
 

 

Performance Analysis of a Parabolic Trough Solar 

Collector 

by 

Feras Abdullah Mohammed Alghamdi 

A thesis submitted to 

Florida Institute of Technology 

in partial fulfillment of the requirements  

for the degree of 

Master of Science 

in 

Mechanical Engineering 

Melbourne, Florida 

July 2019 



 

 

We the undersigned committee hereby approve the attached thesis, “Performance 

Analysis of a Parabolic Trough Solar Collector,” by Feras Abdullah Mohammed 

Alghamdi. 

_________________________________________________ 

Kunal Mitra, Ph.D.  

Professor 

Mechanical Engineering 

Major Advisor 

_________________________________________________ 

Hamidreza Najafi, Ph.D. 

Assistant Professor 

Mechanical Engineering 

_________________________________________________ 

Ju Zhang, Ph.D. 

Associate Professor 

Aerospace Engineering 

_________________________________________________ 

Ashok Pandit, Ph.D. 

Professor and Head 

Department of Mechanical and Civil Engineering 

 



 

iii 

Abstract 

Title: Performance Analysis of a Parabolic Trough Solar Collector 

Author: Feras Abdullah Mohammed Alghamdi 

Advisor: Kunal Mitra, Ph.D. 

Solar energy technologies are growing vastly in both developed and 

developing countries. The parabolic trough solar collector (PTSC) technology is the 

most widely used system among concentrated solar technologies. In this thesis, three 

models were developed to investigate the performance of the PTSC; these models 

are 2D & 3D numerical models and 1D analytical model. Each model considers three 

absorber tube configurations, vacuum annulus, air-filled annulus, and bare absorber 

tube. The specifications of the Luz LS-2 PTSC were used throughout the study. Since 

the study considers the 3D model, a realistic non-uniform heat flux distribution 

around the receiver tube was developed using Monte Carlo Ray-Tracing method. The 

developed models were validated with Sandia National Laboratory (SNL) 

experimental data. The resulted data show a slight difference between the 2D and the 

3D models. Also, a parametric study was conducted using the 2D model to 

investigate the effect of inlet temperature, inlet velocity, incident solar radiation, and 

wind speed. The presented results show that the PTSC performance increases with 

the increase of volume flow rate and decreases with the rise of inlet temperature. The 

effect of solar radiation and wind speed show stability on both vacuum and air in the 

annulus. However, in the bare absorber tube, the effect of wind velocity is significant 

and negatively impacts the performance. Also, the impact of two types of coatings 

Cermet and Black Chrome was conducted on the three configurations where the 
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vacuum and air annulus are sensitive to the coating type, unlike the bare absorber. 

The effect of nanoparticles on the PTSC performance was studied using two types of 

nanoparticles CuO and Fe4O3 with two different base fluids Syltherm-800 and 

Therminol VP-1. Bare absorber tube shows the most improvement from 

nanoparticles, and CuO nanoparticle provides the best enhancement in the 

performance. 
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1. Introduction 

1.1 Background  

 The sun has a massive amount of energy that reaches the earth in the form of 

electromagnetic waves. There are different ways to produce energy from the incident 

solar radiation. For example, photovoltaic panels technology was invented to convert 

the sunlight to electricity that either can be used directly or stored in batteries. 

Another way of producing energy from the sun is for thermal processes such as flat 

plate collectors and concentrating collectors, which act as a heat exchanger in the 

system [1]. Flat plate collectors are mostly used for heating purposes at a moderate 

temperature up to about 100 ºC above ambient temperature [2]. Whereas, 

concentrating collectors are used for applications that demand a higher temperature 

than that delivered by flat plate collectors. 

Moreover, to sufficiently create a high energy density and high temperature, 

concentrating collectors must concentrate incident sunlight using optical lenses or 

mirrors. The configuration of these reflectors determines optical and thermal losses. 

However, the optical and thermal losses should be minimal in a well-designed solar 

concentrating collector which enable the system to carry out high solar flux with a 

relatively small amount of heat loss. In general, the concentrating collectors are 

divided into two main categories line and point concentrating collectors. 
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 Point concentrating collector devices focus the incident solar radiation into a 

point. Moreover, the most known point concentrating applications are dish reflectors 

and central tower receiver systems (Figure 1.1). A parabolic dish reflector can 

concentrate solar radiation in a point receiver with high concentration ratio between 

600 to 2,000. Moreover, a parabolic dish reflector can produce a high temperature 

up to 1,500 ºC. Therefore, to maintain this high concentration ratio and temperature, 

the sunlight must be continuously converged at the focal point using a two-axis 

tracking system. 

Similarly, central tower receiver systems can produce up to 1,500 ºC of heat 

and (300 - 1500) of high concentration ratio. However, this system occupies a vast 

area filled with a reflector field around the central tower. These reflectors concentrate 

incident solar radiation into a cavity on the top of the tower. This system can be 

integrated with a power plant to produce electricity and to store hate in thermal 

storage tanks simultaneously [3].  

 

   (a)                                                        (b) 

 

Figure 1.1: (a) Parabolic Dish Reflector, (b) Central Tower Receiver [4]. 



 

  3 

   (a)                                                   (b) 

 

Figure 1.2: (a) Parabolic Trough Collectors, (b) Linear Fresnel Reflectors [4]. 

In line concentrator devices, the incident sunlight is reflected into an absorber 

tube which is aligned in the focal line. To maintain the absorber tube in the focal line, 

a one-axis solar tracking system is used to adjust the reflectors. The most known line 

concentrators are parabolic trough collectors (PTC) and linear Fresnel reflector 

(LFR) systems (see Figure 1.2). Unlike point concentrators, line concentrator devices 

have low concentration ratio (10-45) and reasonably high temperature up to 400 ºC. 

LFR system is similar to PTC systems but has parallel rectangular reflectors. LFR 

use rectangular flat reflectors, whereas in PTC collectors merroir are bent in a 

parabolic shape. This simple rectangular shape can reduce the cost in LFR systems 

due to simple design and minimum structural requirements [5]. However, light-

blocking is a major issue in LFR systems due to the small spacing between reflectors. 

Although this challenge can be solved by increasing either the focal length or overall 

area, the sequences are either higher cost or larger area [6]. Therefore, A novel design 

[7] was proposed to reduce or eliminate the shading. However, parabolic trough solar 
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collectors (PTC) is the interest of this thesis, and it will be discussed in more details 

in the next sections. 

 

1.1.1 Parabolic Trough Solar Collectors 

The first innovation of a parabolic trough collector (PTC) goes back in 1870 

when a Swedish engineer called John Ericsson designed and built a small PTC that 

drove a 373-Watt engine [8]. Nowadays, solar energy applications, in general, have 

increasingly grabbed the world attention due to the limitation of fossil fuel supply 

and the negative effect of CO2 emissions on the earth atmosphere. Solar 

concentration plants can provide clean energy; therefore, it is highly expected to be 

the only option for future energy production. Moreover, PTC systems are proven to 

be not costly and can operate day and night when integrated with thermal storage 

systems. As previously mentioned, a PTC system is a line concentrator device. 

Therefore, solar radiation is reflected in a focal line where a black pipe receiver, or 

heat collector element (HCE), is placed in. Then the receiver tube absorbs solar 

energy that can be transferred by convection to the thermal fluid (HTF) (see Figure 

1.3). This system of solar collectors can achieve up to 500°C depending on the 

designed application [5].  

Moreover, the applications of PTC are mainly divided into two different 

groups. The first application is concentrated solar power (CSP) plants where the 
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temperature range is between 300-400 °C, which satisfies the requirement of electric 

generating power plants. An excellent example of this system is the Southern 

California power plants, known as Solar Electric Generating Systems, which can 

produce a total of 354 MWe [5]. 

 

 

Figure 1.3: Parabolic Trough Collector components [5].  

The second application is industrial heat process (IHP) where moderate-

temperate is used; such as swimming pool, heat-driven refrigeration, cooling, and 

space heating applications. In CSP, two technologies can be used to integrate a PTC 

solar field with a steam-turbine power plant. These systems depend on the thermal 

fluid type and heat exchanger existence. Direct steam-generating (DSG) system uses 

water as the HTF and no need for a heat exchanger because the resulting steam in 

HCE is connected directly to a steam turbine. In contrast, indirect steam-generating 

(IDSG) system uses HTF in a closed mass transfer system; therefore, a heat 
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exchanger component is needed to deliver heat to the final destination. In the case of 

the indirect system, oil can be used as the thermal fluid type. PTC components and 

their main features and applications are presented in the next sections. 

 

1.1.2 PTC structure  

A PTC is divided into two major parts curved reflectors and a receiver tube. 

The reflectors are curved in a parabolic shape to converge sunlight into a focal line. 

The purpose of a trough reflector is to reflect solar radiation as much as possible, so 

less absorptance and high reflectance are desirable material properties of the trough 

reflector. In general, the reflector can be made from aluminum or low iron glass. 

Moreover, to enhance the reflectivity of the mirror and protect trough reflector, 

several processes are needed, such as silvering, gluing, and protective coating [5].  

The receiver tube is located at the focal line of the parabolic trough and must 

be maintained at the focal line by using a sun-tracking system. The bent mirrors are 

supported by a metal foundation that designed to be movable in one or two axes. 

Normally, absorber tube is very long, which can reach 100 m such as Luz LS-3 PTC. 

Therefore, the existence of supporting brackets is necessary to prevent the tube from 

bending, which can negatively affect the overall performance of the PTC. There are 

several designs of PTCs, and some are available commercially. One of the US-based 

company is Luz International Ltd., found in 1979. The company designed three 

generations of PTCs LS-1, LS-2, and LS3. All designed PTCs were used in solar 
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electric generating system (SEGS) plants [8]. Table 1.1 provides structural design 

and optical properties of the three Luz PTCs.  

Table 1.1: Luz PTCs characteristics [8], [9]. 

Model LS-1 LS-2 LS-3 

Max. Operating temp. (°C) 307 349 390 

Aperture area (𝑚2) 128 234.5 570.2 

Aperture width (m) 2.55 5 5.76 

Length (m) 50.2 47.1 99 

Focal length (m) 0.68 1.4 1.71 

Absorber tube diameter 

(mm) 

40 70 70 

Cover tube diameter (mm) N/A 115 115 

Rim angle (°) 85 70 80 

Geometric concentration 

ratio 

18.95 22.74 26.2 

Peak optical efficiency % 73.4 74 77 

Structure Torque tube Torque tube V-truss 

framework 

Drive Gear Gear 
Hydraulic 

Mirror Type Silvered low-iron float glass 
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1.1.3 Receiver tube 

Receiver tube or heat element collector (HCE) is the most crucial element in 

the system where the solar energy is converted to heat. Also, the performance of the 

HCE has a significant impact on the efficiency of the power generating in a solar 

thermal plant. The HCE is held at the focal line by supporting brackets; the distance 

between these supporting brackets is about 4 meters. The outer diameter of the 

absorber tube is about 40-70 mm depending on thy PTC model, and the glass 

envelope tube is about 115 mm. In general, the receiver tube is surrounded by a glass 

envelope with evacuated annulus. The advantage of using glass envelope with 

evacuated annulus is to minimize the convective heat transfer losses. Moreover, the 

vacuum presser between the tube and the glass envelope must be around 0.013 Pa to 

maintain the convective losses at the lowest. A diagram of an HCE is shown in Figure 

1.4. 

 

Figure 1.4: Receiver tube or HCE [9]. 
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Generally, the receiver tube is made of stainless steel or any high absorptive 

and low emissive material. Also, it is beneficial to increase the absorptance of the 

tube by coating the outer surface of the absorber tube. Similarly,  the envelope is 

coated by the anti-reflective layer to reduce radiation heat losses [8]. Luz receiver 

tubes are exposed to failures such as glass envelope breakage, vacuum loss, and 

degradation of the selective coating. These failures can significantly affect the 

thermal performance of the receiver. Degradation of the selective coating occurs due 

to vacuum loss that may happen because of a failure in the glass-to-metal seal. 

Moreover, analytical experiments have been concluded that one of the main factors 

that cause the selective coating to be degraded is the existent of oxygen in an annular 

zone [10].   

 

 

1.1.4 Thermal fluid   

Thermal fluid or heat transfer fluid (HTF), is the working fluid element in a 

PTC system, where it is circulated in the receiver tube until it reaches the desired 

temperature or steady-state case. In general, there are two types of HTF, conventional 

HTFs and nanoparticle HTFs, that used in a PTC solar plant. The choice between 

these two HTF types depends on multiple factors such as the thermal storage system, 

power cycle system, and desired temperature [5]. We mean by conventional HTFs 

the type of fluid that has natural thermophysical properties such as water, oil, and 
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molten salt. Thermal oil fluid is commonly used as a HTF element in indirect 

systems, which requires high temperature to operate [5].  

On the other hand, nanoparticle HTFs have modified thermophysical 

properties by adding metallic particles, metallic oxides, or carbon nanotubes in the 

host fluid. Moreover, the thermal conductivity in these nanoparticles is 

extraordinarily higher than those of conventional fluids [5]. Colangelo et al. [11] 

have done an experiment to investigate the performance of diathermic oil-based 

nanofluids and their dependence from parameters such as thermal conductivity of the 

host fluid, particle size, and temperature. The experiment has concluded that the 

convective heat transfer rate increases with the increase of the nanoparticle 

concentration ratio, oil base fluid have better thermal enhancement than water base 

fluid,  and the thermal conductivity of the nanoparticle depends on nanoparticle size 

which is also concluded by S. K. Verma and A. K. Tiwari [12], a review paper about 

the nanofluid application in solar collectors. 

 

1.1.5 Thermal energy storage 

An important element in the CPS plant is a thermal storage system, where 

heat can be stored for later usage. Moreover, the importance of thermal energy 

storage (TES) in the system is to supply energy and efficiently operate the plant when 

solar radiation is not available, or PTC plant cannot produce enough energy due to 
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cloudy wither. A feasible solar thermal energy storage system should ensure some 

technical properties such as, a high thermal storage capacity, a better heat transfer 

rate, and a stable material type that can avoid chemical and mechanical degradation 

[13]. In general, thermal energy storage can be classified based on storage material 

(sensible, latent, or chemical) and based on the storage concept (active or passive) 

[13]. In sensible heat storage, thermal energy is stored due to a temperature change 

in the media, which can be either a solid-state or a liquid state. The most commonly 

used solid-state thermal storage materials are sand-rock minerals, concrete, and fire 

bricks [13]. These materials have working temperatures from 200℃ to 1200℃, and 

their thermal conductivity between 1.0 W (mK)⁄  − 40.0 W (mK)⁄ , depending on the 

material type [13]. However, their heat capacities are not very high, which negatively 

impact the size of a storage unit. On the other hand, common liquid-state thermal 

energy storage materials are oils, liquid sodium, and inorganic molten salts. 

Although, liquid sodium has the highest thermal conductivity about 71.0  W (mK)⁄ , 

it requires extra safety measures due to unstable chemical reactions [13]. Molten salts 

have excellent thermal stability, which considered to be the ideal materials for use in 

solar power plants [13].  

Latent heat storage materials, phase change materials (PCMs), can store a 

large amount of heat during a phase change of the substance from solid-liquid or 

liquid-vapor transition processes. Latent heat storage has much higher storage 

density than sensible heat storage due to a higher enthalpy in PCMs than in sensible 
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heat materials. These PCMs have phase change temperatures ranging from 100℃ to 

897℃, and their latent heat ranging from 124 to 560 kJ/kg. However, PCMs thermal 

conductivities fall into the range of 0.2 W (mK)⁄  to 0.7 W (mK)⁄ , which is very low 

compared to sensible heat storage; therefore, relative heat transfer enhancement 

technologies must be adopted [14]. Chemical heat storage materials can absorb or 

release heat by chemical reactions. However, chemical storage applications are 

limited due to complicated reactors reversible condition and chemical stability [13]. 

The example in Figure.1.5 shows that latent heat storage with a single PCM can store 

heat more than sensible heat storage due to PCM’s high heat capacities [15]. 

 

 

Figure 1.5: Sensible heat storage vs. latent heat storage, with a single PCM [15]. 

Storage concepts can be classified as active (single medium) or passive (dual 

media) storage. In active storage, the storage fluid is circulated through a heat 
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exchanger (indirect system) or a solar receiver (direct system). Active storage 

systems can be designed either one-tank or two-tank systems. A study was conducted 

to provide detailed performance and cost analyses about two-tank molten salt storage 

system [16]. Also, an experimental evaluation of the thermal performance of a single-

tank was conducted using two types of molten salt (HITEC and solar salt) and 

concluded that Higher efficiency was obtained at higher temperature difference, 

higher flow rate, and with a solar salt type of material [17]. A two-tank system uses 

two separate tanks, one for cold HTF and the other for the hot HTF, coming directly 

from a solar collector system (see Figure 1.6). Although this system separates cold 

and hot HTF into two different tanks, the need for two tanks increase the system cost 

and size. However, in a single-tank system, it is applicable to separate the hot and 

cold HTF by using thermoclines in the same tank. Another option of the single tank 

is the stratified tank where the HTF naturally stratifies in the tank due to the density 

difference between hot and cold HTF layers.  

Unlike the active storage system, the storage medium is not circulated in the 

passive storage system, but another HTF passes through the storage medium for 

charging or discharging the system. The storage medium can be sensible heat 

materials (solid, liquid) or latent heat materials (PCMs). A disadvantage of passive 

storage systems is that during discharging the system, the HTF temperature decreases 

due to storage material being cooled down. Also, the heat transfer is very low, in case 

of solid materials, due to the use of a heat exchanger where there is no direct contact 
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between the HTF and the storage medium [18]. These days, two-tank passive TES 

systems are typically adopted in PTC plants, using oil as HTF and molten salt as 

storage material.  

 

 

Figure 1.6: Molten salt power tower system schematic [18]. 

 

1.1.6 Solar power cycle  

The process of converting solar energy to electric energy is essentially similar 

to the traditional thermal processes. There are two ways to integrate a PTC solar field 

in a steam turbine power plant direct steam-generating (DSG) system and Indirect 

steam-generating (IDSG) system. DSG system generates steam in the solar field and 

directly uses that steam to drive the turban; whereas IDSG heats HTF in the solar 

field and uses a heat exchanger to generate steam. Moreover, solar fields can drive 
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any type of steam turbine power plant cycles. Also, it can be integrated into two 

different thermodynamic cycles, a steam turbine Rankine cycle and gas-turbine 

Brayton cycle, which also called combined cycle. Additional details and historical 

information about PTCs power plants from different countries around the world are 

presented in [8]. Also, it includes both Concentrated Solar Power (CSP) plants and 

industrial process heat (IPH) applications. One of the largest solar power plants in 

the world is Solana Generating Station, which is located in Gila Bend, Arizona, USA 

(see Figure 1.7). Solana TES system uses molten salt as the energy storage media, 

and it can store over 1000 MWh of energy. The TES system is combined with a 

parabolic trough solar collector field that can generate a total capacity of 250 MW 

[19].  

 

Figure 1.7: Solana Generating Station: parabolic trough concentrating solar power (CSP) 

plant, Gila Bend, Arizona, USA [19]. 
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A new study was conducted to analyze the performance of power conversion 

cycles such as Brayton cycle, Rankine cycle, and combined cycle integrated with 

PTC field. The study concluded that the integration of a parabolic trough technology 

into the bottoming cycle of a combined cycle system is the best option for electricity 

conversion [20].  

 

 

Figure 1.8: Instilled capacity of renewable energy in GCC countries as 2018 [21]. 

 

1.2 Motivation 

Solar energy technologies have developed throughout recent years and 

proved to be the ultimate solution for greenhouse gas emissions. Not only the 
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developed countries in the world are putting more attention to solar technology but 

also the developing countries. For example, the Gulf Cooperation Council (GCC) 

countries in the middle east start to invest in renewable energy technologies. Figure 

1.8 shows that these countries already have some experience with solar energy 

technologies. Recently, these countries initiated plans to increase the capacity of 

renewable energy by 2030.  

 

 

Figure 1.9: Estimated capacity of renewable energy in GCC countries in 2030 [22]. 

 

Moreover, my country Saudi Arabia, a part of GCC countries, has launched 

an ambitious plan, called Vision 2030, its main objective is to diversify the economy 
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and reduce the dependence on oil, which was the primary source of the economy for 

a long period of time. This plan is very broad and gives some space for renewable 

energy projects. Indeed, the estimated capacity of the concentrated solar power plant 

in the GCC countries will reach 18 GW by 2030, as illustrated in Figure 1.9. One of 

the concentrated solar collector technologies is the parabolic trough solar collector, 

where this type can be installed and integrated with an existing power plant. 

Therefore, this thesis will study the performance of the PTC with different 

configurations using analytical and numerical models. 

 

1.3 Objectives of this thesis  

The proposed thesis has the following aims: 

• Develop 3D and 2D numerical models to analyze the thermal performance 

of Luz LS-2 parabolic trough solar collector (PTSC) using COMSOL 

Multiphysics software. 

o The 3D thermal model considers a nonuniform solar distribution 

around the HCE. 

• Develop a 1D analytical model using MATLAB software to predict heat 

losses and thermal performance of the PTSC. 

• Develop an optical model to calculate the solar distribution around the HCE 

and implements it with the 3D numerical model. 
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• Validate the thermal models and the optical model with experimental 

results. 

o Validate the thermal models using Sandia National Laboratory 

experimental data. 

o Validate the optical model using Jeter’s analytical solution.  

• Conduct a parametric study to investigate the thermal performance of the 

PTC. 

 

1.4 Solar Radiation 

It is essential to have detailed information about sun location in the sky relative 

to any place on the earth, which can significantly impact the design of the PTC power 

plant. These measurements also can provide an accurate amount of solar radiation 

that hits an adjacent surface to the earth atmosphere which is called solar constant 

(Gsc). Sun surface temperate is about 5777 K and emits solar radiation throughout 

space in the form of electromagnetic waves with wavelengths ranging from about 0.2 

μm to over 2 μm, where 48% of this energy comes from the visible wavelength 

range [23]. The incident solar radiation, or irradiance, is measured as the energy per 

unit time per unit area (W m2⁄ ). The average amount of solar radiation outside the 

atmosphere of the earth falling on a unit area normal to the rays of the sun at a mean 

earth-sun distance ( D = 1.495 × 1011 ) is about 1367 W m2⁄  [23].  
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However, once the solar radiation enters the atmosphere, solar radiation will 

be disturbed due to the existence of air, dust, and cloud in the atmosphere. Therefore, 

these components in the atmosphere may absorb or reflect some of the solar 

radiation, and some of the solar radiation will scatter. The total amount of solar 

radiation that will hit the earth surface is not equivalent to the solar constant anymore. 

In order to determine the exact amount of the solar radiation heat flux that hits a 

specific place, a special instrument, referred to as pyranometers, must be used for 

measuring total radiation (see Figure 1.10) [23]. Such exact data cannot be generated 

using mathematical formulation only; therefore, a ground-based measurement is 

needed. Such data can be found in the TMY3 weather database, which provides 

hourly statistics data covering most of the cities in the USA. These data can provide 

a good estimation for predicting the annual performance of a PTC power plant. 

 

Figure 1.10: Pyranometer with shading ring to eliminate beam radiation [23]. 
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1.4.1 Sun-earth geometric relation  

 The knowledge of earth movement around the sun will give us valuable 

information to maximize or to minimize the amount of incident solar radiation, which 

is a function of solar incident angle and time. The earth rotates around the sun in an 

elliptical path, causing variation of the sun-earth distance between the maximum 

(1.52 × 1011) and the minimum (1.47 × 1011) distances [23]. Therefore, the amount 

of solar radiation received by earth is alternating with respect to sun-earth distance. 

The highest amount of solar radiation occurs at the minimum distance on December 

21, and the lowest is at the maximum distance on June 21. However, the sun rays are 

considered to be parallel sun rays due to the large size of the sun relative to the small 

size of the earth. 

 

Figure 1.11: sun-earth distance and desalination angle, adapted from [24]. 

1.4.2 Solar Angles  

Since the earth rotation around its axes varies, the solar incident angle will 

also relatively change. This happens due to variation of the declination angle (δ) 

which is the angle between the plane of the equator and the sun rays. The declination 
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causes the seasonal change in a year, as it can be seen in Figure 1.12, depending on 

the geographical location, Northern or in the Southern hemisphere. The declination 

angle was measured to be between −23.45° ≤ δ ≤ 23.45° as it can be seen in Figure 

1.11 [24]. The solar declination angle (𝛿𝑠) is given by: 

 δ=23.45° sin [
 360 (284+n) 

365
] (1.1) 

Where n is the number of the day in the year starting from January first as 𝑛 = 1, 

table 1.2 is a useful table that can be used for determining n on a specific day in the 

year [23]. 

 

Table 1.2: Values of n by Months [23]. 

Month n of ith Day of Month Month n of ith Day of Month 

January i July 181+i 

February 31+i August 212+i 

March 59+i September 243+i 

April 90+i October 273+i 

May 120+i November 304+i 

June 151+i December 334+i 
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Figure 1.12: Declination angle (𝛅) cycle in a year, adapted from [23] 

  

Solar time (St) does not coincide with local clock time. Therefore, it is necessary to 

convert local time to solar time. The correction depends on the longitude, local 

standard meridian, and day of the year. The Solar time is given by the following 

equation [23]: 

 

 Solar time (St) = Standard time + 4(Lst  − Lloc) +  E (1.2) 

 

where 𝐿𝑠𝑡  is the standard meridian for the local time zone, 𝐿𝑙𝑜𝑐  represents the 

longitude of the location, longitudes are in degrees between (0◦ < L < 360◦). The last 

term E is the equation of time, in minutes as it can be seen in Figure 1.13, and it can 

be calculated using the following equation [23]: 
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E =  229.2 (0.000075 +  0.001868 cos B −  0.032077 sin B

−  0.014615 cos 2B −  0.04089 sin 2B) 
(1.3) 

 

Where B in degrees and can be found by: 

 B = (𝑛 − 1)
360

365
 (1.4) 

Where n represents the day of the year. 

 

 

Figure 1.13: Variation of EOT throughout the year [24]. 

The hour angle (𝜔) at any point on earth can be defined as the angle through 

which the earth would revolve to get the meridian of any point aligned directly 

under the sun rays as shown in Figure 1.14 [24]. Hour angle varies throughout the 
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day, starting at sunrise with an hour angle 𝜔 ≈ −90°. It increases with sun rise by 

15° each hour and at noon, the hour angle reaches zero (𝜔 = 0°). 

After that, the hour angle starts to increase with the same rate 

(15° One hour⁄ ) from 𝜔 = 0 °  to  𝜔 ≈ 90 °. The hour angle (𝜔), in degrees, can be 

calculated using the following equation:  

 ω = 15 (𝑆𝑡 − 12) (1.5) 

 

 

Figure 1.14: Solar angles diagram, adapted from [24] 

Latitude angle (∅) is one of the angles by which any point on the earth surface 

(P) can be determined. This angle can be calculated as the angle between a line, start 

from the center of the earth to the surface location, and the equatorial plane. Latitude 

angle is equal to zero at the equator and starts to increase or decrease depending on 

the surface location, north (positive) or south (negative) of the equator ( −90° ≤
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∅ ≤ 90°). Like longitude 𝐿𝑙𝑜𝑐, this angle can be easily found for a specific location 

from any available geographical maps [25]. 

Zenith angle (𝜃𝑧) is the angle between a horizontal surface and the incident 

solar radiation. At sunrise or sunset, the zenith angle is about (𝜃𝑧 ≈ 90°) and at noon, 

it is around zero [24], (See Figure 1.15).  

Solar altitude (𝛼) is the angle between the horizontal direction and incident 

beam radiation, which is the complement of the zenith angle.  

 α + 𝜃𝑧 = 90° (1.6) 

The Solar altitude angle changes with the sun movement during the daytime. 

The solar altitude angle is about (𝛼 ≈ 90°) at noon while it is about zero at sunrise 

or sunset. Solar altitude angle can be determined using the following equation [24]: 

 𝑠𝑖𝑛(𝛼) = 𝑠𝑖𝑛(𝛿) 𝑠𝑖𝑛(∅) + 𝑐𝑜𝑠(𝛿) 𝑐𝑜𝑠(∅) 𝑐𝑜𝑠(𝜔) (1.7) 

 

 

Figure 1.15: Solar angles diagram, adapted from [23]. 
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The solar azimuth angle (𝛾𝑠) is the angle between the south direction and the 

projection of solar beam radiation. Similarly, for surface azimuth angle (𝛾) which is 

between the south direction and the projection of normal surface on the North-South 

plan. The solar azimuth angle can be found as follows [24]: 

 𝑠𝑖𝑛(𝛾𝑠) =
𝑐𝑜𝑠(𝛿) 𝑠𝑖𝑛(𝜔)

𝑐𝑜𝑠(𝛼)
 (1.8) 

The angle of incidence (θ) is the angle between the normal of a surface area 

and the sun rays hitting that surface. The angle of incidence varies daily and annually; 

therefore, it has a great impact on the solar energy gained by a surface area. In order 

to maximize the received solar radiation on a collector surface, the incident angle 

must be minimized. In other words, the surface of the solar collector must be 

perpendicular to the incident sun rays during the day, which can be maintained using 

a tracking system. However, for most the time, the solar collector is inclined at a 

fixed angle called surface tilt angle (𝛽)  as shown in Figure 1.15, the angle of 

incidence is given by [23]: 

 

𝑐𝑜𝑠 𝜃 =  𝑠𝑖𝑛(𝛿) 𝑠𝑖𝑛(𝜑) 𝑐𝑜𝑠(𝛽) –  𝑠𝑖𝑛(𝛿) 𝑐𝑜𝑠 𝜑) 𝑠𝑖𝑛(𝛽) 𝑐𝑜𝑠(𝛾)  

+  𝑐𝑜𝑠(𝛿) 𝑐𝑜𝑠(𝜑) 𝑐𝑜𝑠(𝛽) 𝑐𝑜𝑠(𝜔)  

+  𝑐𝑜𝑠(𝛿) 𝑠𝑖𝑛(𝜑) 𝑠𝑖𝑛(𝛽) 𝑐𝑜𝑠(𝛾) 𝑐𝑜𝑠(𝜔) 

+ 𝑐𝑜𝑠 (𝛿) 𝑠𝑖𝑛 (𝛽) 𝑠𝑖𝑛(𝛾) 𝑠𝑖𝑛(𝜔) 

(1.9) 
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Figure 1.16: variation of extraterrestrial solar radiation throughout the year [24]. 

 

1.4.3 Extraterrestrial radiation 

Extraterrestrial radiation (Gex)  can be defined as the amount of solar 

radiation heat flux (W/m2) that hits a surface it's normal pointing to the sun and 

adjacent to the atmosphere of the earth. As mentioned earlier the amount of solar 

radiation that received outside the earth’s atmosphere and at the mean earth-sun 

distance is called solar constant (Gsc). Although there are varies values of the solar 

constant, the most accepted solar constant value is (1367 W/m2) [23]. The exact 

value of solar radiation is affected by emitted energy from the sun, variation of 

extraterrestrial radiation is in the range of (±1.5%), and changed distance between 
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the earth and the sun, variation of extraterrestrial radiation is in the range of (±3.3%) 

[23]. Since the earth rotates around the sun in an elliptical shape, the distance will 

change with time. This leads to a daily variation of extraterrestrial radiation, as seen 

in Figure 1.16, and can be estimated using the following equation [24]: 

 

 𝐺𝑒𝑥 = 𝐺𝑠𝑐 [1 + 0.033 𝑐𝑜𝑠 ( 
360𝑛

365
 )] (1.10) 

 

 

 

Figure 1.17: Solar radiation as it penetrates the atmosphere, adapted from [26]. 
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1.4.4 Terrestrial radiation 

The amount of solar energy available on the surface of the earth is reduced 

due to reflection, absorption, and scattering (Figure1.17); due to molecules of air, 

dust particles, and water vapor. These factors can significantly affect the amount of 

energy that reaches the ground, such as clouds which can reflect most of the sun rays. 

However, the total solar radiation that reaches the earth’s surface consists of direct 

and diffuse radiation. The direct radiation, or beam radiation (𝐼𝑏), finds its way to 

ground without being scattered or absorbed. In contrast, the diffuse radiation (𝐼𝑑) is 

being scattered or reemitted by the sky component [26].  

The total incident radiation (𝐼𝑇,ℎ) on a horizontal surface is consist of both 

beam and sky-diffuse radiation. 

 𝐼𝑇,ℎ = 𝐼𝑏,ℎ + 𝐼𝑑,ℎ (1.11) 

Most of the solar radiation data are available for beam and diffuse solar radiation on 

a horizontal surface. These estimated data can be found in the TMY3 database, which 

provided hourly data for a whole year. However, most cases of solar collectors are 

not oriented horizontally; instead, they are designed to be inclined to maximize solar 

energy. Due to the sloped surface, another component called the surrounding (𝐼𝑠) 

radiation is added. Therefore, the total incident radiation (𝐼𝑇) on a tilted surface is 

[23]: 

 𝐼𝑇 = 𝐼𝑇,𝑏 + 𝐼𝑇,𝑑 + 𝐼𝑇,𝑠 (1.12) 
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Assuming that the diffuse and surrounding radiation is isotropic, then the 

total solar radiation on a tilted surface is given by: 

 

 𝐼𝑇 = 𝐼𝑏𝑅𝑏 + 𝐼𝑑 (
1 + 𝑐𝑜𝑠 𝛽

2
) + 𝐼𝑇,ℎ 𝜌𝑔 (

1 − 𝑐𝑜𝑠 𝛽

2
) (1.13) 

 

Where 𝜌𝑔 is the diffuse reflectance, 𝛽 is the tilted angle of the collector, and 𝑅𝑏 is 

the ratio of beam radiation on the tilted surface to that on a horizontal surface can 

be calculated by: 

 

 𝑅𝑏 =
beam radiation on a tilted surface

beam radiation on a horizontal surface
=
𝐼𝑏
𝐼𝑏,ℎ

=
𝑐𝑜𝑠 𝜃

𝑐𝑜𝑠 𝜃𝑧
 (1.14) 

 

and for the total radiation as follows: 

 

 𝑅 =
Total radiation on a tilted surface (𝐼𝑇)

Total radiation on a horizontal surface (𝐼𝑇,ℎ)
 (1.15) 

 

using equation (2.12) in (2.14) leads to: 

 𝑅 =
𝐼𝑏
𝐼𝑇,ℎ 

𝑅𝑏 +
𝐼𝑑
𝐼𝑇,ℎ 

(
1 + 𝑐𝑜𝑠 𝛽

2
) + 𝜌𝑔 (

1 − 𝑐𝑜𝑠 𝛽

2
) (1.16) 
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1.4.5 Sun tracking system 

A tracking system is preferable to be used in solar concentrator collectors in 

order to maximize the solar radiation. The tracking system can be classified by the 

axis-rotation mode as it can be seen in Figure 1.18. These modes of rotation can be 

about a single axis or two axes. The two-axis tracking system has the minimum solar 

incidence angle (𝜃 ≈ 0), thus provides the maximum solar radiation. The single-axis 

tracking system (north-south sun tracking, east-west sun tracking, east-west with tilt 

angle (𝛽) sun tracking) can receive various solar radiation, depending on the rotation 

mode. 

 

 

Figure 1.18: Varies modes of tracking systems: (a) east-west axis tracking, (b) north-south axis 

tracking, (c) full tracking, (d) polar axis tracking, adapted from [24]. 
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In order to evaluate the optical performance of a PTC the angle of incidence  

(𝜃) is needed. In a full tracking system, as shown in Figure 1.18 (c), the incidence 

angle is: 

 𝑐𝑜𝑠 (𝜃) = 1 (1.17) 

In other words, the sun rays are always perpendicular to the solar collector 

surface. The angle of incidence for a PTC rotated about a horizontal east-west axis, 

as shown in Figure 1.18 (a) with a continuous adjustment is as follows [23]: 

 𝑐𝑜𝑠 (𝜃) = √1 − 𝑐𝑜𝑠2(𝛿) 𝑠𝑖𝑛2(𝜔) (1.18) 

 

For a PTC rotated about a horizontal north-south axis, as shown in Figure 

1.18 (b) with continuous adjustment, the angle of incidence is as follows [23]: 

 𝑐𝑜𝑠 (𝜃) = √𝑠𝑖𝑛2(𝛼) − 𝑐𝑜𝑠2(𝛿) 𝑠𝑖𝑛2(𝜔) (1.19) 

 

For a PTC rotated about a north-south axis parallel to the earth’s axis as 

shown in Figure 1.18 (b) with continuous adjustment and with fixed tilt angle (𝛽) 

the angle of incidence is as follows [24]: 

 

 𝑐𝑜𝑠 (𝜃) = 𝑐𝑜𝑠(𝛿) (1.20) 
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2. Optical Analysis 

 

Figure 2.1: PTC geometry in x-y plan, adapted from [1]. 

The optical analysis of PTC is necessary for designing the collector and also 

to predict the overall efficiency. Also, the optical analysis of a PTC can predict the 

optical efficiency and the heat flux distribution around the receiver, which is not 

uniform. Since in this study, the thermal model was created based on the Luz LS-2 

specifications, the optical model must also be built based on the same specifications. 

However, before starting the LS-2 optical model, a validation of the Monte Carlo 

Ray-Tracing (MCRT) method with an analytical model is needed. One of the widely 

used analytical solutions in the literature is Jeters’ solution, which was compared 

with the developed MCRT optical model. Once the model becomes valid, then we 

can easily find the local concentration flux around the absorber using the developed 
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MCRT model with Luz LS-2 specifications. The resulted data was used in the 

calculation of the thermal performance of a 3D model. 

 

2.1 PTC geometry 

We need to understand the PTC geometrical relations in order to analyze the 

optical performance. The equation that describes the parabola shape of the PTC is as 

follows [27]: 

 𝑦 = 𝑥2 4𝑓⁄  (2.1) 

Where f is the focal length or the distance from point A to point F, as illustrated in 

Figure 2.1. Also, the focal point determines the location of the HCE, and since the 

calculation is based on LS2 PTC, the used geometrical dimensions are presented in 

Table 2.1. The focal length f can be found by the following relation [27]: 

 𝑓 =
w𝑎

4 tan(𝜑𝑟/2)
 (2.2) 

Where w𝑎  is the collector’s aperture width and 𝜑𝑟 is the rim angle, which is given 

by [1]: 

 𝜑𝑟 = 𝑡𝑎𝑛
−1 [

8 (𝑓/w𝑎)

16 (𝑓/w𝑎)2 − 1
] = 𝑠𝑖𝑛−1 (

w𝑎
2 𝑟𝑟

) (2.3) 

Where, 𝑟𝑟 is the rim radius which is the maximum radius at the maximum rim angle 

𝜑 = 𝜑𝑟. The local mirror radius (r) can be obtained at any point on the collector by 

[1]: 
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 𝑟 =
2𝑓

1 + 𝑐𝑜𝑠𝜑
 (2.4) 

The minimum diameter of the HCE that can intercept all the reflected solar 

radiation can be found by the width of the solar image reflected at the focal point.  

Table 2.1: LS2-PTC parameters [28]. 

Model size 7.8m ×  5m Glass envelop transmittance 0.95 

Aperture area 39.2 𝑚2 Cermet selective coating: 

Rim angle 70° Absorptance 0.96 

Mirror reflectivity 0.93 Emittance 0.14 @350℃ 

Focal length 1.84 m Black chrome selective coating: 

Concertation ratio 22.7 Absorptance 0.95 

Absorber length 7.8 m Emittance 0.24 @300℃ 

Absorber diameter 70 mm   

 

The cone width increases with the increase of the rim angle (𝜑); therefore, the 

minimum size of the receiver’s diameter is at 𝜑 = 𝜑𝑟 which is given by [27]: 

 𝐷𝑚𝑖𝑛 = 2rr sin(0.267) =
w𝑎 sin(𝜗)

sinφr
 (2.5) 

Where (𝜗 = 0.267°) is half of the angular width of the cone that represents the 

incident sun rays (see Figure 2.1). The aperture width (w𝑎) can be calculated from 

Figure 2.1 as follows [27]: 
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 w𝑎 = 2rr sin(φr) (2.6) 

We can also calculate the aperture width as a function of focal length and rim 

angle by substituting Eq. (2.4) at the maximum rim angle (φr) into Eq. (2.6) which 

gives [1]: 

 w𝑎 =
4𝑓 sin(φr)

1 +  𝑐𝑜𝑠(φr)
= 4𝑓 tan (

φr
2
) (2.7) 

The geometrical concentration ratio (𝐶𝑔) changes with different rim angles 

where the highest value is at φr = 90 as it can be seen from Figure 2.2, and it can be 

calculated by [29]:   

 𝐶𝑔 =
w𝑎
𝜋 𝐷

=
sin(φr)

𝜋 𝑠𝑖𝑛 (0.267)
 (2.8) 

 

 

Figure 2.2: Geometrical concentration ratio varies with the rim angle. 
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2.2 Optical efficiency  

The optical efficiency (η𝑜) can be defined as the ratio of absorbed energy by 

the receiver to the total energy incident on the PTC’s aperture. If all the incident solar 

radiation on the collector aperture is absorbed by the receiver, then there are no 

optical losses. However, in reality, there must be some losses due to several factors 

which can reduce the optical efficiency by about 25% [30]. These factors are the 

collector’s reflectivity (𝜌𝑐), the glass-envelope’s transmissivity (𝜏𝑔), the coating’s 

absorptivity (𝛼𝑟) on the absorber surface, and the intercept factor (𝛾). Therefore, the 

optical efficiency is a function of all these factors [27]: 

 

 η𝑜,(𝜃) = 𝜌𝑐  𝜏𝑔 𝛼𝑟 𝛾 𝐾(𝜃) (1 − 𝐴𝑓) (2.9) 

 

These are not the only factors that influence the optical efficiency. Still, other 

factors exist due to the change in the incident angle, such as the need for the incident 

angle modifier and the rise of the end-loss and shadowing effects. The optical 

efficiency either can be solved by an analytical approach or ray-tracing method. 

However, the ray-tracing or Monte Carlo Ray-Tracking (MCRT) method will be 

used to find the local concentration ratio (LCR) and the heat flux distributions around 

the receiver.  
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2.2.1 Incident angle modifier 

Since the sun tracking system in most cases is a single-axis system, the 

incidence angle will vary with time. In the case of the E-W tracking system, the 

incidence angle will change seasonally, and Eq.(1-18) can be used to determine the 

incident angle. Whereas in the N to S tracking system, the incidence angle will vary 

hourly and at noon, the incident angle is at zero degrees, which can be determined 

from Eq.(1-17). In addition, this variation of incidence angle affects the useful 

aperture area of the PTC and also the four optical parameters. Therefore, the optical 

efficiency at a specific angle of incidence (𝜃) can be correlated by the incidence 

angle modifier 𝐾(𝜃) as follows [30]:  

 𝐾(𝜃) =
η𝑜,(𝜃)

η𝑜,(𝜃=0°)
  (2.10) 

The incidence angle modifier is affected by the optical and geometrical 

parameters of the collector and can be found by a regression analysis of experimental 

data. To obtain the incidence angle modifier, the following polynomial function is 

used: 

 𝐾(𝜃) = 𝐴 + 𝐵 (𝜃) + 𝐶 (𝜃)2 (2.11) 

 

The coefficients A, B, and C are determined from the experimental data 

developed by Sandy National Laboratory (SNL) that took place in 1994 in ref. [28]. 

Therefore, the incidence angle modifier  𝐾(𝜃) is given by: 
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 𝐾(𝜃) = 𝑐𝑜𝑠(𝜃) + 3.512 × 10−4 (𝜃) + 3.137 × 10−5(𝜃)2 (2.12) 

 

Or, based on Ref. [30] the incidence angle modifier can be given as: 

 

𝐾(𝜃) = 1 − 2.23073 × 10−4(𝜃) − 1.1 × 10−4(𝜃)2 + 3.18596 

× 10−6(𝜃)3 − 4.85509 × 10−8(𝜃)4      ,            (0° < 𝜃 < 80°) 

𝐾(𝜃) = 0                                                      ,            (85° < 𝜃 < 90°) 

(2.13) 

 

𝐾(𝜃) = 0, means that when the incidence angle larger than 85° then the sun is at the 

horizon, and there is no incoming solar radiation. 

 

 

Figure 2.3: The end-loss effect for a PTC [31]. 
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2.2.2 Affective area 

As mentioned earlier that the optical efficiency is a function of incidence 

angle; therefore, the maximum optical efficiency occurs when the angle of incidence 

is at zero degrees. Thus, the four-tracking system will have different optical and 

thermal efficiencies. For example. The full tracking system, which fully tracks the 

sun with two-axes, always has the zero-degree angle of incidence. On the other hand, 

the one-axis systems N to the E tracking system, E to W tracking system, and E to 

W with Polar inclination tracking system (see Figure 1.18) have a different range of 

incidence angle. Furthermore, the incident angle of all these single-axis systems 

varies along the HCE axis only. Subsequently, there will be an end-loss effect and 

shadowing effect where part of the receiver will not be covered by the concentrated 

solar radiation (see Figure 2.3). The following equation can measure the end-loss 

length at any arbitrary point in (x) [31]: 

 𝐿𝑒𝑛𝑑 =
𝑥2 + 𝑓2

4𝑓
 tan (θ)  (2.14) 

After taking the average of all end-loss lengths in the x-direction, the optical end-

loss ratio (𝑙𝑒) can be found by [31], [32]: 

 𝑙𝑒 = 1 − [
w𝑎

2 + 48𝑓2

48𝑓 𝐿
]  tan (θ) (2.14) 

Where L is the length of the parabolic trough and w𝑎 is the aperture width. In order 

to overcome the end-loss is by extending the absorber tube. A study presented by M. 
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Li et al. [33] have analyzed the effect of absorber extension and showed the variation 

in the optical efficiency throughout the year. This can be useful for the N to S tracking 

system since the incidence angle changes in an hour-based duration between −85 <

𝜃 < 85. In such a case the following equation considers the extended part (𝐿𝑒𝑥𝑡) [5], 

[33]: 

 𝑙𝑒 = 1 +
𝐿𝑒𝑥𝑡
𝐿
− [
w𝑎

2 + 48𝑓2

48𝑓 𝐿
]  tan (θ) (2.14) 

Now, we can calculate the end effect area (𝐴𝑓) as follows: 

 

 𝐴𝑓 =
𝐴𝑒

𝐴𝑎
 (2.15) 

Where Aa is the aperture area of the PTC and Ae is the area loss due to the end-

effect, which is given by [27]: 

 

 𝐴𝑒 = 𝑊𝑎 𝑓 [1 +
𝑊𝑎

2

48 𝑓2
]  tan(𝜃) (2.16) 

The shadowing effect becomes an issue in large solar filed where the 

limitation of available space is a constraint and, therefore, the shadowing occurs due 

to neighbor PTCs. However, the effect of shadowing will be neglected in this study 

due to the limitation of only one PTC. Although the previews assumption illuminates 

the consideration of the shadowing effect due to neighbor PTCs, the absorber and 

bulkheads shadow still exist, which will impact the heat flux distribution around the 

HCE.  



 

  43 

2.2.3 Intercept Factor 

The intercept factor is the amount of direct solar radiation that intercepts the 

receiver pipe. In reality, a fraction of reflected solar radiation will not reach the 

surface of the HCE due to several factors such as microscopic imperfections, 

mechanical deformation, flexible bellows, or shadowing by the receiver tube 

supports. All these parameters prevent some of the rays from intercepting the HCE 

by either reflecting the beams at the wrong angle or blocking some of the incident 

rays. These losses can be quantified by the intercept factor as follows [27]: 

 

𝛾 ==
1 + 𝑐𝑜𝑠𝜑𝑟
2 𝑠𝑖𝑛𝜑𝑟

∫ 𝐸𝑟𝑓 {
𝑠𝑖𝑛𝜑𝑟[1 + 𝑐𝑜𝑠𝜑𝑟][1 − 2𝑑

∗𝑠𝑖𝑛𝜑] − 𝜋𝛽∗[1 + 𝑐𝑜𝑠𝜑𝑟]

√2𝜋𝜎∗[1 + 𝑐𝑜𝑠𝜑𝑟]
} 

𝜑𝑟

0

 

−𝐸𝑟𝑓 {−
𝑠𝑖𝑛𝜑𝑟[1 + 𝑐𝑜𝑠𝜑𝑟][1 + 2𝑑

∗𝑠𝑖𝑛𝜑] + 𝜋𝛽∗[1 + 𝑐𝑜𝑠𝜑𝑟]

√2𝜋 𝜎∗[1 + 𝑐𝑜𝑠𝜑𝑟]
}

𝑑𝜑

[1 + 𝑐𝑜𝑠𝜑𝑟]
 

(2.16) 

Where, 

𝑑∗ = 𝑑𝑟/𝐷  ,          𝑑𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑐𝑖𝑣𝑒𝑟 𝑓𝑟𝑜𝑚 𝑓𝑜𝑐𝑢𝑠 (𝑚) 

𝛽∗ = 𝛽𝐶𝑔    ,          𝛽 𝑖𝑠 𝑚𝑖𝑠𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒 𝑒𝑟𝑟𝑜𝑟 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) 

𝜎∗ = 𝜎𝐶𝑔    ,          𝜎 𝑖𝑠 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑟𝑟𝑜𝑟𝑠,    𝜎 = √𝜎𝑠𝑢𝑛
2 + 4 𝜎𝑠𝑙𝑜𝑝𝑒

2 + 𝜎𝑚𝑖𝑟𝑟𝑜𝑟
2  

 

The intercept factor and end-loss area can be replaced by an empirical 

estimation of correction parameters, as suggested by Ref. [34]. The given terms are 

applicable at a normal incidence angle; therefore, the incident angle modifier is 
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needed to account for incident angle losses. The effective optical efficiency at the 

receiver tube can be found as follows: 

 η𝑟,(𝜃) = 𝜌𝑐  𝜏𝑔 𝛼𝑟(휀1
′휀2
′휀3
′휀4
′휀5
′휀6
′𝐶𝜌) 𝐾(𝜃)  (2.17) 

Where the correction parameters are listed in Table 2.2.  

Table 2.2: Correction parameters [34]. 

휀1
′  HCE Shadowing, includes (bellows, shielding, supports) 0.974 

휀2
′  Tracking Error 0.994 

휀3
′  Geometry Error (mirror alignment) 0.98 

𝐶𝜌 Clean Mirror Reflectance 0.935 

휀4
′  Dirt on Mirrors 𝜌𝑐 𝐶𝜌⁄  

휀5
′  Dirt on HCE  (1 + 휀4

′ )/2) 

휀6
′  Unaccounted 0.96 

 

2.3 Monte Carlo Ray-Tracing Method (MCRT) 

A MATLAB code was developed using the MCRT method to analyze the 

local concentration ratio and the heat flux distribution around the receiver. The 

advantage of using Monte Carlo ray-tracing method is to determine the local 

concentration ratio and the heat flux distribution around the absorber tube. The 

central concept of this method is to trace a sun ray from the first time it enters the 

aperture area until it reaches its final destination. The journey of the bundle will 

experience several obstacles that controlled by random numbers. Therefore, a sunray 
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may survive and hits the HCE, or it may diminish before that. Since a PTC is 

symmetrical at the y-axis, we can reduce the calculation to one half of the domain. 

The LS-2 parameters used in the calculation can be found in Table 2.1. The process 

starts by using the geometrical relations of the PTC, where a local position in x-axis 

is determined by the following formula: 

 𝑥1 =  𝜉 (𝑊𝑎/2) (2.18) 

Where 𝜉  is a random number (0≤ 𝜉 ≤1) generated by a uniformly distributed 

function. From 𝑥1 we can find  𝑦1 by the following parabolic relation: 

 𝑦1 = 𝑥1
2/4 𝑓 (2.19) 

Now we have a point (𝑥1, 𝑦1) in a 2-D plane, which is a point in the reflector 

body. A random number, compared with the reflectivity of the mirror, has to 

determine either the sun ray will be reflected or absorbed.  If the sun ray was chosen 

to be reflected, then a deflection angle has to be chosen between (−0.276 ≤ 𝜗 ≤

0.276) [29].  

 𝜗± =  2 𝜉 (𝜗 𝑥 𝐼) − (𝜗 𝑥 𝐼) (2.20) 

Where I is a determining factor of the interception losses as discussed earlier. If the 

receiver tube is surrounded by a glass envelope, then a random number is generated 

to be compared with the transmissivity of the glass envelope to determine if the ray 

will pass or it will be absorbed. If the bundle survive then a new point (𝑥2, 𝑦2) is 
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needed to determine at which angle 𝑅𝑖 the sun ray is absorbed. Two equations are 

used in order to solve for 𝑥2 𝑎𝑛𝑑 𝑦2 [29]: 

 

 

𝑥2
2 + 𝑦2

2 = 𝑟2 

tan(𝜑 − 𝜗±) =
𝑦2 − 𝑦1
𝑥2 − 𝑥1

 

(2.21) 

(2.22) 

Where r is the radius of the HCE, 𝜑 is the angle between AF̂B (see Figure 2.1) and 

𝜗± is the deflection angle, which can be either positive or negative value. 

The local concentration ratio around the receiver circumference can be found 

using the following equation [35]: 

 𝐿𝐶𝑅 =  
𝑅𝑖 𝐶𝑔  𝑛

𝑁
 (2.24) 

Where N is the number of rays, 𝑅𝑖 is used to calculate angles at which a ray was 

absorbed, n is the number of the segment that the receiver circumference is divided. 

From equation 2.24, we can find the distribution of heat flux as follows [35]: 

  𝑞𝑖 =  𝐿𝐶𝑅 𝑞𝑑  (2.25) 

Where 𝑞𝑑 is the direct solar radiation.  

Table 2.3: Jeter’s ideal PTC specifications [36]. 

Rim angle 90° Concertation ratio 20 

Mirror reflectivity 100 % Incident Angle  0° 

Focal length 1  Aperture Width 4 

Glass envelop transmittance 100 %   
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Figure 2.4: A comparison of the local concentration ratio distribution between MCRT and 

Jeter’s 1986. 

 The developed model was compared with Jeter’s analytical solution with the 

specified geometrical and optical properties presented in Table 2.3 [36]. The MCRT 

model shows a good agreement with the analytical solution as it can be seen in Figure 

2.4. Another Matlab code was built based on the LS-2 specifications that are given 

in Table 2.1 to find the heat flux distribution around the HCE. From the resulted data, 

a piecewise equations were found by curve fitting the MCRT solution for 4 different 

0° 

180° 
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intervals, as shown in Figure 2.5. The following equations can be used to represent 

the heat flux distribution around the absorber tube:  

 

A = 36.4524 −  0.3783 θ + 0.03783 θ 2                                 (θ ≤ 16) 

B = 36.7436 + 0.4365 θ − 1.261E − 2  θ2 + 1.94E − 4 θ3 (17 ≤ θ ≤ 49) 

C = 120.28 − 1.552  θ + 2.716E − 3  θ2              (50 ≤ θ ≤ 92) 

D = −2.716 + 0.03977 θ − 1.067E − 4 θ2             (θ ≥  93) 

(2.26) 

  

  

Figure 2.5: Local concentration ratio distribution based on LS-2 specifications. 

A B C D 

0° 

180° 



 

  49 

Figure 2.5 shows the local concentration ratio distribution as a function of the 

circumferential angle of the absorber tube. The figure shows four different regions 

where at zero degree angle, the HCE started with low concentration ratio due to the 

existence of the receiver’s shadowing. The local concentration ratio starts to increase 

until it reaches a peak of 50 LCR, following that a rapid decrease where at 90° has 

the lowest LCR and from 90° to 180° has a very low LCR due to the loss of 

concentration effect. The optical efficiency can be found by dividing the absorbed 

bundles by the total amount of bundles. The resulted optical efficiency is about 73 % 

where it agrees with SNL optical results in the case of using a glass envelope around 

the absorber tube. In the case of bare absorber tube, the optical efficiency increases 

to about 76.9 % due to the loss of the glass envelope, which also agrees with SNL 

Optical tests. 
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3. Thermal Analysis 

 The goal of this analysis is to determine the thermal performance of the 

PTC. Also, to predict the heat losses from HCE to the surrounding due to the three 

modes of heat transfer conduction, convection, and radiation. This analysis was made 

on the HCE using the optical analysis that was previously discussed. In this analysis, 

three different steady-state models, one-dimensional, two-dimensional, and three-

dimensional, have been developed to analyze the thermal performance of the PTC.  

In the case of the 3D model, it is necessary to implement a realistic non-uniform heat 

flux distribution around the HCE, which was developed earlier by the MCRT model. 

However, in the case of 1D and 2D model, an assumption of a uniform heat flux 

distribution can be used. Moreover, this study was conducted on three different 

conditions of the HCE, evacuated annulus, air-filled annulus, and bare absorber tube. 

Two software programs were used for HCE modeling MATLAB and COMSOL 

Multiphysics.  

 

3.1 Thermal and radiative properties 

The thermal and radiative properties used in this study is based on the use of 

Luz LS-2 PTC. In this specific type of PTCs, the absorber tube is made of stainless 

steel and can be coated by two different coatings Cermet and Black chrome coating. 

Also, the glass envelope is made of Pyrex and coated with an anti-reflection coating 
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[28]. The thermal conductivities of the absorber tube and the glass envelope are 

shown in Table 3.1. Also, the emissivity of the used selective coating is temperature-

dependent and also can be found in the same table.  

Table 3.1: Thermal property of Luz LS-2 materials. 

Thermal conductivity (W/𝐦 𝐊) Coating Emittance 

Stainless steel (321H) 0.0153 T℃+ 14.775 Cermet 0.000327 T𝐾 - 0.065971 

Pyrex 1.04 Black chrome 0.0005333 T𝐾 - 0.08560 

 

In this study, Syltherm-800 is used as the main working fluid, which is the 

same type of thermal oil was used in the SNL experiment [28].  The following 

polynomial expression can approximate Syltherm-800 properties [37]: 

 Thermal property = 𝑎0 + 𝑎1 T [K] + 𝑎2 T2 [K] + 𝑎3 T3 [K] + 𝑎4 T4[K] (3.1) 

 

Where the coefficients 𝑎0 𝑡𝑜 𝑎4 are given in Table 4.2, and T is valid for the 

temperature range between 300-650 K.  

Syltherm-800 and Therminol VP-1 were used as a base fluid of two types of 

nanoparticles CuO and Fe3O4. The thermal properties of Therminol VP-1 were taken 

from a data sheet presented by SOLUTIA syntheses oil producer [38]. Also, the 

Therminol VP-1 properties are expressed in the form of polynomial regression 

equations for a temperature range between 12 to 425 °C as follows: 
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Thermal property = 𝑎0 + 𝑎1 T [°C] + 𝑎2 T2 [°C] + 𝑎3 T3 [°C] + 𝑎4 T4[°C] (3.2) 

 

Where the coefficients 𝑎0 𝑡𝑜 𝑎4  are given in Table 3.2, except for the kinematic 

viscosity, which is given as follows: 

 

 
v (mm2/s) = exp ( 

544.149

T(℃)+114.43
− 2.59578 ) 

(3.3) 

 

Table 3.2: : Syltherm 800 and Therminol VP-1 polynomial coefficients [37], [38]. 

coefficients C p (J/kg K) 𝝆 (kg/𝒎𝟑) 𝒌 (W/𝐦 𝐊) 𝝁 (Pa s) 

Syltherm 800 

𝑎0 1.10787577E3  1.269030600E3  0.1901199400  8.486612E-2 

𝑎1 1.7074227400 -1.52080898000 -1.88022387E-4 -5.541277E-4 

𝑎2 0  1.79056397E-3 0  1.388285E-6 

𝑎3 0 -1.67087252E-6 0 -1.566003E-9 

𝑎4 0 0 0  6.672331E-13 

Therminol VP-1 

𝑎0 1.498000  108325E-2 0.137743  

𝑎1  0.002414 -0.90797000 -8.19477E-5  

𝑎2  5.9591E-6  0.00078116 -1.92257E-7  

𝑎3 -2.9879E-8 -2.36700E-6 2.5034E-11  

𝑎4  4.4172E-8 0 -7.2974E-15  
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To obtain the thermal properties of nanofluids, a form of relations between base 

fluid and nanoparticles is needed. Therefore, based on a detected study on nanofluid 

characteristics, the effective thermal properties of nanofluids are a function of the 

thermal properties of the base fluid and the nanoparticles [39]. The thermal properties 

of the two types of nanoparticles are shown in Table 3.3 [40]. The effective density 

of a nanofluid is based on the physical principle of mixture rule, and can be presented 

as follows: 

 ρ
nf

 = ρ
bf

 (1− φ) + ρ
np

 φ (3.4) 

Where 𝜑 is the volumetric concentration ratio, bf and np stand for base fluid and 

nanoparticle, respectively. The volumetric concentration ratio can be varying up to 

8%. In the parametric study, the concentration ratio varies from 1% up to 8%. 

Using the thermal equilibrium assumption, the effective specific heat of 

nanofluids can be written as follows: 

 Cp
nf
=

ρ
bf
 (1− φ)

ρ
nf

 Cp
bf
+

ρ
nf
 φ

ρ
np

  Cp
np

 (3.5) 

 

The effective viscosity of nanofluid is obtained as follows: 

 μ
nf
= μ

bf
 (1+2.5 φ + 6.2 φ2) (3.6) 

 

The effective thermal conductivity of nanofluid is obtained as follows: 
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 knf = 0.25 [(3 φ− 1) knp + (2− 3φ) kbf  + √S  ] (3.7) 

Where S is given by: 

 S = [(3 φ− 1) knp + (2− 3 φ) kbf ] 
2 + 8 kbf knp (3.8) 

 

 

Table 3.3: Nanoparticle properties [40]. 

Nanoparticle           Thermal conductivity                    Density                               Specific heat 

                                            (W/m K)                               (kg/𝐦𝟑)                                  (J/kg K) 

 

CuO                                  69                               6350                                 535  

  

Fe3O4                                6                                5180                                  670 

 

 

 

3.2 One-Dimensional Model 

In this 1D model, the thermal performance and heat losses of the PTC are 

found based on the energy balance between the working fluid and the surroundings. 

Furthermore, the unknown temperatures can be determined by finding the root of 

these energy balance equations. Moreover, It is necessary to use the available 

convective correlations in the literature in order to solve for the unknown heat 

transfer coefficients. Therefore, necessary heat transfer equations and correlations 

will be discussed in this section. 
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Figure 3.1: a) A cross-section of the HCE 1D model, b) thermal resistance model [41]. 

This 1D model is assumed to be in a steady-state condition with uniform 

distribution of heat flux, temperatures, and thermodynamic properties around the 

absorber tube. A cross-section of the HCE with a 1D model energy balance is shown 

in Figure. 3.1. The incident solar radiation is assumed to be normal to the aperture 

surface. The total energy entering the aperture area (Q𝑖𝑛)  can be found by 

multiplying the direct beam irradiation (I𝑏) by the aperture area as follows: 

 Q𝑖𝑛 = I𝑏 𝐴𝑎 (3.9) 

The useful energy gained by the system can be found by the following equation [28]: 

  Q𝑜𝑢𝑡 = �̇�𝑖𝑛𝐶�̅� (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (3.10) 
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Where �̇�𝑖𝑛 is the inlet mass flow rate and 𝐶�̅� is the mean specific heat capacity of 

the fluid. 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 represent the inlet and the outlet temperatures, respectively.  

In order to find 𝑇𝑜𝑢𝑡 , a solution for the unknown temperatures using the 

energy balance equations is needed. Therefore, applying energy conservation 

analysis on the HCE produce the following energy balance equations: 

 q̇′
1−2 𝑐𝑜𝑛𝑣

= q̇′
2−3 𝑐𝑜𝑛𝑑

 (3.11) 

 q̇′
2−3 𝑐𝑜𝑛𝑑

= q̇′
𝑠𝑜𝑙
− (q̇′

3−4 𝑐𝑜𝑛𝑣
+ q̇′

3−4 𝑟𝑎𝑑
) (3.12) 

 q̇′
3−4 𝑐𝑜𝑛𝑣

+ q̇′
3−4 𝑟𝑎𝑑

= q̇′
4−5 𝑐𝑜𝑛𝑑

 (3.13) 

 q̇′
4−5 𝑐𝑜𝑛𝑑

= q̇′
5−6 𝑐𝑜𝑛𝑣

+ q̇′
5−7 𝑟𝑎𝑑

 (3.14) 

 q̇′
𝑙𝑜𝑠𝑠−𝑔𝑙𝑎𝑠𝑠

= q̇′
5−6 𝑐𝑜𝑛𝑣

+ q̇′
5−7 𝑟𝑎𝑑

 (3.15) 

 q̇′
𝑙𝑜𝑠𝑠−𝑏𝑎𝑟𝑒

= q̇′
3−6 𝑐𝑜𝑛𝑣

+ q̇′
3−7 𝑟𝑎𝑑

 (3.16) 

 

The reflected solar radiation absorbed by the absorber tube (q̇′
𝑠𝑜𝑙
)  is 

considered to be a surface heat flux while in reality, solar absorption in opaque 

surfaces is a volumetric phenomenon. However, the absorption occurs very close to 

the surface of the opaque metals, which can be treated as a surface heat flux 

phenomenon [34]. Solar radiation absorbed by the absorber tube can be found as 

follows: 

 q̇′
𝑠𝑜𝑙
= 𝐼𝑏 𝐶𝑔 η𝑜 𝛼𝑎  (3.17) 
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Where η𝑜 is the optical efficiency, 𝛼𝑎 is the absorptivity of the HCE, and 𝐶𝑔 is the 

geometrical concentration ratio.  

 Most of the absorbed energy is transferred from the pipe's wall to the working 

fluid by conduction (q̇′
2−3 𝑐𝑜𝑛𝑑

) and then transfers to the working fluid by convection 

( q̇′
1−2 𝑐𝑜𝑛𝑣

). If the annulus is not evacuated, some of the remaining energy is 

transferred to the glass envelope by convection (q̇′
3−4 𝑐𝑜𝑛𝑣

) and the rest by radiation 

(q̇′
3−4 𝑟𝑎𝑑

). Otherwise, the convection heat transfer mode will be neglected, and the 

remaining energy will be totally transferred by radiation mode (q̇′
3−4 𝑟𝑎𝑑

). Then the 

energy passes through the walls of the glass envelop by conduction (q̇′
4−5 𝑐𝑜𝑛𝑑

) and 

losses the energy to the surroundings (q̇′
𝑙𝑜𝑠𝑠−𝑔𝑙𝑎𝑠𝑠

) by convection (q̇′
5−6 𝑐𝑜𝑛𝑣

) and 

radiation (q̇′
5−7 𝑟𝑎𝑑

). In bare HCE case, the energy is lost directly out of the absorber 

wall to the surroundings ( q̇′
𝑙𝑜𝑠𝑠−𝑏𝑎𝑟𝑒

) by convection ( q̇′
3−6 𝑐𝑜𝑛𝑣

) and radiation 

(q̇′
3−7 𝑟𝑎𝑑

). In this energy balance, the heat losses from the supporting brackets are 

not included due to the use of insulation in both ends of the HCE. 

 

3.2.1 Convection heat transfer in the working fluid 

The convection heat transfer between the inner surface of the absorber tube 

and the working fluid can be found using Newton’s law of cooling as follows: 

 q̇′
1−2 𝑐𝑜𝑛𝑣

= ℎ1 𝐷1 π (𝑇2 − 𝑇1) (3.18) 
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 ℎ1 = 𝑁𝑢𝐷  
𝑘𝑓

𝐷1
  (3.19) 

   

where ℎ1  is the convective heat transfer coefficient inside the absorber pipe 

calculated at 𝑇1, 𝐷1 is the inner diameter of the absorber tube, 𝑇2 the internal surface 

temperature of the absorber tube, 𝑇1 is the mean temperature of the HTF, 𝑁𝑢𝐷1 is 

Nusselt number using 𝐷1, and 𝑘𝑓 is the thermal conductance of the HTF calculated 

at 𝑇1.  

 Typically, a turbulent flow condition inside the absorber pipe is desired to 

provide a high convective heat transfer rate. Also, the flow inside the pipe is assumed 

to be fully developed. Therefore, the available Nusselt number correlation for 

internal turbulent flow used in this model was developed by Gnielinski and expressed 

as follows [42].  

 𝑁𝑢𝐷 = 

𝑓

8
 (𝑅𝑒𝐷1 − 1000) 𝑃𝑟

1 + 12.7(𝑃𝑟2/3 − 1)√
𝑓

8

   (3.20) 

 𝑓 =  (0.79 𝑙𝑛(𝑅𝑒𝐷1) − 1.64)
−2   (3.21) 

 

Where f is the friction factor for a smooth pipe. This correlation is valid in the range 

of 2300 ≤  𝑅𝑒 ≤  5 × 106  for Renold’s number and between  0.5 ≤  𝑃𝑟 ≤  2000 

for Prandtl number.  
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3.2.2 Conduction heat transfer through the absorber tube 

The conduction heat transfer passes through the wall of the absorber tube can 

be described by Fourier's law of conduction through a hollow cylinder [41]: 

 q̇′
2−3 𝑐𝑜𝑛𝑑

=
2 π 𝑘𝑎  (𝑇2 − 𝑇3)

𝑙𝑛(𝐷2/𝐷1)
 (3.22) 

 

Where 𝐷1 and 𝐷2 are the inner and outer diameter of the absorber tube, respectively. 

𝑇2  and 𝑇3  are the inner and outer surface temperature of the absorber tube, 

respectively. 𝑘𝑎 is the thermal conductivity of the absorber tube (see Table 3.1).  

 

3.2.3 Convection heat transfer in the annulus 

Convection heat transfer in the annulus has two cases, either evacuated 

annulus or air-filled annulus. Generally, having evacuated annulus is preferable, 

which will reduce the convection heat transfer to a very low rate. Therefore, the 

convection heat transfer mode in the evacuated annulus is neglected. On the other 

hand, natural convection mode in annulus occurs due to the existence of air in the 

annulus. Therefore, Raithby and Holland’s (1975) correlation is used to estimate the 

natural convection heat transfer in annulus [43]. Using Newton’s law of cooling 

gives us the following equation: 

 q̇′
3−4 𝑐𝑜𝑛𝑣

= ℎ2 𝐷2 π (𝑇3 − 𝑇4) (3.23) 
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 ℎ2 = 𝑁𝑢2  
𝑘𝑎𝑖𝑟
𝐷2

  (3.24) 

 

Where ℎ1 is the convective heat transfer coefficient in annulus calculated at 𝑇𝑎𝑣𝑔, 𝐷2 

is the outer diameter of the absorber tube, 𝑇3 is the outer surface temperature of the 

absorber tube, 𝑇4 is the inner surface temperature of the glass envelope, and 𝑘𝑎𝑖𝑟 is 

the thermal conductance of air calculated at 𝑇𝑎𝑣𝑔. 𝑁𝑢𝐷2 is Nusselt number which can 

be determined using Raithby and Holland’s (1975) correlation [43]: 

 

 
𝑁𝑢𝐷2 = 

2.425

𝜋 [1 + (
𝐷2

𝐷3
)
3/5

]
5/4
  (

Pr

0.861 + Pr
)
1/4

(Ra𝐷2)
1/4 

(3.25) 

 

Where Pr is Prandtl number calculated at 𝑇𝑎𝑣𝑔 and Ra𝐷2 is Rayleigh number, which 

can be found by the following equation: 

 Ra𝐷2 =
g β 𝐷2

3 (𝑇3 − 𝑇4)

𝛼 𝑣
 (3.26) 

 

Where g is the gravitational force, 𝛼 is kinematic viscosity, 𝑣 is thermal diffusivity, 

and β is volumetric thermal expansion coefficient ( β = 1/Tavg ). 

 In the case of bare HCE, q̇′
3−4 𝑐𝑜𝑛𝑣

 is set to be equal to zero and replaced by 

the external convection heat transfer in section 3.2.6. 

https://en.wikipedia.org/wiki/Kinematic_viscosity


 

  61 

3.2.4 Radiation heat transfer in the annulus 

The radiative heat transfer between the outer surface of the absorber and the 

glass envelope can be calculated as follows [41]: 

 q̇′
3−4 𝑟𝑎𝑑

=
σ π 𝐷2 (T3

4 − T4
4)

(
1

𝜀𝑎
+
(1−𝜀𝑔)  𝐷2

𝜀𝑔  𝐷3
)

 (3.27) 

 

Where  𝐷2 is the outer diameter of the absorber tube, 𝐷3 is the inner diameter of the 

glass envelope, 𝑇3 is the outer surface temperature of the absorber tube, 𝑇4 is the 

inner surface temperature of the glass envelope, σ is Stefan-Boltzmann constant, 휀𝑎 

and 휀𝑔 are the emissivity of the absorber and glass envelope, respectively. Moreover, 

the emissivity of the absorber and glass envelope can be found in Table 3.1. 

 Equation (3.27) was derived based on the following assumptions: 

• Non-participating gas in the annulus 

• Opaque surfaces 

• Gray and diffuse surfaces 

• Long concentric isothermal cylinders 

Although these assumptions are not entirely accurate, the possible errors are not 

significant and can be neglected [41].  

In the case of bare HCE, q̇′
3−4 𝑟𝑎𝑑

 is replaced by the external radiation heat 

transfer in section 3.2.7. 
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3.2.5 Conduction heat transfer through the glass envelope 

The conduction heat transfer through the glass envelope walls can be 

calculated using a similar equation to (3.24), and the following equation is used [41]: 

 q̇′
4−5 𝑐𝑜𝑛𝑑

=
2 π 𝑘𝑔 (𝑇4 − 𝑇5)

𝑙𝑛(𝐷4/𝐷3)
 (3.28) 

Where 𝐷3  and 𝐷4  are the inner and outer diameter of the glass envelope, 

respectively. 𝑇4  and 𝑇5  are the inner and outer surface temperature of the glass 

envelope, respectively. 𝑘𝑔  is the thermal conductance of the glass envelope (see 

Table 3.1).  

 

3.2.6 Convection heat transfer to the surroundings 

Convection heat transfer between the outer surface of the HCE to the 

surroundings occurs by two possible mechanisms of convection, natural or forced 

convection. The natural convection occurs due to the absence of wind or very low 

wind velocity (𝑉𝑤𝑖𝑛𝑑 ≤  0.1 𝑚/𝑠). In contrast, the forced convection occurs due to 

the existence of wind. The convection heat transfer is given by Newton’s law of 

cooling as follows: 

 q̇′
5−6 𝑐𝑜𝑛𝑣

= ℎ3 𝐷4 π (𝑇5 − 𝑇6) (3.29) 

 ℎ3 = 𝑁𝑢3  
𝑘𝑎𝑖𝑟
𝐷4

  (3.30) 
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Where ℎ3 is the convective heat transfer coefficient calculated at 𝑇𝑎𝑣𝑔, 𝐷4 is 

the outer diameter of the glass envelope, 𝑇5 is the outer surface temperature of the 

glass envelope, 𝑇5 is the outer surface temperature of the glass envelope, and 𝑘𝑎𝑖𝑟 is 

the thermal conductance of air calculated at 𝑇𝑎𝑣𝑔. 𝑁𝑢𝐷3 is Nusselt number and is 

calculated based on the range of Rayleigh number. 

 

A. For natural convection case: 

The following correlations used to estimate the Nusselt number over a 

horizontal cylinder. Raithby and Hollands (1998) correlation is used for Raleigh 

number between ( 1 × 10−10 ≤  𝑅𝑎 ≤  1 × 107) [44].  

 𝑁𝑢̅̅ ̅̅ 𝐷4 = ( 𝑁𝑢̅̅ ̅̅ 𝐷4,𝑙𝑎𝑚
10
+ 𝑁𝑢̅̅ ̅̅ 𝐷4,𝑡𝑢𝑟𝑏

10
)
1/10

 (3.31) 

 

Where 𝑁𝑢̅̅ ̅̅ 𝐷4,𝑙𝑎𝑚 is the laminar Nusselt number which is given by [44]: 

 

 

𝑁𝑢̅̅ ̅̅ 𝐷4,𝑙𝑎𝑚 = { 0.60
2 𝐶𝑐𝑦𝑙

𝑙𝑛 (1 +
2 𝐶𝑐𝑦𝑙

0.772 𝐶𝑙𝑎𝑚  𝑅𝑎𝐷4
0.25)

}

2

     (3.32) 

Where 𝐶𝑐𝑦𝑙 is given by: 

 𝐶𝑐𝑦𝑙 = {
1 −

0.13

(0.772 𝐶𝑙𝑎𝑚  𝑅𝑎𝐷4
0.25)

0.16      𝑓𝑜𝑟 𝑅𝑎 <  1𝑥10
−4

0.8                                                        𝑓𝑜𝑟 𝑅𝑎 >  1𝑥10−4
   (3.33) 
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Where 𝐶𝑙𝑎𝑚 is the laminar coefficient and is given by:  

 
𝐶𝑙𝑎𝑚 =

0.671

[1 + (
0.492

𝑃𝑟
)
9/16

]
4/9
  

(3.34) 

 

The turbulent Nusselt number is given by [44]: 

 𝑁𝑢̅̅ ̅̅ 𝐷4,𝑡𝑢𝑟𝑏 = 𝐶𝑡𝑢𝑟𝑏 𝑅𝑎𝐷4
1/3 (3.35) 

 

Where 𝐶𝑡𝑢𝑟𝑏 is the turbulent coefficient and can be approximated to 0.1 [44]. 

 For Rayleigh number higher than 1 × 107 , Churchill and Chu (1975) 

correlation is used to estimate the Nusselt number using the following equation [44]: 

 

 𝑁𝑢̅̅ ̅̅ 𝐷4 =

{
 
 

 
 

 0.60
0.387 (𝑅𝑎𝐷4)

1/6

[1 + (
0.559

𝑃𝑟
)
9/16

]
8/27

}
 
 

 
 
2

   (3.36) 

 

Where Rayleigh number is given by: 

 

 Ra𝐷4 =
g β D4

3 (𝑇3 − 𝑇4)

𝛼 𝑣
 (3.37) 
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B. For forced convection case: 

Due to the existence of wind, the convection heat transfer between the HCE 

to the surroundings will be forced convection. There is a lot of correlations available 

in the literature that can estimate the convective heat transfer. A comparison between 

five correlations and experimental data was carried out by Manohar & Ramroop [45]. 

The study shows that Zukauskas and Hilpert correlations have an excellent 

agreement with their experimental data [45]. However, Hilpert’s correlation shows 

better results than Zukauskas when comparing it with SNL experiment. Moreover, 

the differences become more noticeable between these two correlations when using 

the bare HCE, where the external convective heat transfer is significant. Therefore, 

Hilpert correlation was used in this 1D model to estimate the Nusselt number. In the 

case of bare HCE, both correlations were used to show the differences between them. 

Zukauskas correlation can be written as follows: 

 𝑁𝑢̅̅ ̅̅ 𝐷4 =  C 𝑅𝑒𝐷4
𝑚  Pr6

𝑛  (
𝑃𝑟6
𝑃𝑟5

)
0.25

 (3.38) 

Where C, m, and n are constants and given in Table 3.4. All properties are calculated 

at the ambient temperature (𝑇6 ) except 𝑃𝑟5  is calculated at the outside surface 

temperature of the HCE.  

Hilpert correlation can be written as follows: 

 𝑁𝑢̅̅ ̅̅ 𝐷4 =  C 𝑅𝑒𝐷4
𝑚  Pr1/3  (3.39) 

Where C and m are constant values and given in Table 3.4. 
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If the bare HCE case is used, then the same equations are valid with changing 

𝑇5 to 𝑇3 and 𝐷4 to 𝐷2. 

Table 3.4: Zukauskas and Hilpert constants [41], [45]. 

Hilpert constants Zukauskas’ constants 

ReD4 C m ReD4 C m 

0.4- 4 0.981 0.33 1 - 40 0.750 0.4 

4 - 40 0.911 0.385 40 - 1 x 103 0.510 0.5 

40 - 4 x 103  0.683 0.446 1 x 103 - 2 x 105 0.260 0.6 

4 x 103  -  4 x 105 0.193 0.618 2 x 105  -  1 x 106 0.076 0.7 

4 x 105  -  4 x 107 0.027 0.805 𝐏𝐫𝟔 n 

   0.7 - 10 0.37 

   10 - 500 0.36 

 

Another comprehensive correlation that covers a wide range of Reynolds 

number ( 1 × 102 ≤  𝑅𝑒 ≤  1 × 107) and written in a single equation is Churchill 

and Bernstein (1977) correlation, and can be calculated as follows [44]: 

 
𝑁𝑢̅̅ ̅̅ 𝐷4 =  0.3 +

0.62 𝑅𝑒𝐷4
0.5 𝑃𝑟

1
3⁄

[1 + (
0.4

𝑃𝑟
)
2
3⁄

]

0.25  [1 + (
𝑅𝑒𝐷4

282,000
)
0.625

]

0.8

 
(3.40) 

Where all properties are evaluated at the film temperature and Pr > 0.2. 
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3.2.7 Radiation heat transfer to the sky  

Radiation heat transfer mode occurs between the outer surface of the glass 

envelope or the outer surface of the absorber, in the case of bare HCE, to the sky. 

This heat transfer exchange is caused by the temperature differences between the 

HCE and the sky. The sky is assumed to be a blackbody cavity since most of the 

radiative energy will be absorbed by the sky. The radiative heat flux can be calculated 

as follows: 

 q̇′
5−7 𝑟𝑎𝑑

= σ π 𝐷4 휀𝑔(T5
4 − T7

4) (3.41) 

Where 𝐷4  is the outer diameter of the glass envelope, 𝑇5  is the outer surface 

temperature of the glass envelope, 𝑇7 is the sky temperature, σ is Stefan-Boltzmann 

constant, 휀𝑔 is the emissivity of the glass envelope. Moreover, the sky temperature is 

calculated using Swinbank (1963) formula [46]: 

 𝑇7 = 0.0552  𝑇𝑎
1.5 (3.42) 

In the case of bare HCE, the previous equations (4.41-42) can be used with 

modifying the  𝑇5 to 𝑇3, 𝐷4 to 𝐷2 and 휀𝑔 to 휀𝑎.  

 

3.3 Two-Dimensional Model 

 A numerical model was developed using COMSOL Multiphysics 5.2a to 

solve the governing equations continuity, momentum, and energy, at the steady-state, 
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incompressible, turbulent flow conditions. The governing equations can be expressed 

as follows [47]: 

 𝜌∇ ∙ 𝑢 = 0 (3.43) 

  𝜌(u ∙ ∇)u = ∇ ∙ [−𝑝𝐼 + 𝜇(∇𝑢 + (∇𝑢)𝑇)] + F (3.44) 

 𝜌 𝐶𝑝u ∙ ∇ T = ∇ ∙ (𝑘∇ T) + Q (3.45) 

with: 

• 𝜌 is the density (kg/𝑚3) 

• u is the velocity vector (m/s) 

• p is pressure (Pa) 

• F is the volume force vector (N/𝑚3) 

• 𝐶𝑝 is the specific heat capacity (J/ (kg K)) 

• T is absolute temperature (K) 

• 𝑘 is the thermal conductivity (W/m K) 

 

The heat flux around the receiver is assumed to be uniformly distributed in 

this 2D model. Therefore, a 2D axis-symmetric feature is used for the simulation to 

reduce the computational time. A Non-isothermal flow was chosen from the 

available physics selection, under which a turbulent flow was selected, and k− ε 

turbulent model was specified using the following two equations: 
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 𝜌(u ∙ ∇)k = ∇ ∙ [(𝜇 +
𝜇𝑇
𝜎𝐾
) ∇𝑘] + P𝑘 − ρε (3.46) 

 𝜌(u ∙ ∇)ε = ∇ ∙ [(𝜇 +
𝜇𝑇
𝜎𝜀
) ∇𝜀] + 𝐶𝜀1

휀

𝑘
P𝑘 − 𝐶𝜀2 𝜌

휀2

𝑘
 (3.47) 

Where,  

 𝜇𝑇 = 𝜌 𝐶𝜇 
𝑘2

휀
 (3.48) 

 P𝑘 = 𝜇𝑇 [∇u + (∇u)
𝑇] (3.49) 

 

The examined HCE was developed in COMSOL design modeler using Luz 

LS-2 geometrical specifications (see Table 2.1). Three types of HCEs were 

considered in COMSOL, evacuated annulus, air-filled annulus, and bare HCE. The 

thermal properties of the absorber tube, glass envelope, and HTF were defined based 

on the given information in Table 3.1 and section (3.1). 

The domain was meshed to meet time and physical-memory constraints 

where the physical memory (RAM) of the available computers can reach up to 16 

GB only. However, the selected mesh size returns a reasonable result, and therefore, 

a higher mesh will not dramatically affect the results. However, a higher mesh 

resolution near the wall was applied to consider the viscus-sublayer effect. Figure 

3.2 shows the meshing of the three HCE computational domains, and Table 3.5 

shows the meshing details of the three domains. 



 

  70 

Table 3.5: Meshing and computational consumption of the three 2D-domains. 

HCE type Total mesh elements Computational time (min) Memory usage (GB) 

Air 122,117 11 Up to 8 

Vacuum 106,780 9.5 Up to 7.8 

Bare 135,053 05  Up to 4.5 

 

               

 

Figure 3.2: 2D HCE meshed domains, a) Air, b) Bare, and c) Vacuum. 

a) b) 

c) 
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Two computational approaches can COMSOL perform one-way coupled and 

two-way coupled approaches. The two-way coupled approach solves both equations 

simultaneously. In contrast, the one-way coupled approach solves the momentum 

equation and the energy equation separately, which can reduce the computational 

time significantly. A comparison between these two methods is shown in Table 3.6, 

where the results show a slight variation. Therefore, a one-way coupling method was 

selected for all the studies since the solution quality will not be impacted 

significantly, and the computational time will be reduced.  

 

Table 3.6: A comparison between one-way and two-way coupled methods. 

 One-way coupled 

method 

Two-way coupled 

method 

Deviation % 

Case # η
th

 Tout η
th

 Tout η
th

 Tout 

1 72.265 397.58 72.079 397.38 0.26 % 0.05 % 

2 71.837 447.10 71.539 446.88 0.41 % 0.05 % 

3 70.031 542.94 69.511 542.75 0.74 % 0.03 % 

 Computational time / case  Time reduction 

9.5 minutes 38.7 minutes 75.45 % 
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Figure 3.3: HCE boundary conditions. 

The boundary conditions were specified in COMSOL to properly solve the 

problem and can be seen in Figure 3.3. The boundary conditions can be summarized 

in the following points:  

 

Fluid flow boundary-conditions: 

1- Uniform inlet velocity at the inlet of the absorber pipe. 

2- Atmospheric pressure boundary-condition at the outlet of the absorber 

pipe. 

3- No-slip wall condition at the absorber walls. 

 

BC # 1 

BC # 6 

BC # 2 

BC # 7 

BC # 4 

BC # 5 

BC # 8 

L 
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Heat transfer boundary-conditions: 

4- Heat flux boundary-condition at the outer surface of the HCE, using Eq. 

3.17, where the incident radiation is calculated at zero angles of 

incidence. 

5- Convective heat flux boundary condition at the outer surface of the 

HCE, using Churchill and Bernstein (1977) correlation, which is already 

implemented in COMSOL. 

6- Inlet temperature at the tube inlet. 

7- Outlet flow boundary-condition at the outlet of the absorber pipe to 

determine the direction of the temperature gradient. 

8- Diffuse surfaces were selected at the outer surface of the absorber tube 

and the inner surface of the glass envelope with surface-to-surface 

radiation, using the hemicube method. The emissivity of both surfaces 

absorber and glass envelop were selected based on the given values in 

Table 3.1. Also, the outer surface to the surroundings was chosen as a 

diffuse surface using the given values in Table 3.1. 

In both numerical models, the flow in the absorber tube is assumed to be 

turbulent. However, the flow is not fully developed, and the simulation accounts for 

the growth of the boundary layer in the pipe. Similar to the analytical model, both 
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ends of the HCE are chosen to be insulated where, in reality, both ends of the HCE 

are insulated to minimize the thermal losses to the supporting brackets. 

 

3.4 Three-Dimensional Model  

This 3D model was developed in COMSOL Multiphysics program to predict 

the PTC performance with non-uniform heat flux. Also, this model can be compared 

with the 2D model to study the differences between non-uniform and uniform heat 

flux assumptions. This 3D model is an extension of the 2D model, and the differences 

can be concluded in the following points: 

• 3D nature of the HCE 

• Non-uniform heat flux distribution around the absorber tube 

• Meshing details 

 

Moreover, half of the domain was modeled since the heat flux distribution 

around the absorber tube is symmetrical about the y-axis (see Figure 3.4), which can 

reduce the computational time to about 50 %. Meshing details of the three domains 

can be found in Table 3.7. 
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Table 3.7: Meshing and computational consumption of the three 3D-domains. 

HCE type Total mesh elements Computational time (min) Memory usage (GB) 

Air 112,450 28 Up to 13.5 

Vacuum 188,482 20 Up to 10.6 

Bare 203,226 17  Up to 7.4 

 

 

 

Figure 3.4: 3D HCE meshed domains, a) Air, b) Bare, and c) Vacuum. 

a) b) 

c) 
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In this 3D model, all boundary conditions and thermal properties are similar 

to the 2D model except the consideration of the non-uniformity of the heat flux 

distribution. Therefore, the developed equations using the MCRT method (Eq. 2.26) 

were implemented in COMSOL to simulate the circumference heat flux distribution.  

An example of the heat flux distribution around the absorber tube with heat flux 

boundary condition equal to 1 (W/m2) is presented in Figure 3.5. 

 

 

 

Figure 3.5: Heat flux distribution around the absorber tube with q’’=1 (W/m2). 
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4. Results and Discussion 

I divided this chapter into two sections. The first section presents the validity 

of the three developed models with SNL experimental data. The second section 

addresses the parametric study using the 2D model. The reason that the 2D model 

was selected for the parametric study is due to the excellent agreement with the 

experimental results and less computational time. In fact, there are no significant 

differences between the assumptions of uniform and non-uniform heat fluxes applied 

at the outer surface of the absorber tube as we will see in the model validation section. 

Unlike the 1D model, the 2D model can provide useful data such as the temperature 

distribution along the surface of the HCE and in the HTF, as presented in Figure 4.1. 

The following sections will present the results from all the developed models. 

Figure 4.1 shows the temperature distribution for the absorber wall and the 

heat transfer fluid at different positions along the absorber tube. The first case of 

vacuum HCE in Table 4.1 was used to demonstrate temperature change along the 

absorber tube. The figure shows an increase in the temperature of the fluid when the 

fluid passes through the pipe. Also, the temperature of the outer surface of the 

absorber tube increases to 490 K at the outlet of the absorber tube. However, the 

effect of nonuniform heat flux is presented using the 3D model. Figure 4.2 shows the 

temperature distribution for the HCE and the HTF at the outlet of the absorber tube 

for the first four cases of vacuum HCE in Table 4.1.  
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Figure 4.1: 2D temperature distributions of a) the HTF and b) the HCE at different positions. 
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Figure 4.2: Non-uniform heat flux distribution effect on the temperature distribution at the 

outlet of a) the HTF and b) the HCE for 4 different cases. 
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4.1 Model validation 

In this section, all three thermal models were validated with the experimental 

data presented by SNL (1994) [28].  The SNL experiment was carried out on LS-2 

parabolic trough solar collector with three different HCE configurations. These 

configurations are vacuum in the annulus, air in the annulus, and bare absorber tube. 

Moreover, the heat transfer fluid was used in the thermal performance testing is 

Syltherm-800
®

, and Cermet selective coating was used in this validation. The 

conditions of the thermal performance testing were performed under a clear sky, 

about zero angles of incidence, steady fluid flow rate, and achieving stable fluid 

temperature [28]. Six different cases for each configuration were selected in a range 

of 350 – 650 K, average temperature above ambient, to compare the developed 

models with SNL results. The input data of these six cases are given in Tables 4.1 – 

3. In general, the extracted results show a similar result between 3D and 2D model. 

In the case of vacuum and air in annulus, the thermal efficiency results from the three 

models are within the experimental error bounds. However, in the case of bare HCE, 

the 1D model is slightly better than the numerical models, but still, all the three 

models underpredict the thermal efficiency of the experimental results. Detailed 

information for each HCE configuration is presented in the following subsections. 
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4.1.1 Vacuum in annulus  

Starting with vacuum annulus HCE configuration, the six cases were selected 

from SNL data are shown in Table 4.1. Figure 4.3 shows the thermal efficiency for 

the three developed models as well as the experimental results with errors bars. As it 

can be clearly seen, the results of all the three models fall within the error bounds. 

Also, it can be noticed that 3D and 2D models produce very close results. Generally, 

the trend of thermal efficiency is decreasing with a higher average temperature above 

ambient. Similarly, the heat loss results show a good agreement with the 

experimental data, as presented in Figure 4.4. 

 

Table 4.1: Test data for vacuum annulus HCE used by SNL [28]. 

Case # 
G 

(w/𝑚2) 

𝑉𝑤𝑖𝑛𝑑 

(m/s) 

𝑇𝑎𝑚𝑏 

(K) 

𝑉𝑓 

(L/min) 

T𝑖𝑛 

(K) 

T𝑜𝑢𝑡 
(K) 

eff 
Error 

±% 

1 933.7 2.6 294.4 47.7 375.4 397.2 72.51 1.95 

2 968.2 3.7 295.6 47.8 424.2 446.5 70.90 1.92 

3 909.5 3.3 299.4 54.7 523.9 542.6 70.25 1.90 

4 937.9 1.0 302.0 55.5 571.0 589.6 67.98 1.86 

5 903.2 4.2 304.3 56.3 629.1 647.2 63.82 2.36 

6 920.9 2.6 302.7 56.8 652.7 671.2 62.34 2.41 
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Figure 4.3: Thermal efficiency comparison with SNL results, vacuum in the annulus. 

 

Figure 4.4: Heat loss comparison with SNL results, vacuum in the annulus. 
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4.1.2 Air in annulus  

In this configuration, the numerical and analytical solutions have different 

approaches to solve for the convective heat transfer in the annulus. The 1D model 

uses a developed correlation by Raithby and Holland’s (1975), as discussed in 

section (3.2.3). On the other hand, the numerical solution in 2D and 3D models were 

solved numerically by creating a gas domain to represent air in the annulus. 

Therefore, these two methods are differently present the resulting solutions. 

However, both ways did not fit the error bounds in all cases. Yet, the presented 

numerical solutions agree with the existing solutions in the literature Ref. [5], [48], 

especially in the fourth case where the numerical models underpredict the heat losses 

and resulting in higher thermal efficiency. All cases are presented in Table 4.2. 

Figure 4.5 shows the thermal efficiency of the three models and compare 

them with SNL data. The numerical models show a similar trend, where both 2D and 

3D models overestimate the thermal efficiency. However, these models fit the error 

bounds of the first three cases and then overestimate the cases that have a high 

average temperature above ambient. In contrast, the analytical solution overestimates 

thermal losses, resulting in lower thermal efficiencies. Figure 4.6 shows heat losses 

as a function of average temperature above ambient. As expected, the inverse relation 

between the thermal efficiency and heat loss are consistent with the presented results, 

where underestimating the heat loss produce overestimating the thermal efficiency. 
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Table 4.2: Test data for air in the annulus HCE used by SNL [28]. 

Case # 
G 

(w/𝑚2) 

𝑉𝑤𝑖𝑛𝑑 

(m/s

) 

𝑇𝑎𝑚𝑏 

(K) 

𝑉𝑓 

(L/min) 

T𝑖𝑛 

(K) 

T𝑜𝑢𝑡 
(K) 

eff 

Erro

r 

±% 

1 813.1 3.6 299.0 50.3 374.4 392.2 71.56 2.21 

2 878.7 3.1 301.8 54.6 475.6 492.6 67.10 1.88 

3 896.4 0.9 303.2 55.2 523.9 541.0 65.50 1.80 

4 906.7 0.1 304.9 55.4 572.7 589.7 62.58 1.79 

5 874.1 4.0 301.9 56.2 618.1 634.3 59.60 2.27 

6 898.6 2.8 302.9 56.2 649.8 666.3 56.54 1.93 

 

Figure 4.5: Thermal efficiency comparison with SNL results, air in the annulus. 
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Figure 4.6: Heat loss comparison with SNL results, air in the annulus. 

 

5.1.3 Bare HCE 

 

In this configuration, the absorber tube is directly affected by the surrounding 

wind, which will negatively impact the thermal efficiency. As expected, the SNL 

results show higher heat losses with the absence of glass cover than the case of a 

covered absorber tube. Six cases were selected from the SNL report to check the 

validity of the three models. The data of the selected six cases are given in Table 4.3, 

which does not include the experiment uncertainty. However, the developed models 

overpredict the heat losses, which result in lower thermal efficiency than the SNL 

results as it can be seen in Figure 4.7. In fact, three different correlations were used 
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to estimate the convective heat transfer between the absorber tube and the ambient. 

These correlations are Churchill and Bernstein (1977), Hilpert, and Zukauskas in the 

analytical model. All of these models underestimate the thermal efficiency where 

Zukauskas correlation performed the worst result. The reason that these correlations 

overestimate the heat loss can be due to the fact that these correlations were 

developed under specific test conditions. For example, the consideration of normal 

cross flow, where in reality, this assumption is not correct and not necessary the wind 

direction is normal to the pipe all the time. Moreover, the SNL report has a lack of 

information regarding wind directions. Generally, the developed models show a 

decreasing trend with the increase in the average temperature above ambient.  

 

Table 4.3: Test data for bare HCE used by SNL [28]. 

Case # 
G 

(w/𝑚2) 

𝑉𝑤𝑖𝑛𝑑 

(m/s

) 

𝑇𝑎𝑚𝑏 

(K) 

𝑉𝑓 

(L/min) 

T𝑖𝑛 

(K) 

T𝑜𝑢𝑡 
(K) 

eff 

1 817.5 4.2 294.0 39.8 374.2 394.0 64.4 

2 908.8 3.7 294.0 49.7 471.6 487.4 57.0 

3 935.7 2.5 295.6 50.9 525.3 541.2 56.6 

4 829.6 2.0 291.2 51.0 575.3 589.1 51.8 

5 898.0 3.5 293.9 51.6 624.4 637.0 42.0 

6 859.8 4.1 297.2 52.2 659.2 670.5 37.0 
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Figure 4.7: Thermal efficiency comparison with SNL results, bare HCE. 

 

4.2 Parametric study 

This parametric study was carried out to investigate the thermal performance 

of the Luz LS-2 PTC with the three configurations of the HCE. The developed 2D 

numerical model was used to perform this parametric study. The changing 

parameters study the effect of the inlet temperature, inlet volume flow rate, incident 

radiation, and wind velocity. Also, two different selective coatings Cermet and Black 

Chrome were used in this parametric study. Finally, the effect of nanoparticles was 

considered in this study with two nanoparticles CuO and Fe3O4 with two base fluid 
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Therminol VP-1 and Syltherm-800. The input data and varied parameters are 

presented in Table 4.4 for all the parametric study. 

Table 4.4: Parametric variation and constant values. 

Parametric case study  variation 

Inlet temperature (K) 300, 400, 500, 600 

Inlet volume flow rate (L/min) 50, 100, 150, 200, 300 

Wind velocity (m/s) 1, 2, 3, 4 

Incident solar radiation (w/m2) 600, 700, 800, 900, 1000 

Nanoparticles Concentration ratio 1% 2% 3% 5% 8% 

Constant values during parametric variation 

G = 900 (w/m2) 𝑉𝑤𝑖𝑛𝑑 = 2 (m/s) 𝑇𝑎𝑚𝑏 = 300 (K) 𝑉𝑓 = 50 (L/min) T𝑖𝑛 = 500 (K) 

 

4.2.1 Inlet temperature 

Figure 4.8 shows thermal efficiency as a function of the inlet temperature. It 

is clear that with the increase of inlet temperature, the thermal efficiency decreases 

due to the reduction of temperature differences between the inlet and the outlet 

temperature. As expected, the evacuated HCE has the highest thermal efficiency 

following that air-filled annulus case. Whereas the bare HCE perform the lowest 

thermal efficiency. Both vacuum and loss vacuum annulus cases steadily decrease 

with increasing the inlet temperature, whereas the bare HCE case dramatically 

decreases with inlet temperature. Figure 4.9 has the same trends where bare HCE has 

the highest heat loss, and vacuum annulus HCE has the lowest.  
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Figure 4.8: Inlet fluid temperature effect on thermal efficiency. 

 

 

Figure 4.9: Inlet fluid temperature effect on the heat losses. 
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4.2.2 Inlet volume flow rate 

Figure 4.10 shows thermal efficiency as a function of the inlet volume flow 

rate. It is clear that with the increase of the inlet volume flow rate, the thermal 

efficiency increases due to the rise of mass flow rate. As expected, the evacuated 

HCE has the highest thermal efficiency following that air-filled annulus case. 

Whereas the bare HCE perform the lowest thermal efficiency. Both vacuum and loss 

vacuum annulus cases steadily increase with more volume flow rate entered the 

system, whereas the bare HCE noticeably increases with about 6% gain at 300 

(L/min). However, all three cases tend to show stability after 200 (L/min) volume 

flow rate. Figure 4.11 shows heat losses as a function of the inlet volume flow rate 

for the three HCE configurations.  

 

Figure 4.10: Inlet volume flow rate effect on thermal efficiency. 



 

  91 

 

Figure 4.11: Inlet volume flow rate effect on heat losses. 

4.2.3 Wind velocity 

Figure 4.12 shows thermal efficiency as a function of the wind velocity. As 

expected, the evacuated HCE has the highest thermal efficiency following that air-

filled annulus case; whereas, the bare HCE perform the lowest thermal efficiency. 

Both vacuum and loss vacuum annulus cases are not affected by the wind velocity. 

Therefore, it can be said that these two configurations are independent of wind 

velocity. In contrast, the bare HCE is significantly impacted by wind velocity where 

the heat losses increase dramatically with higher wind velocity as it can be seen in 

Figure 4.13. The reason that the bare HCE has the highest heat losses is due to the 
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direct contact to the surrounding wind, while the glass envelope prevents this direct 

contact in the other cases leading to shallow heat losses. 

 

Figure 4.12: Wind velocity effect on thermal efficiency. 

 

Figure 4.13: Wind velocity effect on heat losses. 
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4.2.4 Incident solar radiation 

Figure 4.14 shows thermal efficiency as a function of incident solar radiation. 

It is clear that with the increase of the incident solar radiation, the thermal efficiency 

increases. Both vacuum and loss vacuum annulus cases do not present significant 

variation as the incident solar radiation increases. However, a noticeable rise is 

observed in the bare HCE case as the solar radiation amount grows. Although the 

efficiency increases with more incident heat flux, the thermal losses increase as it 

can be seen in Figure 4.15. It can be concluded that the thermal efficiency of bare 

HCE is dependent on the incident heat flux while the other cases are not. 

 

 

Figure 4.14: Incident heat flux effect on thermal efficiency. 
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Figure 4.15: Incident heat flux effect on heat losses. 

4.2.5 Selective coating effect 

The parametric study was conducted on two types of selective coating Black 

Chrome and Cermet coatings. The input data are given in Table 4.4, and the coating 

emittance of these two coatings is given in Table 3.1. The thermal performance of 

the three HCE configurations is presented in this study. Generally, Cermet coating 

has higher efficiency than Black Chrome coating. Vacuum and loss vacuum HCEs 

show a clear difference between the selective coating materials. For instance, Figure 

4.16 shows that at 600K inlet temperature, vacuum HCE shows a 40% reduction of 

heat loss when replacing Black Chrome with Cermet selective coating. Also, the 

thermal efficiency increases about 1% in low inlet temperature to 5% in high inlet 
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temperature. Although the returned values of both coatings are close with low inlet 

temperature, it becomes more observable with high inlet temperature. 

In contrast, bare HCE shows similar heat loss results between both coating 

materials as it can be seen in Figure 4.21. This is due to the dependence of radiative 

heat transfer as the only source of heat loss in vacuum HCE, whereas the bare HCE 

relies on the external convective heat transfer as the major source of heat loss. Also, 

in bare HCE the outer surface is exposed to air, and its temperature is lower than 

covered absorber tube. Finally, based on the results shown in Figures 4.16-21, the 

Cermet coating will reduce the heat losses and increase thermal efficiency.  

 

 

Figure 4.16: Thermal efficiency change with selective coating using vacuum HCE. 
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Figure 4.17: Heat losses change with selective coating using vacuum HCE. 

 

Figure 4.18: Thermal efficiency change with selective coating using air HCE. 
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Figure 4.19: Heat losses change with selective coating using air HCE. 

 

Figure 4.20: Thermal efficiency change with selective coating using bare HCE. 
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Figure 4.21: Heat losses change with selective coating using bare HCE. 

4.2.6 Nanoparticles effect 

In this study, the thermal efficiency and heat losses were investigated with 

different types of working fluids. The examined nanoparticles are CuO and Fe3O4 

with two types of base fluid Therminol VP-1 and Syltherm-800. The effect of 

nanoparticles quantity in the working fluid is investigated with the given parameters 

in Table 4.4. Also, the three HCE configuration were considered in this study to show 

how different HCE cases response to nanoparticles effect. Figure 4.22 illustrates the 

impact of nanoparticles concentration ratio on the thermal efficiency of vacuum HCE 

case. The resulting efficiency of Syltherm-800 and Therminol VP-1 working fluid at 

zero concentration ratio are 70.59 % and 71.45 %, respectively. It is observable that 
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Syltherm-800/CuO nanofluid produces higher efficiency enhancement than 

Syltherm/Fe3O4. Also, Syltherm-800 base fluid shows more improvement than 

Therminol Vp-1 base fluid. Although the use of Therminol VP-1 provides higher 

thermal efficiency than Syltherm-800 with the absence of nanoparticles, Syltherm-

800 indicate higher efficiency enhancement when adding nanoparticles. Also, it can 

be seen that the efficiency enhancement increases with the increase of nanoparticle 

concentration ratio. Figure 4.23 compares the heat losses of the four nanofluids, 

where Syltherm-800 produce more heat losses than Therminol VP-1. Moreover, CuO 

nanoparticle tends to reduce heat losses in both types of main fluid better than Fe3O4 

nanoparticle, and this can be explained by looking at the thermal conductivities of 

these two types where CuO has higher thermal conductivity. 

 

Figure 4.22: Thermal efficiency enhancement vs. nanoparticle concentration, vacuum HCE. 
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Figure 4.24 presents the effect of nanoparticles on the thermal efficiency 

enhancement of air-filled annulus HCE. The thermal efficiency of Syltherm-800 and 

Therminol VP-1 working fluid at the absence of nanoparticles are 67.9 % and 68.9 

%, respectively. The trend of the curves is similar to the evacuated annulus HCE 

case. However, the presented case shows more enhancement than the vacuum HCE 

where at 8 % concentration ratio, the improvement is 0.45 %. Figure 4.25 shows the 

thermal losses as a function of nanoparticle concentration ratio.  

 

 

Figure 4.23: Heat losses vs. nanoparticle concentration, vacuum HCE. 
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Figure 4.24: Thermal efficiency enhancement vs. nanoparticle concentration, air HCE. 

 

Figure 4.25: Heat losses vs. nanoparticle concentration, air HCE. 
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Figure 4.26: Thermal efficiency enhancement vs. nanoparticle concentration, bare HCE. 

 

Figure 4.26 demonstrates the influence of nanofluid on the efficiency 

improvement of bare HCE case. It can be noticed that the thermal efficiency 

increased by 1.1 % with Syltherm/CuO nanofluid at 8 % concentration ratio. 

Moreover, the thermal efficiency of bare HCE with Syltherm-800 and Therminol 

VP-1 working fluid are 52.8 % and 55.4 %, respectively. However, bare HCE 

presents the biggest improvement with comparison to the other configurations. 

Therefore, it can be said that the thermal improvement due to nonfluid effect is more 

noticeable with low performance. Figure 4.27 illustrates the heat losses of bare HCE 

as a function of nanoparticles concentration ratio. 
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Figure 4.27: Heat losses vs. nanoparticle concentration, bare HCE. 
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5.  Conclusions and Recommendations 

This thesis analyzes the performance of a Parabolic trough solar collector 

using the specifications of the Luz LS-2 parabolic trough solar collector. The study 

was carried out on three different spatial models, an analytical 1D model and 

numerical 2D and 3D models. Also, each model considers three absorber tube 

configurations, which are vacuum annulus, air-filled annulus, and bare absorber tube. 

The analytical model was developed in MATLAB, and the numerical models were 

developed in COMSOL Multiphysics program. Firstly, looking at the optical 

performance of the PTC where about 25% reduction in the overall efficiency is due 

to the optical losses. Since the study considers the 3D model, a realistic non-uniform 

heat flux distribution around the receiver tube is needed. Therefore, Monte Carlo 

Ray-Tracing method was used to produce piecewise curve-fitted equations that can 

represent the nonuniformity of the heat flux distribution. The developed equations 

were implemented in COMSOL to solve with nonuniform boundary heat flux. 

However, a uniform heat flux distribution was used in both 1D and 2D models. The 

resulted data show a slight difference between the 2D and the 3D models. Therefore, 

it can be concluded that the uniform heat flux assumption will not produce a 

significant error.  

The developed models were validated with experimental results issued by 

Sandi National Laboratories and reported by Dudley et al. [28]. The resulted data 
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show an excellent agreement with vacuum annulus receiver tube and partial 

agreement with air-filled absorber tube. Moreover, the three models overpredict the 

thermal losses in the bare absorber tube, which results in underestimating the thermal 

efficiency. The major heat losses from bare absorber tube are due to the external 

convective heat transfer between the absorber walls and the surroundings. This 

dependence caused overprediction of the heat losses due to the errors and 

uncertainties of the available correlations in the literature. Three different 

correlations were used to estimate the convective losses from the absorber walls to 

the ambient, Zukauskas, Hilpert, and Churchill-Bernstein. The selected correlation 

in the numerical models is Churchill and Bernstein correlation since it provides 

excellent results, whereas Zukauskas correlation has the highest deviation from the 

experimental results.  

The parametric study investigates the change in different parameters on the 

three absorber tube configurations using the 2D numerical model. The varied 

parameters are inlet temperature, inlet volume flow rate, wind velocity, and incident 

solar flux. Also, the effect of two types of selective coating Cermet and Black 

Chrome were studied. Finally, the use of nanoparticles in the absorber tube was 

investigated with four types of nanofluids, Syltherm-800/CuO, Syltherm-

800/Fe3O4, Therminol-VP1/CuO, and Therminol-VP1/Fe3O4.  

The following points summaries the findings from the parametric study: 
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• In general, vacuum HCE has the highest performance following that 

the air-filled annulus HCE and bare HCE. 

• The thermal efficiency decreases when the fluid inlet temperature 

increases. 

• The thermal efficiency increases with the increase of volume flow rate 

until it reaches 200 L/min, where after that point, the trend shows 

stability. 

• Vacuum and air annulus HCE show stability with more incident solar 

radiation, whereas the bare HCE show dependency on the incident 

solar heat flux. 

• Cermet selective coating reduces heat losses better than the Black 

Chrome selective coating. 

o Vacuum and air annulus HCE are sensitive to the selective 

coating where the radiative heat transfer to the sky is the 

primary heat loss. 

o Bare HCE show a slight effect when alternating between the 

selective coatings; however, still, Cermet coating is better 

than Black chrome coating. 

• The thermal efficiency increases with the increase of nanoparticle 

concentration ratio. 
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o Syltherm-800/CuO nanofluid show the greatest improvement 

in thermal efficiency; however, Therminol VP-1 provides 

higher thermal efficiency than Sylthrm-800 with the absence 

of nanoparticles. 

o Fe3O4 nanoparticle provides lower improvement than CuO 

due to its low thermal conductivity. 

• Unlike Vacuum and air annulus HCE, bare HCE configuration 

responds positively and noticeably with the effect of nanofluid, and 

this implies that low thermal performance PTC has the most 

advantage from nanofluid technology. 

The following points are recommended for future works in this area: 

• Considering the effect of incident angle to predict the thermal efficiency 

throughout the day. 

• Developing and integrating a thermal storage system with the developed 

models to investigate the overall efficiency during sunlight and night. 

• Finding a more reliable correlation to predict the external convective heat 

transfer, especially in the case of bare HCE. 

• Looking in more details in optical modeling to provide an enhancement to 

the optical gain since about 25% reduction of the overall efficiency is due to 

optical losses. 
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Appendix A 

MATLAB code for the Optical model 

clear all            %%%%%%%%%%%%%%%%%%%%%%%%%%% 

clc                  % Optical analysis of PTC % 

                     %%%%%%%%%%%%%%%%%%%%%%%%%%% 

                          %%%%%%%%%%%%%%%%%% 

                          % Feras Alghamdi % 

                          %%%%%%%%%%%%%%%%%% 

                           

%%%%%%%%%%%%%%%%%%%%% LS2-PTC parameters %%%%%%%%%%%%%%%%%%% 

t_g = 0.95;       % transmissivity of glass envelope 

r_m = 0.93;       % reflectivity of the mirror 

ca_r = 0.96;      % absorptance of Cermet selective coating 

HCE 

ce_r = 0.14;      % emittance   of Cermet selective coating 

HCE 

ba_r = 0.95;      % absorptance of Black chrome selective 

coating HCE 

be_r = 0.24;      % emittance   of Black chrome selective 

coating HCE 

wa = 5;           % Aperture width 

rim = 70;         % Rim angle in degree 

f = 1.84;         % Focal length 

Aa = 39.2;        % Aperture Area [m] 

r = 0.035;        % Receiver radius [m] 

sunangle = 0.267; % 0.267Sun angle[1994]  

deflection=1.1*sunangle; % deflection  

 

%%%%%%%% Monte Carlo Ray-Tracking Method (MCRT) %%%%%%%%%%%% 

  

f=wa/(4*tand(rim/2));% Focal length 

wa=4*f*tand(rim/2);  % Aperture width 

GC=wa/(pi*2*r);      % geometric concentration ratio 

res=1;               % grid reselution_100 cm_1000 mm... 

xmax=wa/2;           % length of X 

xmin=0;              % X at origin     
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N=5000000;           % number of bundle 

  

p=zeros(1,N); 

  

tic; 

    for n=1:N 

        ss=0; 

        while ss==0 

    xx=rand()*xmax; 

    x_1=xx; 

        if x_1<=r   

            if rand()>t_g % ray hit glass envelope and either 

transmitted or absorbed 

                p(n)=400; % transmission loss 

                break 

            else  % ray hit HTC 

           x_2=x_1; 

           y_2=sqrt(r^2-x_1^2); 

           fe=atand(x_2/y_2); 

           p(n)=(180-fe); 

           break 

            end 

        end 

        if rand()>r_m % ray hit reflector and either 

reflected or absorbed 

            p(n)=500; % reflection loss 

            break 

        else 

               th=(2*rand()*deflection)-deflection; 

               if th>sunangle || th<-sunangle 

                  p(n)=300; % interception loss 

                  break 

               else 

                  if rand()>t_g % ray hit glass envelope and 

either transmitted or absorbed 

                        p(n)=400; % transmission loss 

                        break 

                 else  % ray hit HTC 

           y_1=x_1^2/(4*f); 
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           fe0=atand(x_1/(f-y_1)); 

           ff(n)=fe0; 

           x0 = [0,f-r]; 

           xy_2 = 

fsolve(@(x)xyroot(x,x_1,y_1,f,r,th,fe0),x0); 

 

%%%%%%%%%%%%%%%%%%%%%%%%% xyroot %%%%%%%%%%%%%%%%%%%%%%%% 

function F = xyroot(x,x_1,y_1,f,r,th,fe0) 

  

F(1) = (x(1)^2)+((x(2)-f)^2)-(r^2); 

F(2) = tand(fe0-th)-((x_1-x(1))/(x(2)-y_1)); 

End 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

           x_2 = abs(xy_2(1)); 

           y_2 = abs(xy_2(2)); 

        if y_2<=f 

            fe=atand(x_2/abs(f-y_2)); 

        else 

            fe=(180-atand(x_2/abs(f-y_2))); 

        end 

        p(n)=fe; 

                  end 

               end 

        end 

        ss=1; 

        end  

    end 

    toc 

reflection_loss=length(find(p==500)); 

transmition_loss=length(find(p==400)); 

interciption_loss=length(find(p==300));     

loss=reflection_loss+transmition_loss+interciption_loss; 

fein=1; 

s=0; 

inc=1; 

nr=180; 

notref{1}= p(p==500); 
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opt_eff=(N-loss)/N; 

for i=1:nr/inc 

   pp{i}= p(p<fein & p>=s); 

   s=fein; 

   fein=fein+inc; 

   p2(i)=length(pp{1,i}); 

   LCr(i)=p2(i)*GC*nr/N;  

end 

figure 

x_axis=1:(nr/inc); 

plot(1:(nr/inc),LCr) 
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Appendix B 

MATLAB code for the 1D analytical model 

clear all            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clc                  % 1D Thermal analysis of PTC % 

                     %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

                           %%%%%%%%%%%%%%%%%% 

                            % Feras Alghamdi % 

                            %%%%%%%%%%%%%%%%%% 

 

%%%%%%%%%%%%%%%%%%%% Vacuum %%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

global Da_in Da_out Dg_in Dg_out g v_wind sigma 

epsilon_env... 

       T_7 T_6 T_s glass_env u_in K_g q_in alpha_abs HTF... 

       opteff_abs vacuum T_in L Tout epsilon_abs Q_out 

correlation... 

       conv_34 conv_56 rad_34 rad_57 cond_23 cond_45 Q_3sol 

heat_loss 

  

[vac] = xlsread('parameter_vacuum'); 

 

%    1     2     3    4       5  

%  T_in  T_amb  qs  u_in   v_wind  

  

L = 7.8;            % Apsorber Length [m] 

W_a = 5;            % Apreature width [m^2] 

sigma = 5.67e-8;    % Stefan-Boltzmann constant [W/m^2-K^4]  

g = 9.81;           % Gravitational constant[m/s^2]  

epsilon_env = 0.86; % Glass envelope emissivity (Pyrex) 

T_s = 25+273.15;    % Standard ambient air temperature 

  

Da_in  = 0.066;     % Absorber inner diameter        [m] 

Da_out = 0.070;     % Absorber outer diameter        [m] 

Dg_in  = 0.109;     % glass envelope inner diameter  [m] 

Dg_out = 0.115;     % Glass envelope outer diameter  [m] 

  

% (1) Syltherm-800   (2) Therminol_vp1 

                            HTF = 1;  

% (1) Hilpert (2) zukasukas (3) Churchill and Bernstein  

                         correlation = 1;  
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% 1 incase of Cermet Coating and 2 in case of Black Chrome 

Coating 

                         epsilon_abs = 1;  

                         

% If glass envelope is existed then use 1 if not use 0 

                          glass_env = 1;     

                         

% If annulus is evacuated then use 1 if not use 0 

                             vacuum = 1;  

Thermal_eff = zeros(1,6); 

eff_th = zeros(1,6); 

T_out = zeros(1,6); 

tic; 

   for i =1:6                     

alpha_abs = 0.96; 

opteff_abs = 0.769;   % 0.81 if Bare HCE 

K_g = 1.04;           % Glass envelope thermal(Pyrex) 

conductivity [W/(m-K)] 

T_6 = vac(i,2);       % ambiant temperature [k] 

T_7 = 0.0552*T_6^1.5; % Sky temperature estimated as 8 degree 

below ambient [K] 

I_b = vac(i,3);       % Incidinet solar radiation [W/m^2] 

T_in = vac(i,1);      % Inlet temperature [K]    

u_in = vac(i,4);      % [m/s] Fluid Inlet velocity 

v_wind = vac(i,5);    % [m/s] Wind speed from MPH to m/s 

conversion 

q_in = I_b*W_a;       % Incoming solar radiation per aperture 

length 

  

    %  T1      T2       T3      T4       T5 

T0 = [T_in, T_in+10, T_in+11, T_in-10, T_in-15]; 

 

TT = fsolve(@energy_balance,T0,options); 

Thermal_eff(i)=feta_th(Q_out,q_in); 

eff_th(i)= Q_out/(q_in*L); 

T_out(i)= Tout; 

Conv_34(i) = conv_34*L; 

Conv_56(i) = conv_56*L; 

Rad_34(i) = rad_34*L; 

Rad_57(i) = rad_57*L;  

Cond_23(i) = cond_23*L; 

Cond_45(i) = cond_45*L; 

QQin(i) = q_in*L; 

Qsol(i) = Q_3sol*L; 

Loss(i) = (heat_loss*L); 
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Qout(i) = Q_out; 

   end 

 toc   

    

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function F = energy_balance (T) 

global Q_out T_7 T_6 T_in glass_env L q_in alpha_abs 

opteff_abs... 

    heat_loss conv_34 conv_56 rad_34 rad_57 cond_23 cond_45 

Q_3sol Q_loss 

  

Qu = Q_u(T(1),T_in);                                 % 

[W/m^2] 

Q_12conv = q_12conv(T(1),T(2));                      % [W/m]  

Q_34conv = q_34conv(T(3),T(4));                      % [W/m] 

Q_34rad  = q_34rad(T(3),T(4));                       % [W/m] 

Q_56conv = q_56conv(T(5),T_6);                       % [W/m] 

Q_57rad  = q_57rad(T(5),T_7);                        % [W/m] 

Q_loss   = q_loss(Q_34conv,Q_34rad,Q_56conv,Q_57rad);% [W/m] 

Q_23cond = q_23cond(T(2),T(3));                      % [W/m] 

Q_45cond = q_45cond(T(4),T(5));                      % [W/m] 

Q_3sol   = q_in * opteff_abs * alpha_abs;            % [W/m] 

  

F(1) = Q_45cond - Q_56conv - Q_57rad;                % [W/m] 

        if glass_env ==0 

        F(2)= 0;                                     % [W/m] 

              else 

              F(2) = Q_45cond - Q_34conv - Q_34rad;  % [W/m] 

        end 

F(3)= Q_3sol - Q_23cond - Q_34rad - Q_34conv;        % [W/m] 

F(4)= Q_3sol - Q_12conv - Q_loss;                    % [W/m] 

F(5)= Q_12conv - Q_23cond;                           % [W/m] 

F(6)= Qu-(Q_12conv*L);                               % 

[W/m^2] 

Q_out = Q_12conv; 

heat_loss = Q_loss; 

conv_34 = Q_34conv;                                  % [W/m] 

rad_34 = Q_34rad;                                    % [W/m] 

conv_56 = Q_56conv;                                  % [W/m] 

rad_57 = Q_57rad;                                    % [W/m] 

cond_23 = Q_23cond;                                  % [W/m] 

cond_45 = Q_45cond;                                  % [W/m]  

end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
 

function [q] = q_12conv(T_1,T_2) 

  

global  u_in Da_in HTF 

  

 

    if HTF == 1  % Syltherm-800 

         

mu_1 = 8.486612e-2-5.541277e-4*T_1+1.388285e-6*T_1^2-... 

    1.566003e-9*T_1^3+6.672331e-13*T_1^4;                

%[kg/m-s] 

cp_1 = 1.10787577e3+1.70742274*T_1;                      

%[J/kg-K] 

k_1  = 0.19011994-1.88022387e-4*T_1;                     

%[W/m-K] 

rho_1 = 1.26903060e3-1.52080898*T_1+1.79056397e-3*T_1^2-... 

    1.67087252e-6*T_1^3;                                 

%[kg/m^3] 

  

    elseif HTF == 2  % Therminol vp_1 

  

nu_1 = exp((544.149/((T_1-273)+114.43))-2.59578)*1e-6; % 

[m^2/s] 

cp_1 = (0.002414*(T_1-273)+5.9591e-6*(T_1-273)^2-2.9879e-

8*... 

    (T_1-273)^3+4.4172e-11*(T_1-273)^4+1.498)*1e3;       

%[J/kg-K] 

k_1  = (-8.19477e-5*(T_1-273)-1.92257e-7*(T_1-273)^2+2.5034e-

11... 

    *(T_1-273)^3-7.2974e-15*(T_1-273)^4+0.137743);       

%[W/m-K] 

rho_1 = -0.90797*(T_1-273)+0.00078116*(T_1-273)^2-2.367e-

6*(T_1-273)... 

    ^3+1083.25;                                          

%[kg/m^3] 

mu_1 = nu_1*rho_1;                                       

%[kg/m-s] 

  

    end 

  

Re_D = (rho_1*Da_in*u_in)/(mu_1); 

Pr_1 = (cp_1*mu_1)/k_1; 
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if Re_D <2300 

    disp('Low Re') 

end 

  

f = (1.79*log10(Re_D)-1.64)^(-2); 

Nu_D = (f/8)*(Re_D-1000)*Pr_1/(1+12.7*(Pr_1^(2/3)-

1)*(f/8)^(0.5)); 

h_1 = Nu_D*k_1/Da_in;                     %[W/m^2-K] 

q = h_1*Da_in*pi*(T_2-T_1);               %[W/m] 

  

end 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  

 
function [q] = q_23cond(T_2,T_3) 

global k_a Da_out Da_in 

  

Tm = (T_2+T_3)/2; % Absorber thermal conductivity [W/(m-K)] 

  

k_a = 0.0153*Tm+14.775; 

  

q = 2*pi*k_a*(T_3-T_2)/log(Da_out/Da_in); %[W/m] 

  

end 

 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  

 
function [q] = q_34conv(T_3,T_4) 

  

global T_6 v_wind glass_env g Da_out  Dg_in vacuum T_s 

correlation 

  

T_int = (T_3+T_4)/2; % Internal mean temp. 

T_ext = (T_3+T_6)/2; % external mean temp. 

  

if glass_env ==0  % Bare HCE 

     

    air = airpropt(T_3);        % air proprties 

rho_3 = air(1);                 % density 

    air = airpropt(T_6);        % air proprties 

rho_6 = air(1);                 % density 
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    if v_wind <= 0.1 

  

    air = airpropt(T_ext);       % air proprties 

    mu_ext = air(3);             % viscosity   

    rho_ext = air(1);            % density 

    cp_ext = air(2);             % specific heat capacity 

    k_ext = air(5);              % conductivity 

    nu_ext = air(4);             % kinematic viscosity 

    alpha_ext = air(6);          % thermal diffusivity 

    Beta_ext = 1/T_ext;          % volumetric expansion 

coefficient 

    Pr_ext = nu_ext/alpha_ext; 

    Ra_Da_out = g*Beta_ext*abs(T_3-

T_6)*(Da_out)^3/(alpha_ext*nu_ext); 

     

    if Ra_Da_out <1e7 

    c_lam=0.671/(1+(0.492/Pr_ext)^(9/16))^(4/9); 

  

    if Ra_Da_out<1e-4 

        c_cyc=1-0.13/(0.772*c_lam*Ra_Da_out^0.25)^0.16; 

    else 

        c_cyc=0.8; 

    end 

        

Nu_lam=2*c_cyc/log(1+(2*c_cyc/0.772/c_lam/Ra_Da_out^0.25)); 

    c_turb=0.1; 

    Nu_turb=c_turb*Ra_Da_out^(1/3); 

    Nu_avg=(Nu_lam^10+Nu_turb^10)^0.1; 

         

    else 

         

   % Churchill and Chu correlation for natural convection 

    Pr_ext = nu_ext/alpha_ext; 

    Nu_avg = (0.60+(0.387*Ra_Da_out^(0.1667))/(1 

+(0.559/Pr_ext)^... 

    (0.5625))^(0.2963))^2; 

  

    end 

     

    h_3 = Nu_avg*k_ext/Da_out;               % [W/m^2-K] 

    q = h_3*pi*Da_out*(T_3-T_6);            % [W/m] 

     

    else        

         

        if correlation==1     % Hilpert correlation 
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%   Hilpert correlation for external forced convection 

   T_ext = (T_3+T_6)/2; 

air=airpropt(T_ext);         % air proprties 

    mu_ext = air(3);             % viscosity   

    k_ext  = air(5);             % conductivity 

    cp_ext = air(2);             % specific heat capacity 

    nu_ext = air(4);             % kinematic viscosity 

    rho_ext = air(1);            % density 

  

    alpha_ext = k_ext/(cp_ext*rho_ext); 

    Re_Da_out = v_wind*Da_out/nu_ext; 

    Pr_ext = nu_ext/alpha_ext; 

     

        if Re_Da_out < 4 

        C = 0.989; 

        m = 0.33; 

        elseif (4 <= Re_Da_out) && (Re_Da_out < 40)  

            C = 0.911; 

            m = 0.466; 

        elseif (40 <= Re_Da_out) && (Re_Da_out < 4e3) 

                C = 0.683; 

                m = 0.466; 

        elseif (4e3 <= Re_Da_out) && (Re_Da_out < 40e3) 

                    C = 0.193; 

                    m = 0.618; 

        elseif (40e3 <= Re_Da_out) && (Re_Da_out < 400e3) 

                        C = 0.027; 

                        m = 0.805; 

        end 

         

 % Hilpert correlation for external forced convection  

  

    Nu_avg = C*(Re_Da_out)^m*(Pr_ext)^(1/3); 

    h_3 = Nu_avg*k_ext/Da_out;            %[W/m^2-K] 

    q = h_3*Da_out*pi*(T_3-T_6);         % [W/m] 

     

        elseif correlation==2 

             

air=airpropt(T_3);         % air proprties 

    mu_3 = air(3);             % viscosity   

    k_3  = air(5);             % conductivity 

    cp_3 = air(2);             % specific heat capacity 

    nu_3 = air(4);             % kinematic viscosity 

    rho_3 = air(1);            % density 

    alpha_3 = k_3/(cp_3*rho_3); 

air=airpropt(T_6);         % air proprties 

    mu_6 = air(3);             % viscosity   

    k_6  = air(5);             % conductivity 

    cp_6 = air(2);             % specific heat capacity 

    nu_6 = air(4);             % kinematic viscosity 
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    rho_6 = air(1);            % density 

    alpha_6 = k_6/(cp_6*rho_6); 

Re_Da_out = v_wind*Da_out/nu_6;%%%%%% 

Pr_3 = nu_3 / alpha_3;%%%%%% 

Pr_6 = nu_6 / alpha_6;%%%%%% 

  

if (Pr_6 <= 10) 

     n = 0.37; 

else 

     n = 0.36; 

end 

        if (Re_Da_out < 40) 

        C = 0.75; 

        m = 0.4; 

        elseif(40 <= Re_Da_out) && (Re_Da_out < 10^3) 

            C = 0.51; 

            m = 0.5; 

        elseif (10^3 <= Re_Da_out) && (Re_Da_out < 2*10^5)  

                C = 0.26; 

                m = 0.6; 

        elseif (2*10^5 <= Re_Da_out) && (Re_Da_out < 10^6) 

                    C = 0.076; 

                    m = 0.7; 

end 

% Zhukauskas's correlation  

    Nu_avg = C*(Re_Da_out)^m*(Pr_6)^n*(Pr_6/Pr_3)^(0.25); 

    h_3 = Nu_avg*k_6/Da_out;            %[W/m^2-K] 

    q = h_3*Da_out*pi*(T_3-T_6); % [W/m] 

     

        elseif correlation ==3 

% Churchill and Bernstein 

              

T_ext = (T_3+T_6)/2; 

air=airpropt(T_ext);         % air proprties 

    mu_ext = air(3);             % viscosity   

    k_ext  = air(5);             % conductivity 

    cp_ext = air(2);             % specific heat capacity 

    nu_ext = air(4);             % kinematic viscosity 

    rho_ext = air(1);            % density 

  

    alpha_ext = k_ext/(cp_ext*rho_ext); 

    Re_Da_out = v_wind*Da_out/nu_ext; 

    Pr_ext = nu_ext/alpha_ext; 

            

Nu_avg=0.3+((0.62*Re_Da_out^0.5+Pr_ext)/(1+(0.4/Pr_ext)^0.66)

^0.25)*(1+(Re_Da_out/282000)^0.628)^0.8; 

            h_3 = Nu_avg*k_ext/Da_out;            %[W/m^2-K] 

            q = h_3*Da_out*pi*(T_3-T_6); % [W/m] 
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        end 

    end 

  

else %%%%%%%%%%%%%%%%%%%%%%%%%%%% Annulus 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

     

    if vacuum ==1 

        q =0; 

    else 

         

 % air properties in annulus space 

  

  air=airpropt(T_int);           % air proprties 

    mu_int = air(3);             % viscosity   

    rho_int = air(1);            % density 

    cp_int = air(2);             % specific heat capacity 

    k_int = air(5);              % conductivity 

    nu_int = air(4);             % kinematic viscosity 

    alpha_int = air(6);          % thermal diffusivity 

    air = airpropt(T_s);         % air proprties 

    k_std = air(5);              % conductivity 

     

% Raithby and Hollands correlation for natural convection 

  

Beta_int = 1 / (T_int); % [1/K] 

Ra_Da_out = g*Beta_int*abs(T_3 - 

T_4)*(Da_out)^3/(alpha_int*nu_int); 

Pr_int = nu_int/alpha_int; 

  

Nu_D = (2.425 /(pi*(1 + (Da_out/ Dg_in)^(0.6))^(1.25)))... 

    * ((Pr_int * Ra_Da_out / (0.861 + Pr_int))^(0.25)); % 

[W/m] 

h_2 = Nu_D*k_int/Da_out; 

conv_nat = h_2*Da_out*pi*(T_3 - T_4); 

  

q=conv_nat; 

 

    end 

end 

  

end 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function [q] = q_34rad(T_3,T_4) 
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global Da_out Dg_in T_7 sigma  epsilon_env glass_env 

epsilon_abs 

  

    if epsilon_abs ==1 

        epsilon = 0.000327*T_3- 0.065971; % Cermet Coating        

    else       

        epsilon = 0.0005333*T_3- 0.0856;  % Black Chrome 

    end 

        if glass_env ==0    

        q = epsilon*pi*Da_out*sigma*((T_3)^4-(T_7)^4); % 

[W/m] 

        else       

            q = pi*Da_out*sigma*((T_3)^4-(T_4)^4)/... 

            (1/epsilon+Da_out/Dg_in*( 1/epsilon_env-1)); % 

[W/m] 

        end 

end 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function [q]=q_45cond(T_4,T_5) 

global K_g Dg_out Dg_in glass_env 

  

    if glass_env==0 

    q = 0; % [W/m] 

        else 

        q = 2*pi*K_g*(T_4 - T_5)/log(Dg_out/Dg_in);% [W/m] 

    end 

end 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function [q]=q_56conv(T_5,T_6) 

global Dg_out v_wind g  glass_env correlation 

  

T_ext = (T_5 + T_6)/2; 

     

air=airpropt(T_5);           % air proprties 

mu_5 = air(3);               % viscosity   

k_5 = air(5);                % conductivity 

cp_5 = air(2);               % specific heat capacity 

rho_5 = air(1);              % density 

  

air = airpropt(T_ext);       % air proprties 
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mu_ext = air(3);             % viscosity   

rho_ext = air(1);            % density 

cp_ext = air(2);             % specific heat capacity 

k_ext = air(5);              % conductivity 

nu_ext = air(4);             % kinematic viscosity 

alpha_ext = air(6);          % thermal diffusivity 

  

air=airpropt(T_6);           % air proprties 

mu_6 = air(3);               % viscosity   

k_6 = air(5);              % conductivity 

cp_6 = air(2);             % specific heat capacity 

rho_6 = air(1);            % density 

  

% If there is no glass envelope then the convection heat 

transfer from 

% the glass envelope is set to zero 

  

if glass_env==0 

q =0;    %[W/m] 

else 

    if v_wind <= 0.1 

         

    Beta_ext = 1/T_ext;   % volumetric expansion coefficient 

    Pr_ext = nu_ext/alpha_ext; 

    Ra_Dg_out = g*Beta_ext*abs(T_5-

T_6)*(Dg_out)^3/(alpha_ext*nu_ext);  

     

    if Ra_Dg_out <1e7 

    c_lam=0.671/(1+(0.492/Pr_ext)^(9/16))^(4/9); 

  

    if Ra_Dg_out<1e-4 

        c_cyc=1-0.13/(0.772*c_lam*Ra_Dg_out^0.25)^0.16; 

    else 

        c_cyc=0.8; 

    end 

        

Nu_lam=2*c_cyc/log(1+(2*c_cyc/0.772/c_lam/Ra_Dg_out^0.25)); 

    c_turb=0.1; 

    Nu_turb=c_turb*Ra_Dg_out^(1/3); 

    Nu_avg=(Nu_lam^10+Nu_turb^10)^0.1; 

         

    else 

         

% Churchill and Chu correlation for natural convection  
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Pr_ext = (nu_ext/alpha_ext)/1000; 

Nu_avg = 

(0.60+(0.387*Ra_Dg_out^(0.1667))/(1+(0.559/Pr_ext)^(0.5625))^

(0.2963))^2; 

  

    end 

    h_6 = Nu_avg*k_ext/Dg_out;            % [W/m^2-K] 

    q = h_6*pi*Dg_out*(T_5-T_6);          % [W/m] 

    else 

         if correlation==1 

%   Hilpert correlation for external forced convection 

   T_ext = (T_5+T_6)/2; 

air=airpropt(T_ext);         % air proprties 

    mu_56 = air(3);             % viscosity   

    k_56  = air(5);             % conductivity 

    cp_56 = air(2);             % specific heat capacity 

    nu_56 = air(4);             % kinematic viscosity 

    rho_56 = air(1);            % density 

  

    alpha_56 = k_56/(cp_56*rho_56); 

    Re_Dg_out = v_wind*Dg_out/nu_56; 

    Pr_ext = nu_56 / alpha_56; 

     

        if Re_Dg_out < 4 

        C = 0.989; 

        m = 0.33; 

        elseif (4 <= Re_Dg_out) && (Re_Dg_out < 40)  

            C = 0.911; 

            m = 0.466; 

        elseif (40 <= Re_Dg_out) && (Re_Dg_out < 4e3) 

                C = 0.683; 

                m = 0.466; 

        elseif (4e3 <= Re_Dg_out) && (Re_Dg_out < 40e3) 

                    C = 0.193; 

                    m = 0.618; 

        elseif (40e3 <= Re_Dg_out) && (Re_Dg_out < 400e3) 

                        C = 0.027; 

                        m = 0.805; 

        end 

         

 % Hilpert correlation for external forced convection  

  

    Nu_avg = C*(Re_Dg_out)^m*(Pr_ext)^(1/3); 

    h_56 = Nu_avg*k_56/Dg_out;            %[W/m^2-K] 

    q = h_56*Dg_out*pi*(T_5-T_6); % [W/m] 
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         else 

                        

air=airpropt(T_5);         % air proprties 

    mu_3 = air(3);             % viscosity   

    k_3  = air(5);             % conductivity 

    cp_3 = air(2);             % specific heat capacity 

    nu_3 = air(4);             % kinematic viscosity 

    rho_3 = air(1);            % density 

    alpha_3 = k_3/(cp_3*rho_3); 

air=airpropt(T_6);         % air proprties 

    mu_6 = air(3);             % viscosity   

    k_6  = air(5);             % conductivity 

    cp_6 = air(2);             % specific heat capacity 

    nu_6 = air(4);             % kinematic viscosity 

    rho_6 = air(1);            % density 

    alpha_6 = k_6/(cp_6*rho_6); 

Re_Dg_out = v_wind*Dg_out/nu_3;%%%%%% 

Pr_3 = nu_3 / alpha_3;%%%%%% 

Pr_6 = nu_6 / alpha_6;%%%%%% 

  

if (Pr_6 <= 10) 

     n = 0.37; 

else 

     n = 0.36; 

end 

        if (Re_Dg_out < 40) 

        C = 0.75; 

        m = 0.4; 

        elseif(40 <= Re_Dg_out) && (Re_Dg_out < 10^3) 

            C = 0.51; 

            m = 0.5; 

        elseif (10^3 <= Re_Dg_out) && (Re_Dg_out < 2*10^5)  

                C = 0.26; 

                m = 0.6; 

        elseif (2*10^5 <= Re_Dg_out) && (Re_Dg_out < 10^6) 

                    C = 0.076; 

                    m = 0.7; 

        end 

         

% Zukauskas' correlation  

 

    Nu_avg = C*(Re_Dg_out)^m*(Pr_6)^n*(Pr_6/Pr_3)^(0.25); 

    h_3 = Nu_avg*k_6/Dg_out;            %[W/m^2-K] 

    q = h_3*Dg_out*pi*(T_5-T_6); % [W/m] 
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        end 

    end 

end 

  

end 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function [q]=q_57rad(T_5,T_7) 

global epsilon_env Dg_out sigma glass_env 

  

% If there is no glass envelope then radiation heat transfer 

from the glass envelope is set to zero 

  

    if glass_env ==0 

    q = 0; % [W/m] 

        else 

        q = epsilon_env*pi*Dg_out*sigma*((T_5)^4 -(T_7)^4); 

%[W/m] 

    end 

  

end 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
function [q]=q_loss(q_34conv, q_34rad, q_56conv, q_57rad) 

  

global glass_env 

        if glass_env ==1 

        q = q_56conv + q_57rad; % [W/m] 

            else 

            q = q_34conv + q_34rad; % [W/m] 

        end 

end 

 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


