ), insert spacing,          

cpɶ  = 0.06 and insert size, crɶ = 0.91, (b) insert size ( crɶ ), cpɶ  = 0.06 and cβɶ = 0.80, (c) insert 

spacing ( cpɶ ), cβɶ = 0.80 and crɶ = 0.91 and (d) insert spacing ( cpɶ ), cβɶ = 0.90 and crɶ = 0.45. 

 

It can be seen from the figure that insert size significantly influences the Bejan number 
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compared to the other parameters. As the insert spacing reduces, the Bejan number reduces. 

This indicates the reduction in heat transfer irreversibility for low Reynolds numbers and an 

increase in fluid friction irreversibility as the Reynolds numbers increase. 

As shown in Fig. 7.43, the Bejan number is generally significantly less than that for a plain 

absorber tube for all the Reynolds numbers. Therefore, the use of inserts reduces the heat 

transfer irreversibilities at all the Reynolds numbers shown in the figure. The Bejan number 

is shown to depend more on the Reynolds number, plate spacing and insert size than on the 

angle of orientation. 

Figure 7.44 shows the variation of the total entropy generation rate per metre of the receiver 

tube with perforated conical inserts. The figure shows that for every cone angle, insert size 

and insert spacing there is a Reynolds number at which the entropy generation is minimum. 

The figure also shows that at low Reynolds numbers, the entropy generation rates are 

generally lower than those in a plain absorber tube. As the Reynolds numbers increase 

beyond the optimal Reynolds number, the entropy generation rates increase substantially, so 

that heat transfer enhancement becomes undesirable. 

It is also shown that using the perforated conical inserts also shifts the optimal Reynolds 

number to a lower value than is the case for the optimal Reynolds number in a receiver with 

a plain absorber tube. 

For the plain absorber tube, the optimal Reynolds numbers obtained are presented in     

Chapter 5. The optimal Reynolds number can be determined from the optimal flow rates 

given in Chapter 5, depending on the concentration ratio. The variation of the optimal 

Reynolds number with insert spacing is shown in Fig. 7.45.  
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Fig. 7.44: Total entropy generation rate in a receiver with perforated conical insets a 
function of Reynolds number: (a) for an inlet temperature of 600 K, insert cone angle       

cβɶ = 0.60 and insert size, crɶ = 0.91, (b) for an inlet temperature of 600 K, cβɶ = 0.90 and      

crɶ = 0.91, (c) for an inlet temperature of 650 K, cβɶ = 0.90 and crɶ = 0.45 and (d) for an inlet 

temperature of 650 K, cβɶ = 0.90 and crɶ = 0.91.  

 

Generally, the optimal Reynolds number slightly reduces with a reduction in insert spacing 

and with an increase in insert size. The optimal Reynolds number also slightly reduces as the 

insert spacing increases and increases slightly as the cone angle increases. The optimal 

Reynolds number is in the range 7 × 104 ≤ Reopt ≤ 1.15 ×105 for  0.61 0.91
c

r≤ ≤ɶ for an inlet 
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temperature of 400 K. The highest Reynolds number corresponds to 0.61
c

r =ɶ while the lowest 

Reynolds number corresponds to
 

0.91
c

r =ɶ . 
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Fig. 7.45: Optimal Reynolds number in a receiver with perforated conical inserts as a 

function of insert cone angle ( cβɶ ) at an inlet temperature of 400 K: (a) insert size, crɶ = 0.91 

and (b) insert size, crɶ = 0.61.  

 

7.3.6.2 Thermodynamic evaluation of receiver with perforated plate inserts  

The enhancement entropy generation number, Ns,en given in Eq. (7.19) was used for 

evaluating the thermodynamic effectiveness of a given heat transfer enhancement technique. 

In general, the value of this ratio should be less than 1 for the enhancement technique to be 

thermodynamically feasible. For ratios less than 1.0, the irreversibilities are reduced when 

compared to a plain tube and for ratios greater than 1, the enhancement techniques result in 

more irreversibilities than in a plain tube. 

It can be seen from Fig. 7.46 (a – d) that, at Reynolds numbers greater than 9.0 ×104, Ns,en  

increases appreciably as the cone angle increases, insert size increases and spacing reduces. 

For all the values of insert spacing considered, the value of Ns,en is greater than 1 for            

Re ≥ 1.0 x 105
 regardless of the cone angle and insert size. In the range of Reynolds numbers 

from 1.94 × 104 ≤ Re ≤ 9.0×104
, there are sufficient reductions in entropy generation due to 
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heat transfer enhancement and Ns,en is sufficiently lower than 1.0. Generally, such plots can 

be obtained at all inlet temperatures and values of flow rates obtained at which Ns,en is lower 

than 1. 
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Fig. 7.46: Enhancement entropy generation number for a receiver with perforated conical 
inserts for an inlet temperature of 400 K as a function of Reynolds number: (a) and insert 

cone angle ( cβɶ ) for cpɶ  = 0.07 and crɶ = 0.91, (b) and insert size ( crɶ ) for cpɶ  = 0.07 and    

cβɶ = 0.11, (c) insert spacing ( cpɶ ) for cβɶ = 0.11 and crɶ = 0.91 and (d) insert spacing ( cpɶ ) 

cβɶ = 0.67 and crɶ = 0.91. 

 

The value of flow rates at which the entropy generation ratio is less than 1 will generally depend 

on the insert spacing, insert angle and insert size, and fluid temperature. For all temperatures and 
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geometrical parameters, flow rates of less than 43 m3/h (10.18 kg/s at 400 K, 9.05 kg/s at 500 K, 

7.75 kg/s at 600 K and 6.69 kg/s at 650 K) ensure entropy generation ratios that are less than 1. 

For flow rates at which the entropy generation rates are lower than those in a receiver with a 

plain absorber tube, the entropy generation rates are reduced in the range of 3% – 47%. 

7.3.7 MULTI-OBJECTIVE OPTIMISATION 

As discussed above, heat transfer enhancement leads to an increase in the heat transfer 

performance of a given heat exchanger and an increase in pressure drop. As shown in the 

previous sections, heat transfer and fluid friction both increase as the insert cone angle 

reduces, insert size increases and as the spacing reduces. For heat transfer problems, the 

objective is usually to increase the heat transfer performance while keeping fluid friction low. 

Therefore, a multi-objective optimisation problem arises. As presented in Section 3.4.2, 

genetic algorithms are suited to such types of problems. Multi-objective genetic algorithms 

use the concept of dominations to search the decision variable space for a set of solutions that 

are non-dominated with respect to one another and dominate all other solutions. This set of 

solutions is known as the Pareto optimal solutions. In the absence of further information, all 

these solutions are equally important. In this thesis, the hybrid variant of the Non-dominated 

sorting genetic algorithm II (NSGA II) available in ANSY® release 14 [99] was used to 

obtain such solutions.  

7.3.7.1 Formulation of the optimisation problem 

The multi-objective optimisation problem under consideration can be written according to 

Eq. (3.42) as  

Maximise f1(x)/ Minimise f2(x) 7.27 

The objective functions f1(x) and  f2(x)  are heat transfer performance expressed as the Nusselt 

number Nu, and the pressure drop expressed as the fluid friction f, respectively. 

The numerical simulations and optimisation were carried out for fixed values of Reynolds 

numbers. The Reynolds numbers were in the range 1.04 × 104 ≤ Re ≤ 1.36×106 depending on 

the fluid temperature used. The fluid temperatures were fixed at 400 K, 500 K and 600 K.  
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The concentration ratio (CR) was fixed at 86; direct normal irradiance was fixed at           

1 000 W/m2.  

The design variable ranges representing the three degrees of freedom in the optimisation 

problem are given as  

0.06 0.15
c

p≤ ≤ɶ  

0.30 0.91
c

r≤ ≤ɶ  

0.39 0.90
c

β≤ ≤ɶ  

7.28 

7.3.7.2 Optimisation results 

The optimisation procedure used was presented in Chapter 3 (Section 3.7). Standard second-

order polynomials provided sufficient accuracy for the response surface. The coefficient of 

determination (R2) given by Eq. (3.52) and the adjusted coefficient of determination (R2
adj) 

given by Eq. (3.53) were greater than 0.97. The root mean square error given by Eq. (3.49), 

the maximum relative residual error given by Eq. (3.50) and the relative average absolute 

error given by Eq. (3.51) were all less than 2%. 

Figure 7.47 shows the 3-D response surfaces for the variation of Nusselt numbers and friction 

factors with insert size and cone angle (Fig. 7.47 a and b) and with insert spacing and cone 

angle (Fig. 7.47 (c and d) and a Reynolds number of 2.72 × 105
 respectively. The same trend 

is obtainable with other Reynolds numbers and other values of plate spacing. The figures 

show the Nusselt number increases as the insert size increases, the cone angle reduces and 

insert spacing reduces. The friction factor is also shown to increase with an increase in insert 

size and a reduction in cone angle and insert spacing. The trend shown by the absorber tube 

temperature gradients is the inverse of the Nusselt number variation. As the Nusselt numbers 

increase, the absorber tube temperature gradients reduce due to better heat transfer 

enhancement. 
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(c) (d) 

Fig. 7.47: 3-D response surfaces for Nusselt numbers and friction factor for a receiver with 
perforated conical inserts at Re = 2.72 × 105 and inlet temperature of 600 K. (a) Nusselt 

number as a function of insert spacing, cpɶ  and insert size, crɶ , (b) friction factor as a function 

of insert cone angle, cβɶ  and insert size, crɶ , (c) Nusselt number as a function of insert 

spacing, cpɶ and insert cone angle, cβɶ  and (d) friction factor as a function of insert spacing, 

cpɶ  and insert size, crɶ . 

 

As shown above, the multi-objective optimisation for a case where two objectives are 
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quality of the other. Figure 7.48 shows such solutions of the multi-objective optimisation at a 

Reynolds number of 2.18 x 105. This is the same variation as was obtained for twisted tape 

inserts and perforated plate inserts. The same variation is obtainable at other values of 

Reynolds numbers. The variation of Nu and f is a smooth and continuous curve for every 

Reynolds number considered. It is shown from the figure that as Nu increases, f also 

increases. Therefore, selecting any one of the solutions along the curve will improve one of 

the objectives while sacrificing the quality of the other objective. Reducing the perforated 

insert size and cone angle gives an improved heat transfer performance but significantly 

increases fluid friction as shown above. 

The decision support process described by Eqs. (3.55 – 3.60) in Section 3.8 was used to 

obtain optimal design candidates. Similar to previous cases of multi-objective optimisation 

for twisted tape inserts and perforated plate insert, the objectives have the same weights. That 

is, the maximisation of heat transfer enhancement and the minimisation of fluid friction are 

equally important.   

Figure 7.49 (a – c) shows the effect of Reynolds numbers on optimal parameters for the five 

cases considered. As shown, no clear trend for the variation of insert spacing, insert size and 

the insert cone angle. Given that, the optimisation has three degrees of freedom; an increase 

in insert spacing may be accompanied by either an increase in insert size or a reduction in the 

insert cone angle for better heat transfer; the opposite is true for lower fluid friction. To show 

this, one fluid temperature is considered and all the optimal geometrical parameters plotted. 

The variation of optimal parameters with Reynolds number for Tinlet = 650 K is shown in    

Fig. 7.49 (d). Generally, the optimal spacing slightly reduces with the Reynolds number. The 

variation of optimal insert size depends on the optimal orientation of the insert. As the insert 

size increases, the insert orientation reduces. In general, as the plate size increases or reduces, 

it is shown that the cone angle must increase or reduce accordingly to achieve the desired 

heat transfer enhancement and fluid friction. 

As discussed above, it should be noted that the actual solutions should be selected from the 

Pareto solutions in Fig. 7.48 and be based on the designer’s specified criteria and needs. 
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Fig. 7.48: Pareto optimal solutions for a receiver with perforated conical inserts for an inlet 
temperature of 600 K and Re = 2.18 × 105: (a) Nusselt number as a function of friction factor 

and insert size ( crɶ ), (b) Nusselt number as a function of friction factor and insert cone angle 

( cβɶ ), (c) Nusselt number as a function of friction factor and insert spacing ( cpɶ ) and (d) 2-D 

Pareto optimal front for friction factor and Nusselt number. 
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Figure 7.50 shows the variation of Nusselt numbers for the optimal cases. For the considered 

case, it can be shown that the Nusselt number has the same variation as discussed above in 

the parametric analysis. For the range of parameters considered, the heat transfer 

enhancement for the optimal configurations is in the range 1.65 to 1.90 depending on the 

fluid temperature and Reynolds number. 
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Fig. 7.49: Optimal perforated conical insert geometrical parameters as a functions of Reynolds 

number: (a) optimal insert spacing ( )c optpɶ , (b) optimal insert size ( )c optrɶ , (c) optimal insert 

cone angle ( )c optβɶ  and (d) ( )c optpɶ , ( )c optrɶ  and ( )c optβɶ  for an inlet temperature of 650 K. 
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Fig. 7.50: Optimal heat transfer performance for a receiver with perforated conical inserts as 
a function of Reynolds number: (a) optimal Nusselt number and (b) optimal heat transfer 
enhancement factor.  

 

Figure 7.51 depicts the friction factor for the optimal configurations. The same variation is 

shown as that obtained in the parametric analysis. For the optimal geometrical parameters, 

the fluid friction increases in the range 11 – 15 times compared to a plain receiver tube. 
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Fig. 7.51: Optimal friction factor and optimal pressure drop penalty factors respectively for a 
receiver with perforated conical inserts as a function of Reynolds number and inlet 
temperature for optimal insert geometries. 

 

For these solutions, by applying the entropy generation minimisation method we can obtain 

suitable solutions from those obtained in multi-objective optimisation to obtain 
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thermodynamically optimal solutions. Figure 7.52 shows the variation of entropy generation 

rate and the entropy generation ratio with Reynolds numbers for the optimal solutions 

obtained from the multi-objective optimisation. As shown, there is an optimal Reynolds 

number at which the entropy generation is minimum at any given inlet temperature, as 

discussed previously. In Fig. 7.52, the entropy generation ratio gives the Reynolds numbers at 

which heat transfer enhancement makes thermodynamic sense, namely when the entropy 

generation ratio, Ns,en   is less than 1. The figure indicates that, even though the solutions are 

optimal solutions, there are flow rates beyond which the entropy generation ratio exceeds 1. 

Therefore, multi-objective optimisation alone will not give the best range of operation. The 

combined use of the entropy generation method and multi-objective optimisation will be 

beneficial for identifying a design that meets the thermal and thermodynamic performance 

objectives. For the optimal solutions obtained, significant reductions in entropy generation in 

the range 18% – 45% are obtainable for flow rates lower than 43 m3/h (10.05 kg/s at 400 K, 

8.94 kg/s at 500 K, 7.65 kg/ s at 600 K and 6.91 kg/s at 650 K). 
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Fig. 7.52: Entropy generation rate and enhancement entropy generation number respectively 
for a receiver with perforated conical inserts as a function of Reynolds number and inlet 

temperature for optimal insert geometries 

 

Another method is to consider the thermal efficiency of the receiver in comparison with the 

plain receiver tube while accounting for increase in pumping power. As shown in Fig. 7.53, it 

can also be seen that there are solutions among the multi-objective optimisation problems for 
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which thermal efficiency is lower than that in a plain receiver, making heat transfer 

enhancement useless in such solutions. For the optimal solutions, the thermal efficiency 

increases in the range of 3.5% – 6.7% provided the flow rate is lower than 37 m3/h (8.61 kg/s 

at 400 K, 7.66 kg/s at 500 K, 6.56 kg/s at 600 K and 5.92 kg/s at 650 K). 
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Fig. 7.53: Thermal efficiency of a receiver with perforated conical inserts as a function of 
Reynolds number for the selected optimal insert geometries. 

 

7.4 CONCLUDING REMARKS  

This chapter reports on the numerical investigation of the heat transfer, fluid friction and 

thermodynamic performance of a parabolic trough receiver with two types of perforated 

inserts. Furthermore, multi-objective optimisation was used to obtain Pareto optimal solution 

sets for which heat transfer performance is a maximum and fluid friction is a minimum. From 

this chapter, the following conclusions can be made. 

For heat transfer and fluid friction performance, it has been shown that as plate spacing 

reduces and as plate size increases, the heat transfer and fluid friction increase for both types 

of perforated plate inserts. Insert orientation angles were shown to have no significant effect 

on the heat transfer performance for perforated plate inserts, but significantly affect heat 

transfer performance for perforated conical inserts. When heat transfer performance 

improves, the absorber tube circumferential temperature difference is shown to reduce. 
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Correlations were developed for the Nusselt number and friction factor for the range of 

parameters considered. 

For the perforated plate inserts, thermal efficiency increases in the range 1.2% - 8% 

depending on the insert spacing, insert size and flow rate. An increase in thermal efficiency 

of 3% - 8% was obtained for flow rates lower than 38 m3/h with insert spacing in the range 

0.08 0.20p≤ ≤ɶ and insert size in the range 0.45 0.61d≤ ≤ɶ . The absorber tube 

circumferential temperature gradients reduce by about 67% for the maximum heat transfer 

rate obtained. 

 For perforated conical inserts, an increase in thermal efficiency in the range 3% - 8% is 

obtainable for flow rates lower than 37 m3/h, insert spacing in the range 0.10 0.18cp≤ ≤ɶ , 

insert size in the range 0.10 0.18cr≤ ≤ɶ  and insert cone angles 0.40 0.70cβ≤ ≤ɶ . The absorber 

tube circumferential temperature gradients reduce by up to 56% with perforated conical 

inserts for the range of parameters considered. 

For thermodynamic performance, the study shows that the heat transfer enhancement of the 

receiver reduces the entropy generation rates. However, the heat transfer enhancement at high 

Reynolds numbers is undesirable since the entropy generation rates increase significantly. 

The study shows that the optimal Reynolds number reduces as the insert spacing reduces, and 

increases as the insert size reduces. Both types of inserts showed there is a flow rate at which 

heat transfer enhancement makes thermodynamic sense. For the perforated plate inserts and 

also the perforated conical inserts, flow rates lower than 43 m3/h give entropy generation 

ratios of less than 1, hence heat transfer enhancement makes thermodynamic sense. For these 

flow rates, entropy generation rates can be reduced by up to 53% and up to 45% for 

perforated plate inserts and perforated conical inserts respectively.  

Using multi-objective optimisation, Pareto optimal solutions were obtained and demonstrated 

for the two types of perforated plate inserts. The combined use of multi-objective 

optimisation and thermodynamic optimisation gives thermally and thermodynamically 

optimal solutions.  
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CHAPTER EIGHT 

 
CCHHAAPPTTEERR  EEIIGGHHTT::  SSUUMMMMAARRYY,,  CCOONNCCLLUUSSIIOONNSS  AANNDD  

RREECCOOMMMMEENNDDAATTIIOONNSS  

8.1 SUMMARY 

The need to improve access to modern energy services and to reduce the emission of harmful 

substances into the environment has led to increased research on and the development of 

new, clean and renewable energy systems. Solar energy is one of the clean and renewable 

energy resources available today, with an enormous potential to supply a significant portion 

of the world’s energy needs. Several technologies for the conversion of the solar energy 

resource have been developed and deployed, and others are still in the research and 

development phase. Compared to photovoltaic systems, concentrating solar power 

technologies are advantageous for large-scale electricity generation, given that thermal 

storage can be easily incorporated. It is easier to store heat than electricity on a larger scale.  

The parabolic trough systems are one of the most technically and commercially developed 

systems of the available concentrating solar power technologies. However, several research 

and development initiatives are still in progress to reduce further the cost of electricity from 

these systems and to improve their performance. Increasing the optical efficiency and using 

higher concentration ratio collectors are some of the ways to reduce the cost of electricity 

generated from parabolic trough systems. Higher concentration ratios mean larger 

concentrators hence reduced number of drives and controls, resulting in reduced capital costs 

and operation and maintenance costs. With higher concentration ratios, the main sources of 

concern are the increase in the absorber tube’s circumferential temperature difference and the 

increase in heat transfer irreversibilities and thus entropy generation rates. The 

circumferential temperature differences and entropy generation rates will vary with the rim 

angles, the concentration ratios, inlet temperatures and flow rates. There is potential for 

improved heat transfer and thermodynamic performance with heat transfer enhancement in 

parabolic trough receivers as concentration ratios increase. 
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However, the thermal and thermodynamic performance of parabolic trough receivers at 

different concentration ratios and rim angles as well as potential of heat transfer enhancement 

in parabolic trough receivers has not been widely investigated. Therefore, the purpose of this 

study was to develop an appropriate model for the thermal and thermodynamic analysis of 

parabolic trough receivers at different rim angles, concentration ratios, Reynolds numbers 

and inlet temperatures. Moreover, the potential of three heat transfer enhancement techniques 

i.e. twisted tape inserts, perforated plate inserts and perforated conical inserts in improving 

the thermal and thermodynamic performance of the receiver was investigated. 

In this study, the Monte Carlo ray tracing techniques were used to obtain the actual heat flux 

distribution on the parabolic trough receiver. The obtained heat flux profiles were then 

coupled with a general-purpose computational fluid dynamics code for the subsequent 

numerical investigations. All numerical investigations were also validated with data available 

in literature. Excellent agreement was obtained in all cases. For the thermodynamic analysis 

of the receiver, the entropy generation minimisation method was used to develop the receiver 

thermodynamic model. The potential of three heat transfer enhancement techniques, i.e. 

twisted tape inserts, perforated plate inserts and perforated conical inserts, to reduce the 

absorber tube’s circumferential temperature differences and minimise entropy generation was 

investigated numerically using the developed receiver thermal and thermodynamic models. 

For each heat transfer enhancement techinique, using design exploration tools in ANSYS® 

and a multi-objective optimisation approach based on the non-dominated sorting genetic 

algorithms (NSGA-II), optimal solutions for which fluid friction is a minimum and heat 

transfer is a maximum were obtained. Furthermore, the combined use of multi-objective 

optimisation and entropy generation minimisation is shown to yield solutions that are 

optimised for thermal, hydraulic and thermodynamic performance.    

8.2 CONCLUSIONS 

The specific conclusions are discussed in each of the chapters: Chapter 4, Chapter 5, Chapter 

6 and Chapter 7. For parabolic trough thermal model development and validation, entropy 

generation in parabolic trough receivers at different concentration ratios, heat transfer 

enhancement in parabolic trough receivers using wall-detached twisted tape inserts and heat 
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transfer enhancement in parabolic trough receivers using perforated inserts respectively. The 

major conclusions drawn from this work are summarised below. 

8.2.1 PARABOLIC TROUGH RECEIVER THERMAL PERFORMANCE 

� The heat flux distribution was shown to be non-uniform around the absorber tube’s 

circumference. Small rim angles gave high heat flux peaks and large rim angles low heat 

flux peaks. The peak heat flux did not change significantly as the rim angle increased 

above 80o.  

� For rim angles lower than 60o, the thermal performance of the receiver was reduced due 

to the high temperature peaks at these angles and hence higher heat losses. The thermal 

efficiency reduced by up to 7.2% as the rim angles decreased from 120o to 40o.  

� The absorber tube’s circumferential temperature difference increases as the rim angle 

reduces and as the concentration ratios increase. Accordingly, rim angles lower than 60o 

should be avoided, especially when flow rates are low and the concentration ratio is larger 

than 86. 

8.2.2 ENTROPY GENERATION IN PARABOLIC TROUGH RECEIVERS AT    

DIFFERENT CONCENTRATION RATIOS AND RIM ANGLES 

Results from this study show the following: 

� As the concentration ratios increased, the entropy generation rates in parabolic trough 

receivers also increased. This is mainly due to the increased heat transfer irreversibilities 

arising from a large finite temperature difference.  

� Low rim angles gave slightly higher entropy generation rates compared to high rim 

angles because the peak heat flux at low rim angles is higher than the peak heat flux at 

high rim angles. As the rim angles increased above 80o, the change in entropy 

generation rates was not very pronounced.  

� There was an optimal Reynolds number/flow rate for every combination of rim angle, 

concentration ratio and inlet temperature for which entropy generation is a minimum. 

The optimal flow rate is independent of the inlet temperature used, but increases as the 

concentration ratios increase.  
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� The volumetric flow rates at the optimal Reynolds numbers were 52.7 m3/h, 62.4 m3/h,    

70.3 m3/h, 79.5 m3/h, 87 m3/h, 91.2 m3/h, 95.1 m3/h at concentration ratios 57, 71, 86, 

100, 114, 129 and 143 respectively, regardless of the inlet temperature used. 

8.2.3 HEAT TRANSFER ENHANCEMENT WITH WALL-DETACHED TWISTED 

TAPES IN PARABOLIC TROUGH RECEIVERS 

The following are the conclusions drawn from the numerical investigation of heat transfer 
enhancement in parabolic trough receivers using wall-detached twisted tape inserts: 

� Use of twisted tape inserts in the parabolic trough receiver increases the thermal 

efficiency of the collector system in the range of 5% – 10% for twist ratios greater than 

1.0 and all width ratios. This increase in efficiency is achievable if flow rates are lower 

than 43 m3/h.  

� The increased heat transfer performance reduces the absorber tube’s circumferential 

temperature difference in the range 4% – 68%. Higher reductions are achievable at flow 

rates lower than 31 m3/h. 

� The use of twisted tape inserts reduced the entropy generation rates by up to 59%. For 

flow rates greater than 49 m3/h and most twist ratios and width ratios, the use of twisted 

tape inserts was shown to be thermodynamically undesirable.  

� Using multi-objective and for equally important objectives, the optimal configurations 

obtained enhance the heat transfer performance in the range of 1.81 – 2.36 with an 

increase in efficiency of between 4% – 8% if the flow rate is lower than 43 m3/h. The 

optimal twist ratio in this study was about 0.42 and an optimal width ratio was about 

0.65 at all inlet temperatures and flow rates.  

� The combined use of multi-objective optimisation and thermodynamic optimisation was 

shown to be a useful design tool to give a design that is both thermally and 

thermodynamically optimised. For the multi-objective solutions, only flow rates lower 

than 37 m3/h gave thermodynamically better designs. 
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8.2.4 HEAT TRANSFER ENHANCEMENT USING PERFORATED INSERTS 

The following conclusions were drawn from the numerical investigation of heat transfer 
enhancement in parabolic trough receivers using perforated inserts: 

8.2.4.1 Perforated plate inserts 

� The thermal efficiency increased in the range of 3% – 8% for insert spacing ranging 

from 0.08 ≤ pɶ ≤ 0.20 and insert size in the range 0.45 ≤ dɶ ≤ 0.61 for flow rates lower than 

37 m3/h at all inlet temperatures.  

� The absorber tube’s circumferential temperature difference was reduced by up to 67% in 

the range of parameters considered. The highest reduction corresponds to the highest 

heat transfer enhancement and highest fluid friction for any given Reynolds number. 

� The maximum reduction in the entropy generation rates obtained was about 53% and 

flow rates lower than 44 m3/h ensured thermodynamically better designs with perforated 

plate inserts for the range of parameters considered. 

� With multi-objective optimisation and when both objectives are equally important, the 

optimal size of the plate ( )
opt

dɶ is shown to be nearly 0.82, 0.78 and 0.76 at 400 K, 500 K 

and 600 K. The optimal orientation of the plate ( )
opt

βɶ is about 0.985 – 0.999 whereas 

the optimal spacing ( )
opt

pɶ
 is about 0.036 at low flow rates, then suddenly increasing to 

about 0.05 for flow rates above 36 m3/h.  

8.2.4.2 Perforated conical inserts 

� An increase in efficiency of about 3% – 8% is obtainable in the range 

0.10 0.18,  cp≤ ≤ɶ  0.45 0.76cr≤ ≤ɶ and 0.40 0.70cβ≤ ≤ɶ  provided that the flow rates are 

lower than 37 m3/h.  

� The use of perforated conical inserts resulted in a reduction of the absorber tube’s 

circumferential temperature difference of about 3% – 56%. 
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� The entropy generation variation with Reynolds numbers exhibited the same variation as 

that in a receiver with a plain absorber tube, twisted tape insert and perforated plate 

insert. The entropy generation rates reduced by about 45%. 

� With multi-objective optimisation, the thermal efficiency increases in the range          

4% – 7% for the optimal solutions, if the flow rates are lower than 37 m3/h. 

In general, for better thermal and thermodynamic performance of parabolic trough receivers, 

rim angles larger than 80o are necessary. Of all the considered enhancement techniques, the 

twisted tape inserts provided the best performance regarding heat transfer enhancement, fluid 

friction, the absorber tube’s circumferential temperature reduction and entropy generation 

reduction. Twisted tape inserts provide better fluid mixing and agitation as well as the longer 

helical path needed in the absorber tube of the parabolic trough receiver due to the 

differential heating of the absorber tube wall. Therefore, heat transfer enhancement 

techniques that provide better fluid mixing will yield high heat transfer enhancement factors 

in parabolic trough receivers. The perforated plate inserts provided almost similar heat 

transfer rates as the perforated conical inserts for the range of parameters considered, but the 

fluid friction was significantly higher for perforated plate inserts than for perforated conical 

inserts.  

This research work has shown that there is the potential for increased performance with heat 

transfer enhancement in parabolic trough receivers and that heat transfer enhancement 

reduces the circumferential temperature differences in the receiver’s absorber tube as well as 

reducing the heat transfer irreversibilities. It has been shown that, for all the heat transfer 

enhancement techniques considered, the optimal Reynolds number is always less than that in 

a plain absorber tube. Twisted tape inserts showed the lowest optimal Reynolds number of all 

the heat transfer enhancement techniques studied. Therefore, at higher concentration ratios or 

heat fluxes, lower flow rates can be used when there is some form of heat transfer 

enhancement in the receiver’s absorber tube, with less concern about the absorber tube’s 

circumferential temperature difference. Moreover, the desired temperatures can be obtained 

with a shorter collector length, which will likely further reduce the cost of the parabolic 

trough systems.  
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8.3 RECOMMENDATIONS 

This study considered only three heat transfer enhancement techniques for heat transfer 

enhancement in parabolic trough receivers. The use of Monte-Carlo ray tracing techniques 

was explored to determine the actual heat flux distribution on the receiver’s absorber tube and 

therefore the actual temperature reduction due to heat transfer enhancement. The following 

recommendations are made for future work: 

� The investigation of the potential of other passive heat transfer enhancement techniques 

for heat transfer enhancement in parabolic trough receivers should be pursued. 

� An experimental platform should be built to assess the long-term performance of the 

parabolic trough receiver with and without inserts. In this study, we assumed a perfect 

reflector with perfect alignment, steady-state conditions giving instantaneous thermal 

performance of the receiver. An experimental setup would account for the transient 

nature of the solar radiation as well as any geometrical or alignment errors and the help 

in evaluating system performance of over a period of time. 
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AAPPPPEENNDDIICCEESS  

A.  FLOW FIELD AND OPTIMISATION CHARTS FOR TWISTED TAPE INSERT 

 

A.1. Stream lines at Re = 6.40 × 104
, 0.5y =ɶ  and 0.91w =ɶ  
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A.2. Stream lines at Re = 3.84 × 104
, 0.80y =ɶ  and 0.76w =ɶ  

            

 

A.3. Velocity contours at Re = 6.40 × 104
, 0.5y =ɶ  and 0.76w =ɶ  
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A.4. Temperature contours (periodic boundaries and inner walls) at Re = 6.40 × 104
, 

0.33y =ɶ  and 0.91w =ɶ  
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A.5. Sample goodness-of-fit metrics for the twisted tape response surface 

  

 

 

 



 

Appendices 

 

 

309 

 

A.6. Sample local sensitivities from the twisted tape response surface 
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A.7. Sample global sensitivities from the twisted tape multi-objective optimisation 
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B. PERFORATED PLATE MODEL FLOW FIELD AND OPTIMISATION CHARTS  

B.1. Convergence curves 

 



 

Appendices 

 

 

312 

 

B.2. Temperature contours 
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B.3. Goodness of fit with standard response surface for the perforated plate model 
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B.4. Goodness of fit after improvement with the Kriging meta-model for the perforated 

plate model 
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B.5 Sensitivity chart showing the effect of input parameters on output parameters for 

the perforated plate model 
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C. PERFORATED CONICAL INSERT MODEL’S FLOW FIELD AND 

OPTIMISATION CHARTS  

C.1. Velocity contours at the periodic boundaries 

       

 

Periodic boundary – Re = 1.94 × 104, 0.11,  0.73,  0.33
c c c

p r β= = =ɶɶ ɶ  
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C.2. Temperature contours 

 

Outlet temperature – Re = 1.94 × 104, 0.11,  0.73,  0.33
c c c

p r β= = =ɶɶ ɶ  

     

 

Symmetry plane – Re = 1.94 × 104, 0.11,  0.73,  0.33
c c c

p r β= = =ɶɶ ɶ  
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C.3. Sensitivity chart showing the effect of input parameters on output parameters for 

the perforated conical insert model 

 


