
   

 

Bournemouth University 
 

Experimental Investigation and 
Mathematical Modelling of Dynamic 

Equilibrium of Novel Thermo-fluids for 
Renewable Technology Applications 

 

Huseyin Utku Helvaci 
 

 

The thesis is submitted in partial fulfilment of the requirements of 
Faculty of Science and Technology, Bournemouth University for the 

degree of Doctor of Philosophy (PhD) 

 

 

January 2017 

NanoCorr, Energy & Modelling Research Group (NCEM) 
Faculty of Science and Technology, Bournemouth University, UK 

 I 



   

Copyright Statement 
This copy of the thesis has been supplied on condition that anyone who consults it is 

understood to recognise that its copyright rests with its author and is subject to BU-

Future Energy Source Ltd commercialisation and confidentiality agreement. It is also 

emphasised here that no quotation from the thesis and no information derived from it 

may be published without the author’s consent and reference to above-mentioned 

agreement. 

 

 

 

 

 

 

 

 

 

 

 

 II 



   

Reprint permission 

Reprints from published papers can be made subject to permission from the respective 

publishers. 

 

 III 



   

Abstract 
Environmental issues such as air and water pollutions and climate change can be linked 

to the fossil fuels being still the main source for human activities and therefore, its 

intensive consumption. As a result, there is a clear need to utilise alternative and clean 

energy sources to address these environmental problems. Solar thermal energy has a 

potential to diminish the dependency on fossil fuels and reduce CO2 emissions in which 

solar radiation is converted to heat via a thermal fluid for power and heat generation. 

Medium and high-temperature solar thermal systems where concentrated collectors are 

employed have been utilised for power generation, whereas low-temperature solar 

systems where non-concentrated collectors such as flat plate are employed have been 

used for heat generation.   

A review of the literature indicates that by using an appropriate thermal fluid, the 

generation of power and heat is possible via low-temperature solar thermal systems. It 

can also be revealed from the literature that when selecting a thermo-fluid to be utilised 

in such systems it is important to consider thermophysical, environmental and safety 

aspects all together.    

This project is focused on the investigation of novel and environmentally friendly 

thermo-fluids that can be potentially utilised in low-temperature solar thermal systems 

for mechanical and heat energy generation. This was accomplished in three stages. 

Firstly, a low-temperature solar thermal system which consists of solar organic Rankine 

cycle and heat recovery units was designed, commissioned and tested experimentally. In 

the experiments, HFE 7000 refrigerant that has zero ozone depletion potential (ODP) 

and low global warming potential (GWP) was employed. The performance of the 

system was evaluated in terms of energy and exergy analyses. In the 2nd stage, the flat 

plate collector was mathematically modelled and simulated under various operating 

conditions. Then, the model was extended to the solar organic Rankine cycle to perform 

a simulation study where 24 organic compounds were examined according to their 

applicability in terms of the thermal performance of the cycle and environmental 

properties of the fluids such as flammability, toxicity and global warming potential. In 

the last stage, a numerical study of the laminar flow of HFE 7000 based nano-

refrigerants at different Reynolds number and volume concentration ratio was 

conducted. The convective heat transfer coefficient, the pressure drop and the entropy 

generation of the each flow was investigated. 
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Chapter 1  Introduction 

1.1. Research outline 

Energy is the capacity to do work and it is crucially required for people to meet their 

activities in industrial, transportation and residential sectors throughout the World. 

Energy can be classified as non-renewable such as fossil and nuclear fuels and 

renewable including hydropower, biofuels, solar, wind, geothermal and wave power. 

Fossil fuels are also called hydrocarbons and they are formed mainly carbon and 

hydrogen atoms. Because fossil fuels are abundant and provide large amounts of energy 

to be stored they are still the most used energy sources in the World. Coal, oil and 

natural gas which are various forms of fossil fuels supply the great majority of World’s 

energy demand (Boyle, G. et al., 2003). Figure 1-1 represents the energy consumption 

of the World by renewable and non-renewable sources. 

 
Figure 1-1 World energy consumption by sources (EIA 2014) 

However, the use of fossil fuels has many adverse effects on the environment. For 

instance, large quantities of CO2 (a major greenhouse gas) is generated and is released 

to the atmosphere which subsequently causes a rise in the Earth’s temperature and 

makes significant changes in the World’s climate system (Reddy, V. S. et al., 2013). 

Table 1-1 shows the atmospheric CO2 levels in parts per million in the World from 1995 
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to 2005. It can be seen from the table that the level of CO2 was 360 ppm in 1995 and 

this value increased to 400 ppm in 2015. 

Furthermore, extracting fossil fuels in the future will become gradually challenging and 

it seems to be unlikely to keep the pace with their consumption and reproduce them to 

meet the demand. In this regard, since the nuclear energy still has some limitations and 

currently available only in large scale power generations, using renewable energy 

sources as an alternative energy source has become very important and the best choice 

for domestic heating and electricity generation (Boyle, G. et al., 2003; Mekhilef, S. et 

al., 2011). 

Table 1-1 CO2 levels in the World between 1995 and 2015 (NASA 2015) 

Year CO2 (ppm) Year CO2 (ppm) 

01-1996 362.04 01-2006 381.35 

01-1997 363.04 01-2007 382.93 

01-1998 365.18 01-2008 385.44 

01-1999 368.12 01-2009 386.94 

01-2000 369.25 01-2010 388.5 

01-2001 370.52 01-2011 391.25 

01-2002 372.45 01-2012 393.12 

01-2003 374.87 01-2013 395.54 

01-2004 377 01-2014 397.8 

01-2005 378.47 01-2015 399.96 

Renewable energy sources such as solar, wind, biomass, geothermal, i.e. which are 

produced by both direct and indirect effects of the Sun’s energy on the earth can be 

utilised for heat and electricity production (Boyle, G. et al., 2003). Figure 1-2 depicts 

the renewable energy consumption by source from 2005 to 2011 in terms of trillion Btu. 

It can be seen that the general trend for all sources was upward. The most used 

renewable energy source was biomass during the 7 year period. It was followed by 

hydro and wind energy respectively. Yet the consumption of solar energy for domestic 

heating and electricity generation is below among the other energy sources, available 

solar energy for use is much higher than the amount of utilising of other energy sources. 
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Figure 1-2 Renewable energy consumption by source (EIA 2014) 

Solar energy is abundant and free renewable energy source that can be supplied without 

making any kind of pollution to the atmosphere. It has been utilised for drying, space 

heating and cooling, water heating, steam generating, desalination, refrigeration, 

mechanical energy and electricity generation applications. There are two ways of 

utilising solar energy which are solar photovoltaic (PV) and solar thermal systems 

(Mekhilef, S. et al., 2011). 

Photovoltaic systems consist of silicon or selenium based semiconductors and they 

absorb the solar energy and convert it to the electricity directly. Solar PVs have become 

popular for electricity generation recently. However, these panels have some 

drawbacks. For instance, PV panels are more expensive compared to the panels for solar 

thermal energy and PV panels have limited efficiency levels ranging from 12 to 20%. 

Moreover, conversion of direct electric current (DC) generated from solar PVs to 

alternating current (AC) requires inverters and expensive electronic equipment (Green 

Energy Saving Tips 2015; Green Power Technology 2015). Another way of utilising 

solar energy is 'solar thermal' where the solar energy is converted into heat and 
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transferred to a thermal fluid in solar collectors. Solar thermal technology can be 

utilised for generating electricity and heat. (Mekhilef, S. et al., 2011).  

Solar thermal technology can be categorised as law temperature, medium and high 

temperature thermal systems depending on the solar collector that is utilised. 

Concentrated collectors such as parabolic trough, parabolic dish and power tower can 

generate heat at medium and high temperature whereas non-concentrated collectors 

such as flat plate can provide heat at low-temperature (Reddy, V. S. et al., 2013).  

Figure 1-3 Solar thermal technology classification according to temperature (Reddy, V. S. et al., 2013) 
However, medium and high temperature solar thermal systems where the concentrated 

collectors are utilised have some obstacles. For instance, concentrated collectors require 

complex technologies and high investment costs. Furthermore, high temperature and 

high pressure operating conditions are necessary to make these systems profitable 

(Kalogirou, S. A., 2004; Mekhilef, S. et al., 2011; Romero, M. and González‐Aguilar, 

J., 2014). 

Alternatively, non-concentrated flat plate collectors and solar ponds can be used to 

generate power and heat. Utilising working fluids with lower boiling temperature than 

water allows low-temperature solar thermal systems to operate on organic Rankine 

cycle (ORC) and generate heat and electricity at lower temperatures (Reddy, V. S. et al., 

2013). 

The choice of thermo-fluids has a great effect both on the system performance and the 

environment (Bao, J. and Zhao, L., 2013). Chlorofluorocarbons (CFCs) and 

Hydrofluorocarbons (HCFCs) are conventional thermo-fluids and they are recognised as 

ozone depleting substances by Montreal Protocol. Due to their high ODP and GWP, 
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CFCs have been phased out already and complete phase out of HCFCs has been 

projected in 2030 (Husband, W. and Beyene, A., 2008). Hydrofluorocarbons (HFCs) 

have been used as substitutes for CFCs and HCFCs. Although HFCs have zero ODP 

value, they present high global warming potential. (Shahinfard, S. and Beyene, A., 

2013). Other alternative thermo-fluids which can be utilised in solar thermal systems are 

hydrocarbons (HCs), yet they have flammability issues (Granryd, E., 2001). 

Hydrofluoroethers (HFEs) and hydrofluoroolefins (HFOs) also have zero ODP and 

relatively low GWP which make them alternative thermo-fluids for solar thermal 

systems (Invernizzi, C. M. et al., 2016; Tsai, W.-T., 2005). Furthermore, nanofluids 

which are a suspension of solid particles in a base fluid can be utilised in solar thermal 

applications (Daungthongsuk, W. and Wongwises, S., 2007; Saadatfar, B. et al., 2014). 

Nanofluids present enhanced heat transfer characteristics as dispersed solid particles 

have thermal conductivity much more than that of base fluids. Therefore, nanofluids 

have the potential to provide higher efficiency and better performance when they are 

used in heat transfer applications (Duangthongsuk, W. and Wongwises, S., 2009; 

Khanafer, K. and Vafai, K., 2011).  

1.2. Research question 

Considering the environmental problems such as global warming and climate change 

the utilisation of clean and alternative renewable energy sources has become a vital 

concern for the World. Therefore, the research question being addressed in this project 

is to determine if novel and environmentally friendly thermofluids can be utilised in 

renewable energy applications such as solar thermal systems for mechanical and heat 

energy generation efficiently.  

1.3. Novelty 

In this work, a low-temperature solar thermal system which generates mechanical and 

heat energy was designed and tested experimentally. Firstly, a non-concentrated flat 

plate collector was utilised as the direct heat source of the proposed system. In other 

words, additional heat exchanger such as an evaporator was eliminated from the system 

which implies lower installation cost and less thermal loss from the system boundaries. 

Secondly, instead of complex and expensive conventional turbines, an air motor which 

is a positive displacement machine was used as an expander of the system. This will 

address the issue of utilising and adopting appropriate positive displacement expanders 
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such as rotary vane expander for low-temperature solar thermal systems. Furthermore, 

this study will demonstrate the feasibility of utilisation an environmentally friendly 

thermo-fluid (HFE 7000) in a low-temperature solar thermal system for mechanical 

energy and heat generation. In the literature, in solar organic Rankine cycle modelling 

and thermo-fluid selection studies, the collector and expander efficiencies are set 

constant. In the developed steady-state, mathematical model of the cycle, the collector 

and the expander efficiencies were varied according to operating conditions of the cycle 

and thermo physical properties of investigated fluids. Therefore, their effects on the 

solar ORC performance were taken into the consideration. Furthermore, rather than 

conventional thermofluids such as Chlorofluorocarbons (CFCs) and 

Hydrochlorofluorocarbons (HCFCs), only thermofluids that have zero-ozone depletion 

potential (ODP) such as Hydrocarbons (HCs), Hydrofluorocarbons (HFCs), 

Perfluorocarbons (PFCs), Hydrofluoroethers (HFEs) and Hydrofluoroolefins (HFOs) 

are considered in this research. Lastly, the laminar flow of environmentally friendly 

novel refrigerant HFE 7000 based nanofluids including Al2O3, CuO, SiO2 and MgO 

nanoparticles at various Reynolds numbers and particle volume concentration ratios was 

numerically investigated. The flow characteristics as well as the performance of the 

HFE 7000 based nanofluids were studied through the exergy analysis method. This 

study will bring a significant contribution to the knowledge of nano-refrigerants which 

can be utilised in solar thermal applications for thermal efficiency enhancement.   

1.4. Aims and objectives of the thesis 

The first main aim of this thesis is to evaluate the thermodynamic performance of a low-

temperature solar thermal system, utilising a new generation, environmentally friendly 

thermo-fluid for mechanical energy and heat generation. The second main aim of the 

thesis is to develop a mathematical model of the solar thermal cycle to simulate the 

system using various novel thermo-fluids and to determine the optimal fluids in terms of 

thermodynamic and environmental aspects. The last aim of this thesis is to examine the 

feasibility and heat transfer characteristics of various nano-refrigerants by performing 

numerical simulations.    

The following objectives have been set to attain the project aims mentioned above: 

 

1) To design and construct an experimental test rig of a low-temperature solar 

thermal system with the selection of a novel and environmentally friendly 
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thermo-fluid to be utilised in the proposed system as the working fluid for 

mechanical energy and heat generation. Then, design and conduct 

experiments to collect data. As a part of this study, evaluate the 

thermodynamic performance of the system in terms of energy and exergy 

analysis methods based on the data obtained from the experiments,  

2) To develop a mathematical model of the flat plate collector and the proposed 

solar ORC. Furthermore, validate the mathematical model of the system 

components such as collector and expander against the obtained 

experimental data  

3) To simulate the flat plate collector under various operating conditions (mass 

flow rate and operating pressure) to understand the collector efficiency 

behaviour.  

4) To perform a simulation study of the solar ORC, using twenty four thermo-

fluids including hydrocarbons, hydrofluorocarbons, perfluorocarbons, 

hydrofluoroethers and hydrofluoroolefins. As a part of this study, determine 

the potential thermo-fluid candidates that can be utilised in the considered 

application in terms of thermodynamic performance such as net work output 

and cycle efficiency and environmental and safety criteria such as global 

warming potential, flammability and toxicity.  

5) Determine the potential HFE 7000 based nano-refrigerants that can be 

utilised in the proposed solar thermal application. Then, design and perform 

numerical simulations of HFE 7000 based nano-refrigerants in a horizontal 

tube using single-phase model to understand the hydrodynamic and thermal 

behaviour of the considered nano-refrigerants. Furthermore, analyse the 

effect of Reynolds number, nano particle and nanoparticle volumetric 

concentration ratio on the convective heat transfer coefficient, pressure drop 

and exergy generation of the flow.   

1.5. Research methodology 

The research methodology followed in this thesis has been two kinds: experimental and 

numerical. The first section represents the experimental methodology whereas the rest 

indicates the numerical methodology as: 
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1) A low-temperature solar thermal system was designed and commissioned, 

employing an environmentally friendly thermo-fluid HFE 7000. Furthermore, 

an experimental study of thermodynamic analysis of the system was conducted. 

2) A mathematical model of the flat plate collector, as well as the whole system 

was developed using MATLAB programme. 

3) The modelled flat plate collector was numerically simulated employing the 

developed code via MATLAB software.  

4) The numerical simulations were extended to the modelled solar ORC in 

MATLAB environment.  

5) CFD analysis of HFE 7000 based nano-refrigerants was performed by using 

ANSYS Fluent software.       

1.6. Thesis outline 

This thesis consists of the material from five published papers by the author (primary).   

In Chapter 2, a literature review which covers the related topics regarding to this 

research is presented. The state of the art of both experimental and numerical solar 

thermal applications has been discussed in this chapter. Furthermore, experimental and 

numerical analysis of forced convection flow of nanofluids including single and multi-

phase approaches has been presented.  

Chapter 3 provides the description of the system components that make up the low-

temperature solar thermal system. The measurement devices, the working fluid and 

experimental methodology are also presented in this section. (Papers І and ІІ).  

The fourth chapter reports the experimental results in terms of the performance analysis 

of the system. The experimental data is discussed through energy and exergy methods 

(Paper І). 

In Chapter 5, the detailed mathematical modelling of the proposed system is presented 

including each component such as the flat plate collector, expander, condenser and 

pump (Papers ІІ and ІІІ).  

Chapter 6 shows the simulation analysis of the modelled flat plate collector that has 

been used in the experiments. The collector thermal analysis which includes the 

collector heat loss and collector efficiency using two refrigerants (HFC-134a and HFE 

7000) in single-phase and two-phase flow regimes is analysed and the simulation results 

are discussed in this chapter (Paper ІІ). 
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Chapter 7 presents a simulation study of the proposed system using 24 thermo-fluids 

fluids. This chapter focuses on the thermodynamic and environmental properties of each 

fluid and their effects on the system performance (Papers ІІІ and ІV).  

In Chapter 8, numerical analysis of HFE 7000 based nano-refrigerants are presented 

based on the (Paper V). The convective heat transfer characteristics, pressure drop and 

entropy generation analysis of investigated nano-refrigerants have been investigated.    

Chapter 9 presents the discussion of the findings obtained from this research. 

Recommendations for future work are presented in Chapter 10. References and 

appendices are provided at the end of the thesis. 
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Chapter 2   Literature review 

2.1. Solar Energy 

Solar energy, which is a clean renewable energy source can be utilised to address many 

environmental problems such as pollution and global warming by diminishing the 

dependency on fossil fuel consumption (Baharoon, D. A. et al., 2015; Reddy, V. S. et 

al., 2013). Solar energy can be harvested in two ways which are solar photovoltaics and 

solar thermal. 

2.2. Solar photovoltaics (PVs)  

The term ‘photovoltaic’ stands for the direct conversion of sunlight into electricity. 

Photovoltaic cells, which are made of layers of semiconductor materials (e.g. silicon) 

are used to convert photons of sunlight into electricity. Photovoltaic cells are generated 

in modules comprising a large number of cells interconnected in series as a low voltage 

can be produced from each cell (Boyle, G. et al., 2003). Figure 2-1 demonstrates the 

schematic of a cell, module and array respectively.  

 

Figure 2-1 The photovoltaic hierarchy (Zobaa, A. F. and Bansal, R. C., 2011) 

Most of the PV systems are mounted on the roofs and facades of domestic and industrial 

buildings and the generated electricity is fed into a grid system. However, these systems 

need an inverter to convert the direct voltage (DC) electricity produced from the PV into 

alternating voltage (AC) before it is exported to the grid. Photovoltaic systems can also 

be used without being connected to an electricity grid. This system is called ‘Solar 

island systems’ and they are rather used in the areas which are far from an electricity 

grid. Figure 2-2 and Figure 2-3 represent grid-connected and off grid PV systems 

respectively. 
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Figure 2-2 Grid-connected solar PV system as an example (Quaschning, V., 2009) 

One of the major drawbacks of solar PV systems is that the manufacturing of the silicon 

for a cell is an energy-intensive process. However, it is also projected that the amount of 

material that is used for PV generation will decrease, therefore, the amount of energy 

that is necessary for PV production will diminish in the future (Quaschning, V., 2009).  

 

Figure 2-3 An example of a solar island system (Quaschning, V., 2009) 
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2.3. Solar thermal energy 

Solar thermal energy is a technology which indicates the conversion of the solar 

radiation into heat in solar collectors. Solar thermal energy applications can range from 

domestic heating, cooking, drying, cooling, and mechanical energy generation.   

Various types of collectors can be used depending on the application and desired 

temperatures. Solar collectors that are used in solar thermal applications can be divided 

into two categories as concentrating and non-concentrating (stationary) collectors 

(Kalogirou, S. A., 2004). The properties of various types of collectors are given in Table 

2-1.  
Table 2-1 Properties of various types of solar energy collectors (Kalogirou, S. A., 2013) 

Collector type Concentration ratio Absorber type Temperature (ºC) 
Flat plate collector (FPC) 1 Flat 30-80 
Evacuated tube collector (ETC) 1 Flat 50-200 
Parabolic trough collector (PTC) 10-85 Tubular 60-400 
Linear Fresnel reflector (LFR) 10-40 Tubular 60-250 
Parabolic dish reflector (PDR) 600-2000 Point 100-1500 
Heliostat field reflector (HFC) 300-1500 Point 150-2000 

2.3.1. Concentrating solar collectors 

Concentrating solar collectors contain a concave reflecting surface which is used to 

concentrate the solar radiation onto a receiving area. In concentrating solar collector 

applications, the radiation heat flux that is directed to the receiver is increased, therefore 

higher temperatures can be achieved. Utilisation of concentrating solar collectors in 

solar thermal systems is also called as ‘concentrating solar power’. Concentrating solar 

power (CSP) is more appropriate in the areas, where there is a high percentage of clear 

sky days as it is able to capture only the direct beam radiation. There are four 

concentrating solar collectors that are used in CSP applications in the World (Figure 

2-4). The concentrating solar collectors can be listed as parabolic trough collectors 

(PTC), linear Fresnel reflector (LFR), solar power tower and parabolic dish collector. 

(Kalogirou, S. A., 2013).  
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Figure 2-4 Schematic representation of four different CSP technologies (Richter, C. et al., 2009) 

2.3.1.1 Parabolic trough collector 

A parabolic-trough collector (PTC) systems consists of a parabolic trough shaped, long 

mirrors and a conduit that is positioned on the focal line of the trough. The sunlight is 

concentrated by the parabolic mirrors onto the conduit (receiver tube) where the heat 

transfer fluid is circulated. Then, the heated heat transfer fluid is directed to a heat 

exchanger to transfer its heat to water and generate vapour in a water-steam cycle. In the 

water-steam cycle, the vapour expands in a steam turbine that is coupled to a generator 

and produces electricity. The water-steam cycle, which is coupled with parabolic trough 

collectors, is also called the Clausius-Rankine cycle. In parabolic trough collectors, 

receiver comprises two concentric tubes. The inner tube which is separated from the 

outer tube by vacuum carries the heat transfer fluid. This is to prevent convection heat 

losses from the receiver. Water, oil and water-ethylene-glycol mixture can be utilised as 

a heat transfer fluid in the receiver tube (Quaschning, V., 2009; Zobaa, A. F. and 
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Bansal, R. C., 2011). A schematic representation of a parabolic tower system is shown 

in Figure 2-5.    

 

Figure 2-5 Parabolic trough power system coupled with thermal storage (Quaschning, V., 2009) 

2.3.1.2 Linear Fresnel Reflector 

In Linear Fresnel reflectors (LFR), multiple long and narrow mirrors are oriented close 

to the ground to reflect the sunlight to the fixed and linear receivers (Figure 2-6). As it 

is mentioned previously large mirrors as a reflector are used in PTC. However, 

eliminating the large reflectors in LFRs allows an easier cleaning and repair. 

Furthermore, fixed position of the receiver in LFR makes these systems cheaper 

compared to the PTCs (Chen, C. J., 2011; Zobaa, A. F. and Bansal, R. C., 2011). 

 

Figure 2-6 Linear Fresnel reflector system (Zobaa, A. F. and Bansal, R. C., 2011) 
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2.3.1.3 Solar Power Tower 

This system consists of thousands of individual sun-tracking mirrors (heliostats) and a 

receiver that is located on the top of a tower. The heliostats which reflect the solar 

radiation onto the receiver are controlled by a computer to track the sunlight. Molten 

salt, which is mostly used as a heat transfer fluid in the receiver gains the solar heat and 

transfer its heat to a secondary fluid. Then the secondary fluid, for instance, water that 

turns into a steam in the receiver drives a steam turbine in a Rankine cycle to generate 

electricity (Chen, C. J., 2011; Quaschning, V., 2009; Zobaa, A. F. and Bansal, R. C., 

2011). Figure 2-7 represents a schematic of a solar power tower system.  

 

Figure 2-7 Solar power tower system (Zobaa, A. F. and Bansal, R. C., 2011) 

2.3.1.4 Parabolic Dish Collector 

Parabolic dish technology utilises a convex mirror in the form of a big dish to 

concentrate the sunlight onto a receiver which is sited at the dish's focal point. The 

sunlight is converted to heat in the receiver and the heat is directed to the Stirling engine 

to generate electricity (Kalogirou, S. A., 2013; Quaschning, V., 2009).  
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Figure 2-8 A representation of a parabolic dish system (Zobaa, A. F. and Bansal, R. C., 2011) 

2.3.2. Non-concentrating solar collectors 

Non-concentrating solar collectors such as flat plate and evacuated tube collectors have 

the same area for intercepting and absorbing the sunlight. Compared to the 

concentrating collectors, flat plate and evacuated tube collectors can operate at lower 

temperatures (Kalogirou, S. A., 2013).  

2.3.2.1 Flat plate collector  

Flat plate collector which is classified as stationary collectors is used for low-

temperature applications. Flat plate collectors which can harness both diffuse and direct 

(beam) radiation mainly consist of a glass, an absorber plate, collector tubes, insulation 

and a casing (Figure 2-9).  

 

Figure 2-9 Schematic diagram of a flat plate collector (Quaschning, V., 2004) 
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Glazing which is normally formed by glass or other diathermanous material is used to 

reduce convection and radiation losses from the collector. As the solar radiation is 

transmitted from glazing it falls on the absorber plate surface. Absorber plate which can 

be flat, corrugated or grooved is a blackened material with a high absorptivity. A large 

portion of the energy is absorbed on the plate and transferred to the fluid (e.g. water, 

air). The fluid circulates in the collector tubes to carry away the energy to be stored or 

used. Collector tubes can be designed in two arrangements. The first one is header/riser 

arrangement and the other alternative is serpentine tube arrangement. The latter is 

preferred for the lower flow rates since the header/riser design can result in poor flow 

distribution and performance. The casing which stands the underside of the absorber 

plate is well insulated on the sides (Duffie, J. A. and Beckman, W. A., 2013; Kalogirou, 

S. A., 2004). 

2.3.2.2 Evacuated tube collectors 

Evacuated tube collector comprises a heat pipe inside a vacuum-sealed tube which 

decreases conduction and convection losses. Similar to flat plate collectors, evacuated 

tube collectors can also absorb both beam and direct radiation. They can operate at 

higher temperatures compared to flat plate collectors whereas they are relatively 

expensive (Kalogirou, S. A., 2013). 

 

Figure 2-10 Evacuated tube collector with heat pipe (Quaschning, V., 2009) 

2.3.3. Non-concentrating solar collector thermal applications 

Stationary collectors, namely flat plate and evacuated tube collectors are mainly used in 

water heating systems. In these systems, collectors absorb the solar radiation and 

convert it into heat. Then, the heat is transferred to water that is circulated through the 

collector. The heated water can be stored in a storage tank or used directly. In water 

 17 



Chapter 2 Literature review 

 

heating systems, water is circulated by natural convection (thermospihoning) through 

the collector. Alternatively, a fan or pump can be used to circulate the water through the 

collector (Kalogirou, S. A., 2013). Figure 2-11 indicates solar water heating systems 

with and without pump.    

 

Figure 2-11 Solar water heating systems a) thermo-syphon b) pumped (Quaschning, V., 2009)  

Stationary collectors can also be utilised for both water and domestic heating where the 

collector and the storage tank is connected to the heating cycle (Figure 2-12).   

 

Figure 2-12 Solar thermal system for hot water and heating applications (Quaschning, V., 2009) 

In addition to water and space heating applications, non-concentrating (stationary) 

collectors can be utilised for mechanical and electricity generation. The system working 

principle relies on the conversion of sunlight into heat in the collector and storing the 

heat (if appropriate) and utilising the converted heat to operate a heat engine (Figure 
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2-13). However, the system efficiency is low in comparison to the concentrating power 

systems as the stationary collectors can provide heat to operate an heat engine at lower 

temperatures than concentrating collectors (Duffie, J. A. and Beckman, W. A., 2013).    

  

 

Figure 2-13 Schematic of solar thermal power generation system using a flat plate collector           
Modified from: (Duffie, J. A. and Beckman, W. A., 2013) 

2.4. Steam (Rankine) cycle 

Steam cycle, in other words, conventional Rankine cycle is the most used 

thermodynamic cycle in CSP applications.  

 
Figure 2-14 Solar thermal power plant utilising the Rankine cycle (Holbert, K. E., 2011) 

The Rankine cycle mainly consists of four components which are a boiler, a steam 

turbine, a condenser and a pump (Figure 2-15). 

It comprises of the following processes: 

Process 1-2: Reversible adiabatic pumping process in the pump 

Process 2-3: Constant pressure heat transfer in the boiler 
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Process 3-4: Reversible adiabatic expansion in the turbine 

Process 4-1: Constant pressure heat transfer in the condenser 

Water is used in conventional steam Rankine cycles as the working fluid. Rankine cycle 

efficiency is highly related to the boiler pressure and super heating of the fluid. Also, 

reducing the condenser efficiency has a positive impact on the efficiency of the system 

(Cengel, Y. A. et al., 2011). 

 
Figure 2-15 (a) Configuration of the cycle (b) T-s diagram of the cycle (Kalogirou, S. A., 2013) 

2.5. Organic Rankine cycle 

An organic Rankine cycle, which utilises organic compounds instead of water yet it has 

the same system configuration as conventional Rankine Cycle. Using organic 

substances in the system eliminates many problems such as the need of superheating to 

avoid condensation during expansion and corrosion risk. Also, it brings the benefits of 

requiring single-stage expander instead of complex and expensive turbines. Simple 

structure, less costly design and easy maintenance are the other advantages of the 

Organic Rankine cycle over conventional Rankine cycle (Andersen, W. C. and Bruno, 

T. J., 2005; Tchanche, B. F. et al., 2011; Vélez, F. et al., 2012).  
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2.6. Thermofluids of an ORC 

Hydrocarbons (HCs), ethers, Perfluorocarbons (PFCs), Chlorofluorocarbons (CFCs), 

Hydrofluorocarbons (HFCs), hydrochlorofluorocarbons (HCFCs), hydrofluoroolefins 

(HFOs), hydrofluoroethers (HFEs), alcohols, siloxanes and inorganics are the 

substances which can be used in ORCs with the exception of some fluids whose critical 

temperatures are too high or too low (Bao, J. and Zhao, L., 2013). 

2.6.1. Thermodynamic and Physical Properties of Working Fluids   

Working fluids can be categorised as dry, isentropic and wet according to their 

saturation vapour curve on a T-s diagram. ξ=ds/dT is the inverse of the slope of the 

vapour curve (dT/ds) and it is defined to express the type of a fluid if it is "dry" or 

"wet". For instance, a dry fluid has a positive slope (ξ>0), wet fluid has a negative slope 

(ξ<0) whereas isentropic fluid has a large infinite slope (ξ=0), (Figure 2-16). Since wet 

fluids have negative slope of the saturation vapour curve such as water, the fluid will 

contain some liquid droplets after isentropic expansion at the turbine stages. This causes 

damage in turbine blades and also it decreases the turbine isentropic efficiency. Thus, it 

is necessary to superheat wet fluids before it enters the turbine. Also, dry fluids leave 

the turbine as superheated vapour which is a waste of energy and this increases the 

cooling load and the necessary heat transfer area of the condenser. Alternatively, a 

regenerator can be added at the end of turbine to regain superheated vapour. Although 

this would raise the system's initial cost and complexity, dry fluids are good alternative 

to be used in such cycles. On the other hand, isentropic fluids have a vertical saturation 

line so the fluid remains saturated at the outlet of the turbine without any liquid droplet 

occurrence. It also eliminates the need for adding additional heat exchanger 

(regenerator) in the system. Therefore, isentropic fluids are ideal working fluids for 

ORC applications (Hung, T.-C., 2001; Hung, T. C. et al., 1997). 

2.6.1.1 Vaporisation latent heat 

Fluids with a higher latent heat of vaporization lead most of the heat to be added to the 

fluid during the phase change process in the heat exchanger. This also means that the 

fluid remains in the phase change region and absorbs more energy from the heat source 

(Chen, H. et al., 2010; Maizza, V. and Maizza, A., 2001). 

 21 



Chapter 2 Literature review 

 

2.6.1.2 Density 

Fluids with low density results higher volume flow rate and this increases the pressure 

drop in the heat exchangers. Subsequently, pressure drop causes higher pump work 

input. Also, lower density enlarges the size of the equipment in the cycle, such as 

expander, condenser and evaporator (Nouman, J., 2012). 

2.6.1.3 Boiling temperature 
According to the study of Qiu (2012), working fluids which have boiling temperature 

between 0 to 100°C is easier to handle at ambient environment (Qiu, G., 2012). 

2.6.1.4 Freezing point 
Freezing point of the fluids should be below than the lowest temperature point in the 

cycle (Bao, J. and Zhao, L., 2013). 

2.6.1.5 Viscosity 
Both liquid and vapour viscosities of the fluid should be low to avoid friction losses in 

the heat exchangers and maximize convective heat transfer coefficients (Bao, J. and 

Zhao, L., 2013; Panesar, A. S., 2012). 

2.6.1.6 Thermal conductivity 
Heat transfer process between the heat source, heat sink and working fluid are highly 

related to the thermal conductivity. The higher thermal conductivity the higher heat 

transfer coefficients of the fluid. This increases the amount of heat that can be 

transferred to the fluid (Nouman, J., 2012; Panesar, A. S., 2012). 

2.6.1.7 Environmental properties of thermofluids 
ODP and GWP are the vital criteria which state substance's potential to further to ozone 

degradation and global warming respectively. CFC (CClmF4-m and C2ClmF6-m) m is 

different from zero are banned in 1995 and HCFC (CClmFnH4-m-n and C2ClxFyH6-x-y) m, 

n, x, y are different from zero will be banned by 2030 in some countries due to their 

high ODP and GWP values (Chen, H. et al., 2010; Shahinfard, S. and Beyene, A., 

2013). 

2.6.1.8 Safety properties of thermofluids 

Although, all fluids are inevitably toxic, fluids with lower flammability and lower 

toxicity should be considered in ORCs (Nouman, J., 2012; Panesar, A. S., 2012). 
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Figure 2-16 T-s diagram of three types of fluids (a) wet, (b) isentropic, (c) dry (Bao, J. and Zhao, L., 
2013) 
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2.6.1.9 Economical properties of thermofluids 
Working fluids which are easily available and have low cost are preferred in ORCs 

(Quoilin, S. and Lemort, V., 2009).  

2.7. Solar sourced organic Rankine cycle 

Higher temperature and pressure conditions must be ensured to increase the Rankine 

cycle efficiency and to avoid water droplet formation during the expansion. However, 

these requirements increase the system complexity and the cost. The maximum amount 

of solar radiation and heat must be captured in the collectors to achieve these 

conditions. Therefore, optical concentration devices have been used in many solar 

thermal power applications. Additionally, flat plate or evacuated tube collectors can be 

utilised in solar thermal power generation to avoid the disadvantages of the concentrated 

solar collectors (Duffie, J. A. and Beckman, W. A., 2013; Quoilin, S. and Lemort, V., 

2009; Romero, M. and González‐Aguilar, J., 2014). Employing flat plate collectors as a 

heat source of an ORC for mechanical and heat generation, utilising HFCs and CO2 has 

been of interest to many researchers. A small-scale solar ORC was designed and tested 

to derive a reverse osmosis (RO) desalination system in (Manolakos, D. et al., 2009; 

Manolakos, D. et al., 2007; Manolakos, D. et al., 2005). The design system consists of a 

vacuum tube collector, a heat engine unit, including pre-heater, evaporator, expanders, 

condenser, a pump and RO unit (Figure 2-17). HFC-134a was used as the working fluid 

of the cycle in this study.     

 

Figure 2-17 Schematic representation of solar ORC (Manolakos, D. et al., 2007) 
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Wang et al. (2010) conducted an experimental study of a solar thermal system utilizing 

HFC-245fa. In this study, a prototype of the system was designed and tested. Also, new 

rolling-piston expander was mounted in the system. Flat plate and evacuated tube 

collectors were utilised in the tests and the collector efficiencies of 55.2% and 71.6% 

were found for the flat plate and the evacuated tube collectors respectively. They 

reported that the system has a power generation efficiency of 4.2% for evacuated tube 

and 3.2% for the flat plate solar collector. They also concluded that 1.64 kW average 

shaft output was obtained from the new designed R245fa expander (Wang, X. et al., 

2010). 

 

Figure 2-18 Schematic representation of the experimental system (Wang, X. et al., 2010) 

Bryszewska-Mazurek et al. (2011) carried out a performance study of solar sourced 

organic Rankine cycle where HFC-245fa was used as a working fluid of the cycle. The 

cycle with an internal heat exchanger was built and tested experimentally. The system 

consists of flat plate collectors, evaporator, multi vane volume expander, condenser, 

internal heat exchanger, pump and cooling tower. The solar collectors supply heat to the 

evaporator where HFC-245fa is evaporated and it turns the turbine to generate 

mechanical work. After expansion the fluid goes to the internal heat exchanger where 

the fluid is preheated. Then it condenses in the condenser and is compressed by the 

pump. They obtained maximum thermal efficiency of 9% with heat regeneration 

(Bryszewska-Mazurek, A. et al., 2011). Wang et al. (2012) carried out an experimental 

investigation of an recuperative solar thermal cycle, using HFC-245fa. As it can be seen 
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from Figure 2-19, the evaporator was eliminated from the system and the flat plate 

collector was utilised as the direct heat source of the cycle where the working fluid 

undergoes phase change. It was reported that the thermal efficiency of the cycle was 

found to be 3.67% and there was no positive impact observed on the system thermal 

efficiency due to the use of a regenerator (Wang, J. et al., 2012).   

 

Figure 2-19 Schematic layout of the recuperative solar ORC (Wang, J. et al., 2012) 

Additionally, CO2 was used as a working fluid in solar thermal power applications. 

Yamaguchi et al. (2006) conducted an experimental study of solar energy powered 

organic Rankine cycle using CO2. Experimental prototype which is comprised of solar 

collector, throttling valve, heat exchanger, CO2 pump and cooling tower was designed 

and tested. The system not only generates mechanical work, but also provides heat 

energy. To simulate pressure drop in the turbine a throttling valve was used in the 

experiments. They concluded that the solar collector can be utilised for heating of CO2 

in the cycle up to 165ºC. The power generation efficiency of the cycle was estimated 

25% and the heat recovery efficiency was 65% (Yamaguchi, H. et al., 2006). Zhang et 

al. (2007) examined the performance of a solar thermal cycle where supercritical CO2 is 

used as a working fluid. The system consists of evacuated solar collector, turbine, heat 

exchanger and feed pump. They concluded that the heat collection efficiency of the 
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collector reached 70% and the system achieved 8.78-9.45% power generation efficiency 

(Zhang, X.-R. et al., 2007). 

2.8. Thermofluid selection for solar ORC 

Working fluid selection is a crucial task in the ORC design since it affects the efficiency 

of the system, operating conditions, the size of the system components, expansion 

machine design, environmental concerns and economic viability of the cycle (Bao, J. 

and Zhao, L., 2013). Many researchers performed fluid selection studies for solar 

powered Organic Rankine cycle. Delgado-Torres and García-Rodríguez (2010) 

analysed and conducted an optimization study of a solar ORC. They considered three 

collectors which were flat plate, evacuated tube and parabolic collector. Two types of 

cycle configurations which were a direct vapour generation (DVG) and heat transfer 

fluid (HTF) configurations were considered in the study (Figure 2-20). 

 

Figure 2-20 Layout of the regenerative solar organic Rankine cycle a) DVG configuration b) HTF 
configuration (Delgado-Torres, A. M. and García-Rodríguez, L., 2010) 

In DVG configuration, the working fluid is heated directly in the solar collector where 

as it is heated in a heat exchanger in HTF configuration. In HTF design, solar collector 

supplies the heat source of the evaporator and this heat is transferred to the working 

fluid in the evaporator. Dry, wet and isentropic fluids were considered as working fluids 

of the system and aperture area needed per unit of mechanical power output of the cycle 

was taken into account as a comparison criterion for different operating conditions of 
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ORC. They concluded that, in general, wet fluids need higher values of the unit aperture 

area than dry fluids with the exception of ammonia. Unit aperture area values for the flat 

plate collector were found 17-18 m2/kW in DVG and 22-23 m2/kW in HFT. For other 

type of flat plate collector unit aperture area was found 15 m2/kW in DVG and 18 

m2/kW in HTF. A unit aperture area of 10 m2/kW in DVG and 12 m2/kW in the HTF 

was found for evacuated tube collector. Finally, for parabolic collector unit aperture 

area was found 19-20 m2/kW in DVG and 25-26 m2/kW in HTF configuration 

(Delgado-Torres, A. M. and García-Rodríguez, L., 2010). Tchanche et al. (2009) 

investigated a fluid selection study for a low-temperature solar thermal cycle. Twenty 

fluids were compared in the study and the thermodynamic performance of the cycle 

based on the first and second laws was evaluated. They reported that HFC-134a is the 

most appropriate working fluid for low-temperature solar applications. This is followed 

by HFC-152a, HC-600a, HC-600 and HC-290 (Tchanche, B. F. et al., 2009). Various 

working fluids for solar organic Rankine cycle, according to their molecular 

components, temperature-entropy diagram and their effects on the thermal efficiency, 

net power output and the exergy efficiency of the cycle was analysed by Rayegan and 

Tao (2011). Thermal/exergy efficiency and net power output were selected as the main 

criteria to choice the best working fluid. They concluded that fluids with higher critical 

temperature have better performance in ORCs. They also claimed that thermal 

efficiency, higher than 25% and exergy efficiency, higher than 20% is possible to 

achieve in ORCs (Rayegan, R. and Tao, Y., 2011). Marion et al. (2012) modelled and 

simulated and ORC, combined with a single-glazed flat plate collector (Figure 2-21). 

The system thermal performance was investigated by using HFC-134a, HFC-227ea and 

R365mfc compounds. The simulation results were validated by experiments. Parametric 

optimisation was also performed to evaluate the optimum operating conditions in terms 

of mass flow rate of the working fluid. The results revealed that the working fluid mass 

flow rate has a significant effect on the generated net mechanical power. The results 

also showed that R365mfc was found to be the best fluid and it was followed by HFC-

134a and HFC-227ea.  
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Figure 2-21 Solar organic Rankine cycle with an internal heat exchanger (Marion, M. et al., 2012) 

It can be concluded that several solar ORC studies have been conducted employing flat 

plate and evacuated tube collectors and promising thermal efficiency and mechanical 

work values were obtained. It can be seen from the above studies that organic 

compounds such as HFCs and HCs and inorganic compound such as CO2 are the most 

used thermofluids that have been examined in solar thermal power cycles. However, yet 

the above compounds have desirable thermodynamic and thermophysical properties, 

they bring several environmental and safety issues. For instance, HFCs such as R-134a 

and R-227ea have high global warming potential. HC-600 and HC-600a are classified 

as highly flammable compounds and demanding operating conditions of CO2 

(supercritical cycle). Therefore, it is important to investigate thermofluids which can be 

safely utilised in solar thermal power cycles and provide promising thermophysical 

properties.  

2.9. Nanofluids 

Nanofluids which are constituted of dispersing solid particles (10-50 nm) in a 

conventional fluid are a novel class of heat transfer fluids. Because of the enhancement 

in thermal conductivity, nanofluids have the potential to improve the heat transfer 

mechanism and provide a higher efficiency and a better performance. (Khanafer, K. and 

Vafai, K., 2011).   
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Metallic or non-metallic particles with high thermal conductivity which have been 

suspended in various base fluids are represented in Table 2-2. 

Table 2-2 Thermal conductivities of metallic and non-metallic particles  

Particle Thermal conductivity 
(W/mK) Reference 

Al 237 (Murshed, S. S. and De Castro, C. N., 2011) 
Cu 397.5 (Heris, S. Z. et al., 2007) 
Ag 429 (Murshed, S. S. and De Castro, C. N., 2011) 
Al2O3 40 (Pathipakka, G. and Sivashanmugam, P., 2010) 
SiO2 1.2 (Salman, B. et al., 2014) 
MgO 45 (Davarnejad, R. and Jamshidzadeh, M., 2015) 
CuO 20 (Nasrin, R. and Alim, M., 2013) 
TiO2 8.4 (Purohit, N. et al., 2016) 
ZrO2 2.8 (Purohit, N. et al., 2016) 
Boron carbide 90 (CES, 2014) 
Boron nitride 2000 (CES, 2014) 
Beryllium oxide 265 (CES, 2014) 
Graphite 388 (CES, 2014) 
Silicon 150 (CES, 2014) 
Aluminium nitride 200 (CES, 2014) 
Silicon carbide 130 (CES, 2014) 

2.10. Previous research on convective heat transfer behaviours of 
nanofluids 

There have been several studies conducted on the convective heat transfer behaviours of 

various nanofluids both experimentally and numerically.  

2.10.1. Experimental studies 

Experimental research on forced convective heat transfer analysis of nanofluids mainly 

focuses on the effect of Reynolds number, particle volume concentration ratio and 

particle diameter on 

 the local and average heat transfer coefficient of nanofluids. Table 2-3 summaries the 

conducted experimental work, including various nanoparticles at various volumetric 

concentration ratios. It can be concluded from the obtained results that the heat transfer 

coefficient of nanofluids is dependent on Reynolds number of flow, particle volume 

concentration and particle diameter. Furthermore, higher heat transfer coefficients 

obtained for nanofluids compared to base fluid. On the other hand, the experimental 

studies also showed that the friction coefficient, as well as, pressure drop is higher for 

nanofluids than base fluids and this also increased with increasing Re and particle 

volumetric concentration ratio. 
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   Table 2-3 Summary of experimental nanofluid studies 

Nanofluid Volumetric 
concentration ratio Regime Findings Reference 

γAl2O3/water 0.6, 1, 1.6% L 
A considerable amount of 
increase in the heat transfer 
coefficient was obtained 

(Wen, D. and 
Ding, Y., 2004) 

Al2O3/water 
CuO/water 0.2, 1, 2, 2.5, 3% L 

The heat transfer coefficient 
enhances with increasing 
nanoparticle concentration  

(Heris, S. Z. et 
al., 2007) 

TiO2/water 0.2% T The heat transfer coefficient 
rose by 6-11% 

(Duangthongsuk, 
W. and 
Wongwises, S., 
2009) 

Al2O3/water 0.1, 0.15, 0.2% L/T 
The heat transfer coefficient 
rose by 34% at 0.2% 
Al2O3/water 

(Chandrasekar, 
M. and Suresh, 
S., 2011) 

TiO2/water  0.1, 0.5, 1, 1.5, 2% T 
Re does not have any 
significance effect on heat 
transfer coefficient 

(Kayhani, M. et 
al., 2012) 

MWCNT/water-
ethylene glycol  0.15, 0.3, 0.45% L/T 

Nu increases with increasing 
MWCNT concentration ratio  
and decreasing Re 

(Kumaresan, V. 
et al., 2013) 

Al2O3/water 0.1-2% L 
The heat transfer coefficient 
rose with increasing Re and 
particle concentration 

(Heyhat, M. et 
al., 2013) 

GO/water 0.02, 0.07, 0.12% L/T 
0.12% GO/water increased the 
heat transfer coefficient by 
77% 

(Mirzaei, M. and 
Azimi, A., 2016) 

  L: Laminar   T: Turbulent 

2.10.2. Numerical studies 

Numerical studies on nanofluids where the convective heat transfer of nanofluids is 

evaluated can be considered in two parts; single phase and two-phase modelling. In the 

single phase modelling, base fluid and nanoparticles are treated as a single, 

homogeneous fluid instead of liquid-solid mixture and it is accepted that fluid and 

particles are in thermal equilibrium. The calculated or measured nanofluid properties are 

applied to the governing equations (continuity, motion and energy). Therefore, it is 

crucial to utilise the most suitable correlations for investigation of nanofluid properties. 

Some authors also considered the thermal dispersion effect of the chaotic movements of 

particles in single phase modelling (Heris, S. Z. et al., 2007; Zeinali Heris, S. et al., 

2012). 

Two-phase models consist of two general approaches which are Lagrangian-Eulerian 

and Eulerian- Eulerian. Lagrangian-Eulerian approach is more appropriate for low solid 

volume fractions. Eulerian, mixture and VOF (volume of fluid) models which belong to 

Eulerian- Eulerian approach has been used for nanofluid analysis.   
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The slip velocity between base fluid and particles which occurs due to the several 

factors such as friction between the fluid and particles, gravity and dispersion can be 

considered in these two approaches. The performed numerical studies including both 

single and two phase models are summarised in Table 2-4. 

Table 2-4 Summary of numerical nanofluid studies  

Model Nanofluid Regime Findings Reference 

SP/TP Al2O3/water L Two-phase models over predict the heat 
transfer coefficient. 

(Akbari, M. et 
al., 2011) 

SP/TP Cu/water L Two-phase models provide better predictions 
than single phase model 

(Fard, M. H. et 
al., 2010) 

SP 
γAl2O3/water 
γAl2O3/ethylene 
glycol 

L/T γAl2O3/ethylene glycol gives higher heat 
transfer rate than γAl2O3/water 

(Maı̈Ga, S. E. B. 
et al., 2004) 

SP/TP MgO/water T Nanofluid heat transfer rate augmented with 
increasing volume fraction 

(Davarnejad, R. 
and 
Jamshidzadeh, 
M., 2015) 

SP TiO2/water  
Al2O3/water L Nanofluid with higher volume fraction 

provide higher heat transfer rate 
(Demir, H. et al., 
2011) 

SP Al2O3/water L The heat transfer rate increases with rising Re 
for each nanoparticle concentration 

(Pathipakka, G. 
and 
Sivashanmugam, 
P., 2010) 

SP/TP Cu/water T An increase higher than 15% in Nu was 
obtained by 1% Cu-water nanofluid  

(Behzadmehr, A. 
et al., 2007) 

SP 
Al2O3/water 
CuO/water 
Cu/water 

L 
Increasing nanoparticle concentration and 
decreasing particle size enhances heat 
transfer coefficient 

(Heris, S. Z. et 
al., 2007) 

SP Al2O3/water L Increased heat transfer and pressure loss with 
increasing nanoparticle volume concentration 

(Zhao, N. et al., 
2016) 

SP Fe3O4/water T Increase in Re and volume concentration 
enhanced the Nu and heat transfer rate 

(Moraveji, M. K. 
and Hejazian, 
M., 2012) 

SP/TP Al2O3/water L Nanoparticle concentration has an positive 
effect on the increase in Nu 

(Moraveji, M. K. 
and Ardehali, R. 
M., 2013) 

TP Al2O3/water T The greater Re and particle volumetric 
concentration ratio the more heat transfer rate  

(Hejazian, M. et 
al., 2014) 

SP Al2O3/water 
SiO2/water L SiO2/water with 1% volumetric concentration 

ratio provided the highest heat transfer rate 
(Salman, B. et 
al., 2014) 

SP/TP Al2O3/water L Increase in Re increased the heat transfer rate 
and shear stress 

(Bianco, V. et 
al., 2014) 

TP TiO2/water  T Optimum conditions obtained with 4% 
TiO2/water nanofluid at Re of 5000 

(Siavashi, M. 
and Jamali, M., 
2016) 

TP Al2O3/water 
TiO2/water  T 

Re of 60×103, volume concentration of 6% 
and particle diameter of 10 nm provided the 
optimum flow conditions 

(Saha, G. and 
Paul, M. C., 
2015) 

SP 
Al2O3/water 
TiO2/water  
ZrO2/water 

L Lower entropy generation for the nanofluids 
compared to the base fluid 

(Purohit, N. et 
al., 2016) 

SP Al2O3/water T Low concentration of nanoparticles is crucial 
for minimising the entropy generation 

(Bianco, V. et 
al., 2014) 

SP: Single phase   TP: Two phase   L: Laminar   T: Turbulent 
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It can be concluded from the studies in the literature that two-phase models can predict 

flow behaviours of nanofluids more accurately than single-phase models. On the other 

hand, it was also claimed by several researchers that two-phase models generally over 

predict heat transfer coefficient of nanofluids.  

Nanofluids can be utilised in solar thermal applications such as in solar collectors, solar 

stills, solar cells and solar cooling systems to increase the heat transfer rate. Several 

studies have been conducted on nanofluid utilisation in flat plate collectors and the 

results indicated that nanofluids improved the thermal efficiency of flat plate collectors 

(Chaji, H. et al., 2013; Colangelo, G. et al., 2013; Yousefi, T. et al., 2012a; Yousefi, T. 

et al., 2012b). Furthermore, nanofluids can be utilised in solar thermal power 

applications as a working fluid. For instance, Saadatfar et al. (2014), used silver-nano 

pentane in solar organic Rankine cycle for power, heating and cooling applications. It 

was reported that the achieved performance of the cycle when using nanofluids was 

higher than that of the base fluid (n-pentane) (Saadatfar, B. et al., 2014).   
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Chapter 3  Experimental methodology 

Low-temperature solar thermal systems utilising novel thermo-fluids has been an 

important subject to several researchers since many years. Therefore, a practical 

experience is vital to understand solar thermal systems under real operating conditions. 

In this context, a low-temperature solar thermal system prototype was developed and 

the experimental tests of the prototype, employing a new generation thermo-fluid (HFE 

7000) were conducted. The experimental set-up and the experimental methodology are 

comprehensively described in this section. This chapter is summarised and represented 

in Papers І and ІІ. 

3.1. Testing room 

The solar thermal power test bench was placed in a testing room where the system tests 

were conducted. The testing room consists of four insulated walls and an inner wall 

which separates the collector and heat engine unit. The schematic layout of the testing 

room is shown in Figure 3-1. 

 

Figure 3-1 Schematic illustration of the experimental test bench 

The experimental test bench is comprised of two units connected to each other. The first 

unit is the solar organic Rankine cycle. This is where the working fluid is utilised in 

order to generate mechanical work and heat simultaneously. The second unit is the heat 
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recovery section where the rejected heat coming from the first unit via condenser is 

recovered. The solar ORC unit consists of a flat plate collector, an expander, a water 

cooled condenser, a circulation pump, a liquid reservoir and other additional 

components. There is a domestic hot water tank which is connected to solar ORC 

through the condenser in the heat recovery unit. A schematic diagram of the test bench 

is represented in Figure 3-2.  

 

Figure 3-2 Schematic layout of the solar thermal system (Helvaci, H. and Khan, Z. A., 2016)  

The solar ORC unit operates on a basic ORC principle where the liquid coming from 

the reservoir is pumped into the solar collector to gain heat energy. As the liquid gathers 

energy, its temperature increases and turns into vapour. Then, the vapour expands in the 

vane expander and rotates the expander shaft. This is where the mechanical energy is 

generated. Post the expander, the fluid is sent to the condenser to decrease its 

temperature and reject some heat from the system. Finally, the condensed thermo-fluid 

is pressurised by the pump and is sent back to the collector to complete the cycle. The 

rejected heat coming from the solar ORC unit is directed to the hot water tank in the 

heat recovery unit. This is to utilise the waste heat in terms of increasing the 

temperature of the stagnant and stored water in the tank (Paper І; section 3.1). 

3.2. System components 

The components which constitute the solar thermal test rig are described in this section 

(Paper І; section 3.1 and Paper ІІ; section 2). 
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3.2.1. Flat plate solar collector 

Flat plate collector consists of a cover (1), absorber (2), copper tube (3) and insulation 

(4) in the back and the edges of the collector (Figure 3-3).  

 

Figure 3-3 Schematic of the flat plate collector (Helvaci, H. and Khan, Z. A., 2015) 

The cover is a transparent glass and it is used to reduce radiation, as well as convection 

losses from the collector. The absorber is a stainless-steel plate with high absorption 

property. The collector has a serpentine tube configuration. The collector tube is 

composed of 3 smaller tubes welded together and the total length of the collector tube is 

56 m. The joints were sealed by using suitable sealants. The fluid circulates in the 

copper tubes where the heat is transferred from the absorber to the fluid. Conduction 

and convection loss from the back end edges of the collector is reduced by the 

insulation. The flat plate collector specifications are given in Table 3-1.  

Table 3-1 The flat plate collector specifications (Helvaci, H. and Khan, Z. A., 2015) 

Absorber plate thermal conductivity (W/m-K) 50 

Absorber plate thickness (m) 0.001 

Total length of tube (m) 56 

Tube inner diameter (m) 0.008 

Tube outer diameter (m) 0.01 

Effective transmittance-absorbance product (-) 0.81 

3.2.2. Pump 

Based on the way that pumps transmit energy to the media, they are divided into two 

types; kinetic and positive displacement pumps. Kinetic energy is impelled to the fluid 
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by impellers in kinetic pumps. However, reciprocating actions of pistons, gears, lobes or 

other moving bodies are used to displace fluid in positive displacement pumps. 

Selection criteria of the pump can vary from flow rate, differential pressure, operating 

temperature and fluid viscosity. Positive displacement pumps are better options in ORC 

applications due to their ability to operate at lower flow rates and desired pressure ratios 

(Panesar, A. S., 2012).  

 

Figure 3-4 Photograph of the diaphragm pump 

In this study, a diaphragm pump which is a positive displacement pump was employed 

to pressurise the system. The technical specifications of the pump are given in Table 

3-2. 

Table 3-2 Technical specifications of the diaphragm pump 

Pump type Diaphragm  

Maximum flow rate (L/min) 3 

Maximum pressure (bar) 20 

Maximum head (m) 89 

Motor output (W) 55 

 

It is important to note that a flow control valve was mounted on the discharge side of 

the pump to adjust the flow rate of the working fluid in the cycle (Figure 3-2).  

3.2.3. Expander 

The efficiency of an Organic Rankine cycle is highly related to the selected expander. 

Expanders can be divided into two groups as: velocity type and volumetric type 
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expanders. Velocity type expanders refer axial and radial turbines, volumetric types, in 

other words, positive displacement types refer scroll and screw expanders, reciprocating 

piston expanders and rotary vane expanders. All of these expanders have their own 

advantages and disadvantages when they are used in ORCs. However, positive 

displacement expanders are more appropriate for ORC applications due to their lower 

rotational speeds, ability to operate under large pressure ratios and their good 

performance (Bao, J. and Zhao, L., 2013; Lemort, V. et al., 2013). Table 3-3 compares 5 

different types of expanders which have been used in ORCs previously.  

Table 3-3 Comparison of various expander types (Bao, J. and Zhao, L., 2013; Lemort, V. et al., 2013) 

Type 
Capacity range  

(kW) 

Rotational speed 

(rpm) 
Cost 

Radial turbine 50-500 8000-80000 High 

Scroll expander 1-10 <6000 Low 

Screw expander 15-200 <6000 Medium 

Reciprocating piston 

expander 
20-100 - Medium 

Rotary vane expander 1-10 <6000 Low 

 

It can be seen from the Table 3-3 that radial turbines, screw expanders and reciprocating 

piston expanders are more appropriate for larger applications where as a scroll and 

rotary vane expanders are appropriate for medium and small scale applications. Air 

motors are rotary vane expanders and they have simpler structure, easier manufacturing 

and lower cost in comparison to the other expander types (Bao, J. and Zhao, L., 2013). 

In this study, a rotary vane air motor is used as an expander of the cycle (Figure 3-5) 

and the technical specifications of the air motor are provided in Table 3-4.  

Table 3-4 Technical specifications of the air motor 

Model  Globe -VA2J  

Maximum power (kW) 0.8 

Torque at maximum power (Nm) 2 

Minimum starting torque (Nm) 2.3 

Maximum speed (rpm) 4000 
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Figure 3-5 Photograph of the air motor 

3.2.4. Condenser 

A brazed type plate heat exchanger is selected for the experimental study (Figure 3-6). 

Plate heat exchangers consist of a stack of thin plates and they have major advantages 

over conventional heat exchangers.  

 

Figure 3-6 Brazed type plate condenser 

Corrugated thin plates are brazed together and let the fluid exposure to larger surface 

area. Plate heat exchangers are suitable for any type of gas, liquid and two-phase flows 

(Yang, B. et al., 2009). Technical specifications of the condenser which was utilised in 

this research are given in Table 3-5. 
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Table 3-5 Technical specifications of the condenser 

Type Brazed plate heat exchanger 

Model UKE-BRO40 

Number of plates 10 

Plate material 316 Stainless steel 

Braze material Copper 

Maximum working pressure (bar) 30 

 

3.2.5. Liquid reservoir 

Liquid reservoir where the fluid is charged into the system allows a steady supply of 

working fluid. In this study, 12 litre vertical liquid reservoir was selected and it was 

placed after the condenser to avoid any vapour flowing to the pump which might cause 

a cavitation in the pump (Figure 3-7). 

 

 

Figure 3-7 Twelve litre liquid reservoir 

 

3.2.6. Hot water tank 

The hot water tank was connected to the condenser in order to utilise the waste heat 

coming from the solar ORC unit. In this study, a copper-coiled, 118 L hot water tank 

was utilised to collect the rejected heat from the condenser (Figure 3-8).    
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Figure 3-8 Photograph of the hot water tank 

3.3. Measurement devices 

In this section, all the measuring instruments which enabled data acquisition from 

different points of the system are described (Paper І; section 3.2 and Paper ІІ; section 

6).     

3.3.1. Thermocouples 

For temperature measurements, K-type thermocouples with stainless steel sheath were 

used in the experiments (Figure 3-9).  

 

Figure 3-9 K-type thermocouple (Source: LABFACILITY) 
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Eight thermocouples with a diameter of 4.5 mm were mounted in the test bench at 

various locations (Figure 3-2) to collect the temperature data.  

3.3.2. Pressure transmitters 

Four industrial pressure transmitters which provide a 4-20mA output signal were used 

to measure pressures of the system at the inlet of the collector, expander, condenser and 

the pump. Pressure drop in the condenser was neglected during the experiments. The 

pressure transmitter is represented in Figure 3-10. 

 

Figure 3-10 Photograph of the pressure transmitter (Source: TC Direct)  

  

3.3.3. Flow meter 

The liquid flow meter which was installed in the system is a multi-range turbine meter 

with a flow range between from 0.05 to 0.5 L/min. The flow meter has a linearity of 2% 

of full scale deflection (Figure 3-11).  
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Figure 3-11 Photograph of the flow meter (Source: Titan enterprise Ltd.) 

3.3.4. Pyranometer 

Pyranometer was used to measure the irradiance on the flat plate collector surface. The 

pyranometer which has a spectral range between 300 and 2800 nm can measure solar 

irradiance up to 2000 W/m2. The pyranometer is represented in Figure 3-12. 

 
Figure 3-12 Photograph of the pyranometer (Source: Kipp & Zonen) 

3.3.5. Data taker 

Agilent 34972A data acquisition unit with 34901A multiplexer was used in the 

experiments for the collection of data. The acquisition unit can measure and convert 

various signals such as DC/AC volts, DC/AC currents, frequency, period and 

temperature with thermocouples.  
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Figure 3-13 Photograph of the data taker (Source: Agilent) 

3.4. Heat source 

It is difficult to obtain stable solar radiation in UK weather conditions. Therefore, a 

solar simulator, which consists of two lighting machines, was used to provide steady 

energy on the surface of the solar collector during the experiments. Each machine 

consists of 6 glare lamps and each lamp can provide 1kW heat energy.  

 

Figure 3-14 Marked points on the flat plate collector surface 

It is also crucial to measure the amount of the incoming radiation on the collector 

surface for understanding and interpreting the collector and the whole system 

performance. Therefore, measurements were conducted to investigate the incoming 

solar radiation under two operating conditions. Initially, the collector was marked to 

specify the points where the pyranometer was placed (Figure 3-14). Then, the solar 

simulator was placed 2 m away from the flat plate collector and initially 6 lights were 
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turn on. This means 6 kW heat was supplied on the collector surface. Measured 

irradiation data at each marked point was recorded. After the first measurement, another 

4 lights were also switched on so 10 kW heat was supplied on the collector surface. The 

measurement procedure was followed and the measured data at each point was 

recorded. According to the measurement results, an average of 550 W/m2 and average 

of 890 W/m2 solar radiation was provided in the first and second conditions 

respectively. Figure 3-15 demonstrates the irradiation distribution on collector surface.  

 

Figure 3-15 Measured irradiation distribution on the collector surface (Helvaci, H. and Khan, Z. A., 2015) 

3.5. Working fluid 

Hydrofluoroether (HFE) 7000 (C3F7OCH3) which was selected as the working fluid of 

the system has zero ODP and GWP of 450 (Tsai, W.-T., 2005). Compared to the water, 

it has a lower boiling point temperature and higher latent heat of vaporization, density 

and molecular weight. HFE 7000 is compatible with many materials such as stainless 

steel, brass, copper, aluminium, polypropylene, polyethylene and nylon. It is also a non-

flammable and non-corrosive compound. 

3.6. Test procedure 

The procedure followed before and during the each test is represented in this section 

(Paper І; section 3.2). 
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3.6.1. Leak test of the system 

Leak test of the system is one of the most important tasks since it affects the overall 

system efficiency and the safety of the system. The system leak tests were conducted to 

examine if there was a leakage somewhere in the system. Special attention was given to 

couplings, joints and the components of the system. Initially, the system was 

pressurized with a compressor up to 8 bars via compressor line which was connected to 

the system. Then, a stream of a foamy liquid leak detector was applied to the parts of 

the system mentioned above. Unfortunately, a formation of bubbles was observed in the 

expander and in the joint (Figure 3-16). 

 
Figure 3-16 Bubble formation in the expander and the joint 

Once the leakage was detected the air was released from the system. Then the expander 

and the joint were taken apart. The point where the leakage was coming out of the joint 

was sealed properly. The expander was also disassembled and modified to stop leaking 

(Figure 3-16). 

 

Figure 3-17 Internal view of the expander 
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Subsequently, the same procedure was followed to detect any leakage in the system. 

Once there was no leak observed in the system, the compressor was turned off and the 

air was released from the system. Instantly, a vacuum pump was connected to the 

system via vacuum line to pull a vacuum in the cycle. Vacuum gauge was mounted to 

the system to read and record the vacuum pressure. The system was vacuumed to -0.56 

bar and left for 24 hours to observe for any leakage through changes in the system’s 

pressure. After 24 hours the vacuum gauge checked again and it remained in the same 

position as where it was. 

3.6.2. Working fluid charging 

The amount of the working fluid (HFE 7000) which is charged into the system must be 

evaluated before any test is carried out. The procedure relies on the calculation of the 

volume of each element. Since the vapour density is relatively smaller compared to the 

liquid density, the regions in the components and the pipe where the fluid turns into 

vapour was not taken into account in the calculations (Quoilin 2007). The volumes of 

the components such as pump, collector, condenser and also the tube in the system were 

evaluated. Collector volume was calculated by determining the total length of the pipe 

in the collector (56m) and it was assumed that vapour region occupies 20% of the total 

length of the pipe. Table 3-6 represents the calculated volumes of each component and 

the tube.  

Table 3-6 Volumes of each component 

Component 
Volume 

(L) 

Pump 2.84×10-1 

Collector 3.45 

Condenser 0.645 

Piping 1.08 

Total volume 5.45 

 

Then, the total volume was multiplied by the fluid density to calculate the amount of the 

mass of the fluid. The total amount of working fluid that needs to be charged into the 

system was found 7.64 kg. Considering the possible fluid losses in the system 8 kg (5.7 

L) of HFE 7000 was introduced to the system. Initially, the vacuum line was shut off 

and the vacuum pump was disconnected. Then, the vacuum line connected to the 

working fluid cylinder and the valve was turned on. Subsequently, the fluid flowed into 
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the system via the pressure difference between the system and the working fluid 

cylinder. Finally, the vacuum line valve was shut off after 8 kg (5.7 L) of fluid was 

charged into the system.   

3.7. Experimental procedure 

Initially, the expander by-pass line was opened and the valve on the discharge side of 

the pump was set to the desired position. The data taker was turned on to monitor and 

record the temperature, pressure and flow rate data. The pump was turned on and let the 

fluid circulate through the system without turning any lights on for half an hour. This 

was to check the system consistency and safety. Then, the lights were turned on in a 

way that 890 W/m2 radiation was supplied to the collector surface. As it was mentioned 

previously, the solar thermal system consists of two parts which are solar organic 

Rankine cycle and heat recovery unit. In the ORC unit, the pump sucked the fluid and 

moved it along the system by consuming some work. Subsequently, the fluid reached 

the collector as pressurized liquid. The flat plate collector was used as an evaporator of 

the cycle and there was a heat addition into the system in the collector. This heat was 

used to heat and vaporize the fluid in the collector. The fluid might leave the collector 

as a mixture of saturated liquid and vapour, saturated vapour or superheated vapour 

depending on the amount of the heat transferred to the fluid, inlet pressure and the flow 

rate of the fluid. If the fluid did not reach vapour conditions, then it was by-passed via 

the by-pass line and it went to the condenser. Once the fluid reached the vapour 

conditions then the by-pass line was closed and let the fluid pass through the expander. 

The fluid expanded in the expander and produced shaft work. In other words, the 

mechanical work was generated in the expander. The lower pressure exhaust vapour at 

the end of the expander was directed to the condenser where heat rejection of the system 

took place. The fluid was cooled down and turned into the liquid state in the condenser. 

It was also sub-cooled in the liquid reservoir depending on the level of the liquid and it 

was pumped again into high pressure to complete the system. In the condenser, the 

cooling water condenses the HFE 7000 by gaining some energy from it. This increases 

the temperature of the cooling water. Therefore, in the heat recovery unit, the cooling 

water was directed to the domestic hot water tank to recover its energy.  Measured 

points of temperature, pressure and flow rate of the fluid is shown in Figure 3-2. (Paper 

І; section 3.2). 
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3.8. Thermodynamic analysis 

This section indicates the thermodynamic analysis of the solar thermal system and it is 

taken from section 4 of Paper І. The proposed low-temperature solar ORC represents a 

closed loop cycle. Therefore, the performance analysis can be conducted through energy 

and exergy analysis methods which base on the mass, energy and exergy balance 

equations. The following assumptions were made to derive the balance equations: 

• The system is in steady-state conditions 

• Kinetic and potential energy changes are neglected 

• Pressure of P0= 1 bar and temperature of T0= 15 °C is taken as reference-dead 

state   

The balance equations which were applied to each component of the system are defined 

as follows:   

∑ 𝑚̇𝑖𝑛 = ∑𝑚̇𝑜𝑢𝑡  (3-1) 

𝑄̇ − 𝑊̇ = ∑𝑚̇𝑜𝑢𝑡ℎ𝑜𝑢𝑡 − ∑ 𝑚̇𝑖𝑛ℎ𝑖𝑛  (3-2) 

Equation (3-1) and Equation (3-2) indicates the mass balance and energy budget 

equations respectively. 𝑚̇ is the mass flow rate of the fluid, 𝑄̇ and 𝑊̇ are the heat 

transfer and work rate respectively and h indicates the enthalpy of the fluid.   

 𝐸̇𝑥ℎ𝑒𝑎𝑡 − 𝑊̇ + ∑ 𝐸̇𝑥𝑖𝑛 − ∑ 𝐸̇𝑥𝑜𝑢𝑡 = ∑ 𝐸̇𝑥𝑑𝑒𝑠𝑡  (3-3) 

Equation (3-3) indicates the exergy budget equation where  𝐸̇𝑥ℎ𝑒𝑎𝑡 and 𝐸̇𝑥𝑑𝑒𝑠𝑡 are the 

exergy transfer rate by heat and exergy destruction rate respectively. Exergy transfer 

rate by heat can be derived as; 

𝐸̇𝑥ℎ𝑒𝑎𝑡 = ∑1 − �𝑇0
𝑇
� 𝑄̇𝑗  (3-4) 

Exergy rate is calculated by multiplying the mass flow rate by specific exergy (e).  

𝑒 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) (3-5) 

3.8.1. Energy analysis  

In the energy analysis, the mass and energy budget equations were applied to each 

component of the solar ORC unit. Table 3-7 shows the mass and energy budget 

equations for each component (for each state refer to Figure 3-2). 
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Table 3-7 Mass and energy budget equations for each component (Helvaci, H. and Khan, Z. A., 2016)   

Component Mass balance equations  Energy budget equations  

Collector 𝑚̇2 = 𝑚̇3 = 𝑚̇𝑤𝑓 (3-6) 𝑄̇𝑔𝑎𝑖𝑛 = 𝑚̇𝑤𝑓 × (ℎ3 − ℎ2) (3-7) 

Expander 𝑚̇3 = 𝑚̇4 = 𝑚̇𝑤𝑓 (3-8) 𝑊̇𝑒𝑥𝑝 = 𝑚̇𝑤𝑓 × (ℎ3 − ℎ4) (3-9) 

Condenser 
𝑚̇4 = 𝑚̇1 = 𝑚̇𝑤𝑓 

𝑚̇5 = 𝑚̇6 = 𝑚̇𝑤 
(3-10) 

𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑓 × (ℎ4 − ℎ1) 

𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑤 × (ℎ𝑐𝑤,𝑜𝑢𝑡 − ℎ𝑐𝑤,𝑖𝑛) 
(3-11) 

Pump 𝑚̇1′ = 𝑚̇2 = 𝑚̇𝑤𝑓 (3-12) 𝑊̇𝑝𝑢𝑚𝑝 = 𝑚̇𝑤𝑓 × (ℎ2 − ℎ1′) (3-13) 

 

In Eq. (3-11), flow rate of the cooling water was calculated via the energy budget of the 

condenser with the assumption of steady state conditions as: 

𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑓 × (ℎ4 − ℎ1) =  𝑚̇𝑤 × (ℎ𝑐𝑤,𝑜𝑢𝑡 − ℎ𝑐𝑤,𝑖𝑛)  (3-14) 

𝑚̇𝑤 =  𝑄̇𝑐𝑜𝑛𝑑
(ℎ𝑐𝑤,𝑜𝑢𝑡−ℎ𝑐𝑤,𝑖𝑛)

  (3-15) 

where 𝑄̇𝑐𝑜𝑛𝑑 is the heat rate discarded from the condenser and ℎ𝑤,𝑖𝑛 and ℎ𝑤,𝑜𝑢𝑡 are the 

inlet and outlet enthalpy of water respectively. Furthermore, the amount of the stored 

energy in the hot water tank during the experiment can be evaluated as: 

𝑄̇𝑠𝑡 =  𝑚𝑐𝑤,𝑠𝑡×𝐶𝑝,𝑐𝑤×�𝑇𝑐𝑤,𝑠𝑡,𝑓𝑖𝑛𝑎𝑙−𝑇𝑐𝑤,𝑠𝑡,𝑖𝑛𝑖𝑡𝑖𝑎𝑙�
𝑡𝑒𝑥𝑝

  (3-16) 

𝑚𝑤,𝑠𝑡 = 𝑉𝑠𝑡 × 𝜌𝑐𝑤  (3-17) 

where 𝑄̇𝑠𝑡 is the amount of heat that is transferred to the cold water in the hot water tank 

from condenser. 𝑇𝑤,𝑠𝑡,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝑇𝑤,𝑠𝑡,𝑓𝑖𝑛𝑎𝑙 indicate the cold water temperature in the 

tank at the beginning and at the end of the experiment. 𝑚𝑤,𝑠𝑡 is the mass of the water in 

the hot water tank.   

3.8.2. Exergy analysis                                                                                                                                      

Exergy balance equations were applied to each component of the solar ORC unit and 

represented in Table 3-8.  
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Table 3-8 Exergy balance equations for each component (Helvaci, H. and Khan, Z. A., 2016) 

Component Exergy balance equations  

Collector  𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑐𝑜𝑙 = (𝐸̇𝑥2 − 𝐸̇𝑥3) +  𝑆𝑖𝑛 𝐴𝑐𝑜𝑙 �1 −
𝑇0
𝑇𝑝
� (3-18) 

Expander 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑒𝑥𝑝 = (𝐸̇𝑥3 − 𝐸̇𝑥4) - 𝑊̇𝑒𝑥𝑝 (3-19) 

Condenser 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑐𝑜𝑛𝑑 = (𝐸̇𝑥4 − 𝐸̇𝑥1) + 𝑚̇𝑤 × (𝐸̇𝑥5 − 𝐸̇𝑥6) (3-20) 

Pump 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑝𝑢𝑚𝑝 = (𝐸̇𝑥1′ − 𝐸̇𝑥2) + 𝑊̇𝑝𝑢𝑚𝑝 (3-21) 

 

In Eq. (3-18), the term  '' 𝑆𝑖𝑛 𝐴𝑐𝑜𝑙 �1 −
𝑇0
𝑇𝑝
�'' indicates the solar radiation exergy rate which 

was absorbed on the surface of the collector (Dikici, A. and Akbulut, A., 2008). Sin and 

Acol are the incoming solar radiation and the collector area respectively. Tp and T0 

represent the collector plate temperature and dead state temperature respectively. 

3.8.3. Efficiency calculations 

Energy efficiency can be defined as the ratio of the output energy to the input energy, 

whereas exergy efficiency is the ratio of the exergy output to the exergy input (Gupta, 

M. and Kaushik, S., 2010). Efficiency analysis of each component was evaluated 

through first and second law efficiencies of each component and was given in Table 

3-9.  

Table 3-9 Energy and exergy efficiency calculations of the components (Helvaci, H. and Khan, Z. A., 
2016) 

Component Energy efficiency   Exergy efficiency   

Flat plate collector ƞ𝑐𝑜𝑙 = 𝑄̇𝑔𝑎𝑖𝑛
 𝑆𝑖𝑛𝐴𝑐𝑜𝑙

  (3-22) εcol = Ėx3−Ėx2
 𝑆𝑖𝑛 Acol�1−

T0
Tp
�
  (3-23) 

Expander ƞ𝑒𝑥𝑝 = ℎ3−ℎ4
ℎ3−ℎ4,𝑠

  (3-24) εexp = Ẇexp

(Ėx3−Ėx4)
  (3-25) 

Condenser -  εpump = Ėx2−Ėx1′
Ẇpump

  (3-26) 

Pump -  εcond = Ėx6−Ėx5
(Ėx4−Ėx1)

  (3-27) 

 

The energy and exergy efficiency of the proposed solar ORC was calculated as follows: 

𝜂𝑠𝑜𝑟𝑐 = 𝑊̇𝑛𝑒𝑡
𝑄̇𝑔𝑎𝑖𝑛

= 𝑊̇𝑒𝑥𝑝−𝑊̇𝑝𝑢𝑚𝑝

𝑄̇𝑔𝑎𝑖𝑛
  (3-28) 
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𝜀𝑠𝑜𝑟𝑐 = 𝑊̇𝑛𝑒𝑡
𝐸̇𝑥𝑖𝑛

 = 𝜀𝑠𝑜𝑟𝑐 = 𝑊̇𝑛𝑒𝑡

 𝑆𝑖𝑛𝐴𝑐𝑜𝑙�1−
𝑇0
𝑇𝑝
�
  (3-29) 

Furthermore, the energy efficiency of the heat recovery unit was calculated as follows: 

ƞ𝑟𝑒𝑐 = 𝑄̇𝑠𝑡
𝑄̇𝑐𝑜𝑛𝑑

  (3-30) 

Eq. (3-30) indicates the ratio of heat, which was utilised by the cold water in the hot 

water tank to the available heat that can be transferred from the condenser. Finally, the 

following equation was utilised to calculate the ratio of the relative exergy destruction 

of each component to the total destruction. 

𝑅𝐼𝑗 = 𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑗

𝐸̇𝑥𝑑𝑒𝑠𝑡,𝑡𝑜𝑡
  (3-31) 
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Chapter 4  Experimental test results and discussion 

The performance analysis of the system is explained in two sections; energy analysis 

and exergy analysis results in section 4.1 and section 4.2 respectively. Experimental test 

results were taken from section 5of Paper I.   

The experimental data of temperature (ºC), pressure (bar) and flow rate (kg/s) were 

collected to evaluate the fluid states at the defined points (Table 4-1). The collected data 

of HFE 7000 is also represented in the T-s diagram in Figure 4-1.  

Table 4-1 Thermodynamic state properties of HFE 7000 at various points (Helvaci, H. and Khan, Z. A., 
2016) 

State 

(No) 
Fluid type Phase 

T 

(ºC) 

P 

(bar) 

𝐦̇ 

(kg/s) 

h 

(kJ/kg) 

e 

(kJ/kg) 

𝐄̇𝐱 

(W) 

0 HFE 7000 Dead state 15 1 - 218.05 - - 

0 Water Dead state 15 1 - 63.076 - - 

1 HFE 7000 Liquid 19.54 0.66 0.022 223.56 0.038 0.83 

1’ HFE 7000 Liquid 18.73 0.57 0.022 222.57 0.084 1.86 

2 HFE 7000 Liquid 19.1 1.86 0.022 223.06 0.402 8.84 

3 HFE 7000 Gas 45.41 1.32 0.022 385.07 15.532 341.7 

4 HFE 7000 Gas 36.36 0.66 0.022 378.4 4.542 99.98 

5 Water Liquid 13.47 0.66 0.06 56.63 -0.11 -6.6 

6 Water Liquid 26.88 0.66 0.06 112.75 1.002 60.12 

  

As it was mentioned in chapter 3, the measured solar radiation on the collector surface 

(condition two) was found to be 890 W/m2. In the experiments, constant flow rate 

conditions were supplied with an average value of 0.022 kg/s. Furthermore, the-

reference dead state conditions were assumed to be 288 K and 1 bar for the temperature 

and pressure respectively. Lastly, the thermodynamic properties of HFE 7000 were 

taken from REFPROP software (Lemmon, E. et al., 2013).  
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Figure 4-1 T-s diagram of the experimental results (Helvaci, H. and Khan, Z. A., 2016) 

4.1. Energy analysis results 

This section presents the energy analysis results of the system and it was taken from 

section 5.1 of Paper I.  

4.1.1. Flat plate collector results 

The calculated energy on the flat plate collector surface was found to be 6194.4 W by 

using Eq. (3-7). Then, 57.53% of this energy was transferred to the working fluid in the 

collector which resulted in a increase in the fluid temperature from 19.1 ºC to 45.41 ºC. 

The fluid left the collector as a superheated vapour as the fluid corresponding saturation 

temperature was 41 ºC at the pressure of 1.86 bar. It is worth mentioning that the chosen 

flow rate of the working fluid (0.022 kg/s) was sufficient enough for the fluid to reach 

saturated vapour, even superheated vapour conditions.  

Table 4-2 Energy analysis of the solar collector (Helvaci, H. and Khan, Z. A., 2016) 
Parameters Value Unit 

Energy received by the collector  ( 𝑆𝑖𝑛Acol) 6194.4  W 

Useful heat gain of the fluid (Qgain) 3564.2  W 

Collector energy lossa 2907.8  W 

Collector efficiency (ƞexp) 57.53  % 
a =  𝑆𝑖𝑛Acol – Qgain 

As it can be seen from Figure 4-1 that HFE 7000 is a dry fluid and even small degree of 

superheating should not present any risk of encountering some portion of liquid in the 

expander. On the other hand, the higher degree of superheating the higher temperature 
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in the collector in other words, the greater heat loss from the collector to the ambient. 

Energy analysis of the solar collector is represented in Table 4-2. 

4.1.2. Expander results 

The generated mechanical work of the expander was calculated as 146.74 W with the 

help of Eq. (3-9). Furthermore, with the assumption of the expander is adiabatic, the 

isentropic efficiency of the expander was found to be 58.66%. Similar efficiency of 

vane expander was obtained in the literature by (Qiu, G. et al., 2012). 

4.1.3. Condenser results     

The pressure at the outlet of the expander also indicates the condensing pressure (0.66 

bar) as the pressure loss through the condenser was assumed to be zero. The fluid 

entered the condenser with the temperature of 36.36 ºC and left the condenser at 19.54 

ºC. Post condenser, its temperature and pressure decreased to 18.73 ºC and 0.57 bar. It 

is important to note that at this temperature and pressure conditions the fluid was sub-

cooled liquid at the outlet of the liquid reservoir. In other words, there was no risk of 

saturate vapour of the fluid entering the pump which might have resulted in cavitation 

otherwise.  

4.1.4. Heat recovery unit analysis 

It was mentioned in the condenser results sectioned that the working fluid temperature 

was diminished from 36.36 ºC to 19.54 ºC. This means that 3406.48 W heat was 

transferred from the working fluid to the water and as a result the water temperature 

rose from 13.47 ºC to 26.88 ºC. As it was shown in Figure 3-2, the cooling water outlet 

was connected to the hot water tank to utilise this rejected heat from the cycle. The 

cooling water, which was preheated at the outlet of the condenser was directed to the 

storage tank and transferred some portion of its heat to the stagnant, cold water by 

circulating within the coil of the tank. 

 

 

 

 

 

 

 55 



Chapter 4 Experimental test results and discussion   

 
Table 4-3 Energy analysis of the heat recovery unit (Helvaci, H. and Khan, Z. A., 2016) 

Parameters Value Unit 

Testing time 3600  s 

Initial water temperature (T7,int) 16.65  ºC 

Final water temperature (T7,fin) 22.41  ºC 

Total mass of water in the tank (mw,st) 118 kg 

Water specific heat capacity (Cp,w) 4.187 kJ/kg K 

Total energy gain rate in the tank 2845.82 kJ 

Average energy gain rate throughout the test (𝑄̇𝑠𝑡) 0.79 kW 

Average rejected heat rate in the condenser (𝑄̇𝑐𝑜𝑛𝑑) 3.406 kW 

Heat recovery efficiency in the hot water tank (ƞrec) 23.2 % 

 

4.2. Exergy analysis results 

This section presents the exergy analysis results of the system and it was taken from 

section 5.2 of Paper I.  

The exergy destruction rate and the exergetic efficiency values of each component was 

calculated by using Equations (3-23) to (3-27) and is represented in this section. The 

heat recovery unit was not considered in the exergy analysis. Table 4-4 shows the 

exergy destruction rate and exergy efficiency of each component. 

Table 4-4 Exergy analysis of each component (Helvaci, H. and Khan, Z. A., 2016) 

Component 𝐸̇𝑥𝑑𝑒𝑠𝑡  (W) 𝜀 (%) 

Solar collector 431 43.57 

Expander 95 60.7 

Condenser 32.3 67.3 

Pump 3.8 64.73 

 

The greatest amount of exergy destruction took place in the flat plate collector (431 W) 

(Table 4-4). Similar findings where the solar collector was found to be the highest 

source of exergy destruction in solar thermal systems were reported by (Al-Sulaiman, F. 

A., 2014; Elsafi, A. M., 2015; Freeman, J. et al., 2015). It can be stated that the high 

difference in quality between solar radiation and the working fluid at the collector 

operating temperature could be the source of this amount of exergy destruction rate in 

the solar collector. The collector was followed by the expander (95 W), condenser (32.3 

W) and the pump (3.8 W) respectively. Friction and thermal loss which causes 
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irreversibility can be stated as the source of the expander exergy destruction (Tchanche, 

B. et al., 2010).  

Table 4-4 also indicates that due to the large exergy destruction rate of the collector, it 

has the lowest exergy efficiency which was accounted for 43.57%. The exergy 

efficiency of the expander was the second lowest among the other components (60.7%). 

Then, the expander was followed by the pump (64.73%) and the condenser (67.3%) 

respectively.    

The relative irreversibility of the components was evaluated according to Eq. (3-31) and 

was demonstrated in Figure 4-2. As it was expected, the collector showed the highest 

relative irreversibility which was accounted for 76.68 %.   

 

Figure 4-2 Relative irreversibility of each component (Helvaci, H. and Khan, Z. A., 2016) 

Consequently, the energy and exergy analysis results shows that the proposed system 

was able to transfer 3564.2 W heat to the HFE 7000 in the collector and converted 

146.74 W of this heat to the mechanical work in the expander. Furthermore, the solar 

ORC unit generated 135.96 W net work output (Ẇpump= 10.78 W) with the first law 

efficiency of 3.81 and the exergy efficiency of 17.8%.   

4.3. Parametric analysis of the solar ORC 

This section presents the parametric analysis results of the system. It is taken from 

section 5.3 of Paper I. In order to investigate how the thermal and exergy efficiency of 

the solar ORC vary with expander inlet pressure and temperature, the parametric 

analysis was performed. It is important to note that in the analysis, the incoming solar 
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radiation (890 W/m2), the efficiency of the collector (57.53%) and the condenser 

pressure (0.66 bar) were kept constant, whereas the expander inlet pressure was ranged 

from 2 bar to 5 bar and the degree of superheating at the expander inlet was changed 

from 5 to 35K. The pressure loss in the collector was also neglected which make the 

expander inlet pressure and collector inlet pressure equal. 

The analysis shows that the mass flow rate of the fluid and the net work output of the 

cycle, which are highly related to the first and exergy efficiency of the cycle were 

influenced by the change in the expander inlet pressure and temperature (Figure 4-3).  

 

Figure 4-3 Mass flow rate and net work output versus a) expander inlet pressure b) degree of superheat 

As the incoming solar radiation and the collector efficiency were kept constant, the 

increase in the expander inlet pressure which also equals to the flat plate collector 
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pressure enhanced the corresponding saturation pressure, as well as the saturation 

temperature of the fluid. This caused a decrease in the mass flow rate of the fluid to 

reach the specified conditions. The same effect was observed with the expander inlet 

temperature on the mass flow rate of the fluid. On the other hand, with the constant 

condenser pressure conditions, the increase in the expander inlet pressure and 

temperature enhanced the enthalpy gradient between the highest (expander) and the 

lowest (condenser) points of the cycle which subsequently increased the net mechanical 

work output of the cycle.    

Figure 4-4 shows the first law and exergy efficiencies of the cycle versus expander inlet 

pressure. As it can be seen from Figure 4-4 that the thermal efficiency rose from 9.96% 

to 21.63% and the exergy efficiency augmented from 36.95% to 54.07% respectively.  

 

Figure 4-4 Variation of the energy and exergy efficiencies of the solar ORC for various expander inlet 
pressure 

This trend shows that the higher pressure ratio of the cycle the more increase in the first 

and exergy efficiency of the cycle (Baral, S. and Kim, K. C., 2014). A similar trend was 

obtained when the degree of superheating rose from 5K to 35K the first and exergy 

efficiency of the cycle reached 19.29% and 56.9% respectively (Figure 4-5). Although 

the mass flow rate decreased with the increasing expander pressure and temperature, the 

enhancement in the net work output was superior to the reduce in the mass flow rate. 

Therefore, the first and the exergy efficiency of the cycle increased with expander inlet 

pressure and temperature.     
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Figure 4-5 Variation of the energy and exergy efficiencies of the solar ORC for various degree of 

superheat 

It should be noted that in reality, as the degree of superheating increases, in other words,  

the collector temperature increases the heat loss from the collector to the atmosphere 

rises. Therefore, the collector efficiency should vary with the degree of superheating. 

Furthermore, there should be a practical pressure ratio limit of the system due to the 

leakage and structural concerns of the expander. Tchance et al. suggested pressure ratio 

value of 3.5 for positive displacement expanders (Tchanche, B. F. et al., 2009). It is also 

important to take the effect of designed pressure ratio of the expander into consideration 

when evaluating the expander efficiency. In conclusion, it is crucial to conduct a 

parametric study considering a variable collector and expander efficiency in the 

analysis. 
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Chapter 5  Modelling of the proposed solar ORC 

This chapter covers the modelling of the proposed solar ORC which then will be used 

for simulation of the components, as well as the whole cycle. The modelling 

methodology and the equations are taken from Paper II, Paper III and Paper IV. The 

schematic diagram of the modelled solar ORC is shown in Figure 5-1. 

 

Figure 5-1 Schematic representation of the modelled solar ORC 

5.1. Model assumptions 

The solar ORC consists of the flat plate collector, the vane expander, the condenser and 

the pump and it is modelled based on the following assumptions:  

• All the components of the solar ORC is considered as steady-state 

• Pressure drop in the collector and the condenser are assumed to be zero 

• Heat losses in the expander, the condenser and the pump are neglected  

• The collector tube is modelled as one flat tube when determining the heat 

transfer coefficient of the fluid  

• The thermal and radiation properties of the absorber and the glass cover are set 

to be constant 

• In the collector, the working fluid undergoes a phase-change when its average 

temperature reaches the corresponding boiling temperature 

• The heat transfer coefficient of the fluid both in single and multiphase flow 

conditions varies along the tube  

• The pinch point temperature difference in the condenser was assumed to be 5 °C 
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5.2. Flat plate collector  

The equations of the collector modelling are taken from sections 3 of Paper II, section 

2.2 of Paper III and 'THEORY' section of Paper IV. The collector consists of a glass 

cover, absorber plate, copper tube and insulation as it is shown in Figure 5-2. The flat 

plate collector model is divided into two sections which are the determination of losses 

and the convective heat transfer calculations. The energy budget of the collector is 

represented in Figure 5-2. 

 

Figure 5-2 Flat plate collector energy budget representation 

5.2.1. Determination of losses 

There are two types of losses occur in the flat plate collector which are heat optical loss 

and thermal loss.  

5.2.1.1 Optical losses of the collector 

The optical loss represents the amount of the heat which is lost to the atmosphere when 

the incoming solar radiation is travelling through the glass cover. Optical loss is 

represented as Sin (𝝉𝝉α), where (𝝉𝝉α) indicates the transmittance-absorbance of the glass 

cover (Figure 5-2).  

5.2.1.2 Heat losses of the collector 

Heat losses can take place from the top, the edge and the back of the collector. It is 

important to note that the heat losses from the edge of the collector were neglected in 

the flat plate collector modelling. At the top of the collector, heat losses occur through 
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convection and radiation mechanism from the glass cover and the absorber plate to the 

ambient. The formula which was generalised by Klein (1975) was used to evaluate the 

top heat loss coefficient as (Klein, S., 1975):   
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Heat losses at the back of the collector were calculated as: 

𝑈𝑏𝑎𝑐𝑘 =
𝑘𝑖𝑛𝑠
𝐿𝑖𝑛𝑠

  (5-2) 

Thus, the total heat loss coefficient was evaluated as: 

𝑈𝑇 = 𝑈𝑡𝑜𝑝 + 𝑈𝑏𝑎𝑐𝑘   (5-3) 

5.2.2. Convective heat transfer calculations 

The remaining absorbed heat energy on the collector surface now can be calculated as: 

𝑄̇𝑝 = 𝐴𝑝�𝑆𝑖𝑛(𝜏𝛼) − 𝑈𝑇�𝑇𝑝 − 𝑇𝑎��  (5-4) 

Then, some portion of this heat is transferred to the working fluid via heat transfer 

convection as the fluid is circulated along the collector. The amount of the heat that is 

transferred by the fluid is estimated as: 

𝑄̇𝑢 = 𝐴𝑝𝐹𝑅�𝑆𝑖𝑛(𝜏𝛼) − 𝑈𝑇�𝑇𝑓,𝑖𝑛 − 𝑇𝑎�� (5-5) 

where FR is the collector heat removal factor and Tf,in is the working fluid temperature at 

the collector inlet.  

𝐹𝑅 = 𝑚̇𝐶𝑝
𝐴𝑝𝑈𝑇

�1 − 𝑒𝑥𝑝 �− 𝐴𝑝𝑈𝑇𝐹′

𝑚̇𝐶𝑝
��  (5-6) 
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In Eq. (5-6), F′  indicates the collector efficiency factor and it was determined as: 
𝐹′ = (𝑈𝑇)−1

𝑊[𝑈𝑇(𝐷0+(𝑊−𝐷0)𝐹)]−1+(𝐶𝑏)−1+�𝜋𝐷𝑖ℎ𝑓�
−1  (5-7) 

where W indicates tube spacing, Do and Di represent the outer and inner tube diameter 

respectively. Cb is the bond conductance and it was not considered (1/Cb=0) in the 

calculation. 

F represents the fin efficiency and it is estimated by Eq. (5-8). 

𝐹 = 𝑡𝑎𝑛ℎ[𝑚(𝑊−𝐷0/2)]
𝑚(𝑊−𝐷0/2)   (5-8) 

where   𝑚 = �𝑈𝑇
𝑘𝛿

   

In Eq. (5-7), hf represents the convective heat transfer coefficient of the fluid. As it can 

be seen from Figure 5-1, the flat plate collector is used as an evaporator of the solar 

ORC. Therefore, the phase change of the fluid takes place in the collector and the 

convective heat transfer coefficient (hf) should be evaluated for single and two phase 

flows individually in the model. 

5.2.2.1 Single-phase flow 

The heat transfer coefficient in the single phase region was evaluated based on the flow 

regime of the fluid. For constant heat flux, under a laminar flow regime (Re<2300) and  

under a turbulent flow regime (0.5<Pr<2000, 3×103<Re<5×106) Nusselt number is 

represented as follows: 

𝑁𝑢 = 4.36  (5-9) 

𝑁𝑢 =
�𝑓8�(𝑅𝑒−1000)𝑃𝑟

1+12.7�𝑓8�
0.5
�𝑃𝑟2/3−1�

  (5-10) 

 

In Eq. (5-10), Re and Pr are the Reynolds and Prandtl numbers and they were 

determined as: 

𝑅𝑒 = 𝑣𝐷
𝜐

  (5-11) 

𝑃𝑟 = 𝜌𝜐𝐶𝑝
𝑘

  (5-12) 

where V is the velocity of the fluid, D is the tube diameter, 𝜐 represents the kinematic 

viscosity of the fluid, k and Cp are the thermal conductivity and specific heat of the 

fluid.  

Then the heat transfer coefficient was calculated as: 
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ℎ𝑠𝑝 = 𝑁𝑢 𝑘𝑠𝑝
𝐷

  (5-13)  

5.2.2.2 Two phase flow 

In order to calculate the two phase heat transfer coefficient the model which was 

proposed by Shah (1982) is utilised (Shah, M., 1982). The model includes two different 

boiling mechanism which are nucleate and convective boiling. Initially, the 

dimensionless parameter (N) is estimated based on the Froude number conditions; 

𝑁 = 0.38(𝐹𝑟𝑙)−0.3𝐶𝑜                     if        Frl < 0.04 (5-14) 

𝑁 = 𝐶𝑜                                           if        Frl < 0.04 (5-15)   

and Froude number was determined as follows: 

𝐹𝑟𝑙 = 𝐹𝑟𝑜𝑢𝑑𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝐺2

𝜌2𝑔𝐷
  (5-16) 

The other important dimensionless parameter which should be evaluated is the 

convection number (Co).  The convection number was(Incropera, F. P., 2011) 

calculated as: 

𝐶𝑜 = Convection number = �1
𝑥
− 1�

0.8
�𝜌𝑔
𝜌𝑙
�
0.5

  (5-17) 

Then, two boiling mechanisms nucleate and convective are determined under three 

cases as: 

Case I : (N > 1) 

ℎ𝑛𝑐,𝐵 = (230𝐵𝑜0.5) × ℎ𝑙                              if                       Bo > 0.0003  (5-18) 

ℎ𝑛𝑐,𝐵 = (1 + 46𝐵𝑜0.5) × ℎ𝑙                        if                       Bo < 0.0003 (5-19) 

ℎ𝑐,𝐵 = (1. .8𝑁0.8) × ℎ𝑙                                 (5-20) 
Case II : (1>N >0.1) 

 ℎ𝑛𝑐,𝐵 = (𝐶𝐵𝑜0.5) × exp (0.47𝑁−0.1) × ℎ𝑙  (5-21) 

ℎ𝑐,𝐵 = (1. .8𝑁0.8) × ℎ𝑙  (5-22) 

Case III : (N < 0.1) 

ℎ𝑛𝑐,𝐵 = (𝐶𝐵𝑜0.5) × exp (2.47𝑁−0.15) × ℎ𝑙  (5-23) 

ℎ𝑐,𝐵 = (1. .8𝑁0.8) × ℎ𝑙  (5-24) 

In the above equations hl and Bo are the liquid phase heat transfer coefficient and 

boiling number respectively. Dittus-Boelter equation (Incropera, F. P., 2011) was used 
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to calculate the liquid phase heat transfer coefficient. Boiling factor was estimated by 

using the formula below: 

𝐵𝑜 = 𝐵𝑜𝑖𝑙𝑖𝑛𝑔 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝜙
𝐺ℎ𝑓𝑔

  (5-25) 

Thus, constant C can be determined as follows: 

 C = 14.7                     if                     Bo > 0.0011 (5-26) 

C = 15.43                   if                     Bo < 0.0011 (5-27) 

Finally, both the convective boiling and nucleate boiling factor were calculated at the 

appropriate case and the one which is larger than the other one was considered as two 

phase heat transfer coefficient.  

5.3. Vane expander 

This section was taken from section 2.3 of Paper III. The vane expander was modelled 

under two parts: geometry of the expander and thermodynamic analysis of the expander. 

The modelled expander which comprises a rotor, a stator and four vanes is represented 

in Figure 5-3. 

 

Figure 5-3 Schematic of the vane expander 
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The working principle of the expander is discussed comprehensively in section 2.3 of 

Paper III.  

In the geometrical part of the modelling, initially, the radius of the stator to the centre of 

the rotor was calculated according to angular displacement as follows: 

𝑑(𝜃) = −𝑒 × 𝑠𝑖𝑛𝜃 + �(𝑟𝑠𝑡𝑎𝑡)2 − (𝑒 × 𝑐𝑜𝑠𝜃)2  (5-28) 

where 𝑑(𝜃) is the radius of the stator to the centre of the rotor. e and rstat indicates the 

eccentricity and radius of the stator respectively. 

Then, the area of the working chamber was evaluated as: 

𝐴(𝜃) = 1
2 ∫ (𝑑2 − 𝑟𝑟𝑜𝑡2)𝜃+2𝜋𝑛

𝜃 𝑑𝜃  (5-29) 

The volume of the working chamber was determined according to the below equation. 

𝑉(𝜃) = 𝐴 × 𝐿𝑠𝑡𝑎𝑡  (5-30) 

where Lstat is the length of the stator. 

The calculation of the volume of the working chamber is crucial to determine the built-

in ratio of the expander and it was calculated by using the formula below; 

𝑟𝑣,𝑏𝑢𝑖𝑙𝑡−𝑖𝑛 = 𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

  (5-31) 

Vout and Vin can be evaluated by introducing the intake (θint) and the exhaust (θexh) 

angles into the Eq. (5-30). 

Then, the expander design pressure ratio was evaluated by using the calculated built-in 

ratio as (Gnutek, Z. and Kolasiński, P., 2013): 

𝑃𝑅𝑑𝑠𝑔 = 𝑃𝑒𝑥𝑝,𝑖𝑛

𝑃𝑒𝑥𝑝,𝑜𝑢𝑡,𝑑𝑠𝑔
= �𝑟𝑣,𝑏𝑢𝑖𝑙𝑡−𝑖𝑛�

𝑘𝑟𝑎𝑡𝑖𝑜  (5-32) 

where Pexp,in and Pexp, out,dsg demonstrates the expander inlet and expander designed 

outlet pressure respectively. 

During the expander operation, if the expander design pressure ratio is higher than the 

cycle operating pressure ratio over-expansion, otherwise under-expansion takes place 

(Quoilin, S. et al., 2011). 

The cycle operating pressure ratio can be calculated as: 

𝑃𝑅𝑐𝑦𝑐 = 𝑃𝑒𝑥𝑝,𝑖𝑛

𝑃𝑒𝑥𝑝,𝑜𝑢𝑡
  (5-33) 
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The under and over expansion process in an isentropic expansion is demonstrated in 

Figure 5-4 

 

Figure 5-4 Isentropic expansion process a) under expansion b) over expansion 

As the expander design pressure and the cycle pressure ratios are defined, the work that 

is generated in the expander can be evaluated as: 

Under-expansion case 

𝑊̇𝑒𝑥𝑝,𝑢𝑑 = 𝑚̇𝑤𝑓 × ��ℎ𝑒𝑥𝑝,𝑖𝑛 − ℎ𝑒𝑥𝑝,𝑜𝑢𝑡
𝑑𝑠𝑔,𝑠

� × 10−3 + �𝑣𝑒𝑥𝑝,𝑜𝑢𝑡
𝑑𝑠𝑔,𝑠

× �𝑃𝑒𝑥𝑝,𝑜𝑢𝑡
𝑑𝑠𝑔

− 𝑃𝑒𝑥𝑝,𝑜𝑢𝑡�� × 10−2� × 𝜂𝑚𝑒𝑐   

(5-34) 

Over-expansion case 

𝑊̇𝑒𝑥𝑝,𝑜𝑣 = 𝑚̇𝑤𝑓 × ��ℎ𝑒𝑥𝑝,𝑖𝑛 − ℎ𝑒𝑥𝑝,𝑜𝑢𝑡
𝑑𝑠𝑔,𝑠

� × 10−3 − �𝑣𝑒𝑥𝑝,𝑜𝑢𝑡
𝑑𝑠𝑔,𝑠

× �𝑃𝑒𝑥𝑝,𝑜𝑢𝑡
𝑑𝑠𝑔

− 𝑃𝑒𝑥𝑝,𝑜𝑢𝑡�� × 10−2� × 𝜂𝑚𝑒𝑐  

(5-35) 

5.4. Condenser 

The condenser modelling was taken from the section 2.4 of Paper III. In the condenser 

modelling, it was assumed that the working fluid which is coming from the expander 

condenses in the condenser and leaves it as a saturated liquid. Therefore, the condenser 

was divided into two sections as sensible heat and latent heat.  

The total amount of condensation heat equals to the summation of the sensible and 

latent heat and it was evaluated as follows: 
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𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑓 × �ℎ𝑒𝑥𝑝,𝑜𝑢𝑡 − ℎ𝑔@𝑐𝑜𝑛𝑑
𝑡𝑒𝑚𝑝

� + 𝑚̇𝑤𝑓 × �ℎ𝑔@𝑐𝑜𝑛𝑑
𝑡𝑒𝑚𝑝.

− ℎ𝑙@𝑐𝑜𝑛𝑑
𝑡𝑒𝑚𝑝.

�  (5-36) 

 

 

In Eq. (5-36), the first term of the right hand side of the equation indicates the sensible 

heat, whereas the second term of the right hand side of the equation represents the latent 

heat. 

As the considered condenser is a water-cooled heat exchanger, the smallest difference 

between the working fluid and cooling water temperature which is called 'the pinch 

point temperature (∆Tpp)' should be considered in the condenser modelling. The pinch 

point (point pp) was taken as 5 ºC in the modelling and it is represented in Figure 5-5. 

 

Figure 5-5 Temperature profiles and the pinch point temperature in the condenser 

As it can be seen from Figure 5-5, the amount of the latent heat which is transferred to 

the cooling water increases the cooling water temperature from its inlet temperature to 

pinch point temperature. This heat balance can be represented as follows: 

𝑚̇𝑤𝑓 × �ℎ𝑔@𝑐𝑜𝑛𝑑
𝑡𝑒𝑚𝑝

− h𝑙@𝑐𝑜𝑛𝑑
𝑡𝑒𝑚𝑝

� = 𝑚̇𝑐𝑤 × 𝐶𝑝,𝑐𝑤 × (𝑇𝑐𝑤,𝑝𝑝 − 𝑇𝑐𝑤,𝑖𝑛)  (5-37) 

In Eq. (5-37), both 𝑚̇𝑐𝑤 and 𝑇𝑐𝑤,𝑝𝑝 are unknown. Therefore, the equation should be 

solved iteratively. The procedure is explained in section 7.2.3 of Chapter 7. 

Then, the cooling water outlet temperature was calculated by the use of the following: 

𝑄̇𝑐𝑜𝑛𝑑 = 𝑚̇𝑐𝑤 × 𝐶𝑝,𝑐𝑤 × (𝑇𝑐𝑤,𝑜𝑢𝑡 − 𝑇𝑐𝑤,𝑖𝑛) (5-38) 
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5.5. Pump 

The pump modelling section was taken from the section 2.5 of Paper III. The consumed 

work by the pump was calculated from: 

𝑊̇𝑝𝑢𝑚𝑝 = 𝑚̇𝑤𝑓�𝜈𝑝𝑢𝑚𝑝,𝑖𝑛�×�𝑃𝑒𝑣𝑎𝑝−𝑃𝑐𝑜𝑛𝑑�×10−2

ƞ𝑝𝑢𝑚𝑝,𝑠
  (5-39) 

 

where ν and P represents the specific volume of the working fluid and the pressure 

respectively. ƞpump,is is the pump isentropic efficiency.  
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Chapter 6 Simulation study of the flat plate collector 

This chapter covers the simulation analysis of the flat plate collector based on the 

mathematical model of the collector which was proposed in chapter 5, section 5.2. The 

simulation methodology and the results are taken from sections 4, 5 and 6 of Paper II. 

6.1. Background of the simulation study 

As previously discussed (see section 4.3), the collector operating temperature and 

pressure should have an effect on the efficiency of the collector. Therefore, special 

attention should be given to the collector to understand its behaviour under various 

operating conditions. A numerical model of the flat plate collector was developed to 

analyse the collector performance under three different operating pressures (4, 6 and 8 

bar) and working fluid mass flow rates (0.001, 0.005 and 0.01 kg/s) which consequently 

influences the collector operating temperature as well as, the collector efficiency. In this 

study, due to its promising thermal properties HFC-134a was selected as the working 

fluid of the collector. The operating conditions of the simulations are given in Table 

6-1. 

Table 6-1 Simulation operating conditions (Helvaci, H. and Khan, Z. A., 2015) 

Fluid inlet temperature (K) 278 

Fluid mass flow rate (kg/s) 0.001-0.005-0.01 

Collector operating pressure (bar) 4-6-8 

Incoming solar radiation (W/m2) 500 

Ambient temperature (K) 275 

Wind velocity (m/s) 2 

6.2. Numerical procedure 

In this study, the collector tube was considered as a single, flat tube and it was divided 

into small elements. The collector outlet temperature, plate temperature, collector heat 

loss, fluid heat transfer coefficient and heat gain were calculated at the outlet of each 

element. These output conditions also represent the input conditions of the next element 

as each element is connected to the next one (Figure 6-1).  
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Figure 6-1 Schematic of collector elements (Helvaci, H. and Khan, Z. A., 2015) 

 

    

The model begins with calculating the heat loss coefficient by using equations from 

(5-1) to (5-3). As it can be seen from Eq. (5-1), the collector plate temperature was 

needed to calculate the top heat loss coefficient. Therefore, an arbitrary value which is 5 

ºC higher than the fluid temperature at the collector inlet was given. Then, the flow 

regime was evaluated whether it was laminar or turbulent in order to calculate the heat 

transfer coefficient of the fluid (equations from (5-9) to (5-13)). However, the fluid 

properties (thermal conductivity (k), density (ρ), specific heat (Cp), viscosity (µ)) were 

needed to utilise the equations from (5-9) to (5-13). The developed regression equations 

were employed to determine the fluid thermal properties by introducing the data which 

was taken from REFPROP 9.1 programme (Lemmon, E. et al., 2013). The fluid mean 

temperature which was introduced to the regression equations was calculated by using 

the formula below: 

𝑇𝑓,𝑚 = 𝑇𝑓,𝑖𝑛+𝑇𝑝
2

  (6-1) 

Once the heat transfer coefficient and heat loss coefficient was calculated, the useful 

heat gain of the collector was evaluated by using Eq. (5-5). As stated previously, the 

collector tube was divided into small elements and therefore, the calculated useful heat 

of the fluid can be expressed as follows: 

𝑄̇𝑢 = 𝑄′′
𝑢𝜋𝐷𝑖𝑛𝐿𝑡𝑢𝑏𝑒  (6-2) 

 72 



Chapter 6 Simulation study of the flat plate collector 
 

where 𝑄′′
𝑢 indicates the useful heat rate and inDπ  represents the surface perimeter. 

Therefore, the useful heat gain of each element can be calculated by multiplying the 

useful heat rate by the surface perimeter and the length of each element. 

𝑄̇𝑔𝑎𝑖𝑛 = 𝑄′′
𝑢𝜋𝐷𝑖𝑛 ∫ 𝑑𝑥𝐿𝑡𝑢𝑏𝑒

0    (6-3) 

As the amount of the heat gained by the first element is known now, the fluid outlet 

temperature can be evaluated by introducing Qgain into the following equation. 

𝑇𝑓,𝑜𝑢𝑡 = 𝑇𝑓,𝑖𝑛 + 𝑄̇𝑔𝑎𝑖𝑛
𝑚̇𝑤𝑓×𝐶𝑝,𝑓

  (6-4) 

The fluid mean temperature was previously estimated by using Eq. (6-1) where the plate 

temperature was used in the equation. Now, by using the calculated Tf,out, the new   

value of the fluid mean temperature can be determined by the use of the following: 

𝑇𝑓,𝑚
𝑛𝑒𝑤 = 𝑇𝑓,𝑖𝑛+𝑇𝑓,𝑜𝑢𝑡

2
  (6-5)  

The new calculated fluid mean temperature was utilised in the regression equations to 

obtain the fluid properties and the new value of 𝑄̇𝑢. Then, the new plate temperature 

was evaluated as follows: 

𝑇𝑝𝑛𝑒𝑤 = 𝑇𝑓,𝑖𝑛 +
𝑄̇𝑢
𝐴𝑝

𝐹𝑅×𝑈𝑇
(1 − 𝐹𝑅)  (6-6) 

The inner loop re-calculates the UT, 𝑄̇𝑢 and 𝑄̇𝑔𝑎𝑖𝑛 by employing the new plate and fluid 

mean temperature till the convergence criteria which represents 0.01ºC difference 

between plate temperatures (Tp) at nth and (n+1)th iteration is satisfied. Once the 

convergence is satisfied, the outer loop checks if the fluid outlet temperature reaches its 

corresponding saturation temperature. If the fluid temperature at the outlet of an element 

is lower than the corresponding fluid saturation temperature, the outer loop increases the 

number of element till its temperature reaches the saturation point. When, the fluid 

temperature reaches the corresponding saturation temperature, the fluid enters the multi-

phase region. In the multi-phase region, in other words in the flow boiling region the 

fluid temperature remains constant. Therefore, instead of calculating the fluid outlet 

temperature as it was represented in Eq. (6-4), the fluid outlet enthalpy was evaluated 

from the following equation: 

ℎ𝑓,𝑜𝑢𝑡 = ℎ𝑓,𝑖𝑛 + 𝑄̇𝑔𝑎𝑖𝑛
𝑚̇𝑤𝑓

  (6-7) 
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Furthermore, instead of single phase heat transfer coefficient, as it was represented in 

section 5.2.2.2 of Chapter 5, the two phase heat transfer coefficient was calculated by 

using the equations from (5-14) to (5-27).  

Vapour quality of the fluid was calculated at each element by the use of the following: 

𝑥 = ℎ𝑓,𝑜𝑢𝑡−ℎ𝑙
ℎ𝑔−ℎ𝑙

  (6-8) 

 

 

Figure 6-2 Flow chart of the simulation process (Helvaci, H. and Khan, Z. A., 2015) 
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Then, the outer loop increases the number of elements if the vapour quality of the fluid 

does not exceed 1. This means that the fluid is still not in the superheated region and the 

two -phase region calculations are valid. Once the fluid enters the superheated region, 

the same calculations which were used in the single phase regions were performed (with 

superheated vapour properties). The outer code increases the element number till the 

end of the tube. The flow chart of the simulation model is represented in  Figure 6-2.  

6.3. Simulation results and discussion of the flat plate collector 

The results of the proposed simulation model are taken from section 5 of Paper II. 

Figure 6-3 represents the simulated fluid mean temperature and fluid heat gain along the 

collector tube at the pressure of 6 bar and mass flow rate of 0.005 kg/s. As it can be seen 

from Figure 6-3, the fluid entered the collector at 278 K (5 °C) and its temperature rose 

till the fluid corresponding saturation temperature at 6 bar (22.2°C). Then, its 

temperature remained constant until it reached the superheated region. In the 

superheated region the temperature of the fluid increased till the end of the tube where it 

was a superheated vapour at the temperature of 26.3°C. 

 
Figure 6-3 Fluid mean temperature and heat gain variation along the collector tube (P=6 bar, m=0.005 

kg/s) (Helvaci, H. and Khan, Z. A., 2015) 

As it was previously stated the heat transfer coefficient of the fluid varies in single 

phase and multi-phase regions. The heat transfer coefficient showed a slight increase in 

the single phase flow region where it was rising from 153.54 W/m2K to 173.93 W/m2K. 

In the multi phase region, it increased gradually to 610.27 W/m2K and reached a peak. 
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This point represents the fluid vapour quality of 0.8. Then, it started to decrease 

drastically to  498.23 W/m2K before it entered the single phase (vapour) region (Figure 

6-4). This phenomenon is called 'dry out'  and it is due to the lower conductivity 

property of dry steam (Odeh, S. et al., 1998). 

 

Figure 6-4 Fluid heat transfer coefficient in various flow regions (P=6 bar, m=0.005 kg/s) (Helvaci, H. 
and Khan, Z. A., 2015) 

It was previously mentioned that the collector efficiency vary with the parameters such 

as the collector temperature, the collector pressure and the mass flow rate (see section 

4.3). Therefore, the collector efficiency was evaluated by the use of the following 

equation: 

𝜂𝑐𝑜𝑙 = 𝑄𝑝
𝑆𝑖𝑛𝐴𝑝

  (6-9) 

In Eq. (6-9), the collector efficiency was defined in terms of the collector plate 

temperature in order to determine the effect of the collector pressure and the fluid mass 

flow rate on the plate temperature and its subsequent effect on the efficiency. Figure 6-5 

and Figure 6-6 represents the collector efficiency and collector plate temperature versus 

collector operating pressure and fluid mass flow rate. 
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Figure 6-5 Collector efficiency and plate temperature at various mass flow rates (P=6 bar) 

(Helvaci, H. and Khan, Z. A., 2015) 
 

Collector efficiency increased from 60.2% to 68.8% as the fluid mass flow rate rose 

from 0.001 kg/s to 0.01 kg/s. This is due to the fact that at the higher mass flow rate, a 

higher amount of the heat which is available on the collector plate was transferred to the 

fluid. Therefore, the collector plate temperature decreases with the increasing mass flow 

rate and less amount of heat was transferred from the collector to the ambient (Figure 

6-5). Similarly, the collector efficiency varied with the collector operating pressure. As 

the collector operating pressure increased from 4 bar to 8 bar, the fluid saturation 

temperature rose from 9.6 °C to 31.9 °C. The increase in the saturation temperature of 

the fluid caused the collector operate at higher temperatures, in other words, at higher 

collector plate temperatures. For instance, the collector plate temperature increased from 

22.1°C to 41.8°C where the collector pressure increased from 4 bar to 8 bar. Therefore, 

a higher amount of heat was lost from the collector to the surroundings at a higher plate 

temperature which resulted in a decrease in the collector efficiency (Figure 6-6). 

Furthermore, the working fluid which is utilised in the collector has also an effect on the 

collector efficiency due to the different thermal properties of fluids. Figure 6-7 

demonstrates the collector efficiency for HFC-134a and HFE 7000. Because each fluid 

has a different saturation temperature characteristic, HFC-134a and HFE 7000 entered 

the collector at 8.6 bar and 1 bar respectively. Thus, the same saturation conditions were 

obtained which is 15°C higher than the fluid temperatures at the collector inlet (20 °C).    
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Figure 6-6 Collector efficiency and plate temperature at various operating pressure (m=0.005 kg/s) 
(Helvaci, H. and Khan, Z. A., 2015) 

The mass flow rate of each fluid and the incoming solar radiation was the same in the 

simulations. As it can be seen from Figure 6-7, higher collector efficiency was obtained 

when utilising HFC-134a rather than HFE 7000. One of the reasons for this issue is that 

HFC-134a has a higher thermal conductivity (0.083 W/m-K) than HFE 7000 (0.0757 

W/m-K).  

 

Figure 6-7 Collector efficiency as a function of (Tin - Ta) /I for R-134a and HFE 7000 (Helvaci, H. and 
Khan, Z. A., 2015) 
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It is worth mentioning that although, HFC-134a provides a higher collector efficiency 

than HFE 7000, it has a higher global warming potential (1370) compared to HFE 7000 

(450). The effects of thermal properties of various working fluids on the solar ORC 

efficiency, as well as their environmental impacts in terms of global warming potential, 

toxicity and flammability are discussed in Chapter 7.  
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Chapter 7 Fluid selection study of the solar ORC  

This chapter presents the simulation analysis of the proposed solar ORC based on the 

model which was proposed in Chapter 5. The simulation methodology and the results 

are taken from Paper III and Paper IV. 

7.1. Background of the study 

The mathematical model of the solar ORC was developed and demonstrated in Chapter 

5 and the simulation study of the flat plate collector where the effects of the operating 

conditions on the collector heat loss, the collector heat gain and the collector efficiency 

was evaluated was represented in Chapter 6. It was also mentioned that not only the 

operating conditions but also the working fluid that is used in the collector has an effect 

on the thermal performance of the collector (see section 6.3). Therefore, the simulation 

of the collector was extended to the whole solar ORC in order to evaluate the cycle 

behaviour under various operating conditions with utilising different thermo-fluids. The 

simulations of the cycle were performed where the condenser temperature/pressure was 

set constant and the cycle operating pressure ratio, in other words the ratio of 

evaporating pressure to condenser pressure varied from 1.5 to 6. In the simulations, 

twenty four organic compounds including Hydrofluorocarbons (HFCs), 

Perfluorocarbons (PFCs), Hydrocarbons (HCs), Hydrofluoroethers (HFEs) and 

Hydrofluoroolefins (HFOs) were considered. The proposed cycle was considered as 

saturated, in other words the working fluid left the collector and the condenser as 

saturated vapour and saturated liquid respectively. In this study, the effect of the cycle 

operating pressure on the collector, the vane expander, the cycle net work output and the 

cycle efficiency was discussed. Furthermore, the investigated working fluids suitability 

in terms of the fluids' thermophysical effects on the cycle and the fluids' environmental 

characteristics such as global warming potential, flammability and toxicity was 

examined.  

7.2. Numerical procedure 

The numerical methodology of each element, as well as the whole cycle is taken from 

section 3 of Paper III. The simulation model of the cycle comprises sub-codes which 

represents the calculation of output variables of each component based on the given 

input and fixed variables. Calculated output variables from one component were 
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transmitted to the next component as input variables as each component was connected 

to the other one. The followings were kept constant during the simulations. 

• Component specifications  

• The condensing, the ambient and the cooling water temperatures 

• Pump isentropic efficiency 

• Expander mechanical efficiency 

• Incoming solar radiation 

The operating conditions of the cycle are given in Table 7-1. 

Table 7-1 Operating conditions of the saturated solar ORC 

Parameter Unit Value 
Incoming solar radiation W/m2 800 
Condensation temperature ºC 25 
Ambient temperature ºC 15 
Cooling water inlet temperature ºC 12 
Pump isentropic efficiency - 0.6 
Expander mechanical efficiency - 0.7 
Pressure ratio of the cycle - 1.5 - 6  

 

The REFPROP 9.1 software where the fluid properties at various conditions were taken 

from was run in parallel with the code.  

Initially, the condensing pressure at saturated conditions was determined for each fluid 

as the condensing temperature was set constant at 25 °C (Table 7-1). Then, the 

evaporating pressure was calculated as the condensing pressure and the cycle pressure 

ratio are known. By use of the calculated condensing and evaporating pressures of the 

cycle, the followings were read from REFPROP as: 

• Fluid evaporation temperature at corresponding Pevap 

• Fluid sat. liquid density at corresponding Pevap 

• Fluid sat. liquid density at corresponding Pevap 

• Fluid sat. vapour density at corresponding Pevap 

• Fluid sat. liquid conductivity at corresponding Pevap 

• Fluid sat. liquid viscosity at corresponding Pevap 

• Fluid sat. vapour viscosity at corresponding Pevap 

• Fluid sat. liquid enthalpy at corresponding Pevap 

• Fluid sat. vapour enthalpy at corresponding Pevap 

• Fluid saturated liquid enthalpy at 25 ºC 
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• Fluid saturated vapour enthalpy at 25 ºC 

• Fluid saturated liquid specific volume at 25 ºC 

Before the collector code was activated the specific pump work and the collector inlet 

enthalpy was determined as: 

 𝑤̇𝑝𝑢𝑚𝑝 = 𝑣𝑝𝑢𝑚𝑝,𝑖𝑛×�𝑃𝑒𝑣𝑎𝑝−𝑃𝑐𝑜𝑛𝑑�×10−2

𝜂𝑝𝑢𝑚𝑝,𝑠
  (7-1) 

ℎ𝑐𝑜𝑙,𝑖𝑛 =  (𝑤̇𝑝𝑢𝑚𝑝 × 103) + ℎ𝑝𝑢𝑚𝑝,𝑖𝑛  (7-2) 

 

As the collector inlet enthalpy was calculated by using equations (7-1) and (7-2), the 

collector inlet temperature was read with the use of known fluid enthalpy at the 

collector inlet and collector pressure, in other words evaporating pressure. 

7.2.1. Flat plate collector 

The numerical simulation of the collector was represented previously in section 6.2. The 

same approach was followed in this study. However, the only difference was the mass 

flow rate for given collector inlet and collector outlet temperature (as the cycle is 

saturated) was calculated in the current study whereas the collector outlet temperature 

was evaluated for the given collector inlet temperature and the mass flow rate in section 

6.2. The simulation continues until the difference between 𝑚̇𝑤𝑓,𝑠𝑝 and 𝑚̇𝑤𝑓,𝑡𝑝 is less 

than 0.0001. If the condition does not meet the convergence criterion (0.0001), the 

model increases the number of elements for the single phase part region until the 

condition satisfies the convergence. 

The flow chart of the collector simulation is represented in Figure 7-1 and the details of 

the collector simulation procedure can be found in section 3.1 of Paper III. 

As the evaporation pressure of the cycle represents the collector outlet temperature, the 

collector efficiency was calculated as follows: 

𝜂𝑐𝑜𝑙 =
𝑚̇𝑤𝑓×��𝐶𝑝�𝑇𝑒𝑣𝑎𝑝−𝑇𝑐𝑜𝑙,𝑖𝑛�+�ℎ𝑔−ℎ𝑙���

𝑆𝑖𝑛×𝐴𝑐𝑜𝑙
  (7-3) 
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 Figure 7-1 Flow chart of the collector simulation model 

7.2.2. Expander 

Initially, the parameters of the expander including the input parameters which were 

calculated from the collector sub-code and transferred to the expander and the fixed 

parameters such as expander specifications were introduced into the expander code. The 

parameters were given as follows: 

• Expander inlet pressure (Pexp,in) 

• Expander outlet pressure, (Pexp.out) 

• Rotor radius, (rrot) 

• Stator radius, (rstat) 

• Eccentricity, (e) 
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• Intake angle, (θint) 

• Exhaust angle, (θexh) 

• Expander mechanical efficiency, (ƞmec) 

 
Then, by the use of equations from (5-28) to (5-32), the expander built-in ratio and the 

expander designed outlet pressure were calculated. Based on the expander designed 

pressure ratio and the cycle operating pressure ratio, the mechanical work generated in 

the expander were calculated by using the equations from (5-34) to (5-35). The 

efficiency of the expander for under-expansion and over expansion were calculated with 

the use of equation below as: 

𝜂𝑒𝑥𝑝,𝑢𝑑 = 𝑊̇𝑒𝑥𝑝,𝑢𝑑×103

𝑚̇𝑤𝑓×�ℎ𝑒𝑥𝑝,𝑖𝑛−ℎ𝑒𝑥𝑝,𝑜𝑢𝑡,𝑠�
  (7-4) 

𝜂𝑒𝑥𝑝,𝑜𝑣 = 𝑊̇𝑒𝑥𝑝,𝑜𝑣×103

𝑚̇𝑤𝑓×�ℎ𝑒𝑥𝑝,𝑖𝑛−ℎ𝑒𝑥𝑝,𝑜𝑢𝑡,𝑠�
  (7-5) 

 

The flow chart of the expander simulation model is shown in Figure 7-2. 

 
Figure 7-2 Flow chart of the expander simulation model 
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7.2.3. Condenser 

In the condenser sub-code, the pinch point was defined as follows: 

25 − 𝑇𝑐𝑤,𝑝𝑝 ≥ 5 °𝐶  (7-6) 

Then, by using an arbitrary value of cooling water mass flow rate (0.001 kg/s), Eq.  

(5-37) was solved iteratively until the condition in Eq. (7-6) is satisfied. Thereafter, 

according to Eq. (5-38), the cooling water outlet temperature was evaluated.  

7.2.4. Pump 

The amount of the work that is spent in the pump was evaluated by multiplying the 

calculated specific pump work (see Eq. (7-1)) by the cycle mass flow rate. 

7.3. Performance parameters of the solar ORC 

The following parameters were used to evaluate the performance of the cycle at each 

performed simulation to make a comparison of cycle operating conditions and each 

considered fluid. The following equations which calculate the net work output and the 

efficiency of the cycle were evaluated as follows: 

𝑊̇𝑛𝑒𝑡 = 𝑊̇𝑒𝑥𝑝 − 𝑊̇𝑝𝑢𝑚𝑝   (7-7) 

𝜂𝑆𝑂𝑅𝐶 = 𝑊̇𝑛𝑒𝑡×103

𝑄̇𝑔𝑎𝑖𝑛
  (7-8) 

7.4. Boundary conditions of the simulation model 

The followings represent the constraints of the simulations as: 

• Because of the leakage and safety concerns of the flat plate collector pressure in 

domestic applications the maximum pressure of the cycle is limited to 1.5MPa 

(15 bar). 

• Minimum condenser pressure should not be lower than 0.05 bar 

• Pump isentropic efficiency is 0.6 

7.5. Pre-selection of working fluids 

In order to limit the number of the working fluids to be considered in the analysis, some 

working fluids were omitted from the analysis based on their environmental properties 

and saturation pressure values. For instance Table 7-2 represents the fluids which show 

a condensing pressure less that 0.05 bar at 25 °C. Furthermore, Chlorofluorocarbons 

(CFCs) and hydrochlorofluorocarbons (HCFCs) which have ozone depletion potential 
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were eliminated from the analysis. Consequently, fluids with zero ozone depletion 

potential and a saturation pressure greater than 0.05 bar at 25 °C were considered in this 

analysis. The considered twenty four fluids can be categorised as Hydrocarbons (HCs), 

Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), Hydrofluoroolefins (HFOs) and 

Hydrofluoroethers (HFEs). Properties of the considered fluids are represented in 

Appendix B. 

Table 7-2 Fluids with a condensation pressure less than 0.05 bar 

Fluid 
Condensation 
pressure at 25 ºC 
(bar) 

D4  0.0012 
Decane  0.001 
Dodecane  0.0001 
Ethyl benzene 0.012 
MDM 0.004 
MD2M 0.0005 
MD3M 0.00006 
m-xylene 0.011 
Nonane 0.005 
Octane 0.018 
p-xylene 0.011 
Toluene 0.037 
   

Table 7-3 List of the considered fluids 

Fluid Alt. Name Type 
Trans-2-butene  HC 
Cis-2-butene  HC 
1-butene  HC 
Isobutane R600a HC 
Butane R600 HC 
Neopentane  HC 
Isopentane R601a HC 
Pentane R601 HC 
Isohexane  HC 
Hexane  HC 
Cyclohexane  HC 
1,1,1,2-tetrafluoroethane R134a HFC 
1,1-difluoroethane R152a HFC 
1,1,1,2,3,3,3-heptafluoropropane R227ea HFC 
1,1,1,2,3,3-hexafluoropropane R236ea HFC 
1,1,1,3,3,3-hexafluoropropane R236fa HFC 
1,1,1,3,3-pentafluoropropane R245fa HFC 
1,1,2,2,3-pentafluoropropane R245ca HFC 
Octafluorocyclobutane RC318 PFC 
Methyl-heptafluoropropyl-ether RE347mcc HFE 
2,2,2-trifluoroethyl-difluoromethyl-ether RE245fa2 HFE 
2,3,3,3-Tetrafluoropropene R1234yf HFO 
Trans-1,3,3,3-tetrafluoropropene R1234ze HFO 
Trans-1-chloro-3,3,3-trifluoropropene R1233zd HFO 
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7.6. Simulation results and discussion of the solar ORC 

The results of the proposed simulation study of the solar ORC are taken from section 4 

of Paper III. The considered fluids in this study are given in Table 7-3. 

It is worth mentioning that some of the considered fluids showed pressure values higher 

than 15 bars at some cycle pressure ratio points. As the allowable maximum pressure in 

the collector was set to 15 bar, the cases where fluid exceeded the limit were not taken 

into account (Table 7-4). 

Table 7-4 List of the fluids which showed a saturation pressure higher  than 15 bar at various pressure 
ratio values 

Fluid 

Pressure Ratio 
Pcond at 
25 ºC 
(bar) 

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 

1-butene 2.95 4.43 5.91 7.39 8.87 10.35 11.83 13.31 14.79 16.27 17.75 
R-600a 3.49 5.23 6.98 8.72 10.47 12.21 13.96 15.71 17.45 19.20 20.94 
R-134a 6.62 9.93 13.2 16.56 19.87 23.18 26.49 29.80 33.12 36.43 39.74 
R-152a 5.93 8.90 11.8 14.84 17.81 20.78 23.75 26.71 29.68 32.65 35.62 
R-227ea 4.52 6.78 9.05 11.31 13.57 15.84 18.10 20.36 22.63 24.89 27.15 
R-236fa 2.7 4.05 5.41 6.76 8.11 9.47 10.82 12.17 13.52 14.88 16.23 
RC-318 3.11 4.66 6.22 7.77 9.33 10.88 12.44 13.99 15.55 17.10 18.66 
R1234yf 6.79 10.1 13.5 16.9 20.3 23.78 27.18 30.5 - - - 
R1234ze 4.96 7.44 9.92 12.4 14.88 17.36 19.85 22.33 24.81 27.29 29.77 
 

7.7. Collector analysis 

This section analyses the effect of cycle pressure ratio and the fluid thermophysical 

properties such as saturation temperature on the collector heat loss and collector 

efficiency.  
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Figure 7-3 Collector efficiency versus cycle pressure ratio for a) HCs b) HFC-PFCs c) HFEs d) HFOs 

The simulation results indicates that the collector efficiency varied between 59.19% and 

37.44% where the cycle pressure ratio increased from 1.5 to 6 considering all the 

investigated fluids. Furthermore, the collector efficiency decreased with the increasing 

pressure ratio of the cycle for each fluid including HCs, HFCs, PFCs, HFEs and HFOs 

(Figure 7-3). This is due to the higher saturation temperature points of the fluids at 

higher collector, in other words evaporation pressure points. As the collector pressure 

increased with the increasing cycle pressure ratio, the collector temperature rose and 

this caused a higher amount of heat to be transferred to the atmosphere (Marion, M. et 

al., 2012). For instance, Figure 7-4 indicates the relation between the saturation 

temperature and the amount of the heat loss from the collector. As it can be seen these 

results are in agreement with the proposed findings in section 6.3.   
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Figure 7-4 Collector heat loss and saturation temperature versus pressure ratio 

7.8. Expander analysis 

Figure 7-5 represents the expander efficiency values for each considered fluid with the 

increasing pressure ratio values. The expander efficiency increased when the cycle 

pressure ratio rose from 1.5 to 2.5 and reached its maximum at the pressure ratio of 2.5. 

Then, the expander efficiency decreased as the pressure ratio increased from 2.5 to 6. 

This behaviour shows that when the expander pressure ratio was lower than its designed 

pressure ratio which was calculated as 2.5, the expander operated under over-expansion. 

As the pressure ratio approached to 2.5 which indicates the ideal operating conditions 

for the proposed expander, the efficiency increased. However, as the expander pressure 

ratio became distant from 2.5, the expander operated under under-expansion and its 

efficiency decreased. This shows that the expander design characteristics such as built-

in volume ratio has an effect on the operating conditions of the expander, as well as its 

efficiency due to the presenting different expander losses under different operating 

conditions (under and over-expansion) (Kim, Y. M. et al., 2014; Kolasiński, P., 2015). 

For example, when utilising R600, the expander efficiency increased from 49.26%  to 

69.98% when the cycle operating pressure rose from 1.5 to 2.5.   Then, its efficiency 

decreased to 59.94 when the pressure ratio reached 6.  
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Figure 7-5 Expander efficiency under various pressure ratio a) HCs b) HFC-PFCs c) HFEs d) HFOs 

It is worth mentioning that the maximum expander efficiency did not occurred at the 

pressure ratio of 2.5 for the fluids such as R134a and R1234yf because of their 

saturation pressure limitation. The simulation results reveal that 1-butene showed the 

highest expander efficiency (70.1%) among all the investigated fluids.   

7.9. Condenser analysis 

Based on the Eq. (5-36), the amount of the heat that was rejected from the condenser 

varied between 1729 W and 3223.96 W. That is to say that this amount of heat was 

transferred to the cooling water in the condenser and subsequently, increased its 

temperature at the outlet of the condenser. The mass flow rate of the cooling water and 

the cooling water temperature at the outlet of the condenser was calculated according to 

the equations from (5-37) to (5-38) for each considered fluid and the results are given in 

Table 7-5.  
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Table 7-5 Investigated cooling water mass flow rate and outlet temperature at pressure ratio of 1.5 

Fluid Cooling water mass 
flow rate (kg/s) 

Cooling water inlet 
temperature (°C) 

Cooling water outlet 
temperature (°C) 

Trans-2-butene 0.091 12 20.21 
Cis-2-butene 0.092 12 20.11 
1-butene 0.091 12 20.16 
R600a 0.087 12 20.25 
R600 0.091 12 20.14 
Neopentane 0.09 12 20.33 
R601a 0.092 12 20.16 
R601 0.093 12 20.14 
Isohexane 0.094 12 20.18 
Hexane 0.094 12 20.2 
Cyclohexane 0.094 12 19.99 
R134a 0.093 12 20.13 
R152a 0.093 12 20 
R227ea 0.09 12 20.39 
R236ea 0.092 12 20.22 
R236fa 0.092 12 20.23 
R245fa 0.093 12 20.18 
R245ca 0.093 12 20.18 
RC318 0.09 12 20.45 
RE347mcc 0.091 12 20.43 
RE245fa2 0.093 12 20.23 
R1234yf 0.091 12 19.01 
R1234ze 0.091 12 20.24 
R1233zd 0.09 12 18.65 

 

For each investigated fluid, the cooling water temperature at the condenser outlet was 

approximately 6-8 °C higher than that of the inlet temperature. Although, the cooling 

water outlet temperature is not high enough to cover hot water needs of a household, it 

can be directed to a hot water tank to supply some pre-heated water as it was 

represented in section 4.1.4 of the thesis.  

7.10. Solar ORC analysis 

The net work output and the thermal efficiency of the solar ORC is discussed in this 

section. The generated net work output initially rose, then it reached a peak and 

remained almost constant with the increasing pressure ratio for 1-butene, R600a, 

hexane, Isohexane, Cyclohexane, R236fa, R245fa and RE245fa2. This trend in the net 

work output is due to the three mains factors which are a decrease in the working fluids 

mass flow rate and an increase in the pump work and an enthalpy drop. Namely, the 

enthalpy drop within the expander for each fluid augmented as the cycle operating 

pressure ratio increased which enhanced the generated mechanical work in the 

expander, as well as the net mechanical work of the cycle. However, at the same time 

with the increasing pressure ratio of the cycle, the mass flow rate of the working fluids 
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decreased and the pump work increased which have a negative effect on the net 

mechanical work. The cycle net mechanical work increased when the enthalpy drop was 

dominant compared to the effects of the mass flow rate and the pump work. After a 

certain point, the negative effects of the mass flow rate and the pump work compensated 

the positive effect of the enthalpy drop in the expander. Then, the net mechanical work 

of the cycle did not show any further increase. Similar finding were reported in (Wang, 

M. et al., 2013). This negative effects were even more profound for the fluids such as 

trans-2-butene, cis-2-butene, R600, neo-pentane, R601a, R236ea, R245ca, RE347mcc 

and R1233zd where the net mechanical work started to decrease after a certain point of 

pressure ratio. 

 

Figure 7-6 Net work output versus pressure ratios of the cycle for a) HCs b) HFC-PFCs c) HFEs d) HFOs 

On the other hand, the thermal efficiency of the cycle presented a different behaviour 

than the net work output. Namely, the cycle efficiency increased gradually with the 

increasing cycle pressure ratio (Figure 7-7) whereas the net work output showed a 

maximum point (Figure 7-6). The upward trend of cycle efficiency is due to the 

combined effects of the collector efficiency which is related to the cycle heat input and 

the net mechanical work of the cycle. That is to say that although, the net work output 

of the cycle remained constant or decreased after a certain point of the cycle pressure 
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ratio, the decreasing trend of the collector efficiency, in other words the cycle heat input 

as the collector was utilised as an evaporator of the cycle led the cycle efficiency 

increase gradually (see Eq. (7-8)). Similar trend was reported in (Zhai, H. et al., 2014). 

 
Figure 7-7 Solar ORC efficiency versus various pressure ratio for a) HCs b) HFC-PFCs c) HFEs d) HFOs 

In general, hydrocarbons such as trans-2-butene, cis-2-butene, 1-butene, R600 and 

R600a provided the highest net work output of the cycle and the highest cycle efficiency 

was obtained by trans-2-butene (9.76%) and cis-2-butene (9.69%) among the 

investigated fluids. The operating conditions and efficiency values of the collector, the 

expander and the cycle efficiency at the maximum net work output for each investigated 

fluid is represented in Appendix C 

7.11. Environmental and safety aspects of the considered fluids 

Previously, in section 6.3 it was stated that although R134a provides higher collector 

efficiency than HFE 7000, the former has a higher global warming potential than the 

latter and it would be crucial to discuss the environmental effects together with their 

thermophysical properties. Table 7-6 shows the global warming potential and safety 

properties of the investigated fluid. Generally, the fluids which belong to HFCs and 
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PFC have high global warming potential. Furthermore, hydrocarbons are more 

flammable than HFCs, HFEs and HFOs. 

Table 7-6 Environmental and safety properties of the considered fluids 

Fluid Alt. Name Type GWP Safety 
Trans-2-butene  HC ~20   - 
Cis-2-butene  HC ~20   - 
1-butene  HC ~20  - 
Isobutane R600a HC ~20   A3  
Butane R600 HC ~20   A3  
Neopentane  HC ~20   - 
Isopentane R601a HC ~20   A3  
Pentane R601 HC ~20   A3  
Isohexane  HC ~20   - 
Hexane  HC ~20    - 
Cyclohexane  HC ~20    A3  
1,1,1,2-tetrafluoroethane R134a HFC 1370  A1  
1,1-difluoroethane R152a HFC 133    A2  
1,1,1,2,3,3,3-
heptafluoropropane R227ea HFC 3500  A1  

1,1,1,2,3,3-
hexafluoropropane R236ea HFC 1410  - 

1,1,1,3,3,3-
hexafluoropropane R236fa HFC 6300  A1  

1,1,1,3,3-pentafluoropropane R245fa HFC 1050  B1  
1,1,2,2,3-pentafluoropropane R245ca HFC 726    - 
Octafluorocyclobutane RC318 PFC 10300  A1  
Methyl-heptafluoropropyl-
ether RE347mcc HFE 450    Non-flammable  

2,2,2-trifluoroethyl-
difluoromethyl-ether RE245fa2 HFE 659    - 

2,3,3,3-Tetrafluoropropene R1234yf HFO 4        A2L  
Trans-1,3,3,3-
tetrafluoropropene R1234ze HFO 6        A2L  

Trans-1-chloro-3,3,3-
trifluoropropene R1233zd HFO 7       A1     

 A: Lower toxicity, B: Higher toxicity, 1: Non-flammable, 2: Lower flammability 3: Higher flammability 

7.12. Overall analysis of the considered thermo-fluids 

It is worth mentioning that there is no one specific fluid that can satisfy all the criteria 

for the proposed low-temperature solar thermal system. The decision should be made 

based on the desired criteria. For instance, hydrocarbons such as R600a, R600 and 

cyclohexane provide net work output and high thermal efficiency yet they have 

flammability problems. Secondly, R236fa, R227ea and R134a have high GWP. Lastly, 

fluids such as R134a, R152a, R1234yf, R1234ze represents high saturation pressure at 

condensation temperature of 25 °C and this limits the cycle operating pressure ratio, as 

well as the system performance. It is also important to note that fluid mixtures, in other 

words blending a compound with other compounds that have lower flammability and 
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GWP could restrain the flammability and GWP issues (Wang, J. et al., 2010). This is 

discussed in Chapter 10 in detail. 
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Chapter 8 CFD analysis of HFE 7000 based nano-refrigerants 

This chapter covers the CFD analysis of HFE 7000 based various nano-refrigerants 

under four different Reynolds number and four different particle volume concentration 

ratios. The detailed analysis of HFE 7000 based Al2O3, SiO2, CuO and MgO nano-

refrigerants which is taken from Paper V is discussed. In addition to that, further 

analysis results of HFE 7000 based 8 nano-refrigerants where the increase in the heat 

transfer coefficient is represented in this chapter. 

8.1. Background of the study 

It was previously mentioned that nanofluids where various nanoparticles are dispersed 

in water and ethylene glycol have been used in solar thermal applications as a working 

fluid. It was concluded from both experimental and theoretical studies that utilising 

nanofluids which have better thermal-properties than that of a base fluid provide a 

higher heat transfer mechanism. On the other hand, nano-particles could be suspended 

in refrigerants and utilised in applications such as refrigeration, heat pump, air 

conditioning and solar thermal. However, in the literature there are limited numbers of 

numerical and experimental studies on nano-refrigerants heat transfer characteristics, 

particularly convective flow characteristics of nano-refrigerants.  

Table 8-1 The considered parameters of the simulation study 

Base fluid HFE 7000, water 

Particle Al2O3, SiO2, CuO , MgO 

Reynolds number 400, 800, 1200, 1600 

Volume concentration ratio (%) 0%, 2%, 4%, 6% 

Heat flux (W/m2) 1000 

 

Therefore, the laminar forced convection flow characteristics of HFE 7000  based 

Al2O3, SiO2, CuO and MgO nano-refrigerants in a horizontal tube under constant heat 

flux is numerically analysed and represented in this section. The effects of Reynolds 

number and particle volume concentration ratio on both the heat transfer coefficient and 

the pressure drop of each nanofluid was investigated. Furthermore, the entropy 

generation analysis is provided for each nanofluid flow to specify the most beneficial 

nanofluid with optimum working conditions that minimises the total entropy generation 

of the flow. The considered parameters in the simulations study is given in Table 8-1. 
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8.2. Nano-refrigerant thermophysical properties 

The thermophysical properties of the considered nano-refrigerants were discussed in 

section 3.2 of Paper V.  

Thermal and physical properties such as the thermal conductivity, density, specific heat 

and viscosity of the considered nano-refrigerants were evaluated by using the formulas 

below: 

Thermal conductivity  

𝑘𝑛𝑓 = 𝑘𝑏𝑓
�𝑘𝑠+(𝑛−1)𝑘𝑏𝑓+(𝑛−1)𝜙(𝑘𝑠−𝑘𝑏𝑓)�

�𝑘𝑠+(𝑛−1)𝑘𝑏𝑓−𝜙(𝑘𝑠−𝑘𝑏𝑓)�
  (8-1) 

In Eq. (8-1), kbf and knf indicates the thermal conductivity of the base fluid which is 

HFE 7000 and the thermal conductivity of the nanoparticles which are Al2O3, SiO2, 

CuO and MgO in this study. The nanoparticles were assumed to be spherical and 

therefore, n was taken as 3 in the calculations (Hamilton, R. and Crosser, O., 1962).  

Viscosity 

Dynamic viscosity of the nano-refrigerants were calculated by using the equation which 

was developed by Einstein depending on the kinetic theory (Einstein, A., 1906).     

𝜇𝑛𝑓 = 𝜇𝑏𝑓(1 + 2.5𝜙)  (8-2) 

where µbf is the dynamic viscosity of the HFE 7000. 

Density 

Pak and Chao developed a correlation utilising densities of base fluid and particle (Pak, 

B. C. and Cho, Y. I., 1998).  

𝜌𝑛𝑓 = 𝜙𝜌𝑠 + (1 − 𝜙)𝜌𝑏𝑓  (8-3) 

Specific heat 

𝐶𝑝,𝑛𝑓 = 𝜙(𝜌𝐶𝑝)𝑠+(1−𝜙)(𝜌𝐶𝑝)𝑏𝑓
𝜙𝜌𝑠+(1−𝜙)𝜌𝑏𝑓

  (8-4) 

8.3. Numerical analysis 

8.3.1. Flow domain 

This section is taken from section 2 of Paper V. The schematic of the flow domain is 

demonstrated in Figure 8-1. The tube which has a length of 1.2 m and a diameter of 
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0.00475 m was subjected to 1000 W/m2 constant heat. Furthermore, the flow was 

assumed to be symmetrical and the investigated nano-refrigerants and pure HFE 7000 

goes into the tube at 283 K. 

 

 
Figure 8-1 Schematic of the flow domain under consideration (Helvaci, H. U. and Khan, Z. A., 2017) 

8.3.2. Mathematical modelling 

This section is taken from section 3.1 of Paper V. The continuity, momentum and 

energy equations for laminar, incompressible flow are expressed as: 

Continuity equation 

𝛻. �𝜌𝑛𝑓𝑣� = 0  (8-5) 

Momentum equation 

𝛻. �𝜌𝑛𝑓𝑣𝑣� = −𝛻𝑃 + 𝛻. (𝜇𝑛𝑓𝛻𝑣)  (8-6) 

Energy equation 

𝛻�𝜌𝑛𝑓𝑣𝐶𝑝𝑇� = 𝛻(𝑘𝑛𝑓𝛻𝑇)  (8-7) 

8.3.3. Boundary conditions 

This section is taken from section 3.3 of Paper V. The boundary conditions which were 

applied in the analysis are given in Table 8-2. 

Table 8-2 Boundary conditions of the problem 

Component vx (m/s) vr (m/s) P (bar) T (K) 

Inlet u 0 1 283 

Outlet ? 0 ? ? 

Wall 0 0 ? −𝑘𝑛𝑓
𝜕𝑇
𝜕𝑟
�
𝑟=𝑅

= 𝑞′′  

 

u indicates the velocity component in the x direction and it was calculated for each 

nano-refrigerant according to the defined Reynolds number of the flow (400, 800, 1200, 

1600). The velocity at the wall was zero as no-slip boundary conditions were applied. 

Finally, constant heat flux (𝑞′′) boundary conditions were utilised at the upper wall of 

the tube. 
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8.4. Numerical method 

In this study, the single phase homogeneous model was applied in order to investigate 

flow characteristics of the investigated nano-refrigerants. The finite volume solver 

Fluent 6.3.26 was utilised to solve the continuity, momentum and energy equations, 

with the defined boundary conditions. The convective and diffusive terms were solved 

by employing the second order upwind scheme and pressure-velocity coupling was 

modelled by utilising the SIMPLE algorithm.  

8.5. Data reduction 

The calculation of heat transfer coefficient, Nusselt number and entropy generation was 

discussed in detail in section 4.1 of Paper V. The convective heat transfer coefficient 

(local and average) was calculated as follows: 

ℎ (𝑥) =  𝑞′′

𝑇(𝑥)𝑤𝑎𝑙𝑙−𝑇(𝑥)𝑓
  (8-8) 

ℎ𝑎𝑣𝑒 =  1
𝐿 ∫ ℎ(𝑥)𝑑𝑥𝐿

0   (8-9) 

The entropy generation of the flow was represented as the summation of thermal and 

frictional entropy generation by the use of the following as: 

𝑆𝑡𝑜𝑡 = (𝑞′′)2𝜋𝐷2𝐿
𝑁𝑢𝑎𝑣𝑒𝑘𝑇𝑎𝑣𝑒2

+ 32𝑚̇3𝑓𝐿
𝜋2𝜌2𝑇𝑎𝑣𝑒𝐷5

  (8-10) 

where Nuave, Tave and f represents the Nusselt number, fluid average temperature and 

friction factor and they can be calculated from: 

𝑁𝑢𝑎𝑣𝑒 =  ℎ𝑎𝑣𝑒𝐷
𝑘

  (8-11) 

𝑇𝑎𝑣𝑒 =  𝑇𝑖𝑛−𝑇𝑜𝑢𝑡
𝑙𝑛�

𝑇𝑖𝑛
𝑇𝑜𝑢𝑡

�
  (8-12) 

𝑓 = 2∙∆𝑃∙𝐷
𝜌∙𝑉2∙𝐿

  (8-13) 

8.6. Simulation results and discussion 

This section discusses the effect of the Reynolds number, particle type and particle 

concentration ratio on the heat transfer coefficient, pressure drop and entropy generation 

analysis of the flow. All the results were taken from sections 4.2 and 4.3 and section 5 

of Paper V. 
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8.6.1. Grid independency test 

It is important to perform a grid independency analysis to guarantee the precision of the 

results. Thus, a grid independency test with various sets of uniform grids was conducted 

considering both water and HFE 7000 at Reynolds number of 800 and 1600. The 

analysis results are represented in Table 8-3. Grid 4 which has 2000 cells in x and 40 

cell in y direction was used in the simulations as it provides satisfactory results (Table 

8-3).  

Table 8-3 Grid independency analysis results (Helvaci, H. U. and Khan, Z. A., 2017) 

Grid number 
Number of cells  

in x direction 

Number of cells 

in y direction 
h (pure water) h (pure HFE 7000) 

Re = 800 

1 250 5 755.384 125.05 

2 500 10 728.2 116.41 

3 1000 20 720.32 114.63 

4 2000 40 718.47 114.16 

5 3000 40 719.26 114.21 

Re = 1600 

1 250 5 1120.64 158.05 

2 500 10 1032.7 146.14 

3 1000 20 1011.44 142.68 

4 2000 40 1006.25 141.86 

5 3000 40 1007.34 142 

 

8.6.2. Validation of the model 

The experimental analysis of Al2O3/water nanofluid conducted by Anoop (2009) was 

used to validate the model accuracy as there is no experimental and theoretical study of 

HFE 7000 based nanofluids in the literature (Anoop, K. et al., 2009).  The numerical 

model results for utilising water and Al2O3/water nanofluid (ϕ = 4%) were compared 

with the experimental results. The simulation results of the heat transfer coefficient in 

the axial direction showed a good agreement between the experimental results where the 

maximum discrepancy was found to be 12% (Figure 8-2). 
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Figure 8-2 Comparison between the simulated and experimental results (Helvaci, H. U. and Khan, Z. A., 
2017) 

8.6.3. Temperature analysis 

The temperature of Al2O3-HFE 7000 (ϕ = 0, 1, 4, 6%) and the wall temperature in axial 

direction is represented in Figure 8-3. It can be observed from Figure 8-3 that the higher 

nanoparticle volume concentration ratio the lower temperature difference between the 

wall and bulk temperature. This can be explained by the fact that a higher heat transfer 

rate occurred when the particle concentration ratio increased which is due to the 

superior thermophysical characteristics of Al2O3-HFE 7000 nano-refrigerant at higher 

concentration ratio. Similar findings were reported in (Bergman, T., 2009).    
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Figure 8-3 Axial distribution of wall and fluid temperature of Al2O3 nanofluid at various volume 
concentrations (Helvaci, H. U. and Khan, Z. A., 2017) 

8.6.4. Convective heat transfer analysis 

The heat transfer coefficients of the investigated nano-refrigerants at Reynolds number 

of 400, 800, 1200 and 1600 and particle volume concentration of 0%, 1%, 4% and 6% 

are demonstrated in Figure 8-4. The heat transfer coefficients of each nano-refrigerant 

increased with the increasing volume concentration ratio and the Reynolds number 

(Figure 8-4). This can be explained by the fact that the higher concentration ratio, the 

greater enhancement in the thermal conductivity of a nanofluid. Similar results were 

reported in various studies (Moraveji, M. K. and Ardehali, R. M., 2013; Moraveji, M. 

K. et al., 2011; Purohit, N. et al., 2016). The highest increase in the heat transfer 

coefficient was observed for MgO-HFE 7000 nano-refrigerant. For instance, the 

increase in the heat transfer coefficient at Reynolds number of 400 and concentration 

ratio of 6% was found to be 17.5% for MgO-HFE 7000, 16.9% for Al2O3-HFE 7000, 

15.1% and 14.6% for CuO-HFE 7000 and SiO2-HFE 7000 respectively. The increase in 

the heat transfer coefficient is proportional to the thermal conductivity of the 

nanoparticles. In other words, the increase in the heat transfer coefficient of a nanofluid 

is highly dependent of the enhancement in the thermal conductivity of a nanofluid when 

utilising the single phase model in laminar flow region (Bianco, V. et al., 2009). 
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Figure 8-4 Variation of the heat transfer coefficients at different Reynolds number for (a) Al2O3-HFE 
7000, (b) CuO-HFE 7000, (c) SiO2-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A., 

2017) 

8.6.5. Pressure drop analysis 

Pressure drop of each nano-refrigerant at various Reynolds number and concentration 

ratio is shown in Figure 8-5. The increase in the Reynolds number and concentration 

ratio caused an enhancement in the pressure drop of each nano-refrigerant flow (Figure 

8-5). The highest amount of pressure drop was found in SiO2-HFE 7000 nanofluid 

(28.2%) and it was followed by MgO-HFE 7000 which accounts for 21.5%. It can be 

concluded that nano-refrigerants cause a higher pressure drop compared to that of base 

fluid. Because the nano-refrigerants have a higher viscosity and they become even more 

viscous as the volume concentration ratio increases (Figure 8-5) (Demir, H. et al., 

2011).  
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Figure 8-5 Variation of pressure drop at different Reynolds number for (a) Al2O3-HFE 7000, (b) CuO-
HFE 7000, (c) SiO2-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A., 2017) 

8.6.6. Entropy generation analysis 

The entropy generation of each nano-refrigerant which is caused by the thermal and 

frictional irreversibilities at various Reynolds numbers (400-1200) and concentration 

ratios (0%-6%) are discussed in this section. Figure 8-6 and Figure 8-7 indicates the 

frictional and thermal entropy generation of the nano-refrigerants. It can be observed 

from Figure 8-6 and Figure 8-7 that the increase in the Reynolds number enhanced the 

frictional irreversibility whereas decreased the thermal irreversibility for each nano-

refrigerant and base fluid. The decrease in the thermal entropy generation can be 

explained by the fact that the heat transfer coefficient, as well as the heat transfer 

mechanism increased in parallel with the increasing Reynolds number (Figure 8-4). On 

the other hand, the higher Reynolds number caused  higher velocity profiles which 

resulted in a greater frictional irreversibility (Saha, G. and Paul, M. C., 2015). Similarly, 

the increase in the volumetric concentration ratio resulted in a decrease in the thermal 

entropy generation whereas an increase in the frictional entropy generation. This is due 

to the fact that a higher thermal conductivity obtained for nano-refrigerants with a 

higher volumetric concentration ratio. In other words, a higher thermal conductivity 
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resulted in a decrease in the thermal dissipation between the nano-refrigerants and the 

wall due to the increase in the heat transfer mechanism.   

 
Figure 8-6 Variation of frictional entropy generation at different Reynolds number for (a) Al2O3-HFE 
7000, (b) CuO-HFE 7000, (c) SiO2-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A., 

2017) 

However, the viscosity of nanofluids rose with the increasing volume concentration 

ratio which caused a higher frictional entropy generation (Bianco, V. et al., 2014). 

Furthermore, the total entropy generation of each nano-refrigerant was divided by the 

entropy generation of the base fluid in order to define the thermodynamic performance 

of the flows. This is called exergy efficiency ratio of a flow and it was evaluated by the 

following equation: 

𝑆𝑔𝑒𝑛,𝑟𝑎𝑡𝑖𝑜 = 𝑆𝑔𝑒𝑛,𝑡𝑜𝑡,𝑛𝑓

𝑆𝑔𝑒𝑛,𝑡𝑜𝑡,𝑏𝑓
  (8-14) 

where Sgen,tot,nf  and Sgen,tot,bf  are the nanofluid and the base fluid total entropy generation 

respectively. As it is expected from Eq. (8-14), Sgen,ratio is 1for pure HFE 7000 which 

shows there is no contribution to the flow. Thus, the Sgen,ratio values close to zero shows 

great amount of contribution of nano particles to the flow.    
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Figure 8-7 Variation of thermal entropy generation at different Reynolds number for (a) Al2O3-HFE 7000, 

(b) CuO-HFE 7000, (c) SiO2-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A., 2017) 

At Reynolds number of 800, the Sgen,ratio of each nanofluid is represented in Figure 8-8. 

For each investigated nano-refrigerant, the addition of nanoparticles has a beneficial 

effect on the entropy generation reduction and this effect was more pronounced at 

higher volumetric concentration ratios.   

 
Figure 8-8 Entropy generation ratio of the nanofluids at Re = 800 
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For instance, the Sgen,ratio at concentration ratio of 1% was found to be 0.97 where as it 

decreased to 0.85 as the concentration ratio rose to 6% for MgO-HFE 7000 nano-

refrigerant. Furthermore,  for SiO2-HFE 7000, entropy generation ratio decreased from 

0.97 to 0.87 as the concentration ratio increased from 1% to 6%. It is important to note 

that as it was previously mentioned and also represented in Figure 8-6 and Figure 8-7, 

the frictional entropy generation and thermal entropy generation showed an opposite 

trend with the increasing concentration ratio. However, the total entropy generation 

decreased with the rising volumetric concentration ratio. Therefore, it can be concluded 

that the thermal entropy generation dominated the total entropy generation as the 

entropy generation due to the friction is smaller compared to the thermal entropy 

generation (Moghaddami, M. et al., 2012; Zhao, N. et al., 2016). 

In conclusion, the dispersion of the nanoparticles such as Al2O3, CuO, SiO2 and MgO in 

HFE 7000 resulted in an increase in the heat transfer coefficient of HFE 7000 which 

enhanced the heat transfer mechanism and decreased the total entropy generation of the 

flow. It can be also concluded that the HFE 7000 based Al2O3, CuO, SiO2 and MgO 

nano-refrigerants with the volumetric concentration ratio up to 6% offers a promising 

alternative to be utilised as a working fluid in the proposed solar thermal system.  

8.7. Analysis of further HFE 7000 based nano-refrigerants   

In addition to the considered particles (Al2O3, MgO, CuO and SiO2), eight nanoparticles 

which were studied in several nano fluid applications in the literature were analysed and 

represented in this section. Table 8-4 shows the increase in the average heat transfer 

coefficient of HFE 7000 based twelve nano-refrigerants including (Al2O3, MgO, CuO 

and SiO2) at 1%, 4% and 6% volumetric concentration ratio and Reynolds number of 

1200. It can be observed that in general, all the investigated nano-refrigerants show a 

beneficial effect on the average heat transfer coefficient. For instance, heat transfer 

coefficient of boron carbide (B4C) + HFE 7000 nano-refrigerant increased by 18.17% at 

particle volumetric concentration of 6%. Furthermore, HFE 7000 based boron nitride 

(BN) and beryllium oxide (BeO) nano-refrigerants could also be considered as potential 

thermo-fluids.  
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Table 8-4 Heat transfer coefficient augmentation at Re = 1200 

Particle 
1% 4% 6% 

have (%) have (%) have (%) 

Boron carbide (B4C) + HFE 7000 2.912 11.923 18.170 

Boron nitride (BN) + HFE 7000 2.861 11.708 17.834 

Beryllium oxide (BeO) + HFE 7000 2.761 11.293 17.193 

Magnesium oxide (MgO) + HFE 7000 2.723 11.130 16.950 

Graphite + HFE 7000 2.712 11.068 16.831 

Silicon (Si) + HFE 7000 2.690 10.969 16.679 

Aluminium nitride (AIN) + HFE 7000 2.671 10.915 16.609 

Silicon carbide (SiC) + HFE 7000 2.663 10.876 16.548 

Aluminium oxide (Al2O3) + HFE 7000 2.580 10.543 16.051 

Titanium dioxide (TiO2) + HFE 7000 2.461 10.056 15.305 

Silicon dioxide (SiO2) + HFE 7000 2.315 9.396 14.240 

Copper (II) oxide (CuO) + HFE 7000 2.149 8.858 13.555 

 

8.8. Analysis of the proposed solar ORC employing twelve nano-
refrigerants   

Previously, the solar ORC was mathematically modelled and simulated with 24 zero-

ODP refrigerants including HFE 7000. Furthermore, CFD simulations of HFE-7000 

based 12 nano-refrigerants were conducted and the particles effect on the heat transfer 

characteristics of HFE 7000  

 discussed in section 8.7. As it can be seen from Table 8-4, addition of the particles into 

pure HFE 7000 increased the heat transfer coefficient.  Previously, it was mentioned 

that nano-refrigerants can be used in ORC application such as working fluid and higher 

performance values can be obtained thanks to the improved thermo-physical properties 

of nano-refrigerants such as thermal conductivity compared to the that of base 

refrigerant. Therefore, it is important to evaluate the effect of nano-refrigerants on the 

net mechanical work of the solar ORC when they are used as working fluid of the cycle.  

This section reports the simulation analysis of the proposed ORC employing 12 HFE 

7000 based nano-refrigerants and their effect on the net generated mechanical work 

output. Operating conditions of the cycle simulation is given in Table 8-5. 
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Table 8-5 Operating conditions of the simulation 

Parameter Description 

Cycle Saturated 

Working fluid 12 HFE-7000 based nano-refrigerants 

Incoming solar radiation 800 W/m2 

Pressure ratio 5 

 

It is worth mentioning that the enhancement in the thermal properties of pure HFE 7000 

such as thermal conductivity, density, specific heat and viscosity only considered when 

the fluid is liquid, in other words when it is not saturated. Secondly, to make a 

benchmark analysis the fluid collector inlet temperature and fluid saturation temperature 

were assumed to be the same for each investigated nano-refrigerant, in other words the 

temperature difference between fluid saturation temperature in the collector and 

collector inlet temperature were the same for each nano-refrigerant. 

It can be seen from Table 8-6 that all the investigated nano-refrigerants lead a higher net 

work output compared to the pure HFE 7000. The highest improvement was obtained 

by TiO2 + HFE 7000 where the net work output increased from 170.08 W to 180.33 W. 

It was followed by SiO2 + HFE 7000 and Silicon (Si) + HFE 7000. This could be 

explained by the fact that all the considered nano-refrigerants have superior thermal 

conductivity values compared to pure HFE 7000. Consequently, this leads a higher heat 

transfer mechanism in the proposed cycle. However, it is important to note that thermal 

conductivity is not the only source of the enhancement in the net mechanical work 

output. Namely, a higher net work output was obtained with SiO2 + HFE 7000 (180.33 

W) than MgO + HFE 7000 (176.44 W) although, the thermal conductivity of MgO (45 

W/m K) particle is higher than SiO2 (1.2 W/m K). The reason for that could be the 

combined effect of thermal conductivity and specific heat of the nano-refrigerants. 

For instance, higher thermal conductivity of nano-refrigerants resulted in higher heat 

gained by the fluid in the collector. On the other hand, the nanoparticles have lower 

specific heat values compared to the pure HFE 7000. Thus, the increased heat gain of 

the fluid and the decreased specific heat of the nano-refrigerants resulted in higher mass 

flow rate values of the cycle as the temperature difference was kept constant in the 

collector (see Eq. 8.15). The heat balance of the collector in the single phase liquid 

region is calculated by the equation given below; 
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TCmQ pwfqain ∆××=
••

 (8-15) 

Therefore, it can be concluded that the increased thermal conductivity and decreased 

specific heat characteristics of the nano-refrigerants showed a beneficial effect on the 

cycle. It is also important to mention that the proposed simulation only considers the 

thermo-physical properties in the single phase flow. Therefore, in reality higher 

beneficial effects of the nano particles should be observed. 

Table 8-6 Simulation results of the solar ORC 

Fluid Net work output of the cycle (W) 

Pure HFE 7000 170.08 

Boron carbide (B4C) + HFE 7000 178.22 

Boron nitride (BN) + HFE 7000 179.32 

Beryllium oxide (BeO) + HFE 7000 176.23 

Magnesium oxide (MgO) + HFE 7000 176.44 

Graphite + HFE 7000 179.6 

Silicon (Si) + HFE 7000 180.19 

Aluminium nitride (AIN) + HFE 7000 178.53 

Silicon carbide (SiC) + HFE 7000 178.85 

Aluminium oxide (Al2O3) + HFE 7000 179.9 

Titanium dioxide (TiO2) + HFE 7000 180.66 

Silicon dioxide (SiO2) + HFE 7000 180.33 

Copper (II) oxide (CuO) + HFE 7000 183.1 
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Chapter 9 Conclusions 

9.1. Fulfilling the objectives of the thesis 

9.1.1. To conduct an experimental analysis of the low-temperature solar thermal 
system 

These conclusions are based on the work conducted in Chapter 3 and Chapter 4. 

Initially, a low-temperature solar thermal system which consists of a solar ORC and 

heat recovery units were designed commissioned and tested experimentally. A novel 

and environmentally friendly thermal fluid HFE 7000 was employed in the ORC unit. 

The flat plate collector was utilised as an evaporator in the ORC unit to provide 

sufficient heat to the fluid. Therefore, the collector was used as a vapour generator of 

the cycle. Then, the generated vapour in the collector expanded in the expander and 

generated mechanical work. A heat recovery unit was connected to the ORC unit to 

recover some portions of the rejected heat from the condenser. The experimental data 

was analysed through the first and second law analysis of thermodynamics. The 

experimental results showed that the collector with a thermal efficiency of 57.53% was 

able to provide a superheated vapour at 45.41ºC to the expander. In the expander 146.74 

W of mechanical energy was generated and the expander efficiency was calculated to be 

58.66%.  An average amount of 3406 W heat was transferred to the cooling water in 

condenser and 23.2% of this heat was recovered in the hot water storage tank for further 

uses. The second law analysis results indicated that the highest amount of exergy 

destruction was observed in the collector (431W) and this was followed by the expander 

(95W). The solar ORC was able to generate 135.96 W of net mechanical work with a 

thermal and exergy efficiency of 3.81% and 17.8% respectively. Furthermore, it was 

highlighted in the parametric analysis of the solar ORC that the cycle operating pressure 

ratio and the degree of superheat play an important role on the first and second law of 

the cycle. In conclusion, this experimental work demonstrated that the proposed low-

temperature solar thermal cycle, employing new generation and environmentally 

friendly thermo-fluid HFE 7000 is a feasible option for mechanical and heat energy 

generation. 

9.1.2. To mathematical model the solar ORC 

These conclusions are based on the work conducted in Chapter 5. The proposed solar 

ORC was mathematically modelled where the flat plate solar energy collector and the 

vane expander were utilised as the heat source and the prime mover of the cycle similar 
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to the work which was represented in Chapter 3 and Chapter 4. In accordance with the 

findings of section 4.3, both the collector and the expander efficiencies are varied 

according to the fluid thermophysical properties and cycle operating conditions. This 

was done to take these effects into consideration when analysing the performance of the 

solar ORC. 

9.1.3. To conduct a simulation study of the flat plate collector and the solar ORC   

These conclusions are based on the work conducted in Chapter 6 and Chapter 7. The 

numerical analysis of the modelled collector was conducted to analyse the collector 

performance under various operating conditions by determining the fluid mean 

temperature, fluid heat gain and the collector heat loss. In the analysis, HFC-134a which 

was utilised as the working fluid of the collector entered the collector as a sub-cooled 

liquid and left the collector as a superheated vapour. The simulation results showed that 

a higher heat transfer coefficient of the fluid was obtained in the flow boiling region 

compared to the single phase (liquid and vapour) region. Furthermore, it was 

highlighted in the study that collector operating conditions such as the collector 

pressure, the fluid mass flow rate and the fluid thermal properties have an effect on the 

collector performance.  In Chapter 7, the solar ORC was simulated under various 

operating conditions with twenty four thermo-fluids. In the simulations, the effect of 

each fluid's thermophysical property and cycle operating conditions were discussed. In 

addition to that the environmental impacts of the considered fluids were also considered 

in the analysis. A significant effect of the cycle pressure ratio on the collector, expander 

efficiency, as well as the cycle efficiency was observed from the analysis. In general, 

similar findings were reported in this study where the cycle pressure and the physical 

properties of the fluids play an important role on the component efficiencies, therefore 

the cycle performance.  

The simulation results revealed that among the investigated fluids trans-2-butene, cis-2-

butene, 1-butene, R600a, R600, R601, R601a, neopentane, R227ea, R236fa, RC318 and 

R1234ze provided higher values of net work output of the cycle. However, fluids such 

as trans-2-butene, cis-2-butene, 1-butene, R600a, R600, R601, R601a are hydrocarbons 

and they have flammability issues. Having a high global warming potential is also the 

disadvantages of RC 318and R236fa. Furthermore, R134a, R152a, R227ea, R1234yf, 

and R1234ze have a considerably high saturation pressure at the designed condenser 

temperature which limits their utilisation at higher cycle operating pressure conditions. 

 112 



Chapter 9 Conclusions   

 

On the other hand, HFEs such as RE347mcc and RE245fa2 and HFOs such as R1234yf 

andR1233zd are environmentally friendly fluids in terms of global warming potential 

and have reliable safety characteristics such as flammability and toxicity yet they offer a 

moderate system performance and could be considered in low-temperature solar thermal 

systems. 

9.1.4. To perform a CFD analysis of HFE 7000 based various nano-refrigerants  

These conclusions are based on the work conducted in Chapter 8. CFD analysis where 

the convective heat transfer, pressure drop and entropy generation characteristics of 

HFE 7000 based Al2O3, CuO, SiO2 and MgO nanofluids were discussed. In addition to 

the considered nanorefrigerants, eight nano-refrigerants where boron carbide (B4C), 

boron nitride (BN), beryllium oxide (BeO), graphite, silicon, aluminium nitride (AIN), 

silicon carbide (SiC), titanium dioxide (TiO2) were dispersed in HFE 7000 was analysed 

in terms of the augmentation in the heat transfer coefficient of the nano-refrigerants 

compared to HFE 7000 base fluid. The simulation results showed that all the 

investigated nano-refrigerants showed an increased value of heat transfer coefficient and 

a decreased value of total entropy generation. This indicates that adding the above nano 

particles in HFE 7000 enhanced its thermophysical properties. Furthermore, increasing 

Reynolds number and particle volume concentration ratio has a positive effect on the 

heat transfer coefficient, as well as the thermal entropy generation of the flows. 

However, these effects also increase the pressure drop and frictional entropy generation 

of the flow. Because the thermal entropy generation effect was more pronounced 

compared to the frictional entropy generation, as a result the total entropy generation of 

the nano-refrigerant was diminished compared to the base fluid, therefore, it was 

observed that addition of the considered nanoparticles into the HFE 7000 was 

beneficial.  

This study also showed that the considered nano particles could be added into a thermo-

fluid which is environmentally friendly but has moderate thermophysical properties 

such as HFE 7000 to enhance its heat transfer properties that could be utilised in low-

temperature solar thermal systems.       
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Chapter 10 Future work 

In undertaking the present work a number of recommendations have become apparent 

for further research. These are briefly summarised here: 

10.1. A theoretical and experimental study of potential working fluid mixtures 
for the proposed solar thermal system  

The proposed solar thermal system was modelled in Chapter 5 and a simulation study of 

the system employing twenty four pure thermal fluids was conducted in Chapter 7. The 

current simulation study with the appropriate modifications in the mathematical model 

of the system should be extended for the investigation of working fluid mixtures 

(azeotropes, near-azeotropes and zeotropoes). This could demonstrate the potential 

advantages of utilising mixtures as a working fluid such as an increase in the system 

efficiency, a decrease in the condenser duty and obtaining a working fluid mixture 

which has negligible global warming potential.  

Furthermore, based on the simulation results, experimental study should be conducted 

to support the theoretical findings and investigate the possible disadvantages of fluid 

mixtures such as high temperature glide and leakage due to the possessing different 

vapour pressures. 

10.2. Numerical analysis of HFE 7000 based nano-refrigerants using two phase 
models  

CFD analysis of HFE 7000 based various nano-refrigerants was investigated and the 

results were discussed in Chapter 8. In the performed study, the single phase 

(homogeneous) model was utilised for the convective flow analysis of the considered 

refrigerants. However, the accuracy of the single phase model highly depends on the 

calculated effective thermophysical properties of the nanofluids. Furthermore, in the 

single phase model the slip velocity between the base fluid and the particles were 

assumed to be zero. Therefore, the convective flow analysis of the investigated 

nanorefrigerants should be investigated considering the two-phase models such as 

Eulerian and Langerian models and the results should be compared with the current 

findings.  

Furthermore, considering that turbulent flow regime is more desired in heat transfer 

applications, the analysis of the nano-refrigerants should also be considered under 

turbulent flow to investigate different mechanism for heat transfer augmentation.    
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10.3. Experimental investigation of the considered nano-refrigerants 

Experimental study should be performed in order to support the findings which were 

obtained from the CFD analysis. This would show if the nanorefrigerants are practically 

beneficial in heat transfer applications such as the proposed solar thermal system. 

Furthermore, it is also important to analyse the considered nanorefrigerants 

experimentally in multi-phase, in other words flow boiling conditions. This would 

demonstrate if the considered particles cause clogging due to the depositions of the 

particles especially when evaporation arises. 
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Appendix B: Properties of the considered fluids 
 

Fluid Alt. Name Type Tcrit 
(ºC) 

Pcrit 
(bar) 

Tboiling 
(ºC)* 

Molar 
Mass 
(kg/kmol) 

Trans-2-butene  HC 155.46 40.27 0.88 56.106 
Cis-2-butene  HC 162.6 42.25 3.72 56.106 
1-butene  HC 146.14 40.05 -6.31 56.10 
Isobutane R600a HC 134.66 36.29 -11.74 58.122 
Butane R600 HC 151.98 37.96 -0.49 58.122 
Neopentane  HC 160.59 31.96 9.5 72.149 
Isopentane R601a HC 187.2 33.78 27.83 72.149 
Pentane R601 HC 196.55 33.7 36.06 72.149 
Isohexane  HC 224.55 30.4 60.21 86.175 
Hexane  HC 234.67 30.34 68.71 86.175 
Cyclohexane  HC 280.45 40.805 80.71 84.159 
1,1,1,2-
tetrafluoroethane R134a HFC 101.06 40.593 -26.07 102.03 

1,1-difluoroethane R152a HFC 113.26 45.168 -24.02 66.05 
1,1,1,2,3,3,3-
heptafluoropropane R227ea HFC 101.75 29.25 -16.34 170.03 

1,1,1,2,3,3-
hexafluoropropane R236ea HFC 139.29 34.2 6.17 152.04 

1,1,1,3,3,3-
hexafluoropropane R236fa HFC 124.92 32.0 -1.49 152.04 

1,1,1,3,3-
pentafluoropropane R245fa HFC 154.01 36.51 15.14 134.05 

1,1,2,2,3-
pentafluoropropane R245ca HFC 174.42 39.40 25.26 134.05 

Octafluorocyclobutane RC318 PFC 115.23 27.775 -5.97 200.03 
Methyl-
heptafluoropropyl-ether RE347mcc HFE 164.55 24.762 34.19 200.05 

2,2,2-trifluoroethyl-
difluoromethyl-ether RE245fa2 HFE 171.73 34.33 29.25 150.05 

2,3,3,3-
Tetrafluoropropene R1234yf HFO 94.7 33.82 -29.45 114.04 

Trans-1,3,3,3-
tetrafluoropropene R1234ze HFO 109.36 36.34 -18.97 114.04 

Trans-1-chloro-3,3,3-
trifluoropropene R1233zd HFO 165.6 35.70 18.32 130.5 
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Appendix C: Cycle conditions at maximum net work output 
for each fluid 
 

Fluid Pressure 
ratio 

Ƞcol 
(%) 

Ƞexp 
(%) 

Net work 
output 
(W) 

ȠSORC 
(%) 

Trans-2-
butene 4.5 41.41 64.22 205.58 8.92 

Cis-2-butene 4.5 41.51 64.27 204.69 8.86 

1-butene 4.5 40.8 64.86 210.45 9.64 

R600a 4.5 37.44 65.1 195.82 9.39 

R600 4.5 41.59 63.78 204.80 8.84 

Neo-pentane 4 44.23 64.39 196.35 7.97 

R601a 4.5 44 62.24 190.51 7.78 

R601 5 43.37 60.45 186.62 7.73 

Isohexane 5 45.5 60.45 176.12 6.95 

Hexane 5.5 45.15 58.42 173.07 6.88 

Cyclohexane 5.5 43.25 58.96 166.98 6.93 

R134a 2 53.69 63.33 133.39 4.46 

R152a 2.5 49.66 68.78 177.54 6.42 

R227ea 2.5 51.4 74.62 210.02 7.34 

R236ea 5 43.29 61.63 193.12 8.01 

R236fa 5.5 41.83 62.21 202.69 8.7 

R245fa 5 43.69 61.62 191.38 7.87 

R245ca 5 44.15 60.65 183.81 7.48 

RC318 5 44.93 63.17 206.34 8.25 

RE347mcc 5 44.31 59.8 170.08 6.89 

RE245fa2 5 44.62 60.3 180.49 7.27 

R1234yf 2 53.15 63.13 136.36 4.61 

R1234ze 3 48.2 69.88 197.68 7.37 

R1233zd 4.5 40.56 63.02 176.83 7.83 
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