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Abstract 

Concentrating Solar Power (CSP) is a promising technology aiming to capture and concentrate the sun’s 
energy to reach high temperatures, which is essential for thermal power generation. Among the available 
CSP technologies, parabolic trough is the most mature and commercially developed technology with the 
longest operational experience of utility-size plants whereas linear Fresnel technology is only beginning to 
be deployed in pilot projects with significant potential to reduce capital cost and improve performance 
(IRENA, 2012). 

Linear Fresnel Collectors (LFCs) use a series of long flat or slightly curved mirrors inclined at different 
angles to concentrate the sunlight on a fixed receiver located several meters above the mirror field. In 
conventional LFCs each line of mirrors is equipped with a single-axis altitude angle tracking system. Using 
the flat mirror as a standard mass-produced commodity reduces the capital costs significantly. However, 
lower concentration ratio and consequently, lower operational temperature are penalties of using LFC. 

Further cost saving for line-focus solar collectors is attainable through transition to direct steam 
generation (DSG) in which the need for an intermediate heat transfer fluid and heat exchangers are 
removed. Furthermore, an improvement of heat transfer is expected in DSG systems due to the two-
phase heat transfer inside absorber tubes. Moreover, the operational temperature and consequently, 
overall heat loss from the solar field can be reduced in the absence of the intermediate heat exchangers 
which is beneficial for increasing efficiency and cost effectiveness. Nevertheless, probable flow instability 
due to two-phase flow in the collector, pressure drop and highly sensitivity to radiation changes are the 
main challenges still ahead for DSG systems. 

This thesis research was defined in CSEM-UAE (Centre Suisse d’Electronique et de Microtechnique in 
United Arab Emirates) company as a part of an R&D program for CSEM concept so-called Solar Island. 
The aim of this project is to design a low cost/high-performance DSG-LFR (Linear Fresnel Receiver) for 
Solar Island which is a large circular platform with rotational mechanism capable of tracking the sun’s 
azimuth angle. Owing to the utilization of this novel tracking technique, it is possible to use mirrors with 
fixed inclination angles. As a result, further reduction in initial cost is achievable as all conventional one-
axis tracking compartments are replaced with a single rotational disk. On this basis, the initial design of the 
LFC prototype for Solar Island has been done previously in CSEM-UAE.  

The project is tackled, firstly, through developing a two-phase steady state thermal model in the 
Engineering Equation Solver (EES) program for both non-coaxial and coaxial configurations. In addition, 
adaptability of the commercially developed products on the market such as Schott Solar and Siemens 
receivers is studied through performing optical analysis with TracePro. As the next step, a cavity receiver 
is designed through comparing different alternatives in the case of geometry, material and configuration of 
tubes.  
Heat loss from a cavity receiver has a complex mechanism and cannot be analyzed by conventional 
methods. Therefore, CFD modeling method is used to determine the heat loss rate from the receiver at a 
certain temperature of the absorber, wind speed and cavity inner pressure along with estimation of the 
stagnation temperature under no-flow condition. Heat flux on the absorber is obtained from optical 
analysis based on actual optical properties of the materials. The overall heat loss correlation is extracted as 
a function of absorber temperature which in turn can be used in EES modeling for further thermal 
analysis.  

  

 

 

 



-iv- 
 

Acknowledgements 

Firstly, I would like to thank my academic supervisor, Prof. Andrew Martin, for his advice and guidance 
during the writing process of this master thesis. I would like to express my sincere gratitude to my 
industrial supervisor Manoj Kumar Pokhrel for his helpful suggestions and advice throughout this 
research. Special thanks to Zaki Iqbal for providing practical information on compartments of Solar 
Island and CSEM prototype. 

Finally, gratitude is extended to Dr. Hamid Kayal, CEO of CSEM-UAE, who has shown me ways to 
tackle the problems and provided a whole new point of view by questioning and constructive critics.  

   

 

  



-v- 
 

Table of Contents 

Abstract .......................................................................................................................................................................... iii 

Acknowledgements ...................................................................................................................................................... iv 

List of Figures .............................................................................................................................................................. vii 

List of Tables .................................................................................................................................................................. x 

Acronyms ....................................................................................................................................................................... xi 

1 Introduction .......................................................................................................................................................... 1 

1.1 Background .................................................................................................................................................. 1 

1.2 Project Objectives ....................................................................................................................................... 3 

1.3 Method of Approach .................................................................................................................................. 3 

1.4 CSEM Prototype ......................................................................................................................................... 5 

2 Literature Review ................................................................................................................................................. 6 

2.1 Solar Thermal Systems ............................................................................................................................... 6 

2.2 Direct Steam Generation (DSG) .............................................................................................................. 6 

3 Two-Phase Flow Steady-State Thermal Modeling .......................................................................................... 9 

3.1 Flow Boiling in Horizontal Round Tubes .............................................................................................. 9 

3.1.1 Basic Definitions ................................................................................................................................ 9 

3.1.2 Two-phase Flow Models ................................................................................................................ 10 

3.1.3 Two-phase Flow Patterns in Horizontal Tubes .......................................................................... 11 

3.1.4 Boiling Process in a Uniformly Heated Circular Tube .............................................................. 12 

3.1.5 Heat Transfer Correlations ............................................................................................................. 13 

3.1.6 Pressure Drop in Two-phase Flow ............................................................................................... 18 

3.1.7 Pressure Drop in Solar DSG Power Plants ................................................................................. 20 

3.2 EES Steady-State Modeling for Simple Cylindrical Tube (SCT) ....................................................... 20 

3.2.1 SCT Two-Dimensional Energy Balance Model .......................................................................... 20 

3.2.2 Energy Balance Model Correlations ............................................................................................. 23 

3.2.3 Solar Irradiation Absorption .......................................................................................................... 25 

3.2.4 Thermal Efficiency and Exergetic Efficiency ............................................................................. 26 

3.2.5 EES Code .......................................................................................................................................... 27 

3.3 EES Steady-State Modeling for Coaxial Tubes (COT) ....................................................................... 32 

3.3.1 COT Two-Dimensional Energy Balance Model ........................................................................ 33 

3.3.2 Heat Transfer and Pressure Drop in a Concentric an Annular Duct...................................... 34 

3.4 EES Two-Phase Flow Analysis (Extra Results) ................................................................................... 39 

4 Optical Analysis .................................................................................................................................................. 43 

4.1 CSEM Prototype Optical Analysis ......................................................................................................... 43 

4.2 Optical Evaluation of Commercial Products on the Market ............................................................. 45 

4.3 Optical Analysis of Evacuated Tube Alternatives ............................................................................... 45 



-vi- 
 

4.4 Ultra-High Vacuum (UHV) Flat Collector ........................................................................................... 48 

4.4.1 Optical Results for Adapted SRB Collector with Width of 100 [mm] .................................... 49 

4.4.2 Optical Results for Standard SRB Collector with Width of 640 [mm] ................................... 50 

4.5 Optical Analysis and Required Geometry for Cavity Receiver Designed for CSEM Prototype . 52 

4.5.1 Initial Optical Analysis for Cavity Receiver ................................................................................. 52 

4.5.2 Optical Analysis for 2×DN50 Cavity Receiver with Actual Properties .................................. 54 

4.5.1 Optical Analysis for 2XDN50 Configuration with Secondary Reflectors .............................. 55 

4.5.2 Optical Analysis for 2XDN50 Configuration without Secondary Reflectors ........................ 56 

5 CFD Modeling .................................................................................................................................................... 59 

5.1 Geometry and Meshing ............................................................................................................................ 59 

5.2 Model Setup ............................................................................................................................................... 61 

5.2.1 Material Properties ........................................................................................................................... 61 

5.2.2 Solver Setting .................................................................................................................................... 62 

5.2.3 Boundary Conditions ...................................................................................................................... 62 

5.3 CFD Results ............................................................................................................................................... 62 

5.3.1 Case I: Cavity Receiver-2XDN50 Configuration, Glazed ......................................................... 63 

5.3.2 Case II: Cavity Receiver-2XDN50 Configuration, Non-Glazed ............................................. 70 

5.3.3 Case III: Cavity Receiver-2XDN50 Configuration, Increased Depth .................................... 73 

5.4 Comparison and Conclusion ................................................................................................................... 76 

5.4.1 Conduction and Convection Heat Loss Rate .............................................................................. 76 

5.4.2 Radiation Heat Loss Rate ............................................................................................................... 76 

5.4.3 Overall Heat Loss Rate ................................................................................................................... 77 

5.4.4 Conclusion ........................................................................................................................................ 78 

6 Conclusion ........................................................................................................................................................... 79 

Bibliography ................................................................................................................................................................. 80 

Appendix....................................................................................................................................................................... 83 

A. Two-dimensional EES code for SCT case ..................................................................................................... 84 

 

 
 

 

 

 

 



-vii- 
 

List of Figures 
Figure  1.2:  Azimuth angle tracking concept ............................................................................................................ 2 
Figure  1.2:  Method of approach flow diagram ........................................................................................................ 4 
Figure  1.4:  CSEM prototype-Overall view ............................................................................................................... 5 
Figure  1.3:  CSEM prototype- Control valves and pipe work ............................................................................... 5 
Figure  1.5:  CSEM prototype- Mirror field setup..................................................................................................... 5 
Figure  1.6:  CSEM prototype- Receiver and supporting ......................................................................................... 5 
Figure  2.1:  Solar thermal system sample cycle for a) Thermal oil and b) Direct Steam Generation (Müller, 
1991) ................................................................................................................................................................................ 8 
Figure  3.1:  Two-phase flow patterns in horizontal tubes (Thome, 2006) ......................................................... 11 
Figure  3.2:  Flow boiling in a circular tube (Kandlikar, et al., 2006) ................................................................... 12 
Figure  3.3:  Variation of Prandtl number with pressure for saturated water (PrL) and steam (PrG) .............. 14 
Figure  3.4:  Schematic representation of flow regimes in subcooled flow boiling (Kandlikar, et al., 1999) . 15 
Figure  3.5: Heat transfer in partial boiling region .................................................................................................. 16 
Figure  3.6: Dependence of α on x; Comparison of Schrock and Grossman’s experimental data with the 
Kandlikar (1990) correlation (Kandlikar, et al., 2006) ........................................................................................... 17 
Figure  3.7: SCT heat transfer model a) Schematic diagram b) Thermal resistance model c) Energy balance 
diagram .......................................................................................................................................................................... 21 
Figure  3.8: Schematic of the SCT two-dimensional heat transfer model (Forristall, 2003) ............................ 22 
Figure  3.9: EES-SCT results-Exergy efficiency vs. Mass flow ............................................................................. 29 
Figure  3.10: EES-SCT results-Thermal efficiency vs. Mass flow ........................................................................ 30 
Figure  3.11: EES-SCT results-Overall pressure drop rate vs. Mass flow ........................................................... 30 
Figure  3.12: EES-SCT results-Heat gain per unit absorber length vs. Mass flow ............................................ 30 
Figure  3.13: EES-SCT results-Heat loss per unit absorber length vs. Mass flow ............................................. 31 
Figure  3.14: EES-SCT results-Convection loss per unit absorber length vs. Mass flow ................................. 31 
Figure  3.15: EES-SCT results-Radiation loss per unit absorber length vs. Mass flow .................................... 31 
Figure  3.16: EES-SCT results-Support bracket loss unit per absorber length vs. Mass flow ......................... 32 
Figure  3.17: Participation of the heat loss contributors for the stainless steel SCT case                            
(absorber length=200[m], inlet Temp. =100[°C], inlet pressure=20 [bar], mass flow=3.8 [Kg/s]) .............. 32 
Figure  3.18: COT heat transfer model a) Schematic diagram b) Thermal resistance model .......................... 34 
Figure  3.19: EES-COT results-Exergy efficiency vs. Mass flow ......................................................................... 36 
Figure  3.20: EES-COT results-Thermal efficiency vs. Mass flow ....................................................................... 36 
Figure  3.21: EES-COT results-Overall pressure drop rate vs. Mass flow ......................................................... 36 
Figure  3.22: EES-COT results-Overall heat gain per absorber length vs. Mass flow ...................................... 37 
Figure  3.23: EES-COT results-Overall heat loss per absorber length vs. Mass flow ...................................... 37 
Figure  3.24: EES-COT results-HTF outlet quality vs. Mass flow ....................................................................... 37 
Figure  3.25: EES-COT results-Pumping power vs. Mass flow ........................................................................... 38 
Figure  3.26: Participation of the heat losses contributors for the stainless steel COT case                            
(absorber length=200[m], inlet Temp. =100[°C], inlet pressure=20 [bar], mass flow=3.8 [Kg/s]) .............. 39 
Figure  3.27: EES extra results-Exergy efficiency, thermal efficiency and steam quality vs. position on 
absorber length ............................................................................................................................................................ 40 
Figure  3.28: EES extra results-Heat Transfer coefficient and steam quality vs. position on absorber length
 ........................................................................................................................................................................................ 40 
Figure  3.29: EES extra results-Frictional pressure drop and steam quality vs. position on absorber length
 ........................................................................................................................................................................................ 41 



-viii- 
 

Figure  3.30: EES extra results-Momentum pressure drop and steam quality vs. position on absorber 
length ............................................................................................................................................................................. 41 
Figure  3.31: EES extra results-Overall pressure drop and steam quality vs. position on absorber length ... 41 
Figure  3.32: EES extra results-Absorber inner Temp. and ONB Temp. vs. position on absorber length .. 42 
Figure  3.33: EES extra results-Absorber and HTF temperature vs. position on absorber length ................. 42 
Figure  4.1: TracePro optical result for the CSEM prototype (DN100 absorber) at altitude angles 90, 60, 
30, 20° for surface source and sun source (NTS) .................................................................................................. 44 
Figure  4.2: TracePro optical results for SCHOTT /PTR®70 receiver at altitude angles 90° and 30°, single 
/multiple configurations (NTS) ................................................................................................................................ 47 
Figure  4.3: TracePro optical results for solar heating evacuated tubes at altitude angles 90° and 
30°,absorber outer diameter 37, 47, 58 [mm], multiple configuration(NTS) .................................................... 47 
Figure  4.4: TracePro optical results for the adapted SRB panel , collector width: 100 [mm] ,collector 
height: 42 [mm],altitude angles: 90°,60°,45°,30°(NTS) ......................................................................................... 50 
Figure  4.5: TracePro optical results for standard SRB panel , collector width: 640 [mm] ,collector height: 
42 [mm],receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30°(NTS) ......................................................... 51 
Figure  4.6: TracePro optical result for standard SRB panel , collector width: 640 [mm] ,collector height: 42 
[mm],receiver elevation: 3.75 [m] ,altitude angles: 90°,60°,45°,30°(NTS) .......................................................... 51 
Figure  4.7: Geometry and dimension of 2×DN50 configuration with secondary reflectors (unit: [mm]) ... 55 
Figure  4.8: TracePro optical results for 2×DN50 configuration with secondary reflectors ,altitude angles: 
90°,60°,45°,30°(NTS) ................................................................................................................................................. 55 
Figure  4.9: Geometry and dimension of 2×DN50 configuration without secondary reflectors (unit: [mm])
 ........................................................................................................................................................................................ 56 
Figure  4.10: TracePro optical results for 2×DN50 configuration without secondary reflectors ,altitude 
angles: 90°,60°,45°,30°(NTS) .................................................................................................................................... 57 
Figure  5.1: Heat loss mechanism in a cavity receiver (NTS) ................................................................................ 59 
Figure  5.2: Geometry and dimensions used for CFD modeling (unit [mm]) .................................................... 59 
Figure  5.3: Overall view of the mesh and conical far field geometry around the cavity (NTS) ..................... 60 
Figure  5.4: Mesh pattern inside and around of the cavity (NTS) ........................................................................ 60 
Figure  5.5: Materials used in CFD modeling of the cavity receiver .................................................................... 61 
Figure  5.6: Case I-Contours of velocity magnitude between the receiver and far-field boundary (wind 
speed 5 [m/s]) .............................................................................................................................................................. 63 
                   Figure  5.7: Case I-Contours of velocity magnitude around the receiver (wind speed 5 [m/s]) 64 
Figure  5.8: Case I-Contours of velocity magnitude inside the cavity filled with air at atmospheric pressure
 ........................................................................................................................................................................................ 64 
Figure  5.9: Case I-Contours of static temperature inside the cavity filled with air at atmospheric, 
Tabsorber=212[°C] (saturation Temp. at 20 [bars]), wind speed 5 [m/s]) .............................................................. 65 
Figure  5.10: Case I-Contours of radiation temperature around and inside the cavity filled with air at 
atmospheric, Tabsorber=212[°C] (saturation Temp. at 20 [bars]), wind speed 5 [m/s]) ...................................... 66 
Figure  5.11: Static temperature distribution on inner and outer surface of the cavity glass filled with air at 
atmospheric, Tabsorber=212[°C] (saturation Temp. at 20 [bars]), wind speed 5 [m/s] ....................................... 66 
Figure  5.12: Heat loss rate vs. absorber Temperature for the cavity filled with air at atmospheric pressure 
(wind speed 5 [m/s]) ................................................................................................................................................... 67 
Figure  5.13: Heat loss function for cavity filled with air at atmospheric pressure (wind speed 5 [m/s]) ..... 67 
Figure  5.14: Heat loss rate vs. cavity inner pressure, Tabsorber=212[°C] (Wind speed 5 [m/s]) ....................... 68 
Figure  5.15: Heat loss rate vs. absorber temperature for argon, nitrogen and air (wind speed 5 [m/s]) ...... 68 
Figure  5.16: Stagnation temperature vs. cavity inner pressure at altitude angle 90° (Wind speed 5 [m/s]) .. 69 



-ix- 
 

Figure  5.17: Static temperature distribution at stagnation on inner and outer surfaces of the cavity glass 
with air content at atmospheric pressure (wind speed 5 [m/s]) .......................................................................... 70 
Figure  5.18: Mesh refinement in Case II (NTS) ..................................................................................................... 71 
Figure  5.19: Case II- Contours of velocity magnitude around cavity (wind speed 5 [m/s]) ........................... 71 
Figure  5.20: Case II- Contours of static temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) ...................... 72 
Figure  5.21: Case II- Contours of radiation temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) ................ 72 
Figure  5.22: Case II- Heat loss rate vs. absorber temperature (wind speed 5 [m/s]) ....................................... 73 
Figure  5.23: Case III- Geometry and dimensions (unit [mm]) ............................................................................ 73 
Similarly, contours of velocity and temperature are shown in Figures  5.24 to 5.26. The insulation in body 
of the receiver can be removed in the spots with low temperature gradient as can be seen in contours of 
static temperature. ....................................................................................................................................................... 73 
Figure  5.24: Case III- Contours of velocity magnitude around cavity (wind speed 5 [m/s]) ......................... 74 
Figure  5.25: Case III- Contours of static temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) ..................... 74 
Figure  5.26: Case III- Contours of radiation temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) .............. 75 
Figure  5.27: Case III- Heat loss rate vs. absorber temperature (wind speed 5 [m/s]) ..................................... 75 
Figure  5.30: Cond. & Conv. heat loss in cases I, II and III vs. absorber temperature (wind speed 5 [m/s])
 ........................................................................................................................................................................................ 76 
Figure  5.31: Radiation loss in cases I, II and III vs. absorber temperature (wind speed 5 [m/s]) ................. 77 
Figure  5.32: Overall heat loss in cases I, II and III vs. absorber temperature (wind speed 5 [m/s]) ............ 77 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



-x- 
 

List of Tables 
Table  2.1: Comparison of different CSP technologies (IRENA, 2012) ............................................................... 7 
Table  3.1: Comparison of average pressure drop rate and absorber size in some solar DSG plants (Olcese, 
et al., 2009) .................................................................................................................................................................... 20 
Table  3.2: SCT case heat flux definition .................................................................................................................. 21 
Table  3.3: Constants of Zukauskas’ correlation for the circular cylinder in cross flow ................................... 24 
Table  3.4: Optical properties for some selective coating material (Forristall, 2003) ........................................ 26 
Table  3.5: List of subprogram, functions and procedures defined in the EES code ....................................... 28 
Table  3.6: EES-SCT boundary conditions .............................................................................................................. 29 
Table  3.7: COT case heat flux definition ................................................................................................................. 33 
Table  3.8: Specification of five cases designated for COT case parametric study ............................................ 35 
Table  3.9: EES-COT boundary conditions ............................................................................................................. 35 
Table  3.10: EES-COT parametric study- Tinlet=100[°C] ....................................................................................... 38 
Table  3.11: EES-COT parametric study- Tinlet=50[°C] ......................................................................................... 38 
Table  3.12: EES-COT parametric study- Tinlet=200[°C] ....................................................................................... 39 
Table  4.1: Characteristic of the CSEM prototype (DN100 absorber) ................................................................ 43 
Table  4.2: Concentration ratio, heat flux intensity and total power on absorber surface for the CSEM 
prototype (DN100 absorber) ..................................................................................................................................... 45 
Table  4.3: Schott Solar PTR70 and Siemens UVAC 2010 receivers’ specification (Schott, 2012) (Siemens, 
2010) .............................................................................................................................................................................. 46 
Table  4.4: Solar heating evacuated tubes specification (Jinyi, 2012) ................................................................... 46 
Table  4.5: Total power on absorber surface for evacuated tubes alternatives (single/multiple arrangement)
 ........................................................................................................................................................................................ 48 
Table  4.6: Technical specification of SRB flat panel (SRB, 2011) ....................................................................... 49 
Table  4.7: Optical properties of the secondary reflectors for the adapted SRB collector ............................... 49 
Table  4.8: TracePro results for available power on the adapted SRB collector surfaces, collector width: 100 
[mm] ,collector height: 42 [mm],altitude angles: 90°,60°,45°,30° ........................................................................ 50 
Table  4.9: TracePro results for power on the standard SRB panel, collector width: 640 [mm] ,collector 
height: 42 [mm],receiver elevation: 3.75 [m] ,altitude angles: 90°,60°,45°,30°(NTS) ....................................... 52 
Table  4.10: TracePro layout, tube size and cavity geometry configuration required for the worse case at 
altitude angle 30° ......................................................................................................................................................... 53 
Table  4.11: TracePro results for available power on absorber for different configuration at altitude angle 
90° .................................................................................................................................................................................. 54 
Table  4.12: Optimum optical alternatives for SCT and COT cases .................................................................... 54 
Table  4.13: TracePro results for available power on inner surfaces of cavity with secondary reflectors, 
receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30° ..................................................................................... 56 
Table  4.14: TracePro results for actual power on inner surfaces of cavity without secondary reflectors, 
receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30° ..................................................................................... 57 
Table  4.15: Comparison optical efficiency, concentration ratio and actual power on absorber tubes for 
cavity without secondary reflectors, receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30° ..................... 58 
Table  5.1: Mesh skewness .......................................................................................................................................... 61 
Table  5.2: Comparison of heat loss rate for argon, nitrogen and air Tabsorber=212[°C], atmospheric pressure 
(Wind speed 5 [m/s]) .................................................................................................................................................. 69 
Table  5.3: Comparison of heat loss rate in cases I, II and III ,Tabsorber=212[°C] (wind speed 5 [m/s]) ........ 77 
Table  5.4: Comparison of heat loss rate and cavity inner temperature at stagnation in cases I, II and III 
(wind speed 5 [m/s]) ................................................................................................................................................... 78 



-xi- 
 

Acronyms 
 

Acronym Definition 
ASTM American Society for Testing and Materials 
CBD Convective Boiling Dominant 
CFD Computational Fluid Dynamics 
COT Coaxial Tubes  
CSEM-UAE Centre Suisse d’Electronique et de Microtechnique in United Arab Emirates 
CSP  Concentrated  Solar Power 
DISS DIrect Solar Steam  
DN Diamètre Nominal (Nominal Diameter) 
DSG Direct Steam Generation 
EES Engineering Equation Solver 
FDB Fully Developed Boiling 
GDP Gross Domestic Product 
HTF Heat Transfer Fluid 
IAM Incident Angel Modifier 
IAPWS International Association for the Properties of Water and Steam  
IEA International Energy Agency 
IRENA International Renewable Energy Agency  
ISO International Standards Organization 
LFC Linear Fresnel Collector 
LFR Linear Fresnel Receiver 
NBD Nucleate Boiling Dominant 
NPS Nominal Pipe Size 
NREL National Renewable Energy Lab 
NTS  Not to Scale 
NVG Net Vapor Generation 
ONB Onset of Nucleate Boiling 
PD Pressure Drop 
PV Photo Voltaic 
R&D Research and Development 
RAK Ras Al Khaimah 
RD&D Research, Development and Demonstration 
RE Renewable Energy 
SCT Simple Cylindrical Tube 
UAE United Arab Emirates 

 
 

  



-1- 
 

1  Introduction 

The United Arab Emirates (UAE) with a population of about 7.9 million is a federation of seven 
monarchies, extending from the southern coast of the Persian Gulf to the Gulf of Oman. (World Bank, 
2011). The UAE has the third highest Economic Freedom Index out of 15 countries in the Middle 
East/North Africa region (Heritage, 2013). The GDP index per capita in UAE has been greatly raised by 
35% compared to other countries in this region within the past 30 years from 1981 to 2011 (World Bank, 
2011). 

Currently, the UAE relies largely on its fossil resources for energy production accounted for 98.5% and 
1.5% of the total energy demand respectively from natural gas and oil resources. Despite the high 
potential for renewable resources which is mainly accounted for Solar and Wind ones, except a small 
portion of combustible renewables and wastes that is around 0.04% of the total energy demand, other 
renewable resources have not been developed in commercial scale so far (World Bank, 2011). This fact is 
not far-fetched due to the enormous amount of heavily subsidized oil and gas as a great hindrance for 
renewable energy penetration.  

Fortunately positive signs of change in energy approaches are apparent in Gulf countries to phase out 
from conventional resources. This being due to the fact that the energy consumption per capita in Gulf 
region is twice compared to its corresponding value in European countries with no bright future ahead as 
it might be aggravated by rapid population growth problems. Under such conditions, renewables are 
considered as a reliable mean to conserve oil and gas reserves that bring along a robust incentive for 
developing renewable technologies. (Outreach, 2013) 

Presently, the UAE is consolidating its position across the globe in the renewable energy domain as the 
largest member of International Renewable Energy Agency (IRENA).The UAE government has 
established RE development assistance program through the allocation of 350 million soft loan funds for 
renewable energy projects in developing countries that are members of IRENA (IEA, 2012). The major 
renewable development strategies are already perused in the UAE's two important emirate Abu Dhabi and 
Dubai. In the former, 7% renewable energy generation is set as a target by 2020. This target will be 
attained through the combination of largely solar (PV and CSP) and then wind and waste to energy 
projects. Similarly, Dubai is set target of 5% by 2030 which is underway as part of the Dubai Integrated 
Energy Strategy. (IEA, 2011) 

The aforementioned energy strategies are supported through cooperation of international universities as 
well as associated commercial product and RD&D facilities. In Ras Al Khaimah (RAK), the northern 
emirate of UAE, the majority of funding for solar energy development in CSEM-UAE (Swiss Center for 
Electronics and Micro technology in United Arab Emirates) is provided by RAK Investment Authority 
aiming to develop a test bed developed in partnership with CSEM, the Swiss research enterprise. (IEA, 
2009). 

CSEM-UAE's researches have been greatly focused on the field of solar thermal and photovoltaic (PV). 
The solar thermal researches fall into two main categories: solar thermal cooling through using solar flat 
plate collectors and solar thermal power in which concentrated solar power (CSP) technologies are used to 
reach higher operational temperatures required for solar power applications.    

1.1 Background 

Concentrating solar power (CSP) is a mature technology widely used as a reliable alternative to traditional 
methods that are currently used to provide high pressure and temperature for power block. A lot of 
efforts have been made across the world to make CSP technology more dependable and competitive in 
the energy market in the case of capacity, dispatchability as well as initial and running costs. CSP 
technologies are categorized into two main groups: point focusing and line focusing. Point focusing solar 
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CSP technologies, including solar tower and solar dish, need to use two-axis tracking that makes them 
comparatively more expensive. 

In CSP application, different medium liquids such as thermal oils and molten salts have been used widely 
in the solar field. However, using working fluids other than water necessitates using the expensive heat 
transfer liquids and heat exchangers required to exchange heat to the power cycle. Hence, one solution 
might be a so-called direct steam generation (DSG) system in which water is used in both solar field and 
power block. In spite of the aforementioned benefits, probable flow instability due to the two-phase flow 
in the absorber, pressure drop and sensitivity to radiation changes are the main challenges ahead for DSG 
systems. 

On the other hand, line focusing solar CSP technologies, parabolic trough and linear Fresnel in particular, 
with lower operation temperature as well as the need for one-axis tracking are becoming more attractive 
because of their high potential for cost reduction and also ease of manufacturing, installation and 
maintenance. Conventional LFC systems comprise of a heliostat field equipped with one axis tracking, 
which reflects solar irradiation onto a stationary linear receiver positioned in longitudinal symmetry axis of 
the solar array. Using flat mirrors or mirrors with small curvatures that can be made mechanically along 
with using a stationary receiver, makes LFC more attractive and cost effective compared to the parabolic 
trough system.  

Line focusing receivers can be divided into two main categories. The first type further developed in 
industrial and commercial scale is the well-established evacuated tubes. Evacuated Tubes have been used 
widely in the parabolic trough application for a long time and due to their mature industrial background, 
their production can be supported by industries in large-scale. The main drawback of evacuated tubes is 
their relatively higher cost compared to other types of line focusing collectors. The second category is 
called cavity receiver in which expensive evacuated tubes are replaced with regular tubes. As a penalty of 
lowering the cost, the receiver heat losses are ascending due to an absence of annular vacuum space 
between tubes and receiver glass. Furthermore, resistance of selective coating in exposure to atmospheric 
air is another engineering challenge. These negative impacts can be alleviated in the cavity type by placing 
the tubes inside the cover with trapezoidal cross-section extended parallel to receiver tubes with a 
transparent cover at the bottom.    

As it was mentioned before, in this research, the intended DSG-LFR receiver should be adaptable to 
CSEM concept, Solar Island. In this method, the mirror array and receiver are fixed on a circular structure 
with rotational mechanism capable of accurately tracking the sun's azimuth angle as it is shown in Figure 
1.1 .Here, the whole platform consists of the collector arrays rotating horizontally to track the sun 
movement. It should be pointed out that in conventional LFCs tracking is done separately by each row of 
mirrors. Thanks to this technique, the number of the moving parts are reduced to one circular disk leading 
to substantial cost saving.  

 
Figure  1.1:  Azimuth angle tracking concept 
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So far; the structure and tracking mechanism of Solar Island has been developed and installed in Al 
Hamra, RAK .These compartments are already under experimental tests. Moreover, the design of the 
mirror field consisting of Fresnel mirrors specification and configuration have been done before in 
CSEM-UAE. This thesis research is aiming to develop a low cost/high-performance DSG-LFR adapted 
to Solar Island. This goal is pursued through ample focus on heat transfer and pressure drop in the two-
phase flow thermal along with optical analysis and CFD modeling. 

1.2 Project Objectives 

The main aim of this thesis research is to design a low cost/ high-performance DSG-LFR adapted to the 
Solar Island so that solar energy conversion into thermal energy is maximized. This goal is attained 
through maximization of heat transfer to HTF inside the absorber tube(s) and minimization of the heat 
losses by considering exergy efficiency in which pressure drop and the energy quality at the outlet are 
taken into account simultaneously. The pivotal objectives of this research are: 

1. To develop a thermal model to analyze the steady-state two-phase flow, including heat transfer 
and pressure drop as well as heat loss to the surrounding for coaxial and non-coaxial 
configurations. 

2. To perform an optical analysis over available linear receiver products in the market and study 
their adaptability to current CSEM prototype mirror configuration. 

3. To carried out an optical analysis for the cavity receiver in the case of the absorber tube(s) size 
and configuration as well as the geometry of the cavity. 

4. To propose the optimum alternative(s) for DSG-LFR and define the materials, selective coating, 
size and geometry along with the design of thermal insulation and secondary reflector 
considering wind effect. 

5. CFD modeling of the proposed alternatives to determine heat loss rate at different absorber 
temperatures and estimation of the stagnation temperature.  

1.3 Method of Approach 

In order to tackle this research project several steps should be taken that are summarized in Figure 1.2. 
Initially, literature review is presented on CSP in general and DSG-LFR in specific, considering the 
existing practical projects along with cutting-edge technologies in this realm. Within the literature study, 
the main focus will be on linear Fresnel technology with special attention to in operation DSG projects in 
the case of capacity and technical specification of the solar field. 

Next, due to the complex behavior of the two-phase flow, special attention should be given to the two-
phase flow theory and authentic experimental correlations that should be extracted for the calculation of 
heat transfer and pressure drop of the two-phase flow in a horizontal axis at different type regimes such as 
sub cool, nucleate (saturate) boiling, mist flow, and etc. These correlations are used for the thermal steady-
state analysis with EES. 

As a prerequisite to EES steady-state modeling, the complete thermal model of the receiver should be 
made including both two-phase flow heat transfer inside the absorber as well as heat loss to the 
surrounding through force convection and radiation, which are connected by mass and energy balance 
correlations. 

The thermal model for the simple cylindrical tube (SCT) case will be developed in EES. In this two-
dimensional thermal model, a certain length of the absorber is divided to "N" equal segments. For certain 
boundary conditions, including HTF inlet thermodynamic properties, wind speed and the ambient 
temperature, the energy balance correlations are explicitly solved for each segment and consequently HTF 
outlet properties, absorber wall temperature and heat losses are calculated for each segment. According to 
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the HTF state at each segment, proper single-phase/two-phase correlations required for calculation of the 
heat transfer coefficient and pressure drop are chosen and solved simultaneously with forced convection 
and radiation loss correlations .Finally, HTF properties at the outlet of one segment are calculated that is 
used as an inlet condition for the next segment. 

Besides, optical analysis on CSEM prototype is performed by TracePro and insolation intensity is 
calculated on the absorber surface that is in turn used as an inlet boundary condition for the EES steady 
state modeling. Through considering EES parametric study results in conjunction with TracePro optical 
analysis, the screening criteria are developed to narrow down the numerous probable alternatives to those 
that meet the thermal and optical requirements. It should be noted that the mirror configuration in CSEM 
prototype which consists of dimension, arrangement, inclination angle and optical properties are assumed 
as a fixed boundary condition in the present work. Hence, optimization is only made through optimizing 
the geometry, material, and insulation characteristics. 

The similar procedure is followed for the coaxial tubes (COT) case in which the outer tube diameter is 
same as the SCT case but the inner tube diameter varies. In this case, the EES code is modified for the 
COT case, considering the primary flow in the inner tube as a pre-heater before getting circulated as the 
secondary flow inside the annuli where the two-phase flow is forming as a result of solar radiation 
transferred heat to the HTF inside the annuli.   

Furthermore, adaptability of some commercially developed product such as Siemens, Schott Solar and 
SRB high vacuum flat plate collector is examined with a thorough focus on optical analysis.  

Based on the results of the previous steps, the optimum alternatives are nominated for CFD modeling 
that is done by ANSYS FLUENT. The aim of CFD modeling is to precisely analyze the heat transfer 
mechanism in the proposed alternatives including the calculation of the stagnation temperature under no-
flow condition as well as heat dissipation behavior at different absorber temperatures. The effectiveness of 
the materials used in the receiver compartments and also dimension and geometry of the proposed 
alternatives are examined and optimized within CFD modeling.  

 
Figure  1.2:  Method of approach flow diagram  
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1.4 CSEM Prototype 
In the present study, DSG-LFR is supposed to be installed on the new prototype. Solar Island has a 
modular design encompassing numerous smaller modules which can be connected in several parallel and 
series branches. CSEM prototype, which is similar to the standard modules in Solar Island, has previously 
been developed in CSEM as a part of Solar Island research program. Thus, it is helpful to initiate the study 
form a single module in the CSEM prototype shown in Figures 1.3 to 1.6. Besides, the specification of the 
CSEM prototype is mentioned in Chapter 4.  

 

 

 

    

 

 

      

                         

  

 

  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  1.3:  CSEM prototype-Overall view  

 

Figure  1.4:  CSEM prototype- Control valves and pipe work 

 

Figure  1.5:  CSEM prototype- Mirror field setup        

 

Figure  1.6:  CSEM prototype- Receiver and supporting         
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2 Literature Review 

2.1 Solar Thermal Systems 

Solar thermal energy is the science of harnessing solar energy in order to convert it to usable thermal 
energy. This aim is achievable through implementing either the non-concentrating type or concentrating 
type. The former includes flat-plate collectors, solar chimneys, solar ponds, and evacuated tube collectors. 
The latter type is in which in which optical concentration is provided normally by reflectors so that the 
intensity of solar radiation at the absorber surfaces is considerably increased and thus higher operating 
temperature than that of the non-concentrating type is attainable. This fact is accounted for an important 
requirement for all thermodynamically efficient energy-conversion cycles (Akbarzadeh, et al., 2005) 
(Morrison , et al., 1999). 

Concentrating solar thermal, also called concentrated solar power (CSP), can be divided into four main 
categories based on the way of light focusing. The highest concentration ratio, up to 1300 and higher, and 
hence the highest operation temperature is obtained in the first group called dish concentrator. Here, the 
whole complex, including the dish as well as the receiver containing the absorber surfaces tracks the sun's 
movement in the sky with the aid of two axes tracking mechanism. Parabolic trough is the next category 
of collector which has a line-focus receiver with one axis tracking mechanism. In the parabolic trough, the 
concentration ratio is comparatively lower, around 80, so the highest attainable temperature is smaller than 
that of the previous case. The third category is linear Fresnel collector (LFC) which has a line-focus 
receiver similar to the parabolic trough in which, unlike the previous case, flat mirrors are used in the 
mirror field in order to reduce the cost and complexity of the design. Nonetheless, a lower concentration 
ratio up to 60 is the penalty of using LFC .The last category is known as central tower or central receiver 
in which light is concentrated by an array of heliostats at the central absorber. In this case, the heliostats 
must be able to track the sun in two axes. Simplicity is the foremost advantage of central tower systems 
due to the fact that the expensive central receiver as well as pipe works are centralized, decreasing the 
initial and maintenance costs. A comprehensive comparison of the different CSP technologies is shown in 
Table 2.1. (IRENA, 2012) (Lovegrove, et al., 2003) (Mancini, et al., 2003) 

The circulated working fluid through the solar field that transfers heat away from the absorber surfaces is 
another important component in solar thermal systems. So far, a variety of materials have been used in 
practice, including water, oil, water and molten metals and salts. Besides, the power block is considered as 
the most important and heart of a solar thermal system wherein the usable energy is extracted from the 
working fluid. The standard Rankine cycle is commonly used in practice; In this case, the intermediate 
heat exchangers are required to generate steam if the working fluid is not water. (Pye, 2008) 

Thermal storage is an optional component of solar thermal energy systems allows continuous operation 
throughout transient cloudy conditions and even within a certain period after sunset. Some amount of 
thermal storage is often financially beneficial due to the fact that it leads to increase of the power block 
utilization (Pye, 2008). Direct storage is workable if workings fluids such as molten salts are used, while 
others require heat exchange to another material such as thermal oils, rock, phase-change materials, 
reversible chemical dissociation and hot graphite (Herrmann, et al., 2002). 

2.2 Direct Steam Generation (DSG) 

In DSG systems, water is used in both the solar collector and power block. A substantial cost reduction 
for line-focus solar collectors is expected from a transition to DSG due to saving heat exchangers and 
removing the need for an intermediate heat transfer fluid. Moreover, an improvement in heat transfer is 
expected due to the two-phase heat transfer inside absorber tubes (Pye, 2008). Furthermore, the operating 
temperature and consequently, overall heat loss from the solar field can be reduced in the absence of the 
intermediate heat exchangers which is advantageous to increase efficiency and cost effectiveness. 
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Parabolic Trough Solar Tower Linear Fresnel  Dish-Stirling 
Typical capacity 
(MW) 

10-300 10-200 10-200 0.01-0.025 

Maturity of technology Commercially proven Pilot commercial 
projects 

Pilot projects Demonstration projects 

Key technology 
providers 

Abengoa Solar, 
SolarMillennium, Sener 

Group, Acciona, Siemens, 
NextEra, ACS, SAMCA, etc. 

Abengoa Solar, 
BrightSource, Energy, 
eSolar, SolarReserve, 

Torresol 

Novatec Solar, Areva  

Technology 
development risk 

Low Medium Medium Medium 

Operating temperature 
[°C] 

350-550 250-565 390 550-750 

Plant peak efficiency (%) 14-20 23-35* 18 30 

Annual solar-to- 
electricity efficiency (net) 
(%) 

11-16 7-20 13 12-25 

Annual capacity factor 
(%) 

25-28 (no TES) 
29-43 (7h TES) 

55 (10h TES) 22-24 25-28 

Collector concentration 70-80 suns >1000 suns >60 suns (depends on 
secondary reflector) 

>1300 suns 

Receiver/absorber Absorber attached to 
collector, moves with 

collector, complex design 

External surface or 
cavity  receiver, fixed 

Fixed absorber, no 
evacuation secondary 

reflector 

Absorber attached to 
collector, moves with 

collector 
Storage  system Indirect two-tank molten 

salt at 380[°C]  (dT=100K) 
or Direct two-tank molten 
salt at 550[°C] ( dT=300K) 

Direct two-tank 
molten salt at 550[°C] 

(dT=300K) 

Short-term pressurised 
steam  storage (<10 

min) 

No storage for Stirling 
dish, chemical storage 
under  development 

Hybridisation Yes and  direct Yes Yes, direct (steam boiler) Not planned 

Grid stability Medium to high 
(TES or hybridisation) 

High (large TES) Medium (back-up firing 
possible) 

Low 

Cycle Superheated Rankine 
steam  cycle 

Superheated Rankine 
steam  cycle 

Saturated Rankine 
steam  cycle 

Stirling 

Steam conditions 
[°C]/[bar] 

380 to 540/100 540/100 to 160 260/50 n.a. 

Maximum slope of solar 
field (%) 

<1-2 <2-4 <4 10% or more 

Water requirement 
(m3/MWh) 

3 (wet  cooling) 
0.3 (dry cooling) 

2-3(wet cooling) 
0.25(dry  cooling) 

3 (wet  cooling) 
0.2 (dry cooling) 

0.05-0.1 
(mirror washing) 

Application type On-grid On-grid On-grid On-grid/Off-grid 

Suitability for air cooling Low to good Good Low Best 

Storage  with molten salt Commercially available Commercially available Possible, but not proven Possible, but not proven 

Note: * = upper limit is if the solar tower powers a combined cycle turbine 

Table  2.1: Comparison of different CSP technologies (IRENA, 2012) 
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a) Thermal oil cycle sample 

 
b) Direct Steam Generation cycle sample   

Figure  2.1:  Solar thermal system sample cycle for a) Thermal oil and b) Direct Steam Generation (Müller, 
1991)  

Technical advantages of DSG compared to the hot oil system are mentioned by Zarza et al. based on the 
obtained experimental results from the DISS project as follows (Zarza, et al., 1997):  

• The risk of fire and pollution are removed due to using water as a replacement for other HTFs. 
• There is no need to observe the upper temperature limit of 400[°C], required for the use of 

synthetic heat transfer oil. 
• Upper temperature limit of 400 [°C] required for the use of synthetic oil is reduced. 
• There is no need for expensive replacement of oil (5% of oil each year) 
• The need for antifreeze required for oil at temperatures below 14[°C] is reduced. 

However, some disadvantages are also imposed if the DSG system is used, which are (Zarza, et al., 1997): 

• Two-phase flow of water/steam in the collector increases the potential for flow instability. 
• Large changes in fluid volume during boiling may lead to process instability and fluctuation in the 

collector outlet mass flow and steam quality. 
• Risk of thermal stress is higher as a result of the ‘dry-out’ point in the case of superheated steam 

generation 
• Higher-grade material is required due to high temperature wet/dry conditions. 
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3 Two-Phase Flow Steady-State Thermal Modeling 

In this chapter, firstly, heat transfer and pressure drop correlations valid for the two-phase flow in 
horizontal tubes will be briefly reviewed. In addition, these correlations are organized in EES code that 
will be developed to model the two-phase flow in two cases: simple cylindrical tube (SCT) and coaxial 
tubes (COT), considering heat transfer and pressure drop of water/steam along with convection and 
radiation heat losses to the surrounding.  

3.1 Flow Boiling in Horizontal Round Tubes 

When heat is applied to a surface in contact with a liquid, the liquid bubbles are formed either on the 
heated surface and/or in the fluid in adjacent of the heated surface which is already superheated through 
heat transfer from the heated wall. This phenomenon is called Boiling, an efficient mode of heat transfer 
widely used in various energy conversion and heat exchange systems. (Kandlikar, et al., 1999) 

Boiling phenomenon can be divided into two main categories: pool boiling and forced convection boiling. 
In pool boiling, a quiescent liquid is in touch with a heated wall where liquid bubbles are formed and 
moved inside the fluid that is merely due to free convection. This mixing effect is induced by bubble 
growth and detachment at regions farther to the heated wall. In contrast, fluid movement in forced 
convection boiling is a combination of the external flow due to using external means as well as free 
convection as a result of bubble-induced mixing (Incropera, et al., 2011). Forced convection boiling is in 
turn subdivided to external and internal boiling wherein the former is boiling process over an unconfined 
heated surface while the latter refers to flow inside the tube confined by a closed wall (Kandlikar, et al., 
1999). Boiling in the tubes is known as the most complicated form of convective heat transfer that is of 
interest in evaporator and boiler applications in either horizontal or vertical tubes (Kreith, 1999). 

In this section, basic definitions and concepts, various flow models, important empirical correlations of 
heat transfer coefficient and pressure drop for the two-phase flow in horizontal round tubes will be 
reviewed. These correlations cover different regimes of the flow comprising: sub-cooled boiling, saturate 
(nucleate) boiling, post dry-out, and single phase vapor. In the current study, despite the advantage of 
inclination, the absorber tube(s) is assumed to be aligned horizontally as it is prevailing in linear Fresnel 
projects.  

The advantage of absorber inclination in the DSG system is highlighted in the study conducted by Odeh 
et al., New South Wales University, on slightly-inclined parabolic trough DSG systems with 10° 
inclination angle. According to this study, in spite of higher pressure drop in an inclined absorber, 
inclination is still advantageous as it effectively prevents from formation of the stratified regime that 
should be strictly avoided in DSG systems due to risk of dry-out regions with high flux intensity but low 
heat transfer coefficient on the HTF side. In parabolic trough application, inclination can be easily 
implemented as it is comprised of some separate modules. Hence, each module can be inclined separately 
and the elevation difference is compensated in connection between each two modules, consequently, 
elevation at the end of each run is kept at a low level. (Odeh, et al., 2000) 

In contrast, linear Fresnel systems are normally aligned and installed continuously in series on an 
integrated platform. Therefore, even a slight inclination leads to high elevation at the end of each branch. 
Besides, receiver position is fixed on the linear Fresnel platform; hence, receiver inclination necessitates 
inclining the mirror field as well, which is not practical. 

3.1.1 Basic Definitions 

In order to model the two-phase flow, it is important that the conservation equations are properly derived 
including mass (continuity), momentum and energy. The conservation equations can be written either for 
mixture of phases or separately for each phase according to the modeling type. This is the main concept 
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for developing two-phase flow models comprising: homogeneous model, separated flow model, and two-
fluid model. In contrast, phenomenological models are developed based on observation features of the 
flow.   

In this section, two-phase flow models will be discussed in brief, but before that, the followings are some 
important two-phase flow definitions. (Kandlikar, et al., 1999) 

• Thermodynamic Quality(x): refers to the fraction of total mass flow in the form of gas. 
According to this definition steam quality can be written as:                                                

                                                                                                                                                               3.1 

Where: 

ṀL & ṀG : Mass flow rates of the phases [Kg/s] VL & VG  : Volumetric flow rate of the phases [m3/s] 
ṁL & ṁG : Mass flux rates of the phases[Kg/m2s] A: Cross sectional area [m2] 
UL & UG  : Superficial velocity of the phases [m/s]      and UL =VL/A, UG =VG/A 
VL & VG  : Volumetric flow rate of the phases [m3/s]   

For thermodynamic equilibrium condition, we have:                     
   

                                                                                                                                                         3.2 
Where:   
hTP : Two-phase enthalpy [J/Kg] 
hLG: Mass flux rates of the phases[J/Kg] 
x: Thermodynamic quality [-] 
 

• Void fraction (ε): the fraction of pipe cross sectional volume which is occupied by gas phase or 
liquid phase, clearly in a certain length of the pipe, εG+εL=1. 

• Phase velocity (u): the phase superficial velocity divided by the fraction of the cross-sectional 
area occupied by each phase. So we have: 

                                                                                                                                                      3.3 

                                                                                                                                                      3.4 

• Slip ratio (S): the ratio of the phase superficial velocity for gas phase to its counterpart for liquid 
phase as follows: 

                                                                                                                                                   3.5 

• Two-phase density : the mass of fluid per unit volume of channel that can be written as a 
function of void fraction, given by: 

                                                                                                                                                      3.6 

           The following correlation is also concluded from the definition: 

                                                                                                              3.7 

3.1.2  Two-phase Flow Models 

• Homogeneous model: This model is known as the simplest approach for two-phase flow 
modeling in which three conservation correlations for mass, energy, and momentum are written 
for the homogeneous mixture of gas and liquid phase with averaged properties. So, in this model, 
it is assumed that :uG=uL= uH  and thus S=uG / uL =1. (Kandlikar, et al., 1999) 

LLGG

GGG

LG

G

LG

G

UU
U

m
m

mm
m

MM
Mx

ρρ
ρ
+

==
+

=
+

=












LG

LTP

LG

LTP

h
hh

hh
hhx −

=
−
−

=

GGG

G

G

G
G

xm
A

VUu
ερεε




===

)1(
)1(

)1()1( GLG

L

G

L

L

L
L

xm
A

VUUu
ερεεε −

−
=

−
=

−
==





L

G

U
US =



-11- 
 

• Separated flow model: In this model, conservation equations are written for the whole control 
volume while the velocities of the two phases are not equal (uG≠uL and S=uG/uL≠1) and it is 
assumed that each phase flows in a separate region. This model gives a slightly better basis for 
calculation compared to homogeneous model. (Kandlikar, et al., 1999) 

• Two-fluid model: Here, conservation equations are separately derived for each phase. This 
means totally six equations should be solved for continuity, momentum, and energy. So, it is also 
called the six-equation model. This model is the evolved model of the separated flow model that 
is widely used for computer codes developed for performing transient analysis in complicated 
two-phase systems such as nuclear application. (Kandlikar, et al., 1999) 

• Phenomenological model: In this model, the observed features of the fluid are taken into 
account in preparing the model scheme. By considering specific information such as slug 
frequency and interfacial shear stress, it is possible to make a complete picture of the flow. 
Moreover, in this model, it is preferable to perform modeling on a theoretical basis in order to 
reduce the dependence on empirical data. However, sometimes it is inevitable to use empirical 
data in combination with the theoretical model. Using the phenomenological model is 
advantageous in most of the two-phase flow problems where it is required to study key 
parameters like pressure drop, void fraction, and heat transfer coefficient at the same time. 
(Awad, 2012)   

3.1.3 Two-phase Flow Patterns in Horizontal Tubes 

The regimes of two-phase flow in horizontal tubes shows more complicated behavior than vertical tubes 
as a result of the asymmetric effect induced by gravitational force acting normal to the direction of the 
flow. These regimes, shown in Figure 3.1, are briefly reviewed as follows: (Thome, 2006) 

 
Figure  3.1:  Two-phase flow patterns in horizontal tubes (Thome, 2006) 

• Bubbly flow: At high mass flow rates, gas bubbles are dispersed in the liquid phase. In this 
regime, bubbles tend to accumulate at upper half of the tube due to their buoyancy. However, 
when shear forces are dominant, bubbles tend to disperse uniformly in the tube. 

• Stratified flow: A complete separation between gas and liquid phases is expected at low gas and 
liquid velocities. In stratified flow, gas is gathered at the top and liquid at the bottom of the tube 
where both phases are fully separated by an undisturbed horizontal interface.  

• Stratified-wavy flow: Waves are formed on the horizontal interface traveling in the direction of 
the flow when the gas velocity exceeds from a certain value. The strength of these waves is 
dependent upon the relative velocity or slip ratio of two phases. The waves cannot reach to the 
top of the tube but the tube sides are wetted by a thin layer of the liquid caused by passage of 
waves. 
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• Intermittent flow: At higher gas velocities, the interfacial waves will be large enough to reach to 
the top of the tube. In this regime, the top part of the tube is intermittently washed by large 
amplitude waves with small amplitude waves in between. The intermittent flow is subdivided to 
plug and slog flow regimes that are described as follows: 

o Plug flow: Here, liquid plugs are separated by extended gas bubbles in the flow along 
with continuous liquid phase at the bottom of the tube .The liquid phase continuity is not 
disturbed as the diameters of elongated bubbles are smaller than the tube diameter. 

o Slug flow:  Further increasing the gas velocity, the elongated bubbles size become larger 
than the tube diameter. The liquid slugs separating such elongated bubbles can be seen as 
large amplitude waves. 

• Annular flow: Increasing the gas velocity in an intermittent flow will lead to formation of a 
continuous liquid layer around the perimeter of the tube. The non-uniform liquid film is thicker at 
the bottom than at the top due to the effect of gravity. In this regime, the velocity and void 
fraction of the gas phase are large enough to form a gas core in the center surrounded by an 
annular layer of the fluid in contact with the tube wall. Annular flow is beneficial in the case of 
heat transfer because of the enhanced boiling heat transfer rate caused by the fluid in touch with 
hot surface of the tube wall. 

• Mist flow: At very high gas velocities, the liquid film on the wall is entrained into the continuous 
gas phase in shape of small droplets. In mist flow, heat transfer rate drops significantly in the 
absence of the fluid annular layer in contact with the tube wall.  

 

3.1.4 Boiling Process in a Uniformly Heated Circular Tube 

The boiling process in a uniformly heated circular tube is shown in Figure 3.2. As it can be seen the figure 
depending on the fluid bulk temperature and wall temperature of the tube, different behaviors in the case 
of boiling process and dominant heat transfer mechanism might be observed as follows: 

Figure  3.2:  Flow boiling in a circular tube (Kandlikar, et al., 2006) 

• Single phase sub cooled region (x<0): When both bulk temperature and tube wall temperature 
are lower than the saturation temperature of the heat transfer fluid, the process is a sub cooled 
single phase in which the convective heat transfer coefficient is almost constant, minus the minor 
variations, due to the increase of the liquid temperature along the tube length. 

• Sub cooled flow boiling region (x<0): A certain amount of wall superheat is required for the 
onset of boiling in the sub cooled region. The first bubbles are formed on the wall at the region 
identified as the ONB (Onset of Nucleate Boling). Beyond this point, the contribution of 
nucleate boiling heat transfer continues to rise while the single-phase convective heat transfer 
contribution declines, which is known as the partial boiling region. Because of the condensation 
occurring at the bubble surface exposed to the sub-cooled liquid flow, the bubbles cannot 
immediately grow on the wall after the ONB region and only a thin layer of bubbles is formed on 
the wall. This layer becomes populated with more and larger bubbles as the bulk liquid 
temperature increases along the flow direction. Further downstream, as the growth bubbles 
becomes dominant at some locations, they detach from the wall and flow toward the fluid core. 
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This region is identified as NVG (Net Vapor Generation) in which the none-equilibrium 
thermodynamic condition rises while the equilibrium thermodynamic condition is still in sub 
cooled region imposed by the enthalpy of the bulk fluid. 

• Saturated (Nucleate) boiling region (0<x≤1): The saturation thermodynamic equilibrium 
condition is reached (x=0) if heat addition continues in the downstream. Nucleate boiling remains 
dominant so long as the fluid is in contact with heated wall of the tube. In this region, boiling is 
the dominant heat transfer mechanism that is diminishing by the increase of the gas void fraction 
along the tube. 

•  Post dry out region (0<x≤1): In which the small droplets of liquid are dispersed into the gas 
phase in mist flow regime and the contribution of nucleate boiling is reduced significantly and 
replaced by convective heat transfer as just a small fraction of the liquid in touch with heated 
walls. 

• Single phase vapor (x>1): All droplets are vaporized as heat transfer continues into the 
downstream. In this region, the thermodynamic equilibrium quality exceeds one, and the gas 
phase starts superheating. Heat transfer in this region is done merely by a single-phase convective 
heat transfer.   

3.1.5 Heat Transfer Correlations 

As it was described previously, in DSG-LFR, due to the presence of two-phase flow, different regimes of 
flow are conceivable. The heat transfer behavior is generally predicted by a dimensionless correlation in 
terms of the Nusselt number that is defined as: (Incropera, et al., 2011) 

                                                                                                                                                                 3.8  

Where, D and K are internal diameter of the pipe and fluid conductivity, respectively. Heat transfer 
coefficient (h) can be written as:   

                                                                                                                                                                 3.9 

It should be noted that defining conductivity in the two-phase flow is very complicated and because of 
that, the Nusselt number correlation is not directly used for this case. In this section, heat transfer 
correlations for various boiling regimes in horizontal tubes are reviewed. These correlations will be used in 
the EES two-phase flow steady-state modeling. Due to the fact that all empirical heat transfer correlations 
have been developed for homogeneously distributed heat flux around the circumferential area around the 
tube, it is inescapable to make the same assumption in EES steady-state modeling. 

3.1.5.1 Single Phase Heat Transfer  

As it was mentioned before, prior to the ONB point, heat transfer occurs purely by single phase mode. In 
a circular tube when there is a fully developed laminar flow (Re<2300) and heat flux is uniform and 
constant, the Nusslet number is constant and independent from Reynolds and Prandtl numbers. So we 
have: 

                                                                                                                                                     3.10 

In turbulent flow, various correlations have been developed for the convection heat transfer coefficient in 
circular tubes such as Dittus-Boelter, Sieder-Tate and Gnielinski (1976) and Petukhov-Popov (1963) 
correlations. As it is stated in the literature, using the first two correlations may result in errors as large as 
25%. These errors may be reduced to less than 10% by using the more recent correlations such as the 
Gnielinski (1976) valid for smooth tubes over a wide range of Reynolds number including the transition 
region. (Incropera, et al., 2011) 

In the calculation of the two-phase flow heat transfer, the correlations in the different regime of boiling 
are generally given as a function of the single-phase heat transfer coefficient, hence, it is crucial to use the 
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most accurate single-phase heat transfer correlations. As it is recommend by Kandlikar in his boiling and 
condensation handbook, Petukhov-Popov (1963) and Gnielinski (1976) correlations are used for sub-
cooled transient and turbulent single phases as follows: (Kandlikar, et al., 1999)  

Gnielinski (1976), for 0.5≤Pr≤2000 and 2300≤ Re ≤104 

                                                                                                              3.11  

Petukhov-Popov (1963), for 0.5≤Pr≤2000 and 104 ≤ Re ≤5×106   

                                                                                3.12                     

Where fsm is the friction factor for smooth tubes given by the following correlation: 

                                                                                                                        3.13 

Heat transfer in rough tubes: The abovementioned correlations give the Nusselt number for smooth 
tubes, but in practice roughness of the interior surface in commercial pipes is inevitable. The following 
correlation has been presented by Norris for flow through circular rough tubes (Kays, et al., 2005): 

                                                                                                                                 3.14 

Where, 225.0Pr68.0=n and Cf are the Fanning factor )4( fCf = .The Colebrook correlation could be 

used to determine the rough-pipe friction factor as follows: 

                                                                                                                    3.15 

Here, ε and D are the equivalent roughness and internal diameter respectively. Reynolds number (ReD,ave) 
is calculated at the average axial HTF bulk temperature for each receiver segment and defined as: 

 3.16 

According to the Norris correlation, the Prandtl number influences the effect of roughness. It can be 
concluded that the roughness plays a little role in heat transfer for very low Prandtl fluids. The increasing 
trend of roughness vanishes beyond Cf/Cf,smooth ≈4, as the equation reaches the maximum. Although 
roughness enhances heat transfer, it also leads to increase in pressure drop and consequently pumping 
power. Nevertheless, this increase also reaches a limiting value. In short, the application of roughness to 
heat transfer needs to be weighed against the imposed costs. (Jiji, 2009). Figure 3.3 depicts a variation of 
the Prandtl number versus pressure for saturated water and steam. 

 
 Figure  3.3:  Variation of Prandtl number with pressure for saturated water (PrL) and steam (PrG) 
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3.1.5.2 Heat Transfer in Subcooled Flow Boiling 

Regimes of flow in the subcooled flow boiling are shown in Figure 3.4. As it is represented in the figure, 
ONB occurs when the wall temperature is slightly higher than the fluid bulk temperature. After ONB, 
heat transfer is a combination of convective and nucleate boiling modes. Nucleation activity continues to 
grow along the tube due to decrease of subcooling as a result of heat addition. This trend continues until 
nucleate boiling becomes dominant with little contribution of convective boiling. The region beyond this 
point is called FDB (Fully Developed Boiling). (Kandlikar, et al., 1999) 

 
Figure  3.4:  Schematic representation of flow regimes in subcooled flow boiling (Kandlikar, et al., 1999) 

Heat transfer and location of ONB region: The required wall superheat temperature at the ONB 
partial boiling inception as well as heat flux at this region are presented by Hsu (1962) and Sato and 
Matsumura (1964) in the following equations (Kandlikar, et al., 1999): 

  3.17 

 3.18 

Heat transfer in FDB region (smooth pipe): This region has been studied extensively within the past 
few years due to its importance in water nucleate reactor application where FDB in subcooled flow is 
inevitable as a result of intensive heat flux rate. One of the recent correlations for heat transfer in this 
region is proposed by Kandlikar (1997, 1998) in which the nucleate boiling term in Kandlikar (1990) 
saturated boiling correlation is used to represent the fully developed boiling in a subcooed flow because of 
the negligible contribution of the convective heat transfer. The heat transfer coefficient α* in the fully 
developed boiling region is determined by: 

 3.19 

 3.20 

 3.21 

The boiling number (Bo) is defined as:  

 3.22 

Ffl : Fluid surface parameter (equal to 1 for water) 
αlo : Single phase heat transfer coefficient calculated by Gnielinski(1976) and Petukhov-Popov(1963) correlations 
ΔTSat : Wall super heat temperature differences  
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Location of FDB region: Figure 3.12 shows variation of heat flux against wall temperatures in the 
subcooled region. The Bowring (1962) model recommended by Kandlikar (1998) is used to locate the 
inception of the FDB region. In this model, the intersection of the extension of the single-phase line A-B-
F and the fully developed boiling curve E-F-G identifies F, and qF is obtained by solving the two 
corresponding equations in which ṁ and ΔTSub are given values: (Kandlikar, et al., 1999) 

 3.23 

 
Figure  3.5: Heat transfer in partial boiling region 

After locating F by solving equation (3.21), qE is obtained from : 

              3.24 

3.1.5.3 Heat Transfer in Nucleate Flow Boiling (Smooth pipe) 

Nucleate (saturated) boiling begins from the point where the equilibrium thermodynamic quality reaches 
zero. Heat transfer in the saturated flow boiling is a combination of the convective heat transfer from the 
wall to the liquid and subsequent film evaporation at the liquid-vapor interface and also nucleates boiling 
at the wall. Most of the saturate boiling heat transfer models for horizontal plain tubes have been adapted 
from vertical tube models through their validation by horizontal test data as those of : Shah(1982),Gungor 
and Winterson (1986,1987), Klimenko (1988), Kandlikar (1990), and Wattelet et al. (1994). (Thome, 2006) 

The Kandlikar (1990) correlation is used in the current modeling as it is recommended by Lienhard (2012) 
due to its simpler form and good accuracy with a mean deviation of 16% for water (Lienhard IV, et al., 
2012). This correlation is developed using over 10,000 data points for refrigerants, water, and cryogens in 
which the fluid surface impact has been taken into account by introducing an additional parameter, FFl, 
which is one for steel and copper tubes with water content. Kandlikar correlation is defined as: (Kandlikar, 
et al., 1999)  

 3.25 

Where, NBD and CBD refer to the nucleate boiling dominant and convective boiling dominant 
respectively. The two-phase heat transfer coefficient αTP is calculated by the following equations: 

                                                          3.26 
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                                                                          3.27 

Where, Co and Bo are the convection number and boiling number respectively. Co number is defined as: 

                                                                                                   3.28 

In horizontal tubes, Froude number multiplier f2(FrLo) is 1 when FrLo ≥ 0.04. When FrLo<0.04, f2(FrLo) is 
given by following equation: 

 3.29 

In the Kandlikar correlation, the single phase/liquid only heat transfer coefficient αLO is obtained from 
Gnielinski (1976) and Petukhov-Popov (1963) correlations. Moreover, according to Equation 3.25, the 
maximum value of NBD and CBD is considered for the heat transfer coefficient, as the contribution of 
nucleate boiling and convective boiling is changing by the increase of the steam quality. In this case, the 
nucleate term is expected to decrease along the tube unlike the convective term which is increasing. 
(Kandlikar, et al., 2006) 

Figure 3.6 illustrates capability of the Kandlikar correlation to predict different heat transfer trends when 
steam quality is rising through a comparison with experimental data for water provided by Schrock and 
Grossman (1959). Here, two major factors are responsible for these different behaviors: density ratio and 
boiling number in which, an increasing trend is observed in low-pressure water with a high value of 
density ratio coupled with a low boiling number whilst the high-pressure data yields a decreasing trend. 
The Kanlikar (1999) correlation gives accurate results in the wetted wall region where the quality is below 
a certain value around 0.8. At higher steam qualities, the wetted wall effect is disappearing and local dryout 
may occur with considerable drop in the heat transfer coefficient. (Kandlikar, et al., 2006)  

 
Figure  3.6: Dependence of α on x; Comparison of Schrock and Grossman’s experimental data with the 

Kandlikar (1990) correlation (Kandlikar, et al., 2006) 

3.1.5.4 Heat transfer with Progressive Dryout in Horizontal Tubes 

In the investigation conducted by Mori et al. (2000), the dryout results are categorized based on three 
estimation methods: S1, S2 and S3, according to the observed experimental data for steam quality in the 
dryout inception and completion, known as Xdi and Xde , respectively. A good agreement was observed 
between Ursenbacher-Thome (2005) experimental data and S2 prediction method, where Xdi and Xde are 
calculated as follows: (Thome, 2006) 

 3.30 
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 3.31 

In which, WeG and FrG are Weber number and Froude number respectively, defined as: 

 3.32 

 3.33 

Where, σ is the surface tension for water and can be calculated from (Lienhard IV, o.a., 2012): 

 3.34 

and , TC =647.096 [K]  

As it was described before, the heat transfer coefficient falls sharply in dryout region until it reaches mist 
flow. The dryout heat transfer coefficient, αdryout at a particular vapor quality x is calculated from the 
following linear interpolation:  

 3.35 

 

3.1.5.5 Heat transfer in Mist Flow Boiling Region 

Most of the empirical correlations for calculations of mist flow boiling heat transfer coefficient are 
inspired from the well-known Dittus-Boetler type equation for the liquid single phase. Amongst them, the 
Groenveld (1973) correlation, valid for vertical and horizontal tubes, is known as one the most accurate 
mist flow boiling correlations as follows: (Kandlikar, et al., 1999). 

 3.36 

and 

Where: 

For tubes, a = 1.09E-03; b = 0.989, c = 1.41, and d = -1.15, while for annuli, a = 5.2E-02; b = 0.688, c = 
1.26, and d = -1.06.For tubes and annuli, a = 3.27E-03; b = 0.901, c = 1.32, and d = -1.5 

3.1.6 Pressure Drop in Two-phase Flow 

In DSG systems, it is critical to predict the pressure drop precisely. However, due to the complicated 
behavior of two-phase flow even in the most advanced correlations, standard deviation up to 30% is 
conceivable (Kandlikar, et al., 1999), hence, this uncertainty must be taken into account in design. The 
pressure gradient inside a tube is the sum of frictional (shear stress), accelerational and gravitational terms, 
so we have: (Thome, 2006) 

 3.37 

For the homogeneous model, no correlation is required for the last two terms (accelerational and 
gravitational pressure gradients) as they are determined from the independent variables whereas for the 
separated flow model, knowledge of the void fraction is required in order to predict the accelerational and 
gravitational terms (Kandlikar, et al., 1999). The static term in Equation 3.37 can be written as (Thome, 
2006): 

 3.38 

In horizontal tubes, as it is assuemd for a DSG-LFR, the inclination angle (θ) is zero, so the static term of 
Equation 3.37 becomes zero. 

frictmomstatictotal pppp ∆+∆+∆=∆

θρ singHp tpstatic =∆
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3.1.6.1 Momentum Pressure Drop Correlation 

Variation of the kietetic energy is captured by the momentum term in Equation 3.37. In the current study, 
correlations for the separated flow model are used. In the separated flow model, two phases are virtually 
assumed to flow in two separated streams. The momentum pressure drop for horizontal tube is given by 
(Thome, 2006) : 

 3.39 

In which, m  is the total mass velocity of liquid and vapor and x is steam quality. According to Equation 
3.39 and as it was mentioned before, knowledge on void fraction is required to calculate the momentum 
pressure drop term. To predict the void fraction, the Steiner(1993) correlation is used which is developed 
based on the separated flow model. In this correlation, the Rouhani-Axelsson (1970) model for vertical 
tubes was modified for horizontal ones: (Thome, 2006) 

 3.40 

Two-phase flow density is obatined from :  

 3.41 

3.1.6.2 Frictional Pressure Drop Correlation 

In order to determine frictional pressure drop, it is a prevalently used method to define a two phase 
frictional pressure drop in terms of a multiplier Φ2 that gives the pressure gradient as a ratio of the fluid 
only pressure gradient. So we have: 

 3.42 

Where, TP and FO indexes refer to two-phase and fluid-only, respectively. For calculation of the fluid 
only term, the same total mass flow as the two-phase one is considered as entirely saturated liquid. The Φ2 
coefficient is obtained from empirical correlations. 

According to the survey conducted by Rheinlander and Esk (2002), Friedel (1979) pressure drop 
correlation is in the best agreement with experimental results obtained from the DISS (DIrect Solar 
Steam) project. In this case, the Friedel correlation could predict the pressure drop with maximum 
deviation of 15%.  Other pressure drop correlations such as Bandel and Thom give errors of -35% and 
+13%, respectively compared to the experimental data. However, due to discrepancy between the results 
given by different pressure drop correlations, it is strongly recommended to carefully validate theoretical 
results against experimental data before the outset of a major large-scale project. (Pye, 2008) 

Additionally, a comprehensive study was performed by Whalley (1980) over various frictional pressure 
drop correlations through comparing their results with HTFS database consisting of 25,000 data points. 
Whalley (1980) stated that for most of the fluids such as water in which the dynamic viscosity ratio 
(μL/μG) is less than 1000, the Friedel correlation should be used. (Thome, 2006)   

In the DISS project, the parabolic trough technology along with the DSG heat transfer mechanism has 
been employed. A similarity can be captured between this project and the DSG-LFR one, in the case of 
heat flux distribution as in both, the heat flux is concentrated only in part of the absorber circumferential 
area. Nevertheless, the complexity in DSG-LFR is slightly lower due to the fact that even under the 
stratified regime of the flow the solar insolation is impinged to the surface that is wetted by the fluid 
simultaneously as a result of gravitational force. On the other hand, in parabolic trough applications 

2

TP FO

dp dp
dz dz
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depending on the tracking mechanism, it is probable to have solar insolation on dry spots at low altitude 
angles. Given this, the Friedel (1979) correlation is used in EES steady state modeling as follows: 

 3.43 

Where x is the steam quality, μf and μg are liquid and gas dynamic viscosities. Similarly, ρf and ρg are liquid 
and gas densities respectively. The first term, A, is defined as: 

 

In which "fo" and "go" are fluid-only and gas-only friction factors. The Froude and Weber numbers are 
calculated in terms of the pipe inner diameter (D2) and mass flux as described in Section 3.1.5.4. 

3.1.7 Pressure Drop in Solar DSG Power Plants 

The pressure drop rate is important since a large total pressure drop results in a decrease of the exergetice 
efficiency as the pumping power required to compensate the pressure drop across the solar filed is 
increasing. Moreover, when the pressure drop is large, the outlet steam from the absorber will be at lower 
temperature and pressure, making the thermal cycle less efficient. 

No standard has been introduced specifically for pressure drop rate in solar DSG receivers. However, 
evaluation of the experimental data in regard with solar DSG plants in operation is helpful to get an idea 
about the practical range of the pressure drop rate. Such a comparison is provided in Table 3.1 for some 
famous DSG plants. As it is shown in the table, the highest pressure drop rate is for the Novatec power 
plant by 318 [pa/m] in which the absorber length is 800 [m] (Olcese, et al., 2009). 

Table  3.1: Comparison of average pressure drop rate and absorber size in some solar DSG plants (Olcese, et 
al., 2009) 

Solar Plant Pressure Drop Rate [Pa/m] Absorber Length [m] Inner Diameter [m] 

Mirroxx 89.6 16 0.07 
SPG 4.1 100 0.14 
DISS 217.1 800 0.05 
Ausra,Liddell 188.2 400 0.0215 
Ausra, California 228.5 400 0.0215 
Novatec 317.7 800 0.07 

 

3.2 21BEES Steady-State Modeling for Simple Cylindrical Tube (SCT) 

The aim of EES steady-state modeling is to develop the two-dimensional energy balance for cylindrical 
tubes considering the two-phase flow heat transfer and pressure drop of HTF inside the tube as well as 
heat loss to the surrounding. Similar modeling has been performed by NREL (National Renewable 
Energy Lab) for parabolic trough applications but for the single-phase flow inside the absorber tube 
thermal oil was used as HTF (Forristall, 2003).   

3.2.1 40BSCT Two-Dimensional Energy Balance Model 

SCT which is a two-dimensional term refers to building the thermal model for the simple cylindrical tube 
case by dividing a certain length of the absorber into N equal segments where energy balance correlations 
are sequentially solved for the first to the last segment through iteration and using explicit numerical 
methods. The radial heat flux is assumed to be homogeneously distributed normal to the tube 
circumference surface. Additionally, in each segment, the average of inlet and outlet HTF temperature is 
considered for thermal calculations. The absorber wall temperature and heat transfer coefficient are 
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assumed to be constant along each segment. With these assumptions, no longitudinal conduction through 
the absorber wall is taken into account in calculation, and the energy is transferred along the tube merely 
by HTF. Thus, the two-dimensional energy balance can be treated similar to the one-dimensional energy 
model. (Forristall, 2003) 

Figure 3.7 illustrates the SCT steady-state energy balance diagram and the thermal resistance model for a 
cylindrical tube located in the air stream. 

 
(a) 

 

             

                                                     

 

                                                   (b) 
(1) Heat transfer fluid                                          
(2) Absorber inner surface 
(3) Absorber outer surface 
(4) Surrounding air                                                                            (c) 
(5) Sky  

Figure  3.7: SCT heat transfer model a) Schematic diagram b) Thermal resistance model c) Energy balance 
diagram 

Besides, solar insolation is converted to heat in the selective coating layer. Physically, the solar absorption 
is a volumetric phenomenon. However, a major part of absorption occurs in a very thin layer of coating 
close to the exterior surface with a thickness of around 6 angstroms. Therefore, solar absorption can be 
treated as a superficial phenomenon and errors due to this assumption is expected to be relatively small. 
(Forristall, 2003). 

Accordingly, the selective coating thickness is ignored in the current model; hence, node 3 represents both 
the absorber outer surface and the selective coating layer. The absorbed heat is dissipated by two 
mechanisms: firstly, by transferring heat to HTF through the absorber wall and secondly by convection 
and radiation heat transfer along with conduction through the support bracket to the surrounding. All 
contributed heat fluxes in heat transfer mechanism are defined in Table 3.2. 

Table  3.2: SCT case heat flux definition 
Heat Flux 
[W/m]* 

Heat Transfer 
Mode 

Heat Transfer Path 
From To 

qSolAbs solar irradiation 
 

incident solar irradiation outer absorber tube surface 
q12conv convection inner absorber tube surface heat transfer fluid 
q23cond conduction outer absorber tube surface inner absorber tube surface 
q34conv convection outer absorber tube surface ambient 
q35rad radiation outer absorber tube surface sky 

qcond ,bracket conduction outer absorber tube surface support bracket 
* Per unit absorber length. 

  Writing the energy balance equation over node 3 gives: 
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 3.44 

Nodes 1, 2 , and 3 are in series.Hence the transferred heat through the absorber tube wall should equal the 
transferred heat to the HTF by forced convection. So, we have: q  

 3.45 

By substitution of correlation 3.45 into 3.44 and solving in terms of convq12 , it is concluded that: 

 3.46 

 

 

 

 

 

 

 

 

Figure  3.8: Schematic of the SCT two-dimensional heat transfer model (Forristall, 2003) 

The first law of thermodynamics is applied to each segment as a control volume when HTF is crossing its 
boundaries (Figure 3.8). The energy balance equation can be written as: 

 3.47 

Where: 

 : net heat flux per unit absorber area [W/m2] h : enthalpy [J/kg] 
    Ai : circumferential area of segment “i”[m2]   : bulk fluid velocity [m/s] 
 : mass flow rate [kg/s]   

The difference between solar absoption and heat loss is transferred to HTF as net heat flux (     ). 

 3.48 

The heat loss term in Equation 3.48 consists of the convection and radiation loss from the absorber 
envelope to the surrounding in addition to heat loss through support brackets. 

 3.49 
Where: 

 3.50 

                       [W] is the heat loss through each support bracket, and parameter (ni) refers to the number 
of supports attached to ith  segment, which is a function of the segment length ∆Labsorber. Substituting 
Equations 3.48 and 3.49 into Equation 3.47 and solving for HTF outlet enthalpy gives: 

 3.51 
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𝑣in,i is the inlet velocity at the ith segment calculated from volumetric flow and absorber cross-sectional 
area that both of which are known.so, we have : 

 3.52 

The continuity on the borders of two adjacent segments requires that: 

𝑣1,in,(i+1)=𝑣1,out,I     

T1,in,(i+1)=T1,out,i 

P1,in,(i+1)=P1,out,i 

𝑥1,in,(i+1)= 𝑥1,out,i 

3.2.2 Energy Balance Model Correlations 

To this point, the energy balance model was studied. In this section , the correlations for each heat flux 
term , described in Table 3.2, will be defined. 

3.2.2.1 Convection Heat Transfer between HTF and Absorber 

The convection transfer from the inner surface of the absorber pipe to HTF is determined by Newton’s 
law of cooling: (Incropera, et al., 2011) 

 3.53 

Calculation of the heat transfer coefficient for the single-phase flow requires knowledge on the Nusselt 
number and HTF conductivity. Solving the Nusslet number correlation for the heat transfer coefficient 
gives:  

 3.54 

Where: 

h1 : HTF convection heat transfer coefficient at T1 [W/m2.K] T2 : inner surface temperature of absorber [°C] 
D2 : absorber inner diameter [m]  k1 : thermal conductance of the HTF at T1 [W/m.K] 
T1 : mean (bulk) temperature of the HTF [°C] NuD2 : Nusselt number based on D2 diameter 

The abovementioned method cannot be used for the two-phase flow since determination of conductivity 
in it is impossible. Thus, the empirical correlations are used to determine the heat transfer coefficient at 
different regimes of the two-phase flow.   

3.2.2.2 Conduction Heat Transfer through Absorber Wall 

The conduction heat transfer through a hollow cylinder which (absorber wall) is obtained by using 
Fourier’s law of conduction as follows: (Incropera, et al., 2011) 

 3.55 

Where: 

T2 : absorber inner surface temperature [°C] D3 : absorber outer diameter [m] 
T3 

D2 
: absorber outer surface temperature [°C] 
: absorber inner diameter [m] 

k23 : thermal conductance at average absorber temperature 
(T2+T3)/2[W/m.K] 

3.2.2.3 Convection Heat Transfer from Absorber to Surrounding 

Similar to section 3.2.2.1, Newton’s law of cooling can be written between the absorber surface and the air 
stream around: (Incropera, et al., 2011) 
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 3.56 

 3.57 

Where: 

T3 : absorber outer surface temperature [°C] k34 : thermal conductance of air at (T3+T4)/2[W/m.K] 
T4 : ambient temperature [°C]  D3 : absorber outer diameter 
h34 : convection heat transfer coefficient for air at (T3-T4)/2 

[W/m.K] 
NuD3 : average Nusselt number based on absorber outer 

diameter 

Here, the Nusslet number is dependent upon the air stream velocity around the absorber that can be 
considered in two cases as follows: 

No wind case: Under no wind condition, the convection heat transfer is purely done by a natural 
convection mechanism. In this case, the Nusselt number is estimated by Churchill and Chu’s correlation 
valid for a long isothermal horizontal cylinder. (Incropera, et al., 2011) 

 

 3.58 

 3.59 

 3.60 

 3.61 

Where: 

RaD3 : Rayleigh number for air based on the absorber outer diameter,D3   : Prandtl number for air at T34 
 g : gravitational constant, 9.81[m/s2]   : kinematic viscosity for air at T34 [m2/s] 
 : thermal diffusivity for air at T34 [m2/s]  : film temperature (T3+T4)/2 [K] 
 :volumetric thermal expansion coefficient (ideal gas) [1/K]   

This correlation is valid for the Rayleigh number within the range 105 < RaD < 1012. In this correlation, a 
film of air with average temperature between the absorber exterior surface and the ambient (T34) is 
considered for air property determination. 

Wind case: Here, the convection heat transfer from the absorber is a forced convection. Zukauskas’ 
correlation for an isothermal cylinder is used to determine the Nusselt number in cross flow in which the 
air stream is perpendicular to the longitudinal axis of the cylinder. (Incropera, et al., 2011) 

 3.62 

n = 0.37, if Pr ≤10 
        n = 0.36, if Pr ≥10  

This corrlation is valid for Panthel and Reynolds numbers within the range  0.7 ≤ Pr6 ≤ 500, and 1 ≤ ReD5 
≤ 106 , respectively. All properties are evaluated at the surrounding temperature (T4), except Prs, which is 
evaluated at the absorber outer surface temperature (T3) .Values of C and m in Equation 3.62 are listed in 
Table 3.3.  

Table  3.3: Constants of Zukauskas’ correlation for the circular cylinder in cross flow 
ReD C m 
1-40 0.75 0.4 
40-1000 0.51 0.5 
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1000-200000 0.26 0.6 
200000-1000000 0.076 0.7 

3.2.2.4 Radiation Heat Transfer 

For calculation of the radiation heat loss in the parabolic trough application, it is assumed that the 
absorber tube is mostly seen by the sky; hence, the radiation heat transfer occurs by temperature 
differences between the absorber and the effective sky temperature. As an approximation, the effective 
sky temperature is assumed 8[°C] below the ambient temperature. (Forristall, 2003) 

However, this assumption is not applied for LFR due to the fact that in Fresnel systems, the absorber tube 
is mainly seen by the ground and mirror field. In this case, the effective sky temperature is assumed 5[°C] 
above the ambient temperature that will lead to a slightly lower radiation loss compared to the parabolic 
trough (Pye, et al., 2006). The net radiation transfer between the absorber envelope and surrounding 
becomes (Incropera, et al., 2011): 

                                                                                                                                                               3.63 

where: 
σ   : Stefan-Boltzmann constant (5.670E-8) [W/m2-K4] T3 : absorber tube outer surface temperature [K] 
D3 : absorber tube outer diameter [m] T5 : effective sky temperature [K] 
ε3   : emissivity of the selective coating on absorber outer surface  

3.2.2.5 Heat Loss through Support Bracket 

In order to approximate the support bracket heat loss, an infinite fin with the base temperature 10 [°C] 
lower than the absorber outer surface temperature (T3) at the point where the bracket is attached to the 
absorber tube is assumed. The fin base is defined as the short distance from the bracket attachment to the 
minimum cross-sectionals area that is properly insulated (Forristall, 2003). The bracket heat loss is 
estimated with the following equation (Incropera, et al., 2011). 

                                                                                                                                                           3.64 

where 

hb    : average convection coefficient of bracket [W/m2-K] Tbase : temperature at base of bracket [°C] 
Pb    : perimeter of bracket [m] T4    : ambient temperature [°C] 
kb    : conduction coefficient [W/m-K] L     : absorber length [m] 
Acs,b : minimum cross-sectional area of bracket [m2]  

The average convection coefficient (hb) on the bracket surface is calculated similar to the absorber 
convection heat loss by using Churchill and Chu and also Zukauskas correlations for no-wind and wind 
cases, respectively. The conduction coefficient (kb) is assumed for the plain carbon steel at 212[°C] and the 
average isothermal bracket temperature is estimated as (Tbase+Tambient)/3 (Forristall, 2003).  

3.2.3 Solar Irradiation Absorption 

As discussed earlier, the solar insolation on the absorber surface can be treated as heat fluxes. The solar 
absorption is dependent upon numerous parameters such as: mirror reflectance, shadowing effect, 
tracking error, dirt on mirrors and absorber, and geometry error (mirror alignment). Accordingly, the 
equation for solar absorption on the absorber surface can be written as: (Forristall, 2003) 

 3.65 

In which, the effective optical effciency( absη ) is defined as: 

absabsiSolAbs qq αη =

][)( 4
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4
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                                                                                                 3.66 

Where 

 : solar irradiation per receiver length [W/m]  : geometry error (mirror alignment) 
 : effective optical efficiency on the absorber   : dirt on mirrors (reflectivity/     ) 
 : selective coating absorption factor  : dirt on absorber 
 :shadowing effect (bellows, shielding, supports)  : incident angle modifier (IAM) 
 : tracking error  : clean mirror reflectance 

In this study, the reflectance and absorption factors are considered for clean mirrors. The effect of dirt on 
the surfaces as well as the geometry error is neglected. Moreover, it is assumed that the azimuth angle is 
perfectly being tracked by Solar Island. Due to using narrow mirrors, with width of 45 to 53 mm, the 
shadowing effect is small and may occur only at very low altitude angles (below 20°) with very low solar 
radiation, which is not within the scope of this study. The incident angle modifier (IAM) is typically 
defined experimentally as a function of the incident angle when the incident irradiation is not normal to 
the surface. Here, instead of using IAM, the optical analysis will be performed separately with the aid of 
TracePro. In previous studies, the CSEM prototype is modeled for the DN100 absorber under ideal 
conditions assuming a perfect mirror and absorber without considering the sub tense angle effect of the 
sun. The TracePro model and optical studies will be fully discussed in chapter 4. 

3.2.3.1 Selective Coating Materials Optical Properties 

The optical properties for some well-proved selective coating materials widely used in solar CSP projects 
have been mentioned in the NREL report (Forristall, 2003).The optical properties of these selective 
coating are listed in Table 3.4 in which the absorption factor is constant and independent to the absorber 
temperature while the coating emissivity factor is given as a function of the absorber temperature within 
100 to 400[°C]. These selective coating types are included in the EES code. However, only Luz Black 
Chrome coating is considered in the current thermal analysis.       

Table  3.4: Optical properties for some selective coating material (Forristall, 2003) 

Selective Coating Coating 
Absorptance 

Coating Emissivity 
at 100°C at 400°C 

 
Temperature-dependent equation* 

Luz Black Chrome 0.94 0.11 0.27 0.0005333 (T + 273.15) - 0.0856 
Luz Cermet 0.92 0.06 0.15 0.000327 (T + 273.15) - 0.065971 
Solel UVAC Cermet-a 0.96 0.07 0.13 (2.249E-7)T2 + (1.039E-4)T + 5.599E-2 
Solel UVAC Cermet-b 0.95 0.08 0.15 (1.565E-7)T2 + (1.376E-4)T + 6.966E-2 
Solel UVAC Cermet avg 0.955 0.076 0.14 (1.907E-7)T2 + (1.208E-4)T + 6.282E-2 
Solel UVAC Cermet Proposed-a 0.98 0.04 0.10 (2.084E-4)T + 1.663E-2 
Solel UVAC Cermet Proposed-b 0.97 0.02 0.07 (1.666E-4)T + 3.375E-3 
*All temperatures are in degree Celsius 

3.2.4 Thermal Efficiency and Exergetic Efficiency 

 Thermal or energy efficiency in the solar thermal application can be simply defined as the ratio of the 
power absorbed by HTF to radiation power impinging on the absorber surface (Abbas, et al., 2011): 

 3.67 

Where: 

 :thermal power gained by the heat transfer fluid [W] 
 :thermal power impinging onto the receiver [W] 
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Nevertheless, the receiver performance cannot be evaluated and compared solely with thermal efficiency. 
From thermodynamics, we know that a higher operating temperature increases the power cycle efficiency 
which is confined to the Carnot efficiency (Abbas, et al., 2011). Nonetheless, the pressure drop and 
required pumping power are not taken into account in this definition. 

 Pressure drop and parasitic power losses due to pumping power are rising significantly by an increase of 
the mass flow. In contrast, the heat transfer coefficient is improved as a result of higher velocity inside the 
tube. However, the outlet temperature may also decrease, which is not desirable since it aggravates the 
thermodynamic cycle efficiency. These factors are taken into account in the exergetic efficiency definition 
as follows: (Duffie, et al., 1991) (Muñoz, et al., 2011)  

 3.68 
 

Where: 
 : ambient temperature [K]  : pumping power [K] 
 : sun equivalent temperature [K]   

In which, the required pumping power to overcome the pressure drop across the absorber is given by 
(Abbas, et al., 2011): 

 3.69 
Where: 
 : pressure drop along the circuit [Pa]  : fluid density [kg/m3] 
 : mass flow [kg/s]   

3.2.5 EES Code 

Engineering Equation Solver (EES) program is used to code the thermal model for a simple cylindrical 
tube (SCT). The numerical solutions of linear and non-linear algebraic and differential equations are used 
as the basic function in this program. EES is known a powerful engineering tool because of its unique 
engineering characteristics that makes it highlighted from other programing tools. In this program, all 
unknown parameters are automatically identified and grouped for the most efficient solution. EES 
supports user-defined subprograms, procedures and functions similar to other programming tools such as 
FORTRAN. Moreover, built-in mathematical and thermal-physical property functions are provided in this 
program. Furthermore, conducting parametric study and making 2D and 3D graphs can be readily 
perfumed in EES. (Klein, et al., 2012) 

The code is written in 1000 lines including 1 subprogram, 10 functions and 7 procedures (Table 3.5) 
integrated to the main body of the program. The bulkiest part of the code is for the single-phase and two-
phase heat transfer and pressure drop correlations. The thermodynamic properties of steam are obtained 
from the Steam_IAPWS function. This function that is issued by the International Association for the 
Properties of Water and Steam (IAPWS) provides the most accurate thermodynamic data for water using 
the 1995 formulation for the thermodynamic properties of ordinary water substance for general and 
scientific applications (Klein, et al., 2012). Steam_IAPWS function is only available in the professional and 
academic commercial version of EES. 

In addition, the thermal conductivity properties for four stainless alloys :AISI302, AISI304, AISI316, 
AISI347 have been defined in the code as a function of temperature while the thermal conductivity for 
B42 copper pipe is treated constant equal to 400 [W/m.K]. 
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3.2.5.1 Problem-Solving Procedure 

As previously mentioned, the problem-solving procedure is performed explicitly starting from the first 
segment to the last one. Firstly, energy balance equations are solved for each segment through iterations in 
which the inlet parameters such as pressure, temperature and mass flow plus the surrounding parameters 
consist of the ambient temperature; wind speed and solar insolation are known parameters. As a result, the 
HTF outlet temperature and the absorber tube wall temperature are determined. The next step is to 
calculate the overall pressure drop over the segment in which the outlet temperature and inlet pressure are 
used to solve the momentum and frictional pressure drop correlations and consequently, calculate the 
pressure drop over the segment. In the following step, the calculated pressure and temperature are used to 
determine the HTF properties at the outlet. Afterward, the continuity rule at each segment's boundary is 
applied for temperature, pressure, velocity and steam quality, which was previously described in Section 
3.2.1. The similar procedure is performed for the next segments. Finally, the overall pressure drop, heat 
loss and heat gain plus thermal efficiency and exergetic efficiency are calculated for the overall length of 
the absorber. 

Table  3.5: List of subprogram, functions and procedures defined in the EES code 
Name Type Task/correction 

sp_NBD_CBD_He
atflux 

Subprogram Calculation of q_dot_NBD (Nucleate boiling dominant) and q_dot_CBD 
(Convective boiling dominant) - Kandlikar (1998) correlation 

fA_cs Function Inside cross sectional flow area of  the absorber 
fq_SolAbs Function Solar flux on the absorber exterior surface 
fFUN_Fr_lo Function Calculation of  FUN_Fr_lo for factor in Kanlikar (1998) correlation for 

nucleate boiling 
fCo_1 Function Calculation of the convection number (Co) for Kandlikar (1998)  Nucleate 

boiling correlation 
fq_34conv Function Convective heat transfer rate between the absorber outer surface and 

environment (Churchill and Chu correlation for natural convection and 
Zhukauskas for forced convection from a long horizontal and isothermal 
cylinder) 

fq_35rad Function Radiation heat transfer rate between the absorber outer surface and the 
effective sky temperature 

fT_2_ONB Function Calculation of T_2_ONB ,wall temperature at Onset of Nucleate Boiling 
inception 

fq_cond_bracket Function Estimation of heat loss through support bracket 
fk_23 Function Absorber tube conductance as a function of temperature 
fHeatLoss Function Overall radiation and convection loss (q_35rad + q_34conv) 
pMU_1in_vo Procedure Single-phase/Two-phase thermodynamic properties 
pRHO_1out_2phas
e 

Procedure Single-phase/Two-phase density correction when the outlet condition in a 
segment is saturated while the inlet condition is subcooled 

pNu#_lo Procedure Nusselt number and heat transfer coefficient of water for liquid only 
saturated condition 

pNu#_vo Procedure Nusselt number and heat transfer coefficient of single-phase liquid or gas 
pSelectiveCoatingP
roperties 

Procedure Selective Coating materials emissivity and absorptance 

pq_12conv Procedure Convective heat transfer rate between the heat transfer fluid and  the 
absorber 

pPressureDrop Procedure Momentum and frictional pressure drop over each segment 
 

3.2.5.2 SCT Parametric Study and Results 

The thermal analysis is performed for the SCT case assuming boundary conditions that are presented in 
Table 3.6. The inlet pressure is assumed 20 [bars] as it was considered in initial design of NOLARIS 
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according to the specification of the power cycle fed by Solar Island. The inlet temperature is assumed 150 
[°C] in the subcooled region. The results are compared for the mass flow within 1 to 20 [kg/s] for 
Stainless Steel AISI302 (SCH40) and ASTM B42 copper commercial tubes chosen consistent with the 
present operation pressure and temperature. The ambient temperature and wind speed are assumed to be 
30 [°C] and 5 [m/s] respectively according to RAK weather data provided by CSEM-UAE. 

 

Table  3.6: EES-SCT boundary conditions 
Parameter EES symbol Value in base case 
Absorber tube length L 200 [m] 
Absorber tube material AbsorberMaterial$ Stainless_AISI302(SCH40),ASTM B42 copper 
Absorber tube outer diameter D_3 114.3 [mm] 
Absorber tube wall thickness t_mm 8.56[mm] 
Ambient temperature T_amb 30[°C] 
HTF inlet pressure P_1inlet 20 [bar] 
HTF inlet temperature T_1inlet 150[°C] 
Internal roughness  e 0.0445(AISI302)/0.0015(B42)[mm] 
Insolation on aperture q_aperture 24053[W]/7.72[m]=3116.7 [W/m] 
Mass flow m_dot 1 to 20 [kg/s] 
Number of segments imax 100[-] 
Selective coating material SelectiveCoating$ Black Chrome (SNL test)* 
Support bracket intervals L_bracket 2.5 [m] 
Wind speed U_wind 5 [m/s] 
*NREL data (Forristall, 2003) 

The results are shown in Figures 3.9 to 3.16. As shown on the graphs, the use of copper results in a slight 
increase in thermal and exergy efficiencies. However, this increase is not significant as one may expect, 
due to comparatively higher conductivity of copper than steel. Furthermore, using copper gives a lower 
pressure drop rate that is connected to its smaller roughness factor than steel. Moreover, observing 
Figures 3.12 and 3.13 reveals a bit higher heat gain and lesser heat loss in the copper case as a result of 
higher conductivity and lower roughness. However, apart from these factors, high heat loss rate of the 
absorber, (1500 to 1900[W/m]) has a dominant effect on thermal performance. This fact is more tangible 
if it explained by the resistance diagram shown in Figure 3.7 along with the heating balance correlation 
(Equation 3.45). The effect of heat loss will stay dominant as long as the heat loss rate to the surrounding 
is high. Moreover, this will be also true once the resistance along the path between the absorber outer 
surface, and the surrounding is very low compared to the opposite path, including conduction through the 
absorber wall and convection to HTF.  

 
Figure  3.9: EES-SCT results-Exergy efficiency vs. Mass flow 

11

11.5

12

12.5

13

13.5

14

0 2 4 6 8 10 12 14 16 18 20

E
xe

rg
y 

E
ffi

ci
en

cy
 [

%
] 

Mass flow [Kg/s] 

Stainless Steel AISI302 (SCH40)
ASTM B42 Copper



-30- 
 

 
Figure  3.10: EES-SCT results-Thermal efficiency vs. Mass flow 

 
Figure  3.11: EES-SCT results-Overall pressure drop rate vs. Mass flow 

 
Figure  3.12: EES-SCT results-Heat gain per unit absorber length vs. Mass flow 

Participation of the different mechanisms involved in heat dissipation, including forced convection and 
radiation to the surrounding as well as conduction through the support brackets, are shown in Figures 
3.14 to 3.16. It can be seen that with the reduction of mass flow, the heat loss rate is increasing. This 
growth can be explained by the lower heat transfer coefficient on the HTF side as a result of the lower 
average velocity. Consequently, higher temperature of the outer surface of the absorber results in 
increasing the heat loss rate due to a greater temperature gradient between the absorber and its 
surrounding.  
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Figure  3.13: EES-SCT results-Heat loss per unit absorber length vs. Mass flow 

 
Figure  3.14: EES-SCT results-Convection loss per unit absorber length vs. Mass flow 

 

 
Figure  3.15: EES-SCT results-Radiation loss per unit absorber length vs. Mass flow 
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Figure  3.16: EES-SCT results-Support bracket loss unit per absorber length vs. Mass flow 

According to the results for heat losses, it is obvious that for a cylindrical tube located in the air stream 
with moderate velocity of 5 [m/s], the largest share of heat losses is accounted for the forced convection. 
Due to its relatively low operational temperature, share of the radiation loss is considerably small. In such 
a condition, the heat loss from the support bracket is negligibly small.  

As an example, the participation of the convection, conduction and support bracket heat losses for the 
stainless steel AISI302 case are shown in Figure 3.17 in which the inlet temperature is 100 [°C] and the 
mass flow is 3.8 [kg/s]. In this case, convection and radiation are major heat loss contributors by 75% and 
5%, respectively, and only 20%, one fifth, of the absorbed insolation on the aperture area is transferred to 
HTF. 

 
Figure  3.17: Participation of the heat loss contributors for the stainless steel SCT case                            

(absorber length=200[m], inlet Temp. =100[°C], inlet pressure=20 [bar], mass flow=3.8 [Kg/s]) 

3.3 EES Steady-State Modeling for Coaxial Tubes (COT) 

So far, the two-dimensional energy balance model for simple cylindrical tubes was developed considering 
the fact that all two-phase flow heat transfers and pressure drop correlations have been entirely developed 
for the circular geometry. Nevertheless, non-circular geometries are also widely used in industries where 
heat transfer enhancement is desired (Rohsenow, et al., 1998). The main difference between annular duct 
and other non-circular geometry is that there are two walls which one or both can be involved in heat 
transfer to the HTF in the annulus. In solar applications, using annular geometries is advantageous as it 
reduces the flow path cross-sectional area and consequently, improves heat transfer to the HTF while the 
absorber outer circumferential surface, which is receiving solar radiation, is kept constant. 
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 In this section, the EES steady-stated is modified for the coaxial configuration by introducing the 
supplementary correlations for heat transfer and pressure drop inside the annuli. The previously defined 
correlations for the flow inside the inner tube as well as the heat loss mechanisms to the surrounding 
remain valid.  

3.3.1 COT Two-Dimensional Energy Balance Model 

The coaxial model is shown in Figure 3.18. As it can be seen in the schematic diagram, the subcooled 
HTF flows through the inner tube where it slightly gets preheated by the HTF inside the annuli with 
higher temperature. The Increase in the HTF temperature is accelerated inside the annuli as it is directly in 
touch with the hot surface of the absorber. In the coaxial model, it is postulated that the two-phase flow 
only occurs inside the annuli. The heat fluxes are defined in Table 3.7 for the COT case where the 
subscript "inner" represents the inner tube in the coaxial configuration. Similar to the SCT case, writing 
the energy balance equation over node 3 gives:  

 3.70 

Nodes 1_inner,2_inner and 3_inner as well as 1,2 and 3 are in series that simply gives:  

 3.71 
 3.72 
 3.73 

Similar to the SCT case, rewriting Equation 3.47 and substituting the above-mentioned correlations for 
the ith segment, separately for control volume, including annuli and inner tube results: 
 

 3.74 

 3.75 
Unlike the SCT case, solving the COT model requires an implicit solution due to the fact that the energy 
balance correlations for the first segment of the inner tube should be solved together with the last 
segment correlations of the annuli before the outlet point. Such a model is very difficult to be numerically 
solved with a software program like EES, because due to the complexity of the code, very accurate guess 
values for thermodynamic properties of the HTF inside the annuli are required for numerical 
convergence. Hence, additional assumptions should be made to simplify the problem. In this case, the 
heat transfer between the annuli and inner tube is ignored, and only pressure drop is considered for HTF 
inside the inner tube before entering to the annuli after the imaxth segment. 

Table  3.7: COT case heat flux definition 
Heat Flux 
[W/m]* 

Heat Transfer  
Mode 

Heat Transfer Path 
                     From To 

qSolAbs solar irradiation absorption incident solar irradiation outer absorber pipe surface 
q12conv convection inner absorber pipe surface HTF inside annuli 
q23cond conduction outer absorber pipe surface inner absorber pipe surface 
q34conv convection outer absorber pipe surface ambient 
q35rad radiation outer absorber pipe surface sky 

qcond ,bracket conduction outer absorber pipe surface support bracket 
q13conv,inner convection heat transfer fluid inside annuli external surface of  inner pipe surface 
q23cond,inner conduction external surface of  inner pipe internal surface of  inner pipe 
q12conv,inner convection internal surface of  inner pipe HTF inside inner tube 

* Per unit length of absorber 

23 34 35 , [ ]SolAbs cond conv rad cond bracketq q q q q W m= + + +    

12 23 [ ]conv condq q W m= 

13 , 23 , [ ]conv inner cond innerq q W m= 
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(a)  

 
(b)  

 

 

 

 

 

 

(c) 
Figure  3.18: COT heat transfer model a) Schematic diagram b) Thermal resistance model  

c) Energy balance diagram 
 

3.3.2 Heat Transfer and Pressure Drop in a Concentric an Annular Duct 

The Nusselt number and friction factor correlations for circular tubes are not applied for flow inside the 
annuli (Rohsenow, et al., 1998).The hydraulic diameter provides a basis for approximating heat transfer 
coefficient in noncircular ducts (Lienhard IV, et al., 2012). The hydraulic diameter is defined as: 

 3.76 

In which, AC is the cross-section area, and P is the wetted perimeter of the duct. The hydraulic diameter 
for an annular duct of inner diameter Di and outer diameter Do is readily concluded as: 

 3.77 

In turbulent flow using hydraulic diameter determines the heat transfer coefficient to within about ±20% 
across a broad range of duct shapes as most of the convection resistance is in the sub-layer on the wall. In 
fully developed laminar flow, the heat transfer coefficient depends on the geometry of the duct. This 
behavior can be explained by the extension of thermal resistance to the core of duct. In this case, Dh alone 
is not enough to accurately estimate the heat transfer coefficient. However, a proper characteristic length 
is estimated by using the hydraulic diameter for laminar Nusslet numbers. (Lienhard IV, et al., 2012)  

3.3.2.1 COT Parametric Study and Results 

The parametric study was performed for the COT configuration in five cases where the outer tube size is 
DN100 in all cases, and the inner tube diameter is different in each case (Table 3.8). The COT results have 
been compared to the DN100-SCT case. The ratio of the external and internal diameters (De/Di) for all 
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(2-inner) Inner tube internal surface 
(3-inner) Inner tube external surface 
(1) Heat transfer fluid inside annuli                                          
(2) Absorber inner surface 
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(4) Surrounding air 
(5) Sky  
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tubes is fixed to 1.167 as a first approximation to give the required mechanical strength in all 
configurations (Abbas, et al., 2011).The inner tube size was chosen according to the criteria mentioned in 
Table 3.8. The optimum alternative in each case is chosen by considering key parameters such as: exergy 
efficiency, pressure drop, heat gain rate and outlet temperature and steam quality.  

Table  3.8: Specification of five cases designated for COT case parametric study  

Case Inner tube external 
diameter (D3,inner) [mm] 

Annuli hydraulic 
diameter (Dh) [mm] Description 

1 33.7 62.24 Inner tube DN25 (NORALIS design) 
2 43.25 54.72 Average diameter of the cases 1 and 3 
3 52.75 45.2 Annuli hydraulic diameter equal to inner tube diameter 
4 74.37 23.57 equal mass velocity or equal cross sectional area 
5 87.94 10 Annular gap≤ 5mm (micro channel margin) 

De/Di=1.167 (Abbas, et al., 2011), De: external diameter, Di: internal diameter 

Table 3.9 shows other boundary conditions. The parametric was conducted for the Stainless Steel AISI302 
absorber material with three different inlet temperatures: 50, 100, and 200 [°C] when the mass flow is within 
0.1 to 5 [kg/s]. The results for Tinlet=100[°C] are presented in the following.  

Table  3.9: EES-COT boundary conditions 
Parameter EES symbol Value in base case 
Absorber tube length L 200 [m] 
Absorber tube material AbsorberMaterial$ Stainless_AISI302 
Absorber tube external diameter D_3 114.3 [mm] 
External to internal diameter ratio D_e/D_i 1.167 
Ambient temperature T_amb 30[°C] 
HTF inlet pressure P_1inlet 20 [bar] 
HTF inlet temperature T_1inlet 100 [°C] 
Internal roughness  e 0.0445(AISI302) [mm] 
Insolation on aperture q_aperture 24053[w]/7.72[m]=3116.7 [W/m] 
Mass flow m_dot 1 to 5 [kg/s] 
Number of segments imax 40[-] 
Selective coating material SelectiveCoating$ Black Chrome (SNL test)* 
Support bracket intervals L_bracket 2.5 [m] 
Wind speed U_wind 5 [m/s] 
*NREL data (Forristall, 2003) 

 

The results for COT cases have been compared with the DN100-SCT case shown in Figures 3.19 to 3.25. 
As it can be seen from the graphs, no significant improvement is observed in thermal behavior as heat 
gain and heat loss rates are very close in all cases. As expected, the heat loss rate is still significantly high 
reaching to 2400 [W/m] at low mass flow rates as a result of the absorber high temperature even though 
the two-phase state is attained in this situation as the steam quality is above zero (Figure 3.24). 

In contrast, the pressure drop rate shows considerable variation depending on the inner tube diameter. It 
needs to be mentioned that the effective length considered for pressure drop calculation in coaxial cases 
are twice the absorber length equal to 400 [m]. Thus, irrespective of the state of the flow higher pressure 
drop rate than that of the SCT case is expected. 
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Figure  3.19: EES-COT results-Exergy efficiency vs. Mass flow 

 
Figure  3.20: EES-COT results-Thermal efficiency vs. Mass flow 

 
Figure  3.21: EES-COT results-Overall pressure drop rate vs. Mass flow 
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Figure  3.22: EES-COT results-Overall heat gain per absorber length vs. Mass flow 

 
Figure  3.23: EES-COT results-Overall heat loss per absorber length vs. Mass flow 

 
Figure  3.24: EES-COT results-HTF outlet quality vs. Mass flow 
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Figure  3.25: EES-COT results-Pumping power vs. Mass flow 

As it can be seen in Figure 3.19, the maximum exergy efficiency occurs at a fairly low mass flow rate in all 
cases. The optimum alternative in each case is designated based on maximum exergy efficiency and 
minimum pressure drop rate. These results for Tinlet=100 [°C] are accumulated in Table 3.10 in which case 
4 with an equal mass velocity or cross-sectional area, gives the lowest pressure drop and slightly higher 
overall heat gain while the exergy and thermal efficiencies are very close together in all the cases. 
Accordingly, case 4 is chosen as the optimum alternative.  

A similar procedure is repeated in other cases with an inlet temperature of 50 and 200 [°C].The results for 
these cases are shown in Tables 3.11 and 3.12. The same reasoning as for the previous case can be 
generalized to these cases. As it can be seen in the results, the maximum exergy efficiency and overall heat 
gain are decreasing at higher inlet temperatures, mostly because of higher heat loss rate and pressure drop 
due to higher mass flow rate. However, the maximum exergy efficiency occurs at a higher mass flow rate 
that shows dominance of heat gain over pumping power in the exergy efficiency equation.  

Table  3.10: EES-COT parametric study- Tinlet=100[°C] 

Case  
Pressure 

Drop Rate  
[Pa/m] 

Mass 
Flow  

[kg/s] 

Exergy 
Efficiency  

[%] 

Thermal 
Efficiency   

[%] 

Outlet 
Pressure  

[Pa] 

Overall 
Heat Gain  

[W] 

Outlet 
Temp.[°C] 

Pumping 
Power  

[w] 

Outlet 
Quality  [-] 

SCT 3.64 1.4 16.36 56.35 2.00E+06 330091 155.4 1.061 SP* 
1 900.9 1.3 16.36 55.6 1.64E+06 325666 158.8 488.4 SP 
2 250.1 1.3 16.46 55.7 1.90E+06 326280 158.9 135.6 SP 
3 95.72 1.3 16.53 55.83 1.96E+06 327007 159 51.89 SP 
4 62.89 1.3 16.67 56.18 1.98E+06 329046 159.4 34.09 SP 
5 565.1 1.2 16.72 55.34 1.77E+06 324147 163.4 282.8 SP 

SP: Single-Phase 

Table  3.11: EES-COT parametric study- Tinlet=50[°C] 

Case  
Pressure 

Drop Rate  
[Pa/m] 

Mass 
Flow  

[kg/s] 

Exergy 
Efficiency  

[%] 

Thermal 
Efficiency   

[%] 

Outlet 
Pressure  

[Pa] 

Overall 
Heat Gain  

[W] 

Outlet 
Temp.[°C]  

Pumpin
g Power  

[w] 

Outlet 
Quality  [-] 

SCT 1.261 0.8 18.67 63 2.00E+06 369030 159.1 0.2041 SP* 
1 345.6 0.8 18.8 63.32 1.86E+06 370917 159.6 111.8 SP 
2 96.63 0.8 18.88 63.48 1.96E+06 371824 159.9 31.27 SP 
3 37.27 0.8 18.97 63.66 1.99E+06 372890 160.2 12.06 SP 
4 24.6 0.8 19.22 64.17 1.99E+06 375887 161.1 7.961 SP 
5 252.6 0.8 19.38 64.55 1.90E+06 378108 161.7 81.73 SP 

*Single-Phase   
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Table  3.12: EES-COT parametric study- Tinlet=200[°C] 

Case  
Pressure 

Drop Rate  
[Pa/m] 

Mass 
Flow  

[kg/s] 

Exergy 
Efficiency  

[%] 

Thermal 
Efficiency   

[%] 

Outlet 
Pressure  

[Pa] 

Overall 
Heat Gain  

[W] 

Outlet 
Temp.[°C] 

Pumpin
g Power  

[w] 

Outlet 
Quality  [-] 

SCT 212 11 7.559 21.26 1.96E+06 124539 202.5 539.5 SP* 
1 1224 1.5 7.693 22.1 1.51E+06 129447 198.6 847.5 0.045 
2 1196 2.79 7.513 21.89 1.52E+06 128232 199 1541 0.024 
3 1470 4.74 7.444 22.79 1.41E+06 133501 195.6 3217 0.023 
4 541 3.8 7.147 20 1.78E+06 117136 206.8 950.3 0** 
5 2361 1.2 6.487 19.92 1.06E+06 116682 185.8 1310 0.088 

*Single-Phase  **Saturated Liquid 

Besides, it is obvious that the overall pressure drop rate is noticeably higher for Tinlet=200 [°C] as a result of 
the existence of the two-phase flow whereas in other cases, the outlet condition is single-phase due to high 
heat loss rate. The portion of heat loss and heat gain for case 4 with Tinlet=100 [°C] is illustrated in Figure 
3.26.  

 
Figure  3.26: Participation of the heat losses contributors for the stainless steel COT case                            

(absorber length=200[m], inlet Temp. =100[°C], inlet pressure=20 [bar], mass flow=3.8 [Kg/s]) 

Comparing Figure 3.17 and 3.26 reveals almost similar results for coaxial and non-coaxial cases. Similar to 
the SCT case with different absorber material again it can be explained by high rate of heat loss from the 
absorber envelope that means low thermal resistance between the absorber and the surrounding. Under 
such a condition, the thermal behavior of the HTF for either single-phase or two-phase regimes cannot be 
studied properly. Therefore, further analysis of the EES models is left to be done after designing an 
energy efficient-receiver with a low heat loss rate. 

Additionally, heat loss from the absorber is only dependent upon the temperature of the absorber outer 
surface for certain thermal boundary conditions, geometry, and materials. Thus, the overall heat loss rate 
can be defined solely as a function of the absorber temperature irrespective of the heat transfer condition 
inside the absorber tube. This temperature dependent function can be extracted and replaced in the code 
instead of the current convection and radiation for an isothermal tube located in the air stream. 

3.4 EES Two-Phase Flow Analysis (Extra Results) 

So far, the results for SCT and COT cases are presented. However, due to high rate of heat losses, the 
two-phase state is not achieved and hence, capability of the code in predicting two-phase flow parameters, 
particularly heat transfer coefficient and pressure drop, cannot be studied. For that reason, here, the code 
is virtually manipulated by lowering heat losses when the absorber length is 800 [m]. This length is long 
enough to present the thermal behavior from subcooled to saturate boiling. 

Variation of the thermal and exergy efficiency with respect to the position on the absorber is depicted in 
Figure 3.27. The thermal efficiency trend shows a slight drop in the subcooled liquid phase. This behavior 

Convection  
74.93% 

Radiation  
5.06% 

Support bracket 
0.01% 

Heat gain 
20.00% 

Absorber length=200[m]  Inlet Temp.=100[°C] Inlet Pressure=20 
[bar]    

Mass Flow=3.8 [Kg/s]  Convection

Radiation

Support Bracket

Heat gain
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can be explained by the increase of the absorber temperature (Figure 3.33) that in turn leads to higher heat 
loss and lower heat gain because the heat-transfer coefficient is almost constant within this region (Figure 
3.28) and heat gain cannot be improved either. However, thermal efficiency regains its value after reaching 
saturation temperature for two reasons. Firstly, the heat-transfer coefficient is improving in the two-phase 
flow and secondly heat loss is not changing a lot as the absorber temperature is fixed at corresponding 
HTF saturated temperature within the boiling process.   

  
Figure  3.27: EES extra results-Exergy efficiency, thermal efficiency and steam quality vs. position on 

absorber length  
                    

 

 

 

 

 

 

 

 

 

Figure  3.28: EES extra results-Heat Transfer coefficient and steam quality vs. position on absorber length 

In contrast, the exergy efficiency reaches a maximum at boiling inception (Figure 3.27). However, this 
trend is thereafter followed by a slightly downward trend, increased at the outlet of the absorber due to 
the prevailing effect of pressure drop (Figure 3.29) compared to the heat transfer coefficient growth when 
the steam quality is rising (Figure 3.28).  

In addition, a minor increase in the heat-transfer coefficient is identified in Figure 3.28 in the subcooled 
region as a result of liquid expansion and subsequently a larger Nusselt number at higher temperatures. 
However, at the onset of boiling a sensible drop in the heat-transfer coefficient is observed since the 
saturate boiling is not fully established whereas this trend is progressively upward after a fully-developed 
saturate boiling followed by steam quality growth. 
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Figure  3.29: EES extra results-Frictional pressure drop and steam quality vs. position on absorber length  
 

 

 

 

 

 

 

 

 

Figure  3.30: EES extra results-Momentum pressure drop and steam quality vs. position on absorber length 

The frictional, momentum and overall pressure drop over each segment are shown in Figures 3.29, 3.30 
and 3.31 respectively. It is clear that the overall trend is predominantly imposed by frictional pressure drop 
whereas the momentum term is becoming important at higher steam qualities in which the void fraction 
has increased significantly.  

 

 

 

 

 

 

 

 

  
Figure  3.31: EES extra results-Overall pressure drop and steam quality vs. position on absorber length 
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Figure  3.32: EES extra results-Absorber inner Temp. and ONB Temp. vs. position on absorber length  

 

 

 

 

 
 

 

 

 

Figure  3.33: EES extra results-Absorber and HTF temperature vs. position on absorber length 

In Figure 3.32, the ONB temperature has been compared with the absorber temperature as well as the 
corresponding saturated temperature. The ONB temperature was previously defined in Section 3.1.5.2 as 
the required wall super heat temperature on the absorber tube wall in order to have partial sub cooled 
boiling. As it can be seen in the graph, there is a wide margin between the absorber temperature and the 
ONB temperature, hence, it can be concluded that there is no chance of sub cooled partial boiling 
considering the current solar power on the absorber.  

Figure 3.33 is important because it shows the variation of the absorber inner and outer temperatures as 
well as the HTF bulk temperature that implicitly indicates the impact of the two contributed factors. 
Firstly, the presence of the two-phase state and secondly, the pressure drop effect at the corresponding 
saturated temperature along the absorber length. Once the steam quality is zero in the sub cooled region, 
the HTF bulk temperature ascends as long as it is lower than the saturated temperature at the segment 
corresponding inner pressure. After that the bulk temperature becomes constant with a slightly 
descending trend as a result of the two-phase pressure drop that leads to a lower saturated temperature at 
a lower pressure. 

This finding highlights the importance of pressure drop in the design of DSG systems. This is because if 
the pressure drop were substantial over a long absorber with saturated state at the outlet, then the outlet 
pressure and saturated temperature might be even lower than the inlet temperature. This phenomenon is a 
serious drawback for feeding the power cycle. Thus, the pressure drop across the absorber is the most 
important confinement and criterion of the design that should be decided by considering the whole 
system, including both solar field and power block concurrently.          
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4 Optical Analysis 

The results obtained from thermal steady-state modeling highlight the importance of heat loss alleviation 
irrespective of the heat transfer mechanisms on the HTF side. This aim is pursed, firstly, through studying 
the possibility of adaption of the available commercial products on the market with low heat loss rate such 
as Siemens and Schott solar evacuated tube receivers as well as the SRB ultra-high vacuum flat plate 
collector from an optical point of view. The next step is to initially design the geometry of a cavity receiver 
adapted to the CSEM prototype in regard with the optical requirement at different altitude angles. In the 
current study, the mirror configuration is assumed unchangeable throughout the optical analysis.  

The optical study is perfumed using TracePro software. TracePro is a well-proved ray tracing program 
widely used for optical analysis in which the so-called “Generalized Ray Tracing” technique is used for ray 
tracing. In TracePro, individual rays can be subject to absorption, reflection, refraction, diffraction and 
scatter at each intersection. TracePro keeps track of the optical flux associated with each ray as the rays 
propagate along different paths throughout the solid model. Moreover, any type of light source can be 
modeled by TracePro, including the sun which is of interest throughout this study. In this case, a solar 
beam with an angular profile equal to that measured for the sun rays can be defined in TracePro. 
(Lambda, 2012) 

4.1 CSEM Prototype Optical Analysis 

The CSEM prototype was described in Chapter one. In the previous studies, the mirror field configuration 
modeled by TracePro consisted of position, dimension, and inclination angle of the mirrors as well as the 
DN100 absorber tube vertically located 4 [m] above the mirrors on the symmetric plane. Nonetheless, in 
the earlier studies, the effect of the subtense angle of the sun has been ignored, and perfect optical 
properties have been assumed for selective coating and mirrors. Table 4.1 shows the characteristic of the 
CSEM prototype.  

Table  4.1: Characteristic of the CSEM prototype (DN100 absorber) 
3.77 [m]  Aperture width 
7.72 [m]  Aperture (mirror) length 
13.5 [m] Receiver length 
4 [m] Height of receiver 
Varying from inner to outer mirrors: 
 53, 51, 49, 47, 45 [mm]  Width of mirrors 

114.3 [mm]  Receiver outer diameter  
59 on one side  Number of mirrors 
44.1 [m2]   Solar reflective area (effective mirror area) 
76 %  Mirror area/Aperture area 
2.81° - 21.64°  Inclination angles of first and last mirrors 

As we know from the literature, the subtense angle effect causes the reception of the solar rays on the 
ground in a cone with tip angle of 32'. The subtense angle of the reflected rays remains the same in a 
perfect mirror. Hence, the divergence effect of the reflected ray which greatly depends upon the distance 
between the mirror, and the absorber should be taken into account. 

In Solar Island, only the azimuth angle of sun is tracked through rotating the circular platform. Depending 
on the altitude angle, measurable as the height of the sun, the hit points of the reflected rays from the 
mirror field are shifted further along the absorber longitudinal axis. This in turn means a longer travel 
distance between the mirror and absorber and consequently, a greater divergence effect. The condition is 
steadily worsening for mirrors farther from the module center. Consequently, a larger absorber will be 
required to collect the reflected radiation which means a lower concentration ratio.  
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In order to study the subtense angle effect, two light sources are defined in TracePro: surface source and 
sun source. In the surface source counter to the sun source, the angular profile of the sun is not taken into 
account in the optical analysis so as expected the results are independent from the altitude angle as it is 
shown in Figure 4.1(a). It needs to be mentioned that in the initial optical analysis in order to avoid 
complexity, perfect optical properties are assumed for the optical compartments including mirrors and 
absorber and actual optical properties will be defined for the final analysis. 

The results for the sun source are shown in Figures 4.1(b) to 4.1(f). It can be seen that the impinged area 
is steadily growing by sinking the altitude angle so that the rays cannot be entirely concentrated on the 
absorber at the angle 30° and below. It is also concluded that secondary reflector should be used at very 
low altitude angles. Besides, using an insulation attached to the upper half of the absorber is not 
advantageous as it hinders the radiation at low altitude angles. 

 
Figure  4.1: TracePro optical result for the CSEM prototype (DN100 absorber) at altitude angles 90, 60, 30, 

20° for surface source and sun source (NTS)   

The effect of angular subtense over the concentration ratio, heat flux intensity and total power at the 
absorber surface is studied in Table 4.2. The concentration ratio is simply defined is the ratio of the 
aperture area to the area of the receiver (Duffie, et al., 1991). In linear Fresnel collectors, the aperture area 
is the total glass area of the primary reflectors (Weiss, et al., 2008). Here, the receiver area calculated based 
on the impinged area on the absorber at different altitude angles will be used for the calculation of the 
average heat flux intensity. So, we have:  

 4.1 

The total primary reflector area of the CSEM prototype is 44.1 [m2]. In addition, the direct beam 
intensities at different altitude angles are contemplated for 16th June at Ras Al Khaimah, UAE. This 
analysis was carried out assuming ideal optical performance, which means having perfect reflection on 
mirrors as well as perfect absorption on the absorber surface. Therefore, all calculated powers on the 
absorber given in Table 4.2 are considered as the maximum attainable power at the corresponding altitude 

Aperture area Total primary reflector area
Concentration ratio= =Receiver area Impinged area on absorber
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angle for the current mirror configuration, which is exactly equal to the total insolation power received on 
the aperture area. These values will be used later to evaluate the actual optical performance by comparing 
a real condition with an ideal one. Based on this, the maximum power and flux intensity on the absorber 
surface of the CSEM prototype are 24,056 [W] and 16,227 [W/m2], respectively, at altitude angle 90°.      

As it is readily recognizable from the table, the concentration ratio almost falls to the half from 29.7 to 
15.9 at the altitude angles within 90° to 30  ° . Moreover, the average heat flux and total energy undergo a 
significant drop due to weaker radiation on the aperture area at lower altitude angles aggravated by the 
lower concentration ratio. The total power on absorber is the same for the surface and sun sources at 
altitude angles 90°, 60°, and 45°. However, a substantial discrepancy is observable at altitude angle 30° 
because part of irradiance doesn’t hit the absorber due to the subtense effect.  

Table  4.2: Concentration ratio, heat flux intensity and total power on absorber surface for the CSEM 
prototype (DN100 absorber) 

TracePro 
source 

Altitude 
angle 

Impinged 
circumferential length 

on absorber [m] 

Impinged 
area[m2] 

Concentration 
ratio[-] 

Beam 
radiation on 
aperture area 

[W/m2] 

Average heat flux 
intensity on 

absorber  
[W/m2] 

Total power 
on absorber 

[W] 

Surface °90  0.115 0.888 49.6 546 27100 24056 
Surface °60  0.115 0.888 49.6 488 24221 21501 
Surface °45  0.115 0.888 49.6 411 20400 18108 
Surface °30  0.115 0.888 49.6 285 14146 12557 
Sun °90  0.192 1.482 29.7 546 16227 24056 
Sun °60  0.205 1.585 27.8 488 13567 21501 
Sun °45  0.236 1.821 24.2 411 9942 18108 
Sun °30  0.359 2.772 15.9 285 4530 12557 

 

4.2 25BOptical Evaluation of Commercial Products on the 
Market  

It this section, the adaptability of available products on the market such as evacuated tubes and flat 
collectors is studied from an optical point of view. For this purpose, it is assumed that the center of the 
absorber is fixed at height of 4 [m] similar to the CSEM prototype.   

The available evacuated tubes on the market will be considered in two main categories according to their 
application either for solar power or solar heating systems. Optical analysis will be carried out over Schott 
Solar PTR70 and Siemens UVAC 2010 receivers both developed for parabolic trough CSP applications. 
Similar analysis is settled for prevailing geometries for the direct flow evacuated tubes with solar heating 
application. 

4.3 26BOptical Analysis of Evacuated Tube Alternatives 

The specifications of Schott Solar PTR70 and Siemens UVAC 2010 receivers have been compared in 
Table 4.3. The absorber outer diameter and length in both cases are 70 [mm] and 4,060 [mm], respectively, 
while the glass inner diameter varies from 115 to 125 [mm]. In the case of evacuated tubes suitable for 
solar heating applications, 37 [mm] is the most common size for absorber tubes and then 47 and 54 [mm] 
are next priorities (Table 4.4). Solar heating evacuated tubes are generally manufactured in length of: 
1,500, 1,800 and 2,100 [mm]. Additionally, In Schott Solar and Siemens receivers due to higher 
operational temperature along with the longer length and greater absorber diameter, the annuli gap 
required for heat loss reduction as well as dilation caused by thermal expansion is larger compared to 
those of commercial solar heating evacuated tubes. 
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Table  4.3: Schott Solar PTR70 and Siemens UVAC 2010 receivers’ specification (Schott, 2012) (Siemens, 
2010) 

Manufacturer / 
Model SCHOTT /PTR®70  SIEMENS/UVAC 2010 

Dimension Length: 4,060 [mm]  at 20°C ambient temperature (159.8 inches at 
68°F) Length: 4,060 [mm]  

Absorber 

Outer diameter: 70 [mm] /2.75 inches Outer diameter: 70 [mm]  
Steel type: DIN 1.4541 or similar Stainless Steel 
Solar absorptance: α ISO ≥95.5%; α ASTM ≥96.0 % α≥96.0 % 
Thermal emittance (at approx. 400°C/approx.. 752°F):  ε ≤ 9.5 % ε ≤ 9% 

Glass envelope 

Borosilicate glass Borosilicate glass 
Outer diameter : 125 [mm] /4.9 in. Outer diameter : 115 [mm]  
Anti-reflective coating Anti-reflective coating 
Solar transmittance: τ ≥ 96.5 %  τ ≥ 96.5 % 

Thermal Losses < 250 W/m (400°C/752°F); < 175 W/m (350°C/662°F); < 125 
W/m (300°C/572°F) - 

Vacuum Gas pressure ≤ 10-3 mbar - 
Operating pressure ≤ 40 bar (absolute) - 

Table  4.4: Solar heating evacuated tubes specification (Jinyi, 2012) 
Evacuated Tube Basic Specifications 
Structure All-glass double-layer coaxial 
Tube material High quality borosilicate glass 3.3 

Outer tube diameter and 
thickness 

Φ=47±0.7[mm]  & =1.6[mm]  
Φ=58±0.7[mm]  & =1.6[mm]  
Φ=70±0.7[mm]  & =2.0[mm]  

Inter tube diameter and thickness 
Φ=37±0.7[mm]  & =1.6[mm]  
Φ=47±0.7[mm]  & =1.6[mm]  
Φ=58±0.7[mm]  & =1.6[mm]  

Tube length 
500[mm],800[mm],1500[mm],1800[mm]  
1900[mm],2000[mm],2100[mm]  

Absorptive 
coating 

Structure ALN/AIN-SS/CU 
Sediment method Magnetron sputtering plating 
Absorptance a=0.88-0.92(AM1.5) 
Emittance ratio Σn:=0.04-0.06 (80[°C]±5[°C]) 

Vacuum tightness P ≤ 5.0 × 10-3 [Pa] 
Solar irradiation under stagnation Φ47 H≤3.7 [MJ/m2], Φ58≤4.7 [MJ/m2] 
Average heat loss coefficient ULT=0.78 [W/m2.K] 
Lifetime >15 years 
Hail resistance Φ25[mm] /Φ40[mm]  

The optical results for Schott Solar receiver as well as different sizes of solar heating evacuated tubes with 
single and multiple configurations are illustrated in Figures 4.2 and 4.3 respectively. Only the results for 
highest and lowest studied altitude angles, 90° and 30°, are presented here. Due to similarities in geometry, 
only optical results for Schott Solar are presented in this section.  

 

 

 

 



-47- 
 

 

 

 

 

 

  

 

 

                                                                           

 

 

  

Figure  4.2: TracePro optical results for SCHOTT /PTR®70 receiver at altitude angles 90° and 30°, single 
/multiple configurations (NTS) 

 

                                                                                                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.3: TracePro optical results for solar heating evacuated tubes at altitude angles 90° and 
30°,absorber outer diameter 37, 47, 58 [mm], multiple configuration(NTS) 

Glass outer diameter: 125 [mm] 
Absorber outer diameter: 70 [mm] 
Altitude angle: 90 °-single configuration 

Glass outer diameter: 125 [mm] 
Absorber outer diameter: 70 [mm] 
Altitude angle: 30 °-single configuration 

Glass outer diameter: 125 [mm] 
Absorber outer diameter: 70 [mm] 
Altitude angle: 90°-multiple configuration 

Glass outer diameter: 125 [mm] 
Absorber outer diameter: 70 [mm] 
Altitude angle: 30°-multiple configuration 

Glass outer diameter : 47 [mm] 
Absorber outer diameter : 37 [mm] 
Altitude angle: 90° 

Glass outer diameter : 47 [mm] 
Absorber outer diameter : 37 [mm] 
Altitude angle: 30° 

Glass outer diameter : 58 [mm] 
Absorber outer diameter : 47 [mm] 
Altitude angle: 90° 

Glass outer diameter : 58 [mm] 
Absorber outer diameter : 47 [mm] 
Altitude anglel: 30° 

Glass outer diameter : 70 [mm] 
Absorber outer diameter : 58 [mm] 
Altitude angle: 90° 

Glass outer diameter : 70 [mm] 
Absorber outer diameter : 58 [mm] 
Altitude angle: 30° 
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As it can be seen in Figures 4.2 and 4.3, even at the altitude angle 90°, the secondary reflector should be 
used to reflect back the insolation passing through the annuli gap. The total power on the absorber at the 
altitude angle 90° are tabulated in Table 4.5. In the case of the Schott Solar, only 50% and 30% of the 
reflected insolation from mirrors in single and dual arrangements are directly impinged to the absorber. 
Therefore, a considerable part of the solar insolation should be reflected back by secondary mirrors 
imposing further optical losses, which is not feasible. 

Solar heating evacuated tubes are available in shorter lengths up to 2100 [mm]. For this reason, bowing 
and dilation caused by thermal expansion is smaller compared to the parabolic trough evacuated tubes, 
allowing reduction in the annuli gap even more. Moreover, because of using the smaller tube with a 
thinner annuli gap, it is inevitable to use a dual arrangement. In this case, 90% of the reflected insolation 
from primary mirrors is directly impinged to the absorber. Nevertheless, similar to the previous case 
secondary reflector should still be used even at the altitude angle 90°. In short, the non-flat secondary 
reflectors should be used in either case to be able to reflect back and evenly distribute the escaped rays on 
the absorber. Generally speaking, using curved reflectors in Fresnel receivers is in contradiction with the 
main goal behind developing this technology, hence; lowering the cost and complexity through using flat 
mirrors.  

Table  4.5: Total power on absorber surface for evacuated tubes alternatives (single/multiple arrangement) 
No. 
of 

tubes 

Glass diameter[mm]  Absorber diameter [mm] 
Glass/ absorber wall 

thickness[mm] 
Total insolation 

[W] 

Power on tubes  
(left to right)  [W] 

Outer  Inner  Outer Inner  
No.1 No.2 

1 125 −− 70 −− 5.16−−/  11604 11604 −− 
2 125 −− 70 −− 5.16−−/  6508 3260 3248 
2 70 66 58 50.18 1.6/3.91  21774 10873 10902 
2 58 54 47 39.18 1.6/3.68  21093 10537 10556 
2 47 43 37 29.18 2/3.38  21008 10499 10509 

In the aggregate, thanks to a thinner annuli gap in solar heating evacuated tubes, using two tubes with an 
outer diameter of 58 [mm], gives better optical performance compared to Schott solar receiver. However, 
practically speaking, this will be challenging due to the larger number of junctions along with complexities 
imposed by thermal expansion, supporting problems, lateral movements and glass fragility. Moreover, we 
should bear in mind the problems for protecting vacuum seals at the end of each tube from high 
temperature and the need for a secondary reflector. Moreover, no practical experience over using multiple 
evacuated tubes has been observed, and only single rube receivers have been used in commercial-scale 
projects that might be due to the aforementioned confinements over using multiple arrangements. 

Evacuated tubes have considerably low thermal losses. As an example, the heat loss of the Schott Solar 
receiver is lower, 125 Watt per unit length of the receiver when the absorber temperature is 300 [°C]. So, it 
can be concluded that irrespective of cost-effectiveness concerns, utilizing evacuated tubes with a singular 
arrangement can be beneficial. In this case, an improvement in optical performance is attainable through a 
redesign of the mirror field for a specific receiver with a single arrangement without the need to                
a secondary reflector at different altitude angles. 

4.4 27BUltra-High Vacuum (UHV) Flat Collector 

Ultra-High Vacuum (UHV) collector technology is developed by CERM in Switzerland and industrialized 
by SRB in Spain. Thanks to a drastic reduction of thermal losses, the panel temperature can reach 
temperatures higher than 300 [°C] without the help of mirrors, making it a prominent merit of the SRB 
evacuated solar panel. The panel is evacuated, and the operating pressure is maintained below 10-4 [torr] 
by an incorporated getter pump. The standard panel consists of a metal frame to which two glass 
windows, facing each other, are tightly joined by soft soldering. Due to high evacuation inside the panel, 
the glass windows should be properly supported against the atmospheric pressure with an applied force of 
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10 [tons/m2]. For this purpose longitudinal steel spacers with an inter distance of 15 [cm] has been used 
when the glass thickness is 5 [mm]. The absorber is made of copper that is blackened on both sides and 
extended over the entire length of the panel. The clearance of 10 to 15 [mm] is considered to 
accommodate the panel thermal expansion at maximum temperature. Furthermore, black chromium is 
used as selective coating in the SRB collector which is stable up to 450 [°C]. Hence, special attention 
should be given to ensure that the absorber surface is properly cooled down to below this limit through 
increasing the mass flow rate considering the pressure drop rate over the collector. In addition, high 
stagnation temperature can also be avoided by defocusing the receiver which can be done by not tracking 
the azimuth angle.   

A comparison between SRB standard collectors with a straight and serpentine piping arrangement is 
shown in Table 4.6. The SRB panels are manufactured in width of 64 [cm] and length of 2 and 3 [m]. The 
overall panel thickness is 42 [mm] (SRB, 2011). As it can be seen in the table, the C2-straight type has the 
lowest pressure drop rate and can be used in CSP application where a high flow rate is required in the 
solar field. 

Table  4.6: Technical specification of SRB flat panel (SRB, 2011) 
Type C2-Straight C2-Serpentine C0-Serpentine 
Secondary mirror √ √ − 
Total length 3.4 [m] 3.4 [m] 3.045 [m] 
Total width 1.74 [m] 1.74 [m] 0.685 [m] 
Gross area 5.92[m2] 5.92[m2] 2.086[m2] 
Aperture area 5.26[m2] 5.26[m2] 1.803[m2] 
Absorber area 3.42[m2] 3.42[m2] 1.73[m2] 
Weight empty 100[Kg] 100[Kg] 100[Kg] 
Minimum flow rate 600[l/h] 150[l/h] 150[l/h] 
Nominal flow rate 2000[l/h] 400[l/h] 400[l/h] 
Maximum flow rate 3000[l/h] 800[l/h] 800[l/h] 
Fluid content 1.5 [liter] 1.5 [liter] 1.5 [liter] 
Max. operating pressure 10 [bar] 10 [bar] 10 [bar] 
Stagnation temperature 380 [°C] 380 [°C] 290 [°C] 
Vacuum range 10e-8/10e-11 [bar] 10e-8/10e-11 [bar] 10e-8/10e-11 [bar] 
Hydraulic connection 4 AISI* pipes 4 AISI* pipes 4 AISI* pipes 
Connection OD/ID 14/12  [mm] 14/12  [mm] 14/12  [mm] 
Peak power@1000 
[W/m2] 2787 [W] 2787 [W] 1462 [W] 

Thermal capacity 11300 [J/K] 11300 [J/K] 11300 [J/K] 

Pressure drop@20 [°C] 
64[mbar]@1600[lit/h] 270[mbar]@400[lit/h] 270[mbar]@400[lit/h] 

19[mbar]@800[lit/h] 84[mbar]@200[lit/h] 84[mbar]@200[lit/h] 

Here, the optical analysis is performed in two cases: firstly, for the adapted panel for the CSEM prototype 
with width of 100 [mm] and secondly for the standard panel with width of 640 [mm].The height of the 
panel is 42 [mm] in both cases. 

4.4.1 47BOptical Results for Adapted SRB Collector with Width of 100 [mm] 

The optical results for the adapted SRB collector are shown in Figure 4.4. The secondary reflectors should 
be used at altitude angles 45° and 30°, respectively, due to rectangular form of the geometry. The optical 
properties of the secondary mirrors are given in Table 4.7.  

Table  4.7: Optical properties of the secondary reflectors for the adapted SRB collector 
Geometry Length[m] Depth[mm] Focal length[mm] 
Parabolic 7.72 25 10 
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Figure  4.4: TracePro optical results for the adapted SRB panel , collector width: 100 [mm] ,collector height: 

42 [mm],altitude angles: 90°,60°,45°,30°(NTS) 

Solar power on the collector surfaces is given in Table 4.8 for different altitude angles. As it is shown in 
the table, the upper surface receives less than 2% of total power even at the lowest altitude angle ( °30 ), 
hence, using the secondary mirror is not feasible. Moreover, part of radiation is hit on left and right sides 
of the non-glazed lateral surfaces, which are not participating in the collector heat absorption since only 
upper and lower sides of the collector are transparent. Betterment of optical performance is attainable by 
offsetting the collector slightly upward such that the whole insolation is impinged to the bottom at the 
lowest altitude angle. 

In addition, absorber projection column in Table 4.8 indicates the additional length of the absorber 
required to capture the whole reflected insolation from the primary mirrors, which is solely dependent 
upon the corresponding altitude angle. In this case, the effect of geometry is negligibly small, so these 
values are applied to all optical analysis in this chapter. 

Table  4.8: TracePro results for available power on the adapted SRB collector surfaces, collector width: 100 
[mm] ,collector height: 42 [mm],altitude angles: 90°,60°,45°,30°  

TracePro 
source 

Altitude 
angle 

Beam radiation 
on aperture area 

[W/m2] 

Power on collector surfaces [W] Percentage of  insolation 
on underneath surface 

Absorber 
projection[m] Bottom Top Left Right Total 

Sun °90  546 23018 0 513.1 517.5 24048 95.7% 0 
Sun °60  488 17636 0.324 491.6 478.9 18607 94.8% 2.9 
Sun °45  411 11813 13.1 447.4 456.1 12730 92.8% 5.1 
Sun °30  285 5528 104.7 299.7 323.2 6256 88.4% 8.9 

4.4.2 48BOptical Results for Standard SRB Collector with Width of 640 
[mm] 

Preliminary results for the standard collector shown in Figure 4.5 indicate that the whole collector area 
cannot be effectively used if it is hanged at standard elevation of the CSEM prototype which is 4[m]. This 
problem is solved by shifting the collector 25[cm] downward as it is shown in Figure 4.6. It is also 
observed that using standard width doesn’t hinder the incoming rays on the first row of the mirrors. 

Altitude angle: 90° Altitude angle: 60° 

Altitude angle: 45° Altitude angle: 30° 
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 Figure  4.5: TracePro optical results for standard SRB panel , collector width: 640 [mm] ,collector height: 42 
[mm],receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30°(NTS) 

 

 

 

 

 

 

 

    

 

 

 
 
 

Figure  4.6: TracePro optical result for standard SRB panel , collector width: 640 [mm] ,collector height: 42 
[mm],receiver elevation: 3.75 [m] ,altitude angles: 90°,60°,45°,30°(NTS) 

When the collector elevation is 3.75 [m], the incident radiation is evenly distributed over the collector 
bottom surface at different altitude angles compared to the previous case. Nevertheless, the concentration 
ratio is experiencing a substantial drop to 8.9 as a result of a lager absorber area, which is not desirable in 
CSP application. Moreover, the structure of the CSEM prototype should be modified as the available 
usable width for hanging the receiver which is already 400 [mm]. Furthermore, the thermal performance 
data for this type of SRB collector should be provided by the manufacture according to the calculated heat 
flux as presented in Table 4.9.  

 

 

Altitude angle: 90° Altitude angle: 60° 

Altitude angle: 45° Altitude angle: 30° 

Altitude angle: 90° Altitude angle: 60° 

Altitude angle: 45° Altitude angle: 30° 
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Table  4.9: TracePro results for power on the standard SRB panel, collector width: 640 [mm] ,collector 
height: 42 [mm],receiver elevation: 3.75 [m] ,altitude angles: 90°,60°,45°,30°(NTS) 

TracePro 
source 

Altitude 
angle 

Beam radiation on 
aperture area [W/m2] 

Average heat flux on 
absorber  [W/m2] 

Total energy on 
collector [W] 

Sun °90  546 4867 24048 
Sun °60  488 3767 18611 
Sun °45  411 2598 12834 
Sun °30  285 1276 6305 

4.5 28BOptical Analysis and Required Geometry for Cavity 
Receiver Designed for CSEM Prototype 

So far, adaptability of some commercially developed products was studied. It was clearly observed that 
none of these products can be integrated into the current mirror configuration effectively. Another option 
to reduce heat loss is to enclose the absorber tube (s) with a cavity with transparent envelope at the 
bottom while other sides are efficiently insulated. So, it is of interest to exclusively design a cavity for the 
prototype. This aim is pursued, firstly, through designing the geometry followed by defining the optical 
properties and then by calculation of actual heat flux on the absorber based on real properties of the 
materials. Among the pros of this method are flexibility of design and capability of protecting the internal 
compartment such as mirrors and selective coating from the surrounding harsh condition, including dust 
and humidity. 

 In this section, initially the minimum required geometry sufficient to absorb all the reflected rays at the 
worst case (lowest altitude angle of 30°) will be studied for various arrangements. Screening criteria will be 
defined and used to determine the optimum alternatives. Subsequently, the final optical analysis over 
optimum options will be performed by defining the real optical properties of the materials. 

4.5.1 49BInitial Optical Analysis for Cavity Receiver  

According to the indicated information, the mirror field has been initially designed for the DN100 
absorber. Here, different arrangements in the case of number and size of the tubes (Table 4.10) are 
studied within the same width of the absorber as the DN100 tube. The virtual position of the DN100 
tube is shown in all other cases. Moreover, the horizontal axis of the tube(s) in all cases is fixed at 4 [m] 
above the center of the mirror field. The outer diameter and wall thickness of the tubes are considered 
according to ASTM–A53 standard for SCH40 steel tubes. The insulation thickness (blue hatch in 
TracePro layout, Table 4.10) is originally assumed 50 [mm] though it is not contributed in the optical 
analysis. The available power on the absorber tube(s) is shown in Table 4.11 for different configurations.  

As it can be seen in Table 4.10, the perimeter and cross-sectional of the cavity are decreasing when more 
tubes with smaller size are used. This is beneficial as the heat loss rate can be reduced due to the lower 
envelope area in touch with surrounding. It is also observed that the total cross-sectional area is also 
decreasing drastically in multiple arrangements, which is the main drawback from the thermal point of 
view. As an example, in a 4×DN25 arrangement the total cross-sectional area is reduced by 72% 
compared to a 1×DN100 arrangement. 

On top of these, some other factors should be taken into account as optical screening criteria. First of all, 
generally speaking it is advantageous to have an even number of tubes in multiple configurations due to 
their flexibility of use in series or parallel. Moreover, as it can be seen in the table 4.11, solar insolation on 
the absorber shows a symmetric pattern around the center irrespective of the amount of power on the 
absorber, hence; making it practical to have almost the same power in two adjacent parallel tubes. 
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Moreover, as it was described earlier concerning the CSEM prototype, the mirrors setup is designed for 
the DN100 absorber with an external diameter of 114.3 [mm]. Therefore, a huge insolation drop is 
expected when the distance from the center is increased to beyond the DN100 margin.  

Table  4.10: TracePro layout, tube size and cavity geometry configuration required for the worse case at 
altitude angle 30°   
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Table  4.11: TracePro results for available power on absorber for different configuration at altitude angle 90° 
 

 

 

 

 

 

 

 

 

Based on the aforementioned screening criteria, the first two single tube alternatives with size of DN100 
and DN80 as well as 2×DN50 double tubes are eligible for further analysis. Due to time constraints, only 
the 2×DN50 option is used for further analysis as it is more flexible for experimental study in the case of 
overall length of the absorber that can be used either in series or parallel. 

Same optical analysis is applied for the COT case since the power distribution over the outer tube is 
exactly the same. However, the criteria to determine the inner tube diameter is based on equal cross-
sectional area for annuli and inner tube, which was described in Chapter 3. The optimum alternatives for 
SCT and COT cases are tabulated in Table 4.12. 

Table  4.12: Optimum optical alternatives for SCT and COT cases 
Outer 
tube 
NPS 

No. of 
tubes 

Outer tube 
diameter[mm] Outer tube wall 

thickness[mm] 

Inner tube 
diameter[mm] Inner tube wall 

thickness[mm] 
Total insolation 

[W] 

Insolation on tubes 
(left to right)  [W] 

outer inner outer inner No.1 No.2 
DN100 1 114.3 102.3 6.00 77.3 67 5.15 24022 24022 −− 
DN80 1 88.9 77.92 5.49 58.87 51.05 3.91 23989 23989 −− 
DN50 2 60.3 52.48 3.91 39.87 34.13 2.87 24021 12007 12015 
Note: -Insolation on perfect absorber is calculated without considering secondary reflector when direct insolation on aperture is 546 [W/m2] 
at altitude angle 90°. 
- Wall thicknesses are chosen for SCH-40 tubes according to ASTM-A53 standard. 

4.5.2 50BOptical Analysis for 2×DN50 Cavity Receiver with Actual 
Properties 

The aim of the initial optical analysis was to compare different geometrical configurations and in order to 
avoid complexity; analysis was done for ideal conditions, which means using a perfect mirror and an 
absorber as well as a transparent cover with 100% reflection, absorption, and transmission. In this part, 
the TracePro model is modified by defining actual properties of the materials contributed in the optical 
analysis as follows: 

Primary mirrors: The reflectivity of the available mirrors is announced by the manufacture as 93%-94% 
according to the ISO9050 standard. However, it wasn’t possible to match the manufacture data with 
TracePro input parameters. Hence, the standard mirror with the closest reflectivity was chosen in 
TracePro with 0.05 and 0.948 absorpance and specular reflection respectively. 
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Selective coating: Black Chrome was chosen as selective coating, which is a well-proven material at high 
temperatures as it has been used widely in parabolic trough applications (Forristall, 2003). The optical 
properties of the Black Chrome are given in Table 3.4. 

Underneath transparent cover: SCHOTT BOROFLOAT® 33 glass is designated for underneath cover 
due to its excellent transmission, low thermal expansion and high thermal shock resistance. Moreover, it 
has a lower density than the conventional soda-lime float glass as well as the ability to withstand 
temperatures up to 450 [°C]. (Schott, 2012) 

The glass thickness is assumed 5 [mm] for actual optical analysis .Besides, the absorptance coefficient of 
the glass is very small, equal to 0.02 (Forristall, 2003).The final optical analysis is performed based on the 
abovementioned properties in two cases with and without secondary reflector inside the cavity. 

4.5.1  Optical Analysis for 2XDN50 Configuration with Secondary 
Reflectors 

Figure 4.7 shows the geometry and dimension of the 2×DN50 configuration with secondary reflectors. 
The optical results at different altitude angles are illustrated in Figure 4.8 in which the red color indicates 
the primarily reflected rays from the mirror filed with high energy. This is while the blue color shows the 
secondarily reflected rays from the receiver internal compartments to the surrounding and adjacent 
surfaces.  

 
Figure  4.7: Geometry and dimension of 2×DN50 configuration with secondary reflectors (unit: [mm]) 

 

 

 

 

 

 

   

  

 

  

 

Figure  4.8: TracePro optical results for 2×DN50 configuration with secondary reflectors ,altitude angles: 
90°,60°,45°,30°(NTS) 

Altitude angle 90°-High energy 
 

Altitude angle 90°-Low energy 
 

Altitude angle 60°-High energy 
 

Altitude angle 60°-Low energy 
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Figure 4.8(continue): TracePro optical results for 2×DN50 configuration with secondary reflectors ,altitude 
angles: 90°,60°,45°,30°(NTS) 

Table  4.13: TracePro results for available power on inner surfaces of cavity with secondary reflectors, 
receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30° 

Altitude Power on cavity inner surface[W] Power on mirror 
surfaces[%] Layout 

angle M-1 M-2 T-1 T-2 

90° 3.2 3.2 11272 11283 0.03  
 

 
60° 3.7 3.4 8730 8720 0.04 
45° 5.2 5.6 6019 6005 0.09 
30° 34.9 34.2 2941 2931 1.18 

Note: Values given for M-1 and M-2 are incident power while for T-1 and T-2 are absorbed power. 

As it is clearly shown in Figure 4.13, even at the lowest altitude angle participation of the secondary 
mirrors is very small and negligible. So, it is not feasible to increase the complexity of the design and cost 
by using secondary reflectors. 

4.5.2 52BOptical Analysis for 2XDN50 Configuration without Secondary 
Reflectors 

Figure 4.9 shows the geometry and dimension of the 2×DN50 configuration without secondary reflectors. 
Similarly, the optical results are shown in Figure 4.10 and Table 4.14. 

 
Figure  4.9: Geometry and dimension of 2×DN50 configuration without secondary reflectors (unit: [mm]) 

Altitude angle 45°-High energy irradiance Altitude angle 45°-Low energy irradiance 

Altitude angle 30°-High energy irradiance Altitude angle 30°-High energy irradiance 
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Figure  4.10: TracePro optical results for 2×DN50 configuration without secondary reflectors ,altitude 
angles: 90°,60°,45°,30°(NTS) 

Table  4.14: TracePro results for actual power on inner surfaces of cavity without secondary reflectors, 
receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30° 

Altitude 
angle 

Power on cavity inner Surfaces[W] Total 
power[W] 

Heat flux[W/m2] 
Layout 

Top Side-1 Side-2 T-1 T-2 T-1 T-2 

°90  0.06 20.83 19.80 10656 10596 21292.6 14562 14480  
°60  0.52 18.52 17.41 8253 8190.1 16479.5 11278 11192 

°45  5.05 16.03 14.52 5688.4 5633.7 11357.7 7773 7699 

°30  56.34 19.32 19.08 2752 2729.8 5576.5 3761 3730 
 

It should be noted that the heat fluxes given in Table 4.14 are calculated based on the hit area at the 
corresponding altitude angle. The current geometry along with heat flux data will be used as boundary 
condition for CFD modeling while total power should be used for further thermal analysis with EES due 
to assuming homogenous heat flux distribution.    

Altitude angle 90°-High energy irradiance Altitude angle 90°-Low energy irradiance 

Altitude angle 60°-High energy irradiance Altitude angle 60°-High energy irradiance 

Altitude angle 45°-High energy irradiance Altitude angle 45°-Low energy irradiance 

Altitude angle 30°-High energy irradiance Altitude angle 30°-Low energy irradiance 
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Optical efficiency: Another important parameter to evaluate solar collector effectiveness is optical 
efficiency. In the current design, the overall optical efficiency can be defined simply as the ratio of actual 
power on absorber tubes to total power on the aperture area. 

Table  4.15: Comparison optical efficiency, concentration ratio and actual power on absorber tubes for 
cavity without secondary reflectors, receiver elevation: 4 [m] ,altitude angles: 90°,60°,45°,30° 

Altitude 
Angle 

Beam Radiation on 
Aperture Area [W/m2] 

Total Power on Aperture 
(Mirror) Area [W] 

Actual Power on 
Absorber Tubes [W] 

Optical 
Efficiency [-] 

Concentration 
Ratio [-] 

°90  546 24056 21252 88.3% 29.7 
°60  488 21501 16443.1 76.5% 27.8 
°45  411 18108 11322.1 62.5% 24.2 
°30  285 12557 5481.8 43.6% 15.9 

Table 4.15 compares the optical efficiency with other parameters such as beam radiation and 
concentration ratio, etc. at different altitude angles. It can be seen that the optical efficiency is declining 
significantly mainly because of the larger incident angle on the mirrors and absorber at low altitude angles. 
This issue should be also taken into account together with a similar trend for concentration ratio and 
beam radiation. 

It should be noted that the absorptance coefficient of the air is assumed to be zero in the current analysis 
which means no loss between the mirror and absorber is taken into account. However, in real conditions, 
particularly in harsh climates, part of the direct irradiance is absorbed and scattered by dust and humidity 
in the air. Therefore, the values given in Table 4.15 must be considered as the maximum attainable actual 
power on absorber tubes. The current geometry for the 2XDN50 configuration without the secondary 
reflector (Figure 4.9) will be used for CFD modeling. 
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5 CFD Modeling 

So far, the geometry and dimension of the cavity receiver are initially determined for the 2XDN50 
configuration so that it could fulfill the optical requirements. Nevertheless, it is also crucial to have 
knowledge on thermal behavior of the cavity. Heat loss mechanism from the cavity is a complex 
phenomenon which is quite hard to be analyzed by conventional heat transfer methods. ANSYS 
FLUENT is used as a CFD tool to model the heat loss from the aforementioned cavity located in the 
wind stream. 

The aim of the 2D CFD modeling is, firstly, to study heat loss rate at different absorber temperature and 
secondly to determine stagnation temperature under no-flow condition. More optimization will be 
performed by parametric study over different inner pressure and gas content such as air, argon and 
nitrogen. 

Figure 5.1 illustrates the heat loss mechanism in a cavity receiver where natural convection and radiation 
loss inside the cavity are coupled with conduction through the glass and insulation and also forced 
convection from the envelope to the surrounding. 
 

 

 

 

 
 
 
 
 

Figure  5.1: Heat loss mechanism in a cavity receiver (NTS) 

5.1 Geometry and Meshing  

The geometry and dimensions are shown in Figure 5.2. In order to study the heat transfer mechanism 
completely, it is crucial to model the cavity alongside the surrounding where an air stream is passing 
through the cavity envelope. Figure 5.3 shows the overall view of the mesh with conical geometry as far-
field inlet boundary and the cavity inside it. It is assumed that the wind is blowing across the cavity from 
left to right with speed of 5 [m/s] throughout CFD modeling. Hence, the far-field boundary is extended 
long enough behind the object to ensure that the turbulence effect of the cavity is not dragged to the far-
field boundary. 

The Map mesh was used in all regions between the cavity and far-field boundary as well as inside the 
cavity except two triangular areas in inner cavity trapezoidal where type of the mesh is Pave. Moreover, 
the skewness of the mesh is kept below 0.6 in all regions as is shown in Table 5.1.  

 
Figure  5.2: Geometry and dimensions used for CFD modeling (unit [mm]) 
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Figure  5.3: Overall view of the mesh and conical far field geometry around the cavity (NTS) 

Figure  5.4: Mesh pattern inside and around of the cavity (NTS) 
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Table  5.1: Mesh skewness 

 

5.2 Model Setup 

5.2.1 Material Properties 

5.2.1.1 Thermal Properties 

The specification of the materials is illustrated in Figure 5.5 .The inner and outer surfaces of the cavity are 
made of aluminum sheet with a thickness of 2 [mm] due to low weight and high resistance to corrosion in 
the harsh climate. For the underneath transparent cover, SCHOTT BOROFLOAT® 33 glass is used. 
This type of glass is known as a well-proved material widely used in evacuated tubes for the parabolic 
trough application with proper optical and mechanical properties. 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure  5.5: Materials used in CFD modeling of the cavity receiver 
 

5.2.1.2 Radiative Properties 

In the current Fluent simulation, the Discrete Ordinates (DO) model is used in which optical properties 
such as absorption coefficient [1/m] and scattering coefficient are required to calculate the radiative heat 
loss. 

The absorption coefficient is defined as the net absorbed intensity of radiation when light traverses within 
the material which is dependent on characteristic of the material and the path length. Consequently, the 
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intensity of the transmitted radiation is decreasing continuously by the increase of traversal path. The 
absorption coefficient is calculated by: (Callister, Jr, et al., 2010)    

 5.1 

Where β is the absorption coefficient [1/mm] and I'T is the intensity of the non-reflected incident radiation 
on the surface. I'O is the intensity of non-absorbed radiation after traversing distance x [mm] inside the 
material. The distance parameter x is measured from the incident surface into the material. Besides, the 
absorption coefficient varies with the wavelength of the incident radiation but in the current study, it is 
assumed to be constant.  

Metals have large β values as solid and opaque materials. So, the radiation energy can penetrate only a few 
hundred angstroms at most. Thus, the absorption coefficient is set as 10,000 for both absorber tubes and 
cavity inner surfaces. This high value ensured that the radiation would be attenuated within a very short 
distance (1/10,000 =100 [μm]) in the material. (Shin Yee, 2006) 

Air is a mixture of gases, mainly nitrogen and oxygen in addition to a little amount of other gases, which 
are not showing absorption band in the wavelength region of importance to radiant heat transfer (Shin 
Yee, 2006). Nevertheless, humidity and small particles inside the air increase the absorption coefficient in 
real condition. In this study, it is assumed that the cavity is charged by clean and dry air or other inert 
gases as it is also crucial to protect the selective coating material and other compartments inside the cavity. 
Thus, the absorption coefficient for cavity gas content is considered zero in the radiant analysis. 
Additionally, the absorption coefficient of the glass is assumed equal to 1.01×10-4 [1/mm] (Callister, Jr, 
o.a., 2010). 

5.2.2 Solver Setting 

The density-based steady-state solver is used to solve governing equations of momentum, mass, and 
energy conservations as well as turbulence kinetic energy equation sequentially alongside. In order to be 
able to study the natural convection inside the cavity, the gravitational acceleration should be considered. 
The Viscous model is RNG k-ε with a standard near-wall treatment. The radiation is modeled using the 
DO model, which works across the full range of optical thickness but also with higher demand on the 
computational resources (Fluent, 2011).   

5.2.3 Boundary Conditions 

In all CFD modeling cases, the wind is blowing at a constant speed of 5 [m/s] from left to right normal to 
the receiver. The cavity inner gas content and pressure are patched differently in order to perform the 
parametric studies over these parameters. Each tube is divided into two parts: upper half and bottom half. 
To study the stagnation temperature the obtained heat flux (Table 4.14) from optical analysis is introduced 
only at the bottom half of the tubes. Whereas in order to study heat loss rate at an operational 
temperature the absorber tubes are assumed entirely at a constant temperature. It should be noted that the 
highest attainable stagnation temperature in CFD modeling is considered for altitude angle 90°. Besides, 
air is considered as an ideal gas in the current modeling. 

5.3 CFD Results  

The CFD modeling is performed in three cases as follows: 

• Case I: Cavity receiver-2XDN50 configuration, glazed  
• Case II: Cavity receiver-2XDN50 configuration, non-glazed 
• Case III: Cavity receiver-2XDN50 configuration, non-glazed with increased depth 

1 ln T

O

I
x I

β
 ′
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The first case is the only alternative of design while the last two cases are modeled in order to study the 
strength of the contributed factors. Thus, in the first two cases the geometry is exactly the same and with 
removing the underneath glass in the second case, it is possible to study variation of heat loss rate at 
different absorber temperatures. In the third case, the depth of the cavity is increased to the extent that 
the incident radiation on the first row of mirrors is not blocked by trapezoidal sides. 

5.3.1 Case I: Cavity Receiver-2XDN50 Configuration, Glazed 

The geometry and dimensions of this case are shown in Figure 5.2. In the current case, the cavity is 
initially filled with air at atmospheric pressure, and the parametric study is performed for different inner 
pressure and inert gas content.   

5.3.1.1 Preliminary visualization of CFD results  

5.3.1.1.1 Velocity contours around and inside of the cavity 

Contours of velocity magnitude at the void space between the receiver and far-field boundary are shown 
in Figure 5.6. It can be seen that the far-field boundary is far enough at the front and back of the receiver 
so that it doesn’t get affected by the turbulent flow around the receiver when wind speed is 5 [m/s]. 
Furthermore, as it is shown in Figure 5.7, the mesh size is appropriate for one to see the boundary layer 
and separation at the upper and lower edges of the trapezoid on the left side. 

Figure  5.6: Case I-Contours of velocity magnitude between the receiver and far-field boundary (wind speed 
5 [m/s]) 
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                   Figure  5.7: Case I-Contours of velocity magnitude around the receiver (wind speed 5 [m/s]) 
 

 Figure  5.8: Case I-Contours of velocity magnitude inside the cavity filled with air at atmospheric pressure  

Figure 5.8 shows velocity contours inside the cavity filled with air at the atmospheric pressure. As can be 
seen in this figure, no uniform natural convection is observable. However, spots with relatively high 
velocity only occur locally at the region between sides of the trapezoid and the absorber tubes. 

5.3.1.1.2 Temperature contours  

Contours of static temperature and radiation temperature are illustrated in Figures 5.9 and 5.10 
respectively when the absorber tube temperature is constant at 212 [°C], which is the saturated temperature 
at the corresponding operational pressure. According to the results, the initial insulation thickness that is 
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assumed 50 [mm] in the current modeling is adequate to create an appropriate temperature gradient 
between the inner and outer surfaces of the cavity. 

Furthermore, the stratification condition is recognizable inside the cavity at the atmospheric pressure from 
the highest temperature at the spots adjacent to the absorber tubes to the lowest one at the regions in 
touch with the glass at the bottom. This result is in agreement with contours of velocity (Figure 5.8) 
presented in the previous section that shows almost still air inside the cavity wherein local velocity is only 
seen in few spots. In addition, the stratification condition ensures reduction in natural convection loss 
inside the cavity in which the dominant heat loss mechanism will be by conduction through stratified 
layers of air at different temperatures. 

Additionally, static temperature distribution on the inner and outer surface of the glass illustrated in Figure 
5.11 reveals that the distance between the glass and the hot surface of the absorber tubes is reasonable to 
protect the glass from a high temperature.  

 

 

 
Figure  5.9: Case I-Contours of static temperature inside the cavity filled with air at atmospheric, 

Tabsorber=212[°C] (saturation Temp. at 20 [bars]), wind speed 5 [m/s]) 
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Figure  5.10: Case I-Contours of radiation temperature around and inside the cavity filled with air at 

atmospheric, Tabsorber=212[°C] (saturation Temp. at 20 [bars]), wind speed 5 [m/s]) 

 

Figure  5.11: Static temperature distribution on inner and outer surface of the cavity glass filled with air at 
atmospheric, Tabsorber=212[°C] (saturation Temp. at 20 [bars]), wind speed 5 [m/s] 

5.3.1.2 CFD Results  

5.3.1.2.1 Heat Loss rate vs. Absorber Temperature for the Cavity Filled with Air 
at Atmospheric Pressure  

The heat loss per unit length of the receiver is studied for the atmospheric cavity filled with air when the 
absorber temperature is changing within the range 50 to 600 [°C]. As shown in Figure 5.12, the overall 
trend of heat loss is mainly imposed by radiation loss. By using efficient insulation materials, participation 
of the mixed conduction-convection loss is comparatively small over a wide range of absorber 
temperatures.  
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Figure  5.12: Heat loss rate vs. absorber Temperature for the cavity filled with air at atmospheric pressure 

(wind speed 5 [m/s]) 
Here, similar to the EES thermal modeling, constant temperature is assumed at each cross-section of the 
absorber tube. The heat loss rate is only dependent upon the absorber temperature; hence, it can be 
studied irrespective of the heat transfer mechanism to the heat transfer fluid. On the other hand, heat loss 
mechanism from the cavity to the surrounding is a complex phenomenon that makes it hard to be 
analyzed by conventional methods in EES thermal modeling. Therefore, the heat loss function is 
extracted through curve fitting which in turn can be replaced by the current convection and radiation 
mechanism in the EES code for further thermal analysis. For this purpose, the heat loss rate is shown in 
Figure 5.13 within a range of interest for thermal analysis in order to extract heat loss temperature-
dependent functions.  

 
Figure  5.13: Heat loss function for cavity filled with air at atmospheric pressure (wind speed 5 [m/s]) 

5.3.1.2.2 Heat Loss Rate vs. Inner Pressure 

The sensitivity analysis is performed over inner pressure of the cavity when the absorber temperature is 
fixed at 212 [°C]. Considering the results shown in Figure 5.14 highlights that only 6% reduction is achieved over a 
wide range of inner pressure from 0.01 to 760 [torr] . Likewise, this finding is in agreement with the 
recognized stratified condition inside the cavity at the atmospheric pressure. This is due to the fact that, 
reducing inner pressure has a large impact on diminishing natural convection inside the cavity which is 
already obtained even at the atmospheric pressure. 
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 Therefore, it is not feasible to increase the initial and running cost as well as complexity of the design by 
using durable airtight materials that should be supported with continuous vacuum to maintain semi-
vacuum pressure inside the cavity in long-term operation.      

 
Figure  5.14: Heat loss rate vs. cavity inner pressure, Tabsorber=212[°C] (Wind speed 5 [m/s]) 

 

5.3.1.2.3 Heat Loss Rate vs. absorber temperature in the Cavity filled with 
Different Inert Gas at Atmospheric Pressure 

So far, CFD modeling is done merely for the cavity filled with air. Here, the heat loss rate for other inner 
gases such as argon and nitrogen are compared to air within the range 100 to 600 [°C]. As can be seen in 
Figure 5.15, no great improvement is recognizable in the case of using other gases than air.  

 

 
Figure  5.15: Heat loss rate vs. absorber temperature for argon, nitrogen and air (wind speed 5 [m/s]) 

However, comparison of the results at operation temperature of interest (212 [°C]) tabulated in Table 5.2, 
shows betterment in the results for argon compared to air by 17%, .This being largely due to smaller 
conductivity of argon than that of air under stratified condition at a same inner pressure and temperature 
that is in agreement with close value for radiation loss in both cases. Moreover, using argon gives lower 
velocities that indicate well-established stratification inside the cavity. It is concluded that argon can be 
considered as the second alternative for air with lower heat loss rate but higher initial and running costs.  
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Table  5.2: Comparison of heat loss rate for argon, nitrogen and air Tabsorber=212[°C], atmospheric pressure 
(Wind speed 5 [m/s]) 

Cavity inner 
Gas 
Content 

Glass Temp. 
[°C] 

Velocity 
[cm/s] 

Total Heat 
Loss 

Rate [W/m] 

Radiation Heat  
Loss Rate 

[W/m] 

Radiation  
Portion  

[%] Max.  Min.  Max. Min. 

Air 43.76 33.50 6.62 2.17E-03 517.2 423.5 81.9 
Argon 40.98 29.85 0.56 3.02E-03 428.8 410.5 95.7 
Nitrogen 43.32 29.91 0.13 6.34E-04 490.3 405.6 82.7 

 

5.3.1.2.4 93BStagnation Temperature 

Stagnation temperature is defined as the maximum attainable temperature under no-flow condition. In 
this case, the heat flux on the absorber tubes should be entirely dissipated to the surrounding because of 
heat loss. Having knowledge on the stagnation temperature is crucial in order to decide about the concept 
of the design in the case of durability of the materials as well as thermal expansion and dilation of the 
absorber and other inner compartments. 

The results for the stagnation temperature and glass temperature at the altitude angle 90° are shown in 
Figure 5.16 in which the inner pressure varies from 0.01 to 760 [torr]. An ignorable temperature drop is 
detected from 810 [°C] at the atmospheric pressure to 804 [°C] at the lowest studied pressure. 
Accordingly, the stagnation temperature dependent on the inner pressure is ignorable. This can be 
explained by the dominant effect of radiation loss in the current design that is independent of the inner 
pressure. Moreover, in this study the wind speed is 5 [m/s], so the highest attainable temperature could be 
even more under no-wind condition.  

The selective coating material that is used inside the cavity is black chrome, which is stable up to 450 [°C]. 
Therefore, the stagnation temperature should be strictly avoided through defocusing of Solar Island and 
cooling down the absorber tubes by running circulation pumps for a while before completely shutting 
down the system at the end of operation. 

In addition, accommodation of the design to thermal expansion and dilation at stagnation temperature 
necessitates using a lot of expansion joints, guides and fixed points, and heavier supporting, which is not 
cost-effective and practical in any way. Besides, Figure 5.17 shows static temperature distribution at 
stagnation on inner and outer surfaces of the glass.   

 
Figure  5.16: Stagnation temperature vs. cavity inner pressure at altitude angle 90° (Wind speed 5 [m/s]) 
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Figure  5.17: Static temperature distribution at stagnation on inner and outer surfaces of the cavity glass 
with air content at atmospheric pressure (wind speed 5 [m/s]) 

 

5.3.2 Case II: Cavity Receiver-2XDN50 Configuration, Non-Glazed 

In case II, the CFD molding is implemented to study the effectiveness of using the underneath glass on 
heat loss reduction. Here, the geometry and dimension are exactly the same as case I, but the only 
difference is that the glass has been from the bottom of the cavity. 

Furthermore, air velocity inside the cavity is considerably higher than the previous case, thus the size of 
the mesh at this region should be refined. Moreover, higher turbulence of air flow necessitates extending 
the size of the far-field boundary, especially at the downstream as it is shown in Figure 5.18. 
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Figure  5.18: Mesh refinement in Case II (NTS) 

5.3.2.1 Preliminary visualization of CFD results  

Similarly, contours of velocity and temperature are illustrated in Figures 5.19 to 5.21. As it can be seen in 
the results, the temperature gradient has been increased drastically due to greater convective loss imposed 
by higher velocities of air at the regions adjacent to the absorber tubes.   

 
Figure  5.19: Case II- Contours of velocity magnitude around cavity (wind speed 5 [m/s]) 
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Figure  5.20: Case II- Contours of static temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) 

 

 
Figure  5.21: Case II- Contours of radiation temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) 

5.3.2.2 CFD Results  

5.3.2.2.1 Heat Loss rate vs. Absorber Temperature 

The result shown in Figure 5.22 illustrate and contrary to the previous, the heat loss rate is mainly 
imposed by the dominant effect of convection and conduction losses in the absence of glass when the 
absorber temperature is below 560 [°C], though, the radiation loss regains its superiority at higher 
temperatures. In addition, the overall heat loss rate experiences significant rise compared to case I. 
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Figure  5.22: Case II- Heat loss rate vs. absorber temperature (wind speed 5 [m/s])  

 

5.3.3 Case III: Cavity Receiver-2XDN50 Configuration, Increased Depth 

In the current case, depth of the cavity is increased by about 10 [cm]. Here, the idea is to hinder the wind 
stream around the absorber tubes by extending the trapezoidal sides of the cavity so that the incident 
radiation on the first row of the mirrors is not blocked by them. These additional parts are shown in red in 
Figure 5.23. An improvement in diminishing the convective heat loss at low cost is expected with the aid 
of this method.   

 
Figure  5.23: Case III- Geometry and dimensions (unit [mm]) 

 

5.3.3.1 Preliminary visualization of CFD results 

Similarly, contours of velocity and temperature are shown in Figures  5.24 to 5.25. The insulation in body 
of the receiver can be removed in the spots with low temperature gradient as can be seen in contours of 
static temperature. 
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Figure  5.26: Case III- Contours of velocity magnitude around cavity (wind speed 5 [m/s]) 

 

 

 

 

 
Figure  5.27: Case III- Contours of static temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) 
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Figure  5.28: Case III- Contours of radiation temperature, Tabsorber=212[°C] (wind speed 5 [m/s]) 

 

5.3.3.2 CFD Results 

5.3.3.2.1  Heat Loss rate vs. Absorber Temperature 

The trend of heat loss rate is parallel to the previous case but with smaller values mainly due to lower 
convective heat loss as a result of using extended trapezoid sides.  

 
Figure  5.29: Case III- Heat loss rate vs. absorber temperature (wind speed 5 [m/s]) 
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5.4 Comparison and Conclusion  

5.4.1 Conduction and Convection Heat Loss Rate  

The comparison of convection and conduction heat losses is illustrated in Figure 5.30 for the three above-
mentioned cases wherein the first case gives significantly lower heat loss with slight growth over the wide 
range of temperatures proving the benefit of using glass as well as insulation material to cut convection 
and conduction losses. Furthermore, an improvement is also observed in case III compared to case II due 
to the increasing depth of cavity in the former. 

 
Figure  5.30: Cond. & Conv. heat loss in cases I, II and III vs. absorber temperature (wind speed 5 [m/s]) 

 

5.4.2 Radiation Heat Loss Rate 

 As can be seen in Figure 5.31, the radiation loss in the two first cases is comparable as the geometry and 
consequently, the shape factor is roughly the same due to that fact that the glass is optically transparent 
with a small absorption coefficient. Furthermore, the third case with increased depth has lower radiation 
heat loss due to the extended surfaces that hinder radiation to the surrounding. However, this reduction 
becomes negligible at low operation temperatures. 

This finding reveals the potential for improvement of the optical performance in Case I to reduce the 
radiation loss caused by the secondary reflection from the inner surfaces of the cavity. This goal might be 
achieved through using transparent coating materials that are opaque to secondary reflection from the 
low-temperature source in comparison with sun irradiance.          
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Figure  5.31: Radiation loss in cases I, II and III vs. absorber temperature (wind speed 5 [m/s]) 

 

5.4.3 Overall Heat Loss Rate 

Results for overall heat loss rate (Figure 3.52) presents dominantly lower values for the glazed case. 
Furthermore, the results for Tabsorber=212 [°C] are tabulated in Table 5.3 as well. Similarly, the results for the 
stagnation condition are tabulated in Table 5.4 in which average temperature refers to area-weighted average 
temperature.  

 
Figure  5.32: Overall heat loss in cases I, II and III vs. absorber temperature (wind speed 5 [m/s]) 

Table  5.3: Comparison of heat loss rate in cases I, II and III ,Tabsorber=212[°C] (wind speed 5 [m/s]) 

Case Cavity  depth [mm] Total heat loss 
rate [W/m] 

Radiation heat  
loss rate [W/m] 

Radiation  
portion  [%] 

I:Glazed 71.56 517 423 82% 
II: Non-glazed 71.56 1914 416 22% 
III:Increased depth 163.42 1430 346 24% 
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Table  5.4: Comparison of heat loss rate and cavity inner temperature at stagnation in cases I, II and III 
(wind speed 5 [m/s]) 

Case 
Absorber stagnation Temp. [°C] Total heat loss 

rate [W/m] 
Radiation heat  

loss rate [W/m] 
Radiation  

portion  [%] Max.  Min.  Ave.  

I:Glazed 815 233 477 2731 2505 92% 

II: Non-glazed 674 54 259 2742 864 31.5% 
III:Increased depth 570 39 220 2750 1388 50% 

 

5.4.4 62BConclusion 

The thermal behavior of the cavity for 2XDN50 configuration was studied through using CFD modeling 
along with comparing with two other cases. According to the results, using glass at the bottom of the 
cavity is an obligation to diminish the convective heat effectively. Furthermore, using atmospheric inner 
pressure is cost-effective without the need to relinquish the thermal performance since the stratification is 
already achieved at this pressure. Besides, more reduction in conduction heat loss is conceivable if the 
cavity is filled with Argon as a result of its lower conductivity than air at stratification. However, more 
investigation is required to figure out the feasibility of using argon. 

Additionally, the radiation loss is becoming dominant in the absence of high conduction and convection 
losses; hence, together with using better selective coating material with higher absorptance and lower 
emissivity factors, employing novel methods to reduce radiation loss is a must if higher thermal 
performance is intended. For doing this, one way is to use transparent coating materials that are supposed 
to be installed on the cavity glass. The optical behavior of these materials is important as it should be 
transparent for high-frequency irradiance with short wavelength but opaque for secondary reflected 
irradiance from inside of the cavity with lower source temperature and consequently, smaller frequency or 
longer wavelengths. In this case, durability of the transparent coating materials at high temperatures is a 
great hindrance for choosing proper materials. 
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6 Conclusion  

This thesis research presented the design process of a low cost/high performance DSG-LFR with 
azimuth angle tracking mechanism adapted to Solar Island. The design objectives were pursued through 
considering thermal and optical features. In the thermal part, a code was developed in EES for the two-
phase flow steady state modeling. Subsequently, optical analysis was performed, firstly, over adaptability of 
the available products in the market and secondly on the cavity receiver to study different configuration 
and conclude the initial geometry in optimum alternatives based on power distribution and radiation 
intensity on the absorber surfaces. This initial design was finalized by selecting materials used in different 
part of the cavity. The thermal behavior of the cavity was studied by the aid of the CFD modeling method 
in the case of heat loss and stagnation temperature and most importantly further sensitivity study on inner 
pressure, stratification condition and gas content. 

The preliminary thermal analysis reveals a substantial heat loss rate in the CSEM prototype that 
necessitates implementing pragmatic ways to diminish losses to an acceptable level comparable to 
available products in the market. The next finding in the thermal analysis connected to the key role of 
pressure drop and its large impact on the overall exergy efficiency and operation temperature at the outlet 
as a result of higher pressure drop rate in two-phase flow than liquid only phase. Consequently, attention 
should be given to the overall pressure drop as the main criterion in conjunction with the requirement of 
the power block in order to decide about the absorber tube size. 

Concerning optical analysis, first of all, it was proven that none of the studied products on the market is 
completely adaptable to the current mirror configuration. Furthermore, feasible alternatives for the cavity 
receiver with multiple arrangements were to a large extent confined by the existence of homogenous 
power distribution on the absorber tubes. Moreover, in the current mirror configuration, even the 
maximum achievable concentration ratio is by far lower than conventional LFCs. Hence, the 
concentration ratio, which is directly connected to the highest attainable temperature, should be increased 
by a redesign the mirror field. In this case, the possible options can be use mirrors with a small curvature 
and secondary reflectors participating in all altitude angles.  

Additionally, CFD modeling results indicate that the atmospheric cavity with air content is the possible 
cost-effective option. However, further improvement is required to cut the radiation heat loss that has 
become considerable once the conduction and convection losses are effectively reduced. Taking advantage 
of the cutting edge selective coating materials inside the cavity along with durable transparent coating 
material on the glass will be helpful. Besides, heat loss correlations are from CFD results extracted as a 
function of the absorber temperature that in turn can be used in the EES code for further thermal 
analysis. 

 

 

 

 

 

 

 

  



-80- 
 

Bibliography 
Abbas, R., Muñoz, J. and Martínez-Val, J.M. 2011. Steady-state thermal analysis of an innovative 
receiver for linear Fresnel reflectors. 2011. 

Akbarzadeh, Aliakbar , Andrews, John and Golding, Pete. 2005. Solar Pond Technologies:A Review 
and Future Directions. 2005, Vol. 16. 

ASTM. 1995. ASTM B42 :Standard Specification for Seamless Copper Pipe,Standard Sizes. s.l. : American Society 
for Testing and Materials, 1995. 46 CFR 56.60-1(b). 

Awad, M.M. 2012. Two-Phase Flow. [book auth.] Salim N. Kazi. An Overview of Heat Transfer Phenomena. 
Kuala Lumpur : InTech, 2012, 11. 

Callister, Jr, William D. and Rethwisch, David G. 2010. Materials Science and Engineering, An Introduction. 
8th. s.l. : John Wiley & Sons, Inc, 2010. 978-0-470-41997-7. 

Duffie, J. and Beckman, W. 1991. Solar engineering of thermal processes. Second. New York : JOHN WILEY 
& SONS, INC, 1991. 0-471-51056-4. 

Fluent. 2011. Ansys Fluent User's Guide. Canonsburg : Ansys,Inc, 2011. 

Forristall, R. 2003. Heat Transfer Analysis and Modeling of a Parabolic Trough Solar Receiver Implemented in 
Engineering Equation Solver. U.S. Department of Energy. Colorado : NREL(National Renewable Energy 
Laboratory), 2003. NREL/TP-550-34169. 

Heritage, Name. 2013. Index of Economic Freedom. 
http://www.heritage.org/index/country/unitedarabemirates. [Online] 2013. ISBN:0000000000000. 

Herrmann, Ulf and Kearney, David W. 2002. Survey of Thermal Energy Storage for Parabolic Trough 
Power Plants. 2002, Vol. 2, 124. 

IEA. 2012. Overseas Renewable Energy Development Assistance Programme. iea.org. [Online] 2012. 
www.iea.org/policiesandmeasures/pams/unitedarabemirates/. 

—. 2011. Renewable Energy Deployment Strategy. iea.org. [Online] 2011. 
www.iea.org/policiesandmeasures/pams/unitedarabemirates/. 

—. 2009. Renewable Energy Education and RD&D Strategy. iea.org. [Online] 2009. 
www.iea.org/policiesandmeasures/pams/unitedarabemirates. 

Incropera, FRANK P., BERGMAN, THEODORE L. and LAVINE, ADRIENNE S. 2011. 
Fundamentals of Heat and Mass Transfer. s.l. : JOHN WILEY & SONS, 2011. ISBN 13 978-0470-50197-9. 

IRENA. 2012. RENEWABLE ENERGY TECHNOLOGIES: COST ANALYSIS SERIES,Volume 1: 
Power Sector,Issue 2/5. Abu Dhabi : International Renewable Energy Agency, 2012. 

Jiji, Latif M. 2009. CONVECTION IN TURBULENT CHANNEL FLOW. s.l. : Springer Berlin 
Heidelberg, 2009. 978-3-642-02970-7. 

Jinyi. 2012. Vaccum tube. Solar products. [Online] Jiaxing Jinyi Solar Energy Technology Co., Ltd, 2012. 
http://www.jinyi-solar.com. 

Kandlikar, S.G. and Chung, J.N. 2006. Boiling and Condensation. [book auth.] Clayton T. Crowe. 
Multiphase Flow Handbook. s.l. : Taylor & Francis Group, LLC, 2006, 3. 

Kandlikar, Satish G., Shoji, Masahiro Shoji and Dhir, Vijay K. 1999. Handbook of Phase Change Boiling 
and Condensation. Philadelphia : Taylor & Francis, 1999. 

Kays, W.M., Crawford, M.E. and Weigand, Bernhard. 2005. Convective heat and mass transfer. Boston : 
McGraw-Hill, 2005. 0072468769. 



-81- 
 

Klein, Sanford and Nellis, Gregory. 2012. Masterring EES. Madison : F-Chart Software, 2012. 

Kreith, Frank. 1999. Heat and Mass Transfer. [book auth.] F. Kreith, R.F. Boehm and et. al. Mechanical 
Engineering Handbook. 1999. 

Lambda, Research Corporation. 2012. TracePro Uder's Manual. s.l. : Lambda Research Corporation, 
2012. 

Lienhard IV, John H. and Lienhard V, John H. 2012. A Heat Transfer Textbook. Cambridge : 
PHLOGISTON PRESS, 2012. 

Lovegrove, Keith, et al. 2003. Paraboloidal Dish Solar Concentrators for Multi-Megawatt Power Generation. s.l. : 
ISES, 2003. 

Mancini, Thomas , et al. 2003. Dish-Stirling Systems: An Overview of Development and Status. 2003, 
Vol. 2, 125. 

Morrison , L Graham and Wood, Bryan. 1999. Packages solar water heating technology-twenty years of 
progress. ISES, 1999. 

Müller, M. 1991. Test Loop for Research on Direct Steam Generation in Parabolic Power Plants. 1991, 
24. 

Muñoz, J, Martínez-Val, JM and Ramos, A. 2011. Thermal regimes in solar-thermal linear collector. 
2011. 

Odeh, S. D., Behnia, M. and Morrison, G. L. 2000. Hydrodynamic Analysis of Direct Stem 
Generation Solar Collectors. 2000, Vol. 122. 

Olcese, Marco , Theurillat, Adrien and Smith, Sean Smith. 2009. SI-audit-08: Solar Islands-Solar Module. 
s.l. : NOLARIS, 2009. 

Outreach. 2013. 2013, p. 1. 

Pye, John D, et al. 2006. MODELLING OF CAVITY RECEIVER HEAT TRANSFER FOR THE 
COMPACT LINEAR FRESNEL REFLECTOR. 2006. 

Pye, John D. 2008. System Modelling of the Compact Linear Fresnel Reflector. Sydney : PhD Thesis,Department 
of Mechanical and Manufacturing Engineering,University of New South Wales, 2008. 

Rohsenow, Warren M., Hartnett, James P. and Cho, Young I. 1998. Handbook of Heat Transfer. Third. 
s.l. : MCGRAW-HILL, 1998. 

Schott. 2012. SCHOTT PTR®70 Receiver-Setting the benchmark. Mainz : SCHOTT Solar CSP GmbH, 2012. 

—. 2012. SCHOTT Technical Glass Solutions GmbH. Jena : Schott Solar, 2012. 

Shin Yee, Wong. 2006. COMPUTATIONAL FLUID DYNAMICS (CFD) MODELLING OF A 
CONTINUOUS BAKING OVEN AND ITS INTEGRATION WITH CONTROLLER DESIGN 
(Master thesis). s.l. : NATIONAL UNIVERSITY OF SINGAPORE,DEPARTMENT OF CHEMISTRY, 
2006. 

Siemens. 2010. The unrivaled benchmark in solar receiver efficiency. Erlangen : Siemens AG, Energy Sector, 
2010. 

SRB. 2011. The SRB Evacuated Flat Solar Panel. Geneve : CERN, 2011. 

Thome, John R. 2006. Engineering Data Book III. s.l. : Wolverine Tube,Inc., 2006. 

Weiss, Werner and Rommel, Matthias. 2008. Process Heat Collectors-State of the Art within Task33/IV-IEA 
SHC-Task 33 and SolarPACES-Task IV. Austria : AEE INTEC, 2008. 

World Bank. 2011. Data. databank.worldbank.org. [Online] 2011.  



-82- 
 

Zarza, E , Ajona, J I and Hennecke, K . 1997. Project DISS, Development of a new Generation of 
Solar Thermal Power Stations. 1997, pp. 397–415. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



-83- 
 

Appendix 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

-84- 
 

A. Two-dimensional EES code for SCT case 
(The code has been shortened and numerous command statements have been omitted to reduce length of following code) 

$UnitSystem SI Pa J C Mass 
$UpdateGuesses 
 
"****************************************************************************************************************** 
FUNCTION fA_cs : Inside cross sectional flow area of absorber 
******************************************************************************************************************" 
FUNCTION fA_cs(D_2) 

fA_cs := PI# * (D_2 ^2 / 4) "[m^2]"  

END 

"****************************************************************************************************************** 
FUNCTION fq_SolAbs:Solar Flux on absorber 
******************************************************************************************************************" 
FUNCTION fq_SolAbs(q_i;Alpha_abs) 
$COMMON D_2 

 
fq_SolAbs=q_i*Alpha_abs 

 
END 

 
"****************************************************************************************************************** 
Procedure pMU_1in_vo : Subcooel and saturate distiction 
******************************************************************************************************************" 
PROCEDURE pMU_1in_vo(x_eq_in;P_1in;T_1in:MU_1in_vo;Pr_1in_vo;k_1in_vo) 

T_1in_sat=T_sat(Steam_IAPWS;P=P_1in)  
If (x_eq_in=>0) AND (x_eq_in=<1) Then 
MU_1in_vo:=Viscosity(Steam_IAPWS;P=P_1in;x=0)  "[N-s/m^2]" 
Pr_1in_vo:=Prandtl(Steam_IAPWS;P=P_1in;x=0) 
k_1in_vo=Conductivity(Steam_IAPWS;P=P_1in;x=0) "[W/m-K]" 

 
Else 
MU_1in_vo:=Viscosity(Steam_IAPWS;P=P_1in;T=T_1in-0,01[°C]) "[N-s/m^2]" 
Pr_1in_vo:=Prandtl(Steam_IAPWS;P=P_1in;T=T_1in-0,01[°C]) 
k_1in_vo=Conductivity(Steam_IAPWS;P=P_1in;T=T_1in-0,01[°C]) "[W/m-K]" 

 
Endif 
End 

 
 

"***************************************************************************************************************************************** 
PROCEDURE pNu#_lo: Nusselt number and heat transfer coefficient of water for liquid only condition 
*****************************************************************************************************************************************" 
PROCEDURE pNu#_lo(f_lo;T_1in;P_1in: ALPHA_1_lo) 
$Common D_2;G 

 
MU_1in_lo=Viscosity(Steam_IAPWS;P=P_1in;x=0)  "[N-s/m^2]" 
Re_D2ave_lo:= G* D_2 / MU_1in_lo 
Pr_1in_lo:=Prandtl(Steam_IAPWS;P=P_1in;x=0) 
k_1in_lo=Conductivity(Steam_IAPWS;P=P_1in;x=0) "[W/m-K]" 

 
If (Re_D2ave_lo<2300) Then 
f=64/Re_D2ave_lo 
Nu#_lo=4,3 
ALPHA_1_lo= Nu#_lo * k_1in_lo / D_2 "[W/m^2-K]" 

 
Else 

 
If (Re_D2ave_lo=>2300) and (Re_D2ave_lo<10^4) Then 
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If (Pr_1in_lo<0,5) or (Pr_1in_lo>2000) then 
CALL WARNING('The result may not be accurate,since Water properties are out of recommended temperature range,0.5 
<= Pr_1in_lo <= 2000 ,See procedure pNu#_lo Pr_1in_lo=XXXA1';Pr_1in_lo) 

 
If (Re_D2ave_lo>5*10^6) then 
CALL WARNING('The result may not be accurate,since Water properties are out of recommended temperature range, 
Re_D2ave_lo>5*10^6 ,See procedure pNu#_lo. Re_D2ave_lo=XXXA1';Re_D2ave_lo) 

 
Endif 
Endif 
Endif 
Endif  

END 

"***************************************************************************************************************************************** 
PROCEDURE pNu#_vo: Nusselt number and heat transfer coefficient of water for vapor only condition 
******************************************************************************************************************************************" 
PROCEDURE pNu#_vo(x_eq_in;f_vo;T_1in;P_1in: ALPHA_1_vo) 
$Common D_2;G 

 
"Fluid properties for saturated vapor"  

 
CALL pMU_1in_vo(x_eq_in;P_1in;T_1in:MU_1in_vo;Pr_1in_vo;k_1in_vo)   
Re_D2ave_vo:= G* D_2 / MU_1in_vo  

 
If (Re_D2ave_vo<2300) Then 
f=64/Re_D2ave_vo 
Nu#_vo=4,3 
ALPHA_1_vo= Nu#_vo * k_1in_vo / D_2 "[W/m^2-K]" 

 
Else 

 
If (Re_D2ave_vo=>2300) and (Re_D2ave_vo<10^4) Then 
"Gnielinski (1976) for transient flow" 

 
f_sm=(0,79*ln(Re_D2ave_vo)-1,64)^(-2) 
f_ratio=(f_vo/f_sm) 

 
Nu#_vo_sm =(f_sm/8)*(Re_D2ave_vo-1000)*Pr_1in_vo/(1+12,7*sqrt(f_sm/8)*(Pr_1in_vo^0,6667-1)) 
n=0,68*(Pr_1in_vo)^0,215 
Nu#_vo=Nu#_vo_sm*(f_ratio)^n 
ALPHA_1_vo= Nu#_vo * k_1in_vo / D_2 "[W/m^2-K]" 

 
If (f_ratio>4) then 
CALL WARNING('The result may not be accurate,since f_ratio is out of recommended temperature range,f_ratio1>4 ,See 
procedure pNu#_vo. f_ratio=XXXA1';f_ratio) 

 
Endif 
Endif 

 
If (Re_D2ave_vo=>10^4) "and (Re_D2ave_vo<=5*10^6)" Then 
f_sm=(0,79*ln(Re_D2ave_vo)-1,64)^(-2) 
f_ratio=(f_vo/f_sm) 
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"Petukhov (1963)" 
Nu#_vo_sm =(f_sm/8)*(Re_D2ave_vo)*Pr_1in_vo/(1,07+12,7*sqrt(f_sm/8)*(Pr_1in_vo^0,6667-1)) 
n=0,68*(Pr_1in_vo)^0,215 
Nu#_vo=Nu#_vo_sm*(f_ratio)^n 
ALPHA_1_vo= Nu#_vo * k_1in_vo / D_2 "[W/m^2-K]" 

 
If (Pr_1in_vo<0,5) or (Pr_1in_vo>2000) then 
CALL WARNING('The result may not be accurate,since Water properties are out of recommended temperature range,0.5 
<= Pr_1in_vo <= 2000 ,See procedure pNu#_vo Pr_1in_vo=XXXA1';Pr_1in_vo) 

 
If (Re_D2ave_vo>5*10^6) then 
CALL WARNING('The result may not be accurate,since Water properties are out of recommended temperature range, 
Re_D2ave_vo>5*10^6 ,See procedure pNu#_vo. Re_D2ave_vo=XXXA1';Re_D2ave_vo) 

 
Endif 
Endif 
Endif 
Endif  

 
END 

 
"***************************************************************************************************************************************** 
FUNCTION fFUN_Fr_lo: Calculation of FUN_Fr_lo for Kanlikar (1998) correlation for nucleate boiling 
*****************************************************************************************************************************************" 
FUNCTION fFUN_Fr_lo(P_1in) 
$Common G;D_2 

 
"Fluid properties" 
RHO_1_l:=Density(Steam_IAPWS;P=P_1in;x=0) "[kg/m^3]" 

 
"Froude number" 
Fr_1_lo=(G^2)/((RHO_1_l^2)*g#*D_2) 

 
"Calculation of FUN_Fr_lo required for Kandlikar (1998) Nucleate boiling correlation" 
If (Fr_1_lo)<0,04 Then 
FUN_Fr_lo=(25*Fr_1_lo)^0,3 

 
Else 
FUN_Fr_lo=1 

 
Endif 
fFUN_Fr_lo=FUN_Fr_lo 
End 

 
"********************************************************************************************************************************* 
FUNCTION fCo_1: Calculation of convection number , Co, for Kandlikar (1998) Nucleate boiling correlation 
**********************************************************************************************************************************" 
FUNCTION fCo_1(x_eq_in;P_1in;h_1in)  

 
RHO_1_l:=Density(Steam_IAPWS;P=P_1in;x=0) "[kg/m^3]" 
RHO_1_v:=Density(Steam_IAPWS;P=P_1in;x=1) "[kg/m^3]" 
 
Co_1=((RHO_1_v/RHO_1_l)^0,5)*((1-x_eq_in)/x_eq_in)^0,8 
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" Churchill and Chu correlation for natural convection from a long isothermal horizontal 
cylinder " 

Pr_34 := ABS(NU_34 / Alpha_34) 
Nu#_bar := (0,60 + (0,387 * Ra_D3^(0,1667)) / (1 + (0,559 / Pr_34)^(0,5625))^(0,2963) )^2 
h_34 := Nu#_bar * k_34 / D_3 "[W/m^2-K]" 
fq_34conv :=h_34 * PI# * D_3 * (T_3 - T_4) "[W/m]" 

 
EndIf 

 
If (v_4 > 0,1) Then 

 
" Thermophysical Properties for air " 

MU_3 := viscosity(AIR; T=T_3)  "[N-s/m^2]" 
MU_4 := viscosity(AIR; T=T_4) "[N-s/m^2]" 
k_3 := conductivity(AIR; T=T_3) "[W/m-K]" 
k_4 := conductivity(AIR; T=T_4) "[W/m-K]" 
k_34 := conductivity(AIR; T=T_34) "[W/m-K]" 
Cp_3 := CP(AIR; T=T_3) "[J/kg-K]" 
Cp_4 := CP(AIR; T=T_4) "[J/kg-K]" 
NU_3 := MU_3 / Rho_3  "[m^2/s]" 
NU_4 := MU_4 / Rho_4 "[m^2/s]" 
Alpha_3 := k_3 / (Cp_3 * Rho_3" * 1000") "[m^2/s]" 
Alpha_4 := k_4 / (Cp_4 * Rho_4"* 1000") "[m^2/s]" 
Re_D3 := v_4 * D_3 / NU_4 
Pr_3 := ABS(NU_3 / Alpha_3) 
Pr_4 := ABS(NU_4 / Alpha_4) 

 
" Warning Statements if following Nusselt Correlation is used out of range " 
If (Re_D3 <= 1) or (Re_D3 >= 10^6) Then 
CALL WARNING('The result may not be accurate,since 1 < Re_D3 < 10^6 does not hold,Function fq_34conv.Re_D3= 

XXXA1';Re_D3) 
 

If (Pr_4 <= 0,7) or (Pr_4 >= 500) Then 
CALL WARNING('The result may not be accurate,since 0.7 < Pr_4 < 500 does not hold,Function fq_34conv.Pr_4= 

XXXA1';Pr_4) 
EndIf 
EndIf 

" Coefficients for external forced convection Nusselt Number correlation (Zhukauskas's correlation) " 
 

If (Pr_4 <= 10) Then 
n := 0,37 

Else 
n := 0,36 

EndIf 
If (Re_D3 < 40) Then 

C := 0,75 
m := 0,4 

Else 
If (40 <= Re_D3) and (Re_D3 < 10^3) Then 

C := 0,51 
m := 0,5 

Else 
If (10^3 <= Re_D3) and (Re_D3 < 2*10^5) Then 

C := 0,26 
m := 0,6 

Else 
If (2*10^5 <= Re_D3) and (Re_D3 < 10^6) Then 

C := 0,076 
m := 0,7 

EndIf 
EndIf 

EndIf 
EndIf  
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" Zhukauskas's correlation for external forced convection flow normal to an isothermal 
cylinder " 
Nu#_bar := C * (Re_D3)^m * (Pr_4)^n * (Pr_4 / Pr_3)^(0,25) 
h_34 := Nu#_bar * k_34 / D_3 "[W/m^2-K]" 
fq_34conv := h_34 * D_3 * PI# * (T_3 - T_4) "[W/m]" 

 
Endif  
 
END 

 
"****************************************************************************************************************** 
FUNCTION fq_34rad : Radiation heat transfer rate between the absorber outer surface and the sky 
******************************************************************************************************************" 
FUNCTION fq_35rad(T_3;EPSILON_3) 
$COMMON D_3; L; T_0;T_sky 

 
T_5=T_sky 
fq_35rad :=EPSILON_3*PI#*D_3*sigma#*((T_3 + T_0)^4 - (T_5 + T_0)^4) "[W/m]" 

 
END 

 
"****************************************************************************************************************** 
PROCEDURE pSelectiveCoatingProperties: Selective Coating Emissivity and Absorptance 
******************************************************************************************************************" 
PROCEDURE pSelectiveCoatingProperties(imax; T_3[1..imax]: EPSILON_3[1..imax]; Alpha_abs) 
$COMMON T_0;SelectiveCoating$ 

 
" Do-Loop to calculate emissivity for all the HCE increments, and to return optical properties for 
chosen selective coating type " 
j := 0 
repeat 
j := j+1 

 
If (SelectiveCoating$ = 'Black Chrome (SNL test)') Then 
Alpha_abs := 0,94 
EPSILON_3[j] := 0,0005333 * (T_3[j]+T_0) - 0,0856 

 
If (EPSILON_3[j] < 0,11) Then 

EPSILON_3[j] := 0,11 
EndIf 
Endif 

 
If (SelectiveCoating$ = 'Solel UVAC Cermet (SNL test a)') Then 
Alpha_abs := 0,96 
EPSILON_3[j] := 2,249*10^(-7)*(T_3[j])^2 + 1,039*10^(-4)*T_3[j] + 5,599*10^(-2) 

EndIf 

until (j=>(imax)) END 

"***************************************************************************************************************************************** 
FUNCTION pT_2_ONB: Calculation of ,T_2_ONB, wall temperature at Onset of Nucleate Boiling inception, 
*****************************************************************************************************************************************" 
FUNCTION fT_2_ONB(T_1sat;x_eq_ave;T_1ave;P_1ave;ALPHA_1_lo) 
$Common D_2;m_dot;G 

"Fluid properties" 

h_1ave_sat_l=Enthalpy(Steam_IAPWS;P=P_1ave;x=0) "[J/kg]" 
h_1ave_sat_v=Enthalpy(Steam_IAPWS;P=P_1ave;x=1) "[J/kg]" 
h_1ave_sat_lv=ABS(h_1ave_sat_v-h_1ave_sat_l) "[J/kg]" 
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vol_1ave_sat_l:=Volume(Steam_IAPWS;P=P_1ave;x=0) "[m^3/kg]" 
vol_1ave_sat_v:=Volume(Steam_IAPWS;P=P_1ave;x=1) "[m^3/kg]" 
vol_1ave_sat_lv:=ABS(vol_1ave_sat_v-vol_1ave_sat_l) "[m^3/kg]" 

 
k_1ave_l:=Conductivity(Steam_IAPWS;P=P_1ave;x=0) "[W/m-K]" 
sigma_1ave:=SurfaceTension(Steam_IAPWS;T=T_1ave) "[N/m]" 

 
"If (x_eq<0) then" 
DELTAT_1_Sub:=ABS(T_1sat-T_1ave) 

 
"Hsu (1962) and Sato and Matsumura (1964)" 
A_ONB=1+((k_1ave_l*h_1ave_sat_lv*DELTAT_1_Sub)/(2*sigma_1ave*T_1sat*vol_1ave_sat_lv*ALPHA_1_lo)) 
fT_2_ONB:= T_1sat+((4*sigma_1ave*T_1sat*vol_1ave_sat_lv*ALPHA_1_lo)/(h_1ave_sat_lv*k_1ave_l))*(A_ONB)
 "[°C]
" 

END 
"****************************************************************************************************************** 
q_12conv: Convective heat transfer rate between the heat transfer fluid and absorber 
******************************************************************************************************************" 
PROCEDURE Pq_12conv(x_eq_in;T_1in;P_1in;h_1in;T_1out;T_1ave;T_2;ALPHA_1_lo;ALPHA_1_vo;f_lo:q_12conv) 
$Common D_2;m_dot;DELTAL;G 

 
"Single phase flow" 
If (x_eq_in<=0) Then "Heat transfer 
coefficient" ALPHA_1:=ALPHA_1_vo 
"[W/m^2-K]" 
q_12conv=ALPHA_1*PI#*D_2*(T_2-T_1ave) "[W/m]" 

 
Endif 

 
"Two-phase flow" 
If (x_eq_in>0) and (x_eq_in<=0,99) then "Fluid properties" 
RHO_1_l:=Density(Steam_IAPWS;P=P_1in;x=0) "[kg/m^3]" 
RHO_1_v:=Density(Steam_IAPWS;P=P_1in;x=1) "[kg/m^3]" 
RHO_1_lv:=ABS(RHO_1_l-RHO_1_v) "[kg/m^3]" 

 
MU_1_l:=Viscosity(Steam_IAPWS;P=P_1in;x=0) "[kg/m-s]" 
MU_1_v:=Viscosity(Steam_IAPWS;P=P_1in;x=1) "[kg/m-s]" 
Pr_1v:=Prandtl(Steam_IAPWS;P=P_1in;x=1) 
k_1v:=Conductivity(Steam_IAPWS;P=P_1in;x=1) 
sigma_1in=SurfaceTension(Steam_IAPWS;T=T_1in)  "[N/m]" 

 
h_1in_sat_l=Enthalpy(Steam_IAPWS;P=P_1in;x=0) "[J/kg]" 
h_1in_sat_v=Enthalpy(Steam_IAPWS;P=P_1in;x=1) "[J/kg]" 
h_1in_sat_lv=ABS(h_1in_sat_v-h_1in_sat_l) "[J/kg]" 

 
We_1v:=(D_2*G^2)/(RHO_1_v*sigma_1in)  "Weber number" 
Fr_1v:=(G^2)/(RHO_1_v*RHO_1_lv*g#*D_2) "Froude number" 

 
"Heat flux at departure from nucleate boiling , Thome Engineering Data Book III, Chapter 18" 
q_dot_DNB= 0,131*(RHO_1_v^0,5)*h_1in_sat_lv*(g#*RHO_1_lv*sigma_1in)^0,25 "[W/m^2]" 

 
"Subprogram sp_NBD_CBD_Heatflux: Calculation of q_dot_NBD (Nucleate boiling dominant)  
and q_dot_CBD ( Convective boiling dominant)for Kandlikar (1998) correlation" 
CALL sp_NBD_CBD_Heatflux(x_eq_in;P_1in;h_1in;h_1in_sat_lv;ALPHA_1_lo;T_2;T_1ave:q_dot_CBD;q_dot_NBD) 

 
"Dryout inception and end quality xdi and xde ,Thome Engineering Data Book III,Chapter 18" 
x_di=0,58*exp(0,52-(0,235*(We_1v^0,17)*(Fr_1v^0,37)*((RHO_1_v/RHO_1_l)^0,25)*(max(q_dot_NBD;q_dot_CBD)/ 
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q_dot_DNB)^0,7)) 
x_de=0,61*exp(0,57-(0,0058*(We_1v^0,38)*(Fr_1v^0,15)*((RHO_1_v/RHO_1_l)^(-0,09))* 
(max(q_dot_NBD;q_dot_CBD)/q_dot_DNB)^0,27)) 

 
"Heat transfer in mist flow (after drypout region) Groenveld(1973) correlation, Thome Engineering  
Data Book III, Chapter 18" 
Y=1-0,1*(((RHO_1_l/RHO_1_v)-1)*(1-x_eq_in))^(0,4) 
Nu#_bar_mist=0,0117*((((G*D_2/MU_1_v)*((x_eq_in+(RHO_1_v/RHO_1_l)*(1-x_eq_in))))^(0,79)))* 
(Pr_1v^1,06)*ABS(Y)^(-1,83) 
ALPHA_1_mist=(Nu#_bar_mist)*k_1v/D_2 "[W/m^2-K]" 

 
"Heat transfer flux in post dryout region ,Max NBD and CBD heat transfer by Kandlikar (1998) corelation " 
q_12conv_NB:=max(q_dot_NBD;q_dot_CBD)"  "[W/m^2]" 

 
DELTAT_2T_1ave=max((T_2-T_1ave);0,000001[°C]) 
ALPHA_1NB:=q_12conv_NB/DELTAT_2T_1ave  "[W/m^2-K]"  

 
If (x_de<=x_di) then 
x_de:=x_di 
Endif 
If x_de>0,99 then 
x_de:=0,99 
Endif 

 
If (x_eq_in<x_di) then 
"Heat transfer flux in post dryout region" 
q_12conv:=q_12conv_NB*PI#*D_2   "[W/m]"  
Else 

 
If (x_eq_in=>x_di) and (x_eq_in<=x_de) then 

 
"Heat transfer in dryout region" 
ALPHA_1dryout:=ALPHA_1NB-(((x_eq_in-x_di)/(x_de-x_di))*(ALPHA_1NB-ALPHA_1_mist)) "[W/m^2-K]" 
q_12conv:=ALPHA_1dryout*PI#*D_2*(T_2-T_1ave) "[W/m]" 

 
Else 

 
If (x_eq_in>x_de) and (x_eq_in<=0,99) then 
"Heat transfer in mist region" 
ALPHA_1=ALPHA_1_mist  "[W/m^2-K]" 

 
q_12conv:=ALPHA_1*PI#*D_2*(T_2-T_1ave) "[W/m]" 
Endif 
Endif 
Endif 
Endif 

 
"Superheated (sh) single phase region" 
If (x_eq_in>0,99) then 
"Heat transfer coefficient"  
ALPHA_1:=ALPHA_1_vo "[W/m^2-K]" 
q_12conv:=ALPHA_1*PI#*D_2*(T_2-T_1ave) "[W/m]" 

 
Endif 
End 

 
"****************************************************************************************************************** 
PROCEDURE pPressureDrop :Pressure drop over each segments 
******************************************************************************************************************" 
PROCEDURE pPressureDrop(P_1in;T_1in;T_1out;T_1ave;f_lo;f_vo;x_eq_in;x_eq_out;x_eq_ave:DELTAP_fric; 
DELTAP_mom;DELTAP_tot;v_1out) 
$Common DELTAL;D_2;G 
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"Single phase flow" 
If (x_eq_in<=0) Then 

 
CALL pRHO_PD_2phase(x_eq_in;x_eq_out;P_1in;T_1in;T_1out:RHO_1in;RHO_1out) 
RHO_1ave=(RHO_1in+RHO_1out)/2   

 
"Single-phase (tp) oulet velocity" 
v_1out:=G/RHO_1out "[m/s]" 
"Pressure drop " 
DELTAP_fric= ( f_lo * (DELTAL / D_2) *G^2 ) /(2*RHO_1ave) "[Pa]" 
DELTAP_mom=(G^2)*((1/RHO_1out)-(1/RHO_1in)) "[Pa]" 
DELTAP_tot=DELTAP_fric+DELTAP_mom "[Pa]" 

 
Endif 

 
"Two-phase flow" 
If (x_eq_in>0) and (x_eq_in<=0,99) then 

 
"Fluid properties" 
RHO_1in_l:=Density(Steam_IAPWS;T=T_1in;x=0) "[kg/m^3]" 
RHO_1in_v:=Density(Steam_IAPWS;T=T_1in;x=1) "[kg/m^3]" 
RHO_1in_lv:=ABS(RHO_1in_l-RHO_1in_v)  "[kg/m^3]" 
sigma_1in:=SurfaceTension(Steam_IAPWS;T=T_1in)  "[N/m]" 

 
RHO_1out_l:=Density(Steam_IAPWS;T=T_1out;x=0) "[kg/m^3]" 
RHO_1out_v:=Density(Steam_IAPWS;T=T_1out;x=1) "[kg/m^3]" 
RHO_1out_lv:=ABS(RHO_1out_l-RHO_1out_v) "[kg/m^3]" 
sigma_1out:=SurfaceTension(Steam_IAPWS;T=T_1out) "[N/m]" 

 
 

"Void fraction for two-phase flow at inlet and outlet of each segment ,Steiner (1993) for horizontal tubes,Thome 
Engineering Data Book III,Chapter 10 " 
EPSILON_TPvoid_1in=(x_eq_in/RHO_1in_v)*((((1+0,12*(1-x_eq_in))*((x_eq_in/RHO_1in_v)+((1-x_eq_in)/RHO_1in_l))+( 
(1,18/G)*((g#*sigma_1in*RHO_1in_lv/RHO_1in_l^2)^0,25)*(1-x_eq_in)))))^(-1) 

 
If (x_eq_out<=1) Then 
EPSILON_TPvoid_1out=(x_eq_out/RHO_1out_v)*((((1+0,12*(1-x_eq_out))*((x_eq_out/RHO_1out_v)+((1-x_eq_out)/ 
RHO_1out_l))+((1,18/G)*((g#*sigma_1out*RHO_1out_lv/RHO_1out_l^2)^0,25)*(1-x_eq_out)))))^(-1) 

 
Else 
EPSILON_TPvoid_1out=1 
Endif 

 
"Two-phase (tp) density according to Steiner (1993) correlation" RHO_1tp_in=RHO_1in_l*(1-
EPSILON_TPvoid_1in)+RHO_1in_v*EPSILON_TPvoid_1in RHO_1tp_out=RHO_1out_l*(1-
EPSILON_TPvoid_1out)+RHO_1out_v*EPSILON_TPvoid_1out 

 
"Two-phase (tp) oulet velocity" 
v_1out:=G/RHO_1tp_out "[m/s]" 

 
"Pressure drop where 0<x<1 , Friedel correlation for frictional loss and momentum pressure drop " 
"Homogeneous fluid density" 
RHO_1_H=ABS(((x_eq_ave/RHO_1ave_v)+((1-x_eq_ave)/RHO_1ave_l))^(-1)) 
"Froude and Weber number for homogeneous fluid" 
Fr_1_H=G^2/(g#*D_2*RHO_1_H^2) 
We_1_H=G^2*D_2/(RHO_1_H*sigma_1ave) 
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"Friedel coefficient for two-phase friction pressure drop" 
PHI_fri=(1-x_eq_in)^2+(x_eq_in^2*RHO_1in_l*f_vo/(RHO_1in_v*f_lo))+3,24*x_eq_in^(0,78)*(1-x_eq_in)^(0,24)*( 
RHO_1in_l/RHO_1in_v)^(0,91)*(MU_1in_v/MU_1in_l)^(0,19)*(1-MU_1in_v/MU_1in_l)^(0,7)*Fr_1_H^(-0,045)*We_1_H^(- 
0,035) 

 
"Friction pressure drop" 
DELTAP_fric:=(PHI_fri)* ( f_lo * (DELTAL / D_2) *G^2 ) /(2*RHO_1ave_l) "[Pa]" 

 
"Momentum pressure drop" 
If (x_eq_out<1) Then 

 
DELTAP_mom=G^2*((((1-x_eq_out)^2/(RHO_1out_l*(1-EPSILON_TPvoid_1out)))+(x_eq_out^2/(RHO_1out_v* 
EPSILON_TPvoid_1out)))-(((1-x_eq_in)^2/(RHO_1in_l*(1-EPSILON_TPvoid_1in)))+(x_eq_in^2/(RHO_1in_v* 
EPSILON_TPvoid_1in))))  "[Pa]" 

 
Else 
DELTAP_mom=G^2*(((1/(RHO_1out_l))+(x_eq_out^2/(RHO_1out_v*EPSILON_TPvoid_1out)))-(((1-x_eq_in)^2/( 
RHO_1in_l*(1-EPSILON_TPvoid_1in)))+(x_eq_in^2/(RHO_1in_v*EPSILON_TPvoid_1in))))  "[Pa]" 

 
Endif 

 
"Total pressure drop" 
DELTAP_tot=DELTAP_fric+DELTAP_mom "[Pa]" 

 
Endif 

 
If (x_eq_in>0,99) then 

CALL pRHO_PD_2phase(x_eq_in;x_eq_out;P_1in;T_1in;T_1out:RHO_1in;RHO_1out) 

"Superheated steam velocity" 
RHO_1ave:=(RHO_1in+RHO_1out)/2   
v_1out:=G/RHO_1out "[m/s]" 

 
"Pressure drop " 
DELTAP_fric:= ( f_vo * (DELTAL / D_2) *G^2 ) /(2*RHO_1ave) "[Pa]" 
DELTAP_mom=(G^2)*((1/RHO_1out)-(1/RHO_1in)) "[Pa]" 
DELTAP_tot=DELTAP_fric+DELTAP_mom  "[Pa]" 

 
Endif 
END 

 
"****************************************************************************************************************** 
FUNCTION fq_cond_bracket: Heat loss estimate through support bracket 
******************************************************************************************************************" 
FUNCTION fq_cond_bracket(T_3; i) 
$COMMON L_HCE;DELTAL; T_amb; T_0; P_atm;U_wind;imax 

 
T_4=T_amb 
v_4=U_wind 
P_4=P_atm 
"Bracket specification" 
" effective bracket perimeter for convection heat transfer" 
P_brac := 0,2032 "[m]" 
" effective bracket diameter (2 x 1in) " 
D_brac := 0,0508 "[m]" 
" minimum bracket cross-sectional area for conduction heat transfer" 
A_cs_brac := 0,00016129 "[m^2]" 
" conduction coefficient for carbon steel at 600 K" 
k_brac := 48   "[W/m-K]" 
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" convection coefficient with and without wind" 

If (v_4 <= 0,1) Then 

MU_brac4 := viscosity(AIR; T=T_brac4) "[N-s/m^2]" 
Rho_brac4 := Density(AIR; T=T_brac4; P=P_4) "[kg/m^3]" 
Cp_brac4 := CP(AIR; T=T_brac4) "[J/kg-K]" 
k_brac4 := conductivity(AIR; T=T_brac4) "[W/m-K]" 
NU_brac4 := MU_brac4 / Rho_brac4 "[m^2/s]" 
Alpha_brac4 := k_brac4 / (Cp_brac4 * Rho_brac4 "* 1000") "[m^2/s]" 
Beta_brac4 := 1 / (T_brac4 + T_0) "[1/K]" 
Ra_Dbrac := g# * Beta_brac4 * ABS(T_brac - T_4) * (D_brac)^3 / (Alpha_brac4 * NU_brac4) 

" Warning Statement if following Nusselt Number correlation is used out of recommended range " 

If (Ra_Dbrac <= 10^(-5)) or (Ra_Dbrac >= 10^12) Then 
CALL WARNING('The result may not be accurate, since 10^(-5) < Ra_Dbrac < 10^12 does not hold. SeeFunction 
fq_cond_bracket.Ra_Dbrac = XXXA1';Ra_Dbrac) 

 
EndIf 

 
" Churchill and Chu correlation for natural convection from a long isothermal horizontal cylinder" 
Pr_brac4 := NU_brac4 / Alpha_brac4 
Nu#_bar := (0,60 + (0,387 * Ra_Dbrac^(0,1667)) / (1 + (0,559 / Pr_brac4)^(0,5625))^(0,2963))^2 
h_brac4 := Nu#_bar * k_brac4 / D_brac "[W/m^2-K]" 

 
EndIf 

 
If (v_4> 0,1) Then 

 
" Thermophysical Properties for air " 
MU_brac := viscosity(AIR; T=T_brac) "[N-s/m^2]" 
MU_4 := viscosity(AIR; T=T_4) "[N-s/m^2]" 
Rho_4 := Density(AIR; T=T_4; P=P_4) "[kg/m^3]" 
Rho_brac := Density(AIR; T=T_brac; P=P_4) "[kg/m^3]" 
k_brac := conductivity(AIR; T=T_brac) "[W/m-K]" 
k_4 := conductivity(AIR; T=T_4) "[W/m-K]" 
k_brac4 := conductivity(AIR; T=T_brac4) "[W/m-K]"  
Alpha_4 := k_4 / (Cp_4 * Rho_4 "* 1000") "[m^2/s]" 
Re_Dbrac := v_4 * D_brac / NU_4 
Pr_brac := ABS(NU_brac / Alpha_brac) 
Pr_4 := ABS(NU_4 / Alpha_4) 

" Warning Statements if following Nusselt Correlation is used out of range " 

If (Re_Dbrac <= 1) or (Re_Dbrac >= 10^6) Then 
CALL WARNING('The result may not be accurate, since 1 < Re_Dbrac < 10^6 does not hold. See Function 
fq_cond_bracket. Re_Dbrac =XXXA1'; Re_Dbrac) 
EndIf 

 
If (Pr_4 <= 0,7) or (Pr_4 >= 500) Then 
CALL WARNING('The result may not be accurate,since 0.7 < Pr_4 < 500 does not hold. See Function fq_cond_bracket. 
Pr_4 = XXXA1'; Pr_4) 
EndIf 

 
" Coefficients for external forced convection Nusselt Number correlation (Zhukauskas'scorrelation) " 
If (Pr_4 <= 10) Then 
n := 0,37 
Else 
n := 0,36 
EndIf 
If (Re_Dbrac < 40) Then 
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C := 0,75 
m := 0,4 
Else 
If (40 <= Re_Dbrac) and (Re_Dbrac< 10^3) Then 

C := 0,51 
m := 0,5 
Else 
If (10^3 <= Re_Dbrac) and (Re_Dbrac < 2*10^5) Then 
C := 0,26 
m := 0,6 
Else 
If (2*10^5 <= Re_Dbrac) and (Re_Dbrac < 10^6) Then 
C := 0,076 
m := 0,7 
EndIf 
EndIf 
EndIf 
EndIf 

 
" Zhukauskas's correlation for external forced convection flow normal to an isothermal cylinder" 
Nu#_bar := C * (Re_Dbrac)^m * (Pr_4)^n * (Pr_4 / Pr_brac)^(0,25) 
h_brac4 := Nu#_bar * k_brac4 / D_brac "[W/m^2-K]" 
EndIf 

" Number of HCE support brackets for each HCE segment " 

If (DELTAL <= L_HCE) Then 
index_1 := ROUND(i * DELTAL / L_HCE) 
index_2 := index_1 * L_HCE 
If (((i - 1) * DELTAL) <= index_2) AND (index_2 <= (i * DELTAL)) Then 
n := 1 
Else 
n := 0 
EndIf 
Else 
CALL WARNING('DELTAL should be smaller than L_HCE,please choose another value ') 
n=0 
EndIf 

fq_cond_bracket := n* SQRT(h_brac4 * P_brac * k_brac * A_cs_brac) * (T_base - T_4) "[W]"  

END 

"****************************************************************************************************************** 
FUNCTION fk_23: Absorber conductance 
******************************************************************************************************************" 
{ Based on linear fit of data from "Alloy Digest, Sourcebook, Stainless Steels"; ASM International, 
2000.} 

 
FUNCTION fk_23(T_2; T_3) 
$COMMON AbsorberMaterial$ 

 
T_23 := (T_2 + T_3)/2 "[°C]" 
If (AbsorberMaterial$ = 'Stainless_AISI302') Then 

fk_23 :=k_('Stainless_AISI302'; T=T_23) "[W/m-K]" 
EndIf 
If (AbsorberMaterial$ = 'Stainless_AISI304') Then 

fk_23 :=k_('Stainless_AISI304'; T=T_23) "[W/m-K]" 
EndIf 
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Endif 
END 

 
"****************************************************************************************************************** 
FUNCTION fHeatLoss: Heat loss term for temperature out equation 
******************************************************************************************************************" 
FUNCTION fHeatLoss(q_35rad; q_34conv) 

fHeatLoss := q_35rad + q_34conv "[W/m]" END 

"****************************************************************************************************************** 
Input boundry conditions 
******************************************************************************************************************" 
" Used to convert temperature from C to K " 
T_0 = 273,15 [°C] 
" Absorber pipe inside surface equivalent roughness factor " 
e = 0,0000445 [m] 

 
"Length of module" 
L=200 [m] 
"DELTAL=5 [m]" "Length of segment" 
"Support interval" 
L_HCE=2,5 [m] 
"Number of segments" 
imax=100  [-] 
"DELTAL=0.2 [m]" 
"DELTAL=L/imax" 
imax=L/DELTAL 

 
"Inlet pressure & temperature" P_1inlet_bar=20 [bar] 
P_1inlet=P_1inlet_bar*Convert(bar;Pa)  "[Pa]" 
T_1inlet=150 [°C]  
"T_sat(Steam_IAPWS,P=P_1inlet)" 

 
"Power on aperture area" 
q_Aperture=24053 [W] 
"Power per length of absorber tube" 
q_i=q_Aperture/7,72[m] "[W/m] " 

 
"Rate of incident energy on absorber tube " 
q_SolAbs=fq_SolAbs(q_i;Alpha_abs) "[W/m] " 

 
T_amb=30 [°C] 
T_amb_K=ConvertTEMP(C;K;T_amb) 
T_1outlet_K=ConvertTEMP(C;K;T_1outlet) 

 
T_sun=5776[k] DELTAT_sky=5 [°C] 
T_sky=T_amb+DELTAT_sky  "[°C]" 
P_atm_bar=1[bar] 
P_atm=P_atm_bar*Convert(bar;Pa)  "[Pa]" 

 
"Wall Thickness" 
t_mm=t*Convert(m;mm) "[m]" 

 
"Exterior tube internal and external diameter " 
D_3=0,1143 [m] 
D_3=D_2*1,167 "[m]" 
D_3=D_2+(2*t)  "[m]" 

 
m_dot= 5[kg/s]  "Mass flow" 
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m_dot_vol=m_dot/RHO_1inlet "[m^3/s]" 
m_dot_vol_gpm=m_dot_vol*Convert(m^3/s;gpm) 
U_wind=5[m/s]   "Wind speed" 

 
"Selective coating & absorber" 
SelectiveCoating$ ='Black Chrome (SNL test)' 
AbsorberMaterial$ ='Stainless_AISI302' 
"B42 Copper Pipe" 

 
"****************************************************************************************************************** 
Heat transfer fluid flow rates and inlet velocities 
******************************************************************************************************************" 
" Calls function to calculate HTF cross-section flow area" 
A_cs = fA_cs(D_2) "[m^2]" 
"Mass flux" 
G=m_dot/A_cs "[kg/m^2·s]" 
 " Calculates HTF velocity " 
v_1inlet =G / RHO_1inlet "[m/s]" 
" Mass flow rate (conserved) " 
RHO_1inlet = Density(Steam ;T=T_1inlet;P=P_1inlet) "[kg/m^3]" 
h_1inlet=Enthalpy(Steam_IAPWS;T=T_1inlet;P=P_1inlet)  
 
"****************************************************************************************************************** 
Selective coating properties 
******************************************************************************************************************" 
CALL pSelectiveCoatingProperties(imax; T_3[1..imax]:EPSILON_3[1..imax]; Alpha_abs) 

 
"****************************************************************************************************************** 
Do-loops for temperatures along aperture length 
*******************************************************************************************************************" 
" Do-Loop to set the inlet temperature, pressure and velocity of each increment to the previous increment's 
outlet temperature and velocity" 

 
"Attribute inlet condition to first segment inlet properties" 
T_1in[1] = T_1inlet "[°C]" 
P_1in[1] = P_1inlet "[Pa]" 
v_1in[1] = v_1inlet "[m/s]" 
h_1in[1]=h_1inlet 

 
Duplicate i = 1; (imax-1) 
T_1in[i+1] = T_1out[i]   "[°C]" 
P_1in[i+1] = P_1out[i]  "[Pa]" 
v_1in[i+1]=v_1out[i] "[m/s]" 
x_eq_in[i+1]=x_eq_out[i] 
"h_1in[i+1]=h_1outi[i]" 

 
End 

 
" Do-Loop to conduct an energy balance on each increment that determines outlet temperature, 
 heat loss, and efficiency "  
Duplicate i = 1;imax 
v_1ave[i] = (v_1in[i] + v_1out[i])/2 "[m/s]" 

 
P_1out[i]=P_1in[i]-DELTAP_tot[i] "[Pa]" 
P_1ave[i]=(P_1in[i]+P_1out[i])/2 "[Pa]" 
T_1ave[i]=(T_1in[i]+T_1out[i])/2 "[°C]" 

 
"Fluid properties" 
T_1out[i]=Temperature(Steam_IAPWS;h=h_1out[i];P=P_1in[i]) "[J/kg]" 
T_1out_k[i]=ConvertTEMP(C;K;T_1out[i]) 
h_1ave[i]=(h_1in[i]+h_1out[i])/2   "[J/kg]" 

 
h_1ave_sat_l[i]=Enthalpy(Steam_IAPWS;P=P_1ave[i];x=0) "[J/kg]" 
h_1ave_sat_v[i]=Enthalpy(Steam_IAPWS;P=P_1ave[i];x=1) "[J/kg]" 
h_1ave_sat_lv[i]=ABS(h_1ave_sat_v[i]-h_1ave_sat_l[i]) "[J/kg]" 
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h_1in_sat_l[i]=Enthalpy(Steam_IAPWS;P=P_1in[i];x=0) "[J/kg]" 
h_1in_sat_v[i]=Enthalpy(Steam_IAPWS;P=P_1in[i];x=1) "[J/kg]" 
h_1in_sat_lv[i]=ABS(h_1in_sat_v[i]-h_1in_sat_l[i]) "[J/kg]" 
x_eq_in[i]=(h_1in[i]-h_1in_sat_l[i])/(h_1in_sat_lv[i]) 

 
h_1out_sat_l[i]=Enthalpy(Steam_IAPWS;P=P_1out[i];x=0) "[J/kg]" 
h_1out_sat_v[i]=Enthalpy(Steam_IAPWS;P=P_1out[i];x=1) "[J/kg]" 
h_1out_sat_lv[i]=ABS(h_1out_sat_v[i]-h_1out_sat_l[i]) "[J/kg]" 
x_eq_out[i]=(h_1out[i]-h_1out_sat_l[i])/(h_1out_sat_lv[i]) 

 
CALL pMU_1in_vo(x_eq_in[i];P_1in[i];T_1in[i]:MU_1in_vo[i];Pr_1in_vo[i];k_1in_vo[i]) 
Re_D2ave_lo[i] = G * D_2 / MU_1in_lo[i] 
Re_D2ave_vo[i]=G * D_2 / MU_1in_vo[i] 

 
" friction factor for liquid only (f_lo) and gas only (f_vo)" 
1 / SQRT(f_lo[i]) = -2,0 * LOG10( e / (D_2 * 3,7) + 2,51 / (Re_D2ave_lo[i] * SQRT(f_lo[i]))) 
1 / SQRT(f_vo[i]) = -2,0 * LOG10( e / (D_2 * 3,7) + 2,51 / (Re_D2ave_vo[i] * SQRT(f_vo[i]))) 

 
"Nusselt number for liquid only and vapor only condition" 
CALL pNu#_lo(f_lo[i];T_1in[i];P_1in[i]: ALPHA_1_lo[i]) 
CALL pNu#_vo(x_eq_in[i];f_vo[i];T_1in[i];P_1in[i]: ALPHA_1_vo[i]) 

 
"****************************************************************************************************************** 
q_12conv[i] Convective heat transfer rate between the heat transfer fluid and absorber 
******************************************************************************************************************" 
CALL Pq_12conv(x_eq_in[i];T_1in[i];P_1in[i];h_1in[i];T_1out[i];T_1ave[i];T_2[i];ALPHA_1_lo[i];ALPHA_1_vo[i];f_lo[i] 
:q_12conv[i])  
"******************************************************************************************************************  
Heat loss estimation through support bracket 
******************************************************************************************************************" 
q_cond_bracket[i] =fq_cond_bracket(T_3[i]; i) "[W]" 

 
"****************************************************************************************************************** 
Hest loss at each segment 
******************************************************************************************************************" 
HeatLoss[i] = fHeatLoss(q_35rad[i]; q_34conv[i]) "[W/m]" 

 
"****************************************************************************************************************** 
q_23cond[i] Conduction heat transfer rate through the absorber 
******************************************************************************************************************" 
" Absorber conductance, temperature and material type dependent " 
k_23[i] = fk_23(T_2[i]; T_3[i]) "[W/m-K]" 
q_23cond[i] = 2 * PI# * k_23[i] * (T_3[i] - T_2[i]) / LN(D_3 / D_2) "[W/m]" 

 
"****************************************************************************************************************** 
q_34conv[i] Convective heat transfer rate between the absorber pipe and glazing 
******************************************************************************************************************" 
q_34conv[i]=fq_34conv(T_3[i]) "[W/m]" 
"****************************************************************************************************************** 
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q_35rad[i] Radiation heat transfer rate between the absorber surface and glazing inner surface 
******************************************************************************************************************" 
q_35rad[i] = fq_35rad(T_3[i];EPSILON_3[i]) "[W/m]" 

 
"****************************************************************************************************************** 
One dimensional (Radial) model 
******************************************************************************************************************" 
h_1out[i]=(((q_SolAbs-HeatLoss[i])*DELTAL-q_cond_bracket[i])/m_dot)+h_1in[i]+0,5*(v_1in[i]^2-v_1out[i]^2) "[J/kg]" 
q_12conv[i] = q_23cond[i] "[W/m]" 
q_SolAbs - q_23cond[i] - q_34conv[i] - q_35rad[i] - (q_cond_bracket[i] / DELTAL) = 0 "[W/m]" 

 
"****************************************************************************************************************** 
PROCEDURE pPressureDrop :Pressure drop over each segments 
******************************************************************************************************************" 
CALL pPressureDrop(P_1in[i];T_1in[i];T_1out[i];T_1ave[i];f_lo[i];f_vo[i];x_eq_in[i];x_eq_out[i];x_eq_ave[i]:DELTAP_fric[i]; 
DELTAP_mom[i];DELTAP_tot[i];v_1out[i]) 

 
"Clculation Wall temperature,T_2, at ONB inception Hsu (1962) and Sato and Matsumura (1964)" 
T_2_ONB[i]=fT_2_ONB(T_1sat[i];x_eq_ave[i];T_1ave[i];P_1ave[i];ALPHA_1_lo[i]) 

 
"****************************************************************************************************************** 
Thermal properties 
******************************************************************************************************************" 
"Overall heat transfer coefficient" 
ALPHA_1[i]=q_12conv[i]/(PI#*D_2*(T_2[i]-T_1ave[i])) "[W/m^2-K]" 

 
"Thermal efficiency over segment i " 
ETA_Thermal_Segment_Col[i]=(q_12conv[i]/q_SolAbs)*100 "[-]" 

 
"Hydraulic equation for required pumping power to overcume segment total pressure drop" 
W_dot_p_Segment[i]=(m_dot/RHO_1in_lo[i])*DELTAP_tot[i] "[W]" 

 
"ETA_Exergy_Overall_Col ,Overall collector exergy efficiency" 
ETA_Exergy_Segment_Col[i]= 100*(q_12conv[i]*(1-(T_amb_K)/(T_1out_K[i]))-(W_dot_p_Segment[i]/DELTAL))/(q_i*(1-( 
T_amb_K)/(T_sun))) "[-]" 

 
"Length at i th segment " 
L_segment[i]=i*DELTAL 

 
End 

 
"****************************************************************************************************************** 
******************************************************************************************************************" 
"Outlet temperature set equal to the final segment outlet temperature" 
P_1outlet=P_1out[imax] "[Pa]" 
T_1outlet=T_1out[imax]  "[°C]" 
v_1outlet=v_1out[imax]  "[m/s]" 
x_eq_outlet=x_eq_out[imax] "[-]" 

 
"Average fluid temperature" 
T_ave=AVERAGE(T_1ave[1..imax]) 
"[°C]" 

 
"Total pressure drop across the solar receiver" 
DELTAP_total_L=SUM(DELTAP_tot[1..imax]) "[Pa]" 
Pressure_drop_rate=DELTAP_total_L/(1*L) "[Pa/m]" 

 
"Heat gain per length and overall heat gain " 
q_heat_gain_apertureLength=SUM((q_12conv[j]*DELTAL);j=1;imax)/L "[W/m]" 
q_heat_gain_Overall=SUM((q_12conv[j]*DELTAL);j=1;imax) "[W]" 

 
"ETA_Thermal_Overall_Col= ,Overall collector thermal efficiency " 
ETA_Thermal_Overall_Col=(q_heat_gain_Overall/(q_SolAbs*L))*100 "[-]" 



 

-100- 
 

 
"Hydraulic equation for required pumping power to overcume solar field 
total pressure drop" W_dot_p=(m_dot/RHO_1inlet)*DELTAP_total_L  
"[W]" 

 
"ETA_Exergy_Overall_Col ,Overall collector exergy efficiency" 
ETA_Exergy_Overall_Col=100* (q_heat_gain_Overall*(1-(T_amb_k)/(T_1outlet_k))-
W_dot_p)/(q_i*L*(1-(T_amb_k)/( T_sun))) "[-]" 

 
"********************************************************************************************
Heat losses 
**********************************************************************************************" 
q_cond_bracket_total=SUM(q_cond_bracket[j];j=1;imax) "[W]" 
q_cond_bracket_L=q_cond_bracket_total/L "[W/m]" 
q_HeatLoss_apertureLength=SUM((HeatLoss[j]*DELTAL);j=1;imax)/L+q_cond_bra
cket_L "[W/m]" q_34conv_apertureLength=SUM((q_34conv[j]*DELTAL);j=1;imax)/L 
"[W/m]" q_35rad_apertureLength=SUM((q_35rad[j]*DELTAL);j=1;imax)/L "[W/m]" 
q_HeatLoss_HCEarea=q_HeatLoss_apertureLength/(PI#*D_3) "[W/m^2]" 
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