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Abstract
Concentrated Solar Power (CSP) technologies are gaining increasing interest in

electricity generation due to the good potential for scaling up renewable energy
at the utility level. Parabolic trough solar collector (PTC) is economically the most
proven and advanced of the various CSP technologies. The modelling of these de-
vices is a key aspect in the improvement of their design and performances which
can represent a considerable increase of the overall efficiency of solar power plants.
In the subject of modelling and improving the performances of PTCs and their heat
collector elements (HCEs), the thermal, optical and aerodynamic study of the fluid
flow and heat transfer is a powerful tool for optimising the solar field output and
increase the solar plant performance. This thesis is focused on the implementation
of a general methodology able to simulate the thermal, optical and aerodynamic be-
haviour of PTCs. The methodology followed for the thermal modelling of a PTC,
taking into account the realistic non-uniform solar heat flux in the azimuthal direc-
tion is presented. Although ab initio, the finite volume method (FVM) for solving
the radiative transfer equation was considered, it has been later discarded among
other reasons due to its high computational cost and the unsuitability of the method
for treating the finite angular size of the Sun. To overcome these issues, a new optical
model has been proposed. The new model, which is based on both the FVM and ray
tracing techniques, uses a numerical-geometrical approach for considering the optic
cone. The effect of different factors, such as: incident angle, geometric concentration
and rim angle, on the solar heat flux distribution is addressed. The accuracy of the
new model is verified and better results than the Monte Carlo Ray Tracing (MCRT)
model for the conditions under study are shown.

Furthermore, the thermal behaviour of the PTC taking into account the non-
uniform distribution of solar flux in the azimuthal direction is analysed. A general
performance model based on an energy balance about the HCE is developed. Heat
losses and thermal performances are determined and validated with Sandia Labo-
ratories tests. The similarity between the temperature profile of both absorber and
glass envelope and the solar flux distribution is also shown.

In addition, the convection heat losses to the ambient and the effect of wind flow
on the aerodynamic forces acting on the PTC structure are considered. To do this,
detailed numerical simulations based on Large Eddy Simulations (LES) are carried
out. Simulations are performed at two Reynolds numbers of ReW1 = 3.6 × 105 and
ReW2 = 1 × 106. These values corresponds to working conditions similar to those
encountered in solar power plants for an Eurotrough PTC. The study has also con-
sidered different pitch angles mimicking the actual conditions of the PTC tracking
mechanism along the day. Aerodynamic loads, i.e. drag and lift coefficients, are cal-
culated and validated with measurements performed in wind tunnels. The indepen-
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Abstract

dence of the aerodynamic coefficients with Reynolds numbers in the studied range
is shown. Regarding the convection heat transfer taking place around the receiver,
averaged local Nusselt number for the different pitch angles and Reynolds numbers
have been computed and the influence of the parabola in the heat losses has been
analysed. Last but not the least, the detailed analysis of the unsteady forces acting
on the PTC structure has been conducted by means of the power spectra of several
probes. The analysis has led to detect an increase of instabilities when moving the
PTC to intermediate pitch angles. At these positions, the shear-layers formed at the
sharp corners of the parabola interact shedding vortices with a high level of coher-
ence. The coherent turbulence produces vibrations and stresses on the PTC structure
which increase with the Reynolds number and eventually, might lead to structural
failure under certain conditions.
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Chapter 1

Introduction

1.1 Solar concentrating technology

Solar radiation arriving at the Earth’s surface is a fairly dispersed energy source.
The photons comprising the solar radiation can be converted directly to electricity
in photovoltaic devices, or, in concentrating solar power (CSP). In the latter case ,the
solar radiation heats up a fluid that is used to drive a thermodynamic cycle. Op-
posed to photovoltaic cells or flat plate solar thermal collectors, the diffuse part of
the solar irradiation which results from the scattering of the direct sunlight cannot
be concentrated and can therefore not be used in CSP power plants. In the CSP
technology, concentration of sunlight using mirrors or optical lenses is necessary to
create a sufficiently high energy density and temperature level. Solar concentrating
systems enable the thermal conversion to be carried out at high solar flux and with
relatively little heat loss. Different solar concentrating technologies are today devel-
oped and demonstrated in solar market and can be divided according to the method
of concentration [1] in two groups: line concentrating and point concentrating.

1.1.1 Line concentrating

Line concentration use a trough-like mirror to concentrate the incoming solar radi-
ation onto an absorber tube by one-axis tracking system. The most important line
concentrating technologies are the parabolic trough collectors (PTC) and linear Fres-
nel reflector systems (LF) (see figure 1.1).

Depending to their design, PTC and LF are able to concentrate the solar radiation
flux 30− 80 times in order to heat a thermal fluid up to 400◦C.

The absorber tube may be made by steel or cooper and coated with a heat re-
sistant black paint. Parabolic trough is today considered a fully mature technology
where technological and financial risks are expected to be low. The parabolic trough

17



Chapter 1. Introduction

(a) (b)

Figure 1.1: Line concentrating systems: (a) Parabolic trough collector: 50 MW

power plant Andasol 1 in Granada, Spain [2] , (b) Linear Fresnel collector: 9 MW

solar field at Liddell Power station, Australia [3]

collector consists of receiver, mirrors, metal support structure, pylons and founda-
tions. The parabolic shaped and faceted mirrors concentrate the sunlight onto the
receiver tube.

The absorber tube is typically surrounded by a glass tube creating a vacuum in
the annular zone to reduce convective heat losses from the hot steel pipe. A selec-
tive coating with high solar absorptivity and low thermal emissivity may be used
to reduce heat losses and achieve better performance. A thermal oil is commonly
used as a working fluid that circulate through the absorber tube and transform the
solar radiation into thermal energy and carries heat to heat exchangers or similar for
driving a Rankine stream turbine. Other heat transfer fluids can be also used in PTC
technology such as molten salt and steam.
Linear Fresnel collectors are a variation of parabolic trough collectors. The main dif-
ference compared to the parabolic trough collectors is that LFCs use several parallel
mirrors facets instead of parabolic bent mirrors to concentrate the sunlight onto one
receiver, which is located several meters above the primary mirror field [4]. The re-
ceiver also consists of a long selectively coated absorber tube without any need for
flexible hoses or rotating connectors as it is the case for parabolic trough. Due to the
optical principles of Fresnel collectors, the focal line is distorted by astigmatism [5].
This requires a secondary mirror above the tube in order to refocus the rays missing
the tube in a secondary reflection onto the tube. Another concept is based on several
parallel tubes forming a multi-tube receiver (increasing the width) instead of using
a secondary reflector [6]. Compared to trough plants, commercial LFC technology is
relatively novel.

18



1.1. Solar concentrating technology

(a) (b)

Figure 1.2: Point concentrating systems: (a) Central receiver system: Solar tower

plants: PS10 (11MW) and PS20(20MW) a in Seville, Spain [7], (b) Dish Stirling

prototype plants at Plataforma Solar de Almera, Spain [8]

1.1.2 Point concentrating

The other kind of concentrating devices focus the incident solar radiation onto a
point. Dish/engine systems (DE) and central receiver systems (CRS) are the most
known application for point concentrating technology (see figure 1.2).
DE use a parabolic dish to concentrate the incident direct radiation onto a receiver.
DE are 3 D concentrators with high concentration ratios (1000− 4000). The parabolic
dish must track the sun on two-axis tracking system to maintain the light conver-
gence at its focal point. DE systems have modular collector and receiver and uses
small autonomous generation of electricity such as Stirling engines or small gas tur-
bine located at the focal point. The receiver absorbs the radiant solar energy convert-
ing it into thermal energy in a circulating fluid [1]. Two general schemes are possible
for power conversion: thermal energy can be transported to a central power con-
version or converted directly into electricity using an engine-generator mounted at
near/at the focal point which is the most common way [4].
The CRS technology is more complex and incorporates a field of large reflecting mir-
rors known as heliostats that concentrate the solar energy on the receivermounted at
the top of a tower. The immense solar flux reflected towards the receiver yields high
concentration ratios (200 − 1500). Every heliostat is individually oriented to reflect
incident solar radiation directly onto the receiver taking into account the shading
with other heliostats. A fluid passes through the receiver to absorb the thermal en-
ergy for power production and storage. A diversity of thermal fluids are used in the
CRS technology such as air, water/steam, molten salt, and liquid sodium. Although
it is less mature than PTC, CRS is today a proven technology and CRS plants are
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Chapter 1. Introduction

Figure 1.3: Parabolic trough power plants Andasol 1 (in front) and Andasol 2

(rear) in Spain with a capacity of 50 MW each and a storage size of 7.5 hours [2]

being implemented, either in the design or in the construction phase [9].

1.2 Parabolic trough technology

This section is related to components of PTC and their main features and applica-
tions. It also includes some existing application and the evolution of this technology
throughout the history. As mentioned in the previous section, PTC is a focal line so-
lar concentrating technology where thermal fluid passes through a receiver tube to
absorb the concentrated solar energy reflected by parabolic trough-shaped mirrors.
PTC applications can be divided in two main groups depending on the tempera-
ture range. The first and most important application is the concentrated solar power
(CSP) plants for electric generation where temperature are from 300 to 400 ◦C. The
other group of applications requires temperature between 100 and 250 ◦C. The main
applications of this range are the industrial process heat (IPH), low-temperature heat
demand, space heating and swimming pool and heat-driven refrigeration and cool-
ing. This thesis is concerned with the first kind of applications, i.e. CSP plants.
There are two ways to integrate a PTC solar field in a steam-turbine power plant:i)
directly, i.e., generating steam in the solar field (Direct SteamGeneration (DSG) tech-
nology), or ii) indirectly, by heating thermal oil in the solar field and using it to gen-
erate steam in a heat exchanger (Heat Transfer Fluid (HTF) technology).
The PTCs were initially developed for industrial process heat (IPH) applications
[10]. In 1983, Southern California Edison (SCE) signed an agreement with Luz In-
ternational Limited to purchase power from the Solar Electric Generating System
(SEGS) I and II plants. In total, Luz built nine SEGS plants range in size from 14
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1.2. Parabolic trough technology

Figure 1.4: Typical receiver tube [11]

to 80 MWe and represent 354 MWe of installed electric generating system in the
Mojave desert of California . The technology was also considerably stimulated in
Europe when the first SEGS plants were erected. In 1996, the DIrect Solar Steam
(DISS) projectwas initiated at the Plataforma Solar de Almería (PSA) to test parabolic
trough collectors that generate steam directly in the solar field.

Recently, many research projects and solar plants are constructed or under con-
struction in many countries.

1.2.1 Receiver tube

The receiver tube or heat collector element (HCE) is the main component of parabolic
trough solar technology. It is composed of an inner steel tube with a selective coat-
ing surrounded by an anti-reflective evacuated glass tube. The HCE incorporates
conventional glass-to-metal seals and metal bellows to ensure vacuum in annular
zone and accommodate for thermal expansion difference between the steel and glass
tubes. The vacuum in the HCE is typically maintained at about 0.013 Pa to reduce
convection losses within the annulus. A typical selective coating used above the
steel tube is the multilayer cermet coating which result in excellent selective optical
properties with high solar absorptivity and low thermal emissivity. Receiver tube is
generally about 4m long between the support braces that support it at the focal line
and can be extended to 150m. The inner steel tube is about 70mm outside diameter
and the glass envelope tube is about 115mm outside diameter [10]. An aluminium
shield is usually used to protect welds and chemical getter (metallic compounds) are
also placed in the vacuum space to eliminate gas molecules such as hydrogen that
permeate into the vacuum annulus over time.
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Figure 1.5: Structure and mirrors at a SEGS solar plant [12]

1.2.2 Structure and mirrors

PTC reflectors have a high specular reflectance (greater than 88%) to reflect as much
solar radiation as possible. The reflectors are usually made from low-iron float glass
(about 4mm) with high solar transmittance. The mirrors are commonly silvered on
the back and covered with several selective coatings since their durability and solar
reflectance are better than the polished aluminium and metallized acrylic which are
also available in the market. Solar reflectance is about 0.93 for silvered glass mirrors
and 0.87 for polished aluminium [1]. The parabolic reflector is held by a steel support
structure on pylons in the foundation. Ceramic pads used for mounting the mirrors
to the collector structure are attached with a special adhesive. The installation and
mounting of the support structure has high influence on the total plant performance.
The support structure has to meet the following structural requirements:

• Stiffness: The structure has to be a robust, with a rigid frame, capable to main-
tain exact geometry (optical precision) at all times: It has to withstand defor-
mations through the collector weight, through wind and through temperature
differences of ambience and of the receiver.

• Weight: Low weight reduces cost of both material and transport.

• Motion: A high angular tolerance is necessary to enable one-axis tracking re-
quirements. The tracking has to be accurate, robust and sufficiently strong to
be capable to operate even under extreme weather conditions.

The metal support structure design is optimized to follow accuracy goals and to re-
duce investment cost. Several structural concepts of parabolic trough collectors exist.

22



1.2. Parabolic trough technology

One basic point where the concepts differ is how they transfer the torsional moment
when tracking the Sun because high torsion would lead to a smaller intercept factor
and lower optical efficiency. There are basically two concepts: the torque concept
and the space frame concept.

1.2.3 Thermal fluid

Parabolic trough solar collectors utilize a heat transfer fluid (HTF) that flows through
the receiver collecting and transporting solar thermal energy to the power block. The
choice of the thermal fluid or heat transfer fluid (HTF) can effect the kind of storage
technologies that can be used in the plant. Several HTF options may be used in
PTC solar plants. The selection of the HTF is related to the required temperature and
further options like storage. Thermal oils are commonly used as the working fluid in
PTC plants for temperature above 200◦C because the use of water can rise the price
of the solar plant since it would produce high pressures inside the receiver tube and
piping. Biphenyl-diphenyl-oxide, known by trade names Therminol VP-1 [13] and
Dowtherm A [14], is widely used and has shown excellent stability. Although it is
flammable, safety and environmental protection requirements can be satisfied with
reasonable effort.

1.2.4 Thermal storage

Thermal storage is in principle applicable not only to parabolic trough power plants,
but also to the other CSP technologies. However, most of the existing solar thermal
power plants that have integrated thermal storage use PTC technology. The aim of
the thermal storage system is to supply the steam turbine with the steam necessary
for its operation when solar radiation is not available. In addition, during times of
low irradiation, when solar energy alone is not sufficient, the system output can be
increased by using additional steam generated by the storage system. Combined
with thermal energy storage (TES), the CSP technology can provide not only dis-
patchable electricity but also stability to the electricity network in case of high frac-
tion of renewable production or intermittency due to cloudy weather conditions.

Thermal energy storage can be classified by storage mechanism (sensible, latent,
chemical) and by storage concept (active or passive) [16]. Different storage systems
have been proposed in the literature: sensible heat storage both in solid media and
liquid media; latent heat storage where the energy is stored through a phase change
from a solid to liquid state; and chemical storage by reversing the direction of the en-
dothermic chemical reactions. The sensible heat storage in liquid phase is considered
the simplest and cheapest method which is the storage system most used in opera-
tional solar thermal power plants. Both oil and salts are possible candidate to the
liquid media. Two main configurations are possible with these storage method: one
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Figure 1.6: The two-tank storage system in the Andasol-1 plant [19]

or two-tank systems. In the first type, a one tank or thermocline is used as packed
bed to store thermal energy. Because of density difference cold and hot fluid are sep-
arated: the hot fluid accumulated at the top and the cold is stratified at the bottom.
Buoyancy forces help to maintain stable the thermal stratification in the same tank
[17].

The two-tank system uses one tank for cold fluid coming from the steam genera-
tor and one tank for the hot fluid coming directly from the solar field before it is fed
to the steam generator. The main advantage of this storage system is that cold and
hot HTF are stored separately.
The state-of-the-art storage systems for PTC technology employ molten salts in an
indirect two-tank design where the heat transfer occurs during charging and dis-
charging process through forced convection [18].

1.2.5 Solar power cycle

PTC technology utilize usually a heat transfer fluid to collect heat energy based on a
good solar-to-thermal efficiencywhichmake possible to integrate this heat in a Rank-
ine water/steam power cycle to produce electricity. If oil is used as a heat transfer
fluid, it is heated in the solar field and goes on the steam generator which is an oil-
water heat exchanger. Therefore, the oil transfers its thermal energy to the water in
order to generate preheating and superheating steam required by the steam turbine.
The steam generator is composed of three stages: preheater, evaporator and super-
heater where the water is transformed to a superheated steam [1]. The majority of
power plants with PTC technology deployed to date use thermal oil as the working
fluid in the solar field [20]. However, a number of alternative process concept are
currently under development to reduce costs and increase efficiency. One of these
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initiative is the integration of a PTC field into the Rankine steam bottoming cycle of
a combined gas-fired power plant. The concept is called Integrated Solar Combined-
Cycle System (ISCCS) and it consists on over-sizing the steam turbine to handle the
increased steam capacity. The ISCCS configuration is currently being considered
and promoted in different power plants such as in India, Egypt, Morocco and Mex-
ico [21]. The ISCCS concept is considered as an economic alternative because the
incremental cost for increasing the steam turbine size on a combined-cycle plant is
lower than a stand-alone Rankine cycle power plant. Another power concept is the
use of direct steam generation (DSG) which refers to the generation of steam in the
collector field and eliminates the need of an intermediate heat transfer fluid. The
environmental risks associated with the oil would be then avoided. DSG concept
reduces the overall plant investment cost because it eliminates the HTF steam gen-
eration and the associated element. However, it presents some challenges especially
the two-phase flow existing in the absorber tube. PTCs can also be integrated in
a geothermal power plant using Organic Rankine Cycle (ORC)[10]. Hot water and
steam from geothermal wells can be directly fed into an absorber pipe going through
a PTC field. The combination of both thermal energy sources increases the volume
and the quality of generated steam for power production.

1.3 State-of-the-art of modelling PTC

Given the importance of the modelling of PTC, numerous models have been pro-
posed to evaluate the optical, thermal and aerodynamic performance of the parabolic
trough solar collectors. Different test cases have been studied in order to prove the
accuracy of the implemented code and its applicability to solve the realistic non-
uniform solar heat flux in the azimuthal direction. However, few published works
have treated this dependence. Jeter [22, 23] presented a mathematical formulation
based on the Gaussian function to calculate the concentrated solar flux density and
the optical behaviour of a PTC taking into account imperfect reflection, transmission
and absorption. Güven and Bannerot [24] established an optical model which used a
ray-tracing technique to evaluate the optical performance and determined the opti-
cal errors by means of a statistical analysis. He et al. [25] combined the Monte Carlo
ray-tracing method (MCRT) with a computational fluid dynamics (CFD) analysis in
the HTF to simulate the coupled heat transfer problem. As for the thermal modelling
of PTC, many works have been carried out to study the coupled heat transfer prob-
lem in the solar receiver assuming a uniform solar flux. Dudley et al. [26] proposed
a one-dimensional (1D) model to analyse the thermal behaviour and performance of
the LS2 SEGS collector. Foristall [27] implemented both a 1D and a two-dimensional
model (2D) by dividing the absorber into several segments. A direct steam genera-
tion (DSG) collector model was proposed by Odeh et al. [28] based on the absorber
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wall temperature rather than the working fluid temperature. García-Valladares and
Velázquez [29] proposed a numerical simulation of the optical, thermal and fluid
dynamic behaviour of a single-pass solar PTC and extended the study by replacing
the absorber with a counter-flow concentric circular heat exchangers (double-pass).
Stuetzle [30] proposed a 2D unsteady state analysis of solar collector absorber to
calculate the collector field outlet temperature: the model was solved by discretis-
ing the partial differential equations obtained by the energy balance. Padilla et al.
[31] presented a 1D heat transfer model of a PTC taking into account the thermal
interaction between adjacent surfaces and neglecting the non-uniformity of the solar
flux. Roldán et al. [32] presented a CFD model to calculate the temperature profile
in the wall of the absorber tubes of PTC for direct steam generation. They adopt
a typical solar flux distribution around the receiver which is estimated by a square
profile. Finally, only few studies of wind flow around the PTC have been published.
In the late of 1970s and early 1980s, Sandia National Laboratories sponsored some
wind tunnel tests, which were published in different reports [33, 34, 35, 36]. From
March 2001 to August 2003, Hosoya et al. [37] conducted a series of wind tunnel
tests about a PTCwith different configurations in which they included the peak load
and the local pressure across the face of the solar collector and, investigated the ef-
fect of the location of the PTC in the collector field, as well as, the use of a porous
fence. Gong et al. [38] performed field measurements on the Yan Qing solar collec-
tor in China to determine the boundary layer wind characteristics and the effect of
wind loads on solar collectors for different configurations. However the numerical
study of wind flow around PTC are rare. Naeeni and Yaghoubi [39, 40] developed a
turbulent model based on resolving the Reynolds-averaged Navier-Stokes equations
(RANS) to analyse the fluid flow and heat transfer around a parabolic trough solar
collector from Shiraz solar power plant.

1.4 Objectives of this thesis

The modelling of the HCE is a powerful tool to evaluate and improve the HCE de-
signs and increase the performance of PTC solar plants. Several models have been
proposed to analyse heat transfer about the HCE and develop parabolic trough re-
ceivers with higher performance[27]. However, as commented in the previous sec-
tion, the majority of the thermal models are either unidimensional and too simplified
or they neglect the realistic non-uniform solar heat flux in the azimuthal direction.
The thermal and optical modelling of the HCE can be very useful for the evaluation
of the performance of the solar receiver and improve the design.
Furthermore, the thermal and fluid dynamics study of the flow around the PTC and
the HCE is very useful in order to predict the stability of the parabolic structure and
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mirrors against winds, as well as, the heat losses in the receiver [41]. Up to now,
the turbulence modelling of the fluid flow and heat transfer around the PTC has
been solved using RANS models which suffer from inaccuracies for the prediction
of flows with massive separations and vortex shedding [42, 43]. However, the ad-
vances in computational fluid dynamics (CFD) together with the increasing capacity
of parallel computers have made possible the use of more accurate turbulent models
such as Large-Eddy Simulation models (LES) for solving industrial flows.

Considering the actual state-of-the-art in modelling parabolic trough solar col-
lectors, this thesis aims at studying the fluid flow and heat transfer in a parabolic
trough collector by means of detailed numerical models. To do this:

• A new optical model to accurately calculate the solar distribution around the
HCE taking into account the solar angle has been implemented.

• A general thermal model that could predict accurately the heat losses and ther-
mal performance of a PTC and takes into account the solar distribution around
the HCEs has been developed.

• The wind flow around the PTC and its effect on the stability and the heat trans-
fer around the HCE has been studied by means of three-dimensional simula-
tions of the turbulent flow using Large-Eddy Simulations techniques.

1.5 Background

The present thesis has been developed at the Heat and Mass Transfer Technologi-
cal Centre, (Centre Tecnológic de Transferéncia de Calor CTTC), of the Polytechnic
University of Catalonia (Universitat Politècnica de Catalunya UPC-BarcelonaTech).
CTTC is devoted to the mathematical formulation, numerical resolution and exper-
imental validation of heat and mass transfer phenomena and, at the same time, the
application of the acquired know-how to the design and optimisation of thermal
systems and equipments. Within these research activities the Centre is working on:
CFD & HT ( which involves different issues such as high performance computing
[44], turbulence modelling [45, 46], multi-phase modelling [47, 48], multi-physics
modelling [49] , fluid structure interaction [50], wind energy [51], solar thermal en-
ergy, thermal and thermo-chemical storage [52], heat exchangers [53, 54], HVAC
& Refrigeration [55, 56] and energy efficiency in building and/or districts [57]. A
more extensive information about research activities (projects and publications) car-
ried out within the fundamental working lines at CTTC can be found at [58].
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Turbulence modelling has always been a challenging research topic with a wide
experience in the centre. First turbulence modelling experiences were based on
RANS for solving both natural convection and forced convection [59, 60, 61]. Fur-
thermore, direct numerical simulations (DNS) for studying the natural convection
inside a differential heat cavity [62] were also performed. Based on the acquired
know-how in turbulencemodelling and parallel computing, the experiencewas later
extended to unstructured grids which has allowed to tackle turbulent flows with
complex geometries by using both DNS and Large-Eddy Simulations (LES) [63, 64].

Furthermore, numerical simulation of energy transfer by radiation has been ad-
dressed in many works at CTTC. A significant experience has been acquired in the
resolution of radiation in both, transparent and participating medium [65]. Net
radiation Method was implemented for resolving radiation in transparent medium
in axial symmetric geometries. Discrete ordinates method (DOM) was also used in
Cartesian and cylindrical geometries to compute the radiation energy transferwithin
either transparent or participating media [66]. Another popular angular quadra-
ture method, the finite volume method FVM, has been tested for the resolution of
radiation transport problems [67]. Radiative transfer equation was solved within
unstructured meshes for both quadrature methods (DOM and FVM) by means of
parallel sweep method [68].

Besides, solar energy field constitutes one of the main applied research topics,
with more than two decades of experience. CTTC research in this subject has cov-
ered a wide spectrum of applications such as passive solar energy systems [69, 70],
low temperature solar systems and equipment [71, 72] and high temperature solar
thermal power plants [73, 74, 75].

This thesis takes advantage of the previous experience in the different subjects
to make one step forward in the modelling of solar thermal equipments, specially
parabolic trough collectors for CSP plants. In addition, the accumulated knowledge
in the resolution of the the radiative thermal equation and in particular to the finite
volume method FVM, was the starting point for the optical modelling of the PTC
(see chapter 2). Although, it has been shown that the FVM is costly expensive and
less efficient for such applications, the experience gained in resolving energy trans-
fer by radiation has allowed to develop a new optical model based on the FVM and
ray tracing techniques. The new optical model is more suitable for such applications
and takes into account the finite size of the Sun (see chapter 2). Apart form that, the
previous experience in turbulence modelling and more specifically in the turbulent
flow around bluff bodies [73, 76, 77, 78] has been very useful for the study of the
fluid flow and heat transfer around the PTC (see chapters 4 and 5). The character-
istics encountered in turbulent flows with massive separations were key factors to
handle the aerodynamic behaviour of the PTC and its solar receiver. In this context,
turbulence modelling in this thesis is carried out using the multi-physics software
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Termofluids [45] developed by Termo Fluids S.L., a spin-off of the CTTC. This code
has been programmed following the object oriented methodology and designed to
run in parallel super computers. The main objective of this code is to contribute
to solve complex multi-physics problems with high level methods including many
functionalities such as: radiation, reactive flows, multiphase flows, fluid-structure
interactions, problems with dynamic meshes and multi-scale systems.

1.6 Outline of the thesis

This thesis aims at modelling the fluid flow and heat transfer around a parabolic
trough solar collector. In order to accomplish the goals detailed in section 1.4, the
next chapter is devoted to present the optical model and the different steps in inves-
tigations that have been taken to develop a new optical model. This model is based
on the finite volume method (FVM) and ray trace techniques and takes into account
the finite size of the Sun in order to calculate accurately the non-uniform solar flux
distribution around the receiver. The model has been validated respect to analytical
and numerical results from the literature.
Chapter 3 is dedicated to present the details of the thermal model for simulation
of PTC. This numerical heat transfer model is based on the finite volume method
and it applies an energy balance about each components of the solar receiver. This
model includes the direct normal solar irradiation, the optical losses from both, the
parabola and the HCE, the thermal losses from the HCE, and the gains in the heat
transfer fluid. Themain contribution of this model is to take into account the realistic
non-uniform solar heat flux in the azimuthal direction and its effect on the thermal
behaviour of the components of the solar receiver.
After this chapter, the three-dimensional turbulent fluid flow and heat transfer around
the PTC is studied. This model is based on Large Eddy Simulations to calculate the
convection heat transfer from the receiver and the drag forces on the solar collector.
First, it is verified on a circular cylinder in a cross flow and then validatedwith avail-
able experimental measurements from literature on solar collectors. Simulations are
performed for various pitch angles and wind speeds and aerodynamic coefficients
and heat transfer coefficients are calculated. A power spectra analysis is also con-
ducted to study the unsteady forces acting on the PTC.
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Chapter 2

Radiative analysis and optical
model of a PTC

Part of the contents of this chapter have been published as:

A.A. Hachicha, I. Rodríguez, R. Capdevila and A. Oliva. Numerical sim-
ulation of a parabolic trough solar collector considering the concentrated
energy flux distribution. 30th ISES Biennial Solar World Congress 2011,
SWC 2011, (5)3976-3987.

A.A. Hachicha, I. Rodríguez, R. Capdevila and A. Oliva. Heat transfer
analysis and numerical simulation of a parabolic trough solar collector .
Applied Energy 2013; 111: 582-592.

Abstract. The finite volumemethod for solving the radiative transfer equation (RTE) has been
implemented and tested for different cases including transparent, absorbing, emitting and
isotropically scattering media in enclosures. The same methodology is applied to determine
the solar heat flux distribution around the absorber tube of a parabolic trough solar collec-
tor (PTC). In order to reduce the computational cost and take into account the finite size of
the Sun, a new geometrical-numerical method inspired from the FVM and ray tracing tech-
niques has been developed to analyse the optical performances of a PTC. The new optical has
been validated with available analytical and numerical data from the literature and a good
agreement is encountered. The effect of different factors, such as: incident angle, geometric
concentration and rim angle on the solar heat flux distribution has also been studied.
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2.1 Introduction

The optical modelling of a parabolic trough solar collector (PTC) is very useful to
determine the azimuthal distribution of the non-uniform solar flux around the re-
ceiver as well as its optical performance. The optical model is a pre-processing task
that should be included into the thermal model as a boundary condition for the
outer surfaces of the absorber/glass tube. One of the main approaches to develop
a numerical optical model is the resolution of the radiative transfer equation (RTE).
With the development of computers, different numerical methods to solve the RTE
were formulated. Among the existing methods to solve the RTE, the finite volume
method (FVM) proposed by Raithby and Chui [1] is one of the most popular ones
used in CFD that is capable of handling radiation in transparent and participating
gray medium. It has been extensively applied at different situations because it leads
to the exact satisfaction of the conservation laws.

First, several benchmark and preliminary cases are solved using the FVM in or-
der to prove the accuracy of the model. This method is then implemented and ap-
plied at a PTC and its receiver. However, the difficulties encountered to simulate
the finite size of the Sun together with the high computational costs were the main
motivations to develop a new geometrical-numerical method inspired by the FVM
and ray tracing techniques. The new optical model takes into account the finite size
of the Sun and the incident angle. Numerical results are performed for different con-
figurations and then compared to analytical and numerical results available in the
literature.

2.2 Radiative Transfer Equation (RTE)

In many engineering applications, the interaction between absorbing, emitting and
scattering in a participating medium must be accounted for. This can be modelled
using a balance of energy, known as Radiative Transfer Equation (RTE), which de-
scribes the radiative intensity field as a function of location (fixed by location vector
r), direction (fixed by unit direction vector ŝ) and spectral variable (wavenumber ν).
Consider a beam of radiation with intensity Iν(r, ŝ) propagating in the absorbing,
emitting and scattering medium in a given direction. The energy of radiation will
decrease owing to its absorption by the medium and owing to the deviation of a
part of the radiation from the initial trajectory as a result of the scattering in all di-
rections (out-scattering). But, at the same time, the energy will increase because of
thermal radiation emission by the medium volume and by the incoming scattering
from other directions (in-scattering). The absorption, scattering and emission of ra-
diation by a medium have effect on the energy of a radiation beam that propagates
in it.

38



2.2. Radiative Transfer Equation (RTE)

Consider the emitting, absorbing and scattering medium characterized by the
spectral absorption coefficient κν and spectral scattering coefficient σs,ν . The beam
of monochromatic radiation with intensity Iν(r, ŝ) propagates in this medium in the
observation direction Ω along the path s. The radiative balance is applied on an ele-
mentary volume in the form of a cylinder with cross section dA, length dS, disposed
in the vicinity of coordinate s, the axis of a cylinder coinciding with the direction of
s (see figure2.1).

Let Iν(r, s, ŝ, t) be the radiation intensity at point s for the time t and Iν(r, s +
dS, ŝ, t+dt) be the radiation intensity at point s+dS for the time t+dt in the vicinity
of t. The change in radiative intensity in the path length dS is obtained by taking
into account the augmentation by emission and in-scattering and the reduction by
absorption and out-scattering.

Figure 2.1: An elementary volume for the derivation of the RTE.

The energy balance of the radiative energy gives

(Iν(r, s+ dS, ŝ, t+ dt)− Iν(r, s, ŝ, t))dA = κνIbν(r, s, t)dAdS − κνIν(r, s, t)dAdS

−σs,νIν(r, s, ŝ, t)dAdS +
σs,ν

4π

∫

4π Iν(r, ŝ)φν(ŝ, ŝ
′)dΩdAdS (2.1)

Since the ray travels at the speed of light, this control volume and the speed of light is
so large compared to characteristic time of the majority of engineering problems [2],
the general equation of transfer for an absorbing, emitting and scattering medium is

dIν
dS

= ŝ.∇Iν(r, ŝ) = κ(r)νIbν(r) − β(r)Iν (r, ŝ) +
σs,ν(r)

4π

∫

4π

Iν(ŝ)Φν(ŝ, ŝ
′)dΩ (2.2)

Most frequently this equation is presented in a more compact form:

dIν(r, ŝ)

dS
= −βνIν(r, ŝ) + Sν(r, ŝ) (2.3)

where
βν = κν + σs,ν (2.4)
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Sν(r, ŝ) = κ(r)νIb(r) +
σs,ν(r)

4π

∫

4π

Iν(ŝ)Φν(ŝ, ŝ
′)dΩ (2.5)

In these relations, Sν is called the source function, βν is the spectral extinction coef-
ficient. Equation (2.2) is valid for a gray medium or, in spectral basis, for a nongray
medium. By assuming the medium is gray, Iν becomes I .

In the present work, two different boundary conditions are used. The boundary
condition of radiative intensity for an opaque diffuse surface is given by the follow-
ing equation.

I(rw, ŝ) = ǫ(rw)Ib(rw) +
ρ(rw)

π

∫

n̂·ŝ′<0

I(rw, ŝ′)|n̂ · ŝ′|dΩ′ (2.6)

For diffusely emitting, specularly reflecting opaque surfaces the boundary condition
is described by

I(rw , ŝ) = ǫ(rw)Ib(rw) +
ρd(rw)

π

∫

n̂·ŝ′<0

I(rw, ŝ′)|n̂ · ŝ′|dΩ′ + ρs(rw)πI(rw , ŝs) (2.7)

where ρd, ρs and ss are the diffuse reflectivity, the specular reflectivity and the spec-
ular direction, respectively.

The radiative flux is defined by the following equation

q(r) =

∫

4π

I(r, ŝ)ŝdΩ (2.8)

The divergence of the heat flux can be calculated by integrating the RTE over all solid
angles

∫

4π

ŝ·∇I(r, ŝ)dΩ =

∫

4π

κ(r)Ib(r)dΩ−

∫

4π

β(r)I(r, ŝ)dΩ+

∫

4π

σs(r)

4π

∫

4π

I(r, ŝ)Φ(ŝ, ŝ′)dΩdΩ′

(2.9)
where Φ is the scattering phase function and Φ = 1 for isotropic scattering. The scat-
tering function obeys the following relation

∫

4π

Φ(ŝ, ŝ′)dΩ = 4π (2.10)

Scattering is only a redistribution phenomena of the photons without changing
its energy.

Then, the last integration leads to

∇ · q = 4πκ(r)Ib(r) − β(r)

∫

4π

I(r, ŝ)dΩ + σs(r)

∫

4π

I(r, ŝ)dΩ (2.11)
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2.2. Radiative Transfer Equation (RTE)

(a) (b)

Figure 2.2: Example of (a) angular discretisation (control angle) and (b) spatial

discretisation (control volume).

Using the relation κ = β − σ the divergence of the heat flux can be expressed as

∇ · q = κ(r)

(

4πIb(r) −

∫

4π

I(r, ŝ)dΩ

)

(2.12)

2.2.1 The Finite Volume Method (FVM)

Many methods have been developed to solve the RTE. Raithby and Chui [1, 3, 4]
presented new angular and spatial discretisation practices that integrates the RTE
on control angles as well as on control volumes to assure energy conservation. An
exact integration is applied to evaluate solid angle integrals which is analogous to
the evaluation of areas and volumes in the finite volume approach. The FVMpermits
also to capture the collimated directions without constraint and handle the specular
reflection boundaries by using symmetric angular discretisation.

Following the spatial discretisation practice, the angular space is subdivided into
Nθ ×Nφ = M control angles (see figure 2.2(a)). The RTE is then, integrated over the
control volume ∆V and over each of the solid angle elements ∆Ω.

Integrating RTE equation (2.3) over a typical two dimensional control volume
and control angle∆Ω and applying the divergence theorem in a surface integral∆A
gives
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∫

∆Ωl

∫

∆A

I l(ŝl, n̂)dAdΩl =

∫

∆Ωl

∫

∆V

(−βI l + Sl)dV dΩl (2.13)

where ŝl is a unit direction vector in the control angle l. Applying the finite volume
approach, the intensity is assumed constant within the control volume and the con-
trol angle then equation (2.13) can be simplified to

4
∑

i=1

I li∆A

∫

∆Ωl

(ŝl, n̂)dΩl = (−βI l + Sl)∆V∆Ωl (2.14)

where

Sl = κIb +
σ

4π

M
∑

l′=1

(I l
′

Φll′∆Ωl′) (2.15)

Φll′ is the phase function for scattering from the solid angle Ωl to the solid angle
Ωl′ . In order to accelerate the iterative solution procedure, the treatment presented
by Chai et al. [5], where a modified extinction coefficient and a modified source
function are defined, is adopted.

βm = β −
σ

4π
Φll∆Ωl (2.16)

Sl
m = κIb +

σ

4π

M
∑

l′=1,l 6=l′

I l
′

Φl′l∆Ωl′ (2.17)

If equation (2.13) is discretised for a typical two-dimensional Cartesian coordinates
control volume and radiation direction (see figure 2.2(b)). The discretised RTE takes
the form

(I le − I lw)∆AxD
l
cx + (I ln − I ls)∆AyD

l
cy = [−βl

mI lP + Sl
m]∆V∆Ωl (2.18)

where

Dl
cx =

∫

∆Ωl

(ŝ · n̂x)dΩ
l, Dl

cy =

∫

∆Ωl

(ŝ · n̂y)dΩ
l (2.19)

∆Ax = ∆y, ∆Ay = ∆x (2.20)

∆V = ∆x∆y, ∆Ωl =

∫ φl+

φl−

∫ θl+

θl−

sinθdθdφ (2.21)

For example, for a direction that lies on the first quadrant (0 < θ < π/2 and 0 < φ <
π) like in figure 2.2(b), the intensities I ln and I le are relatedwith I ls and I lw, respectively
through:
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2.2. Radiative Transfer Equation (RTE)

I lP = wI ln + (1− w)I ls = wI le + (1− w)I lw (2.22)

where w is an appropriate spatial weighting factor which defines the numerical
scheme to evaluate the downstream boundary intensity. The weighting factors for
diamond and step schemes are w = 0.5 and 1, respectively. The step scheme, which
is the analogous of upwind scheme in the CFD community, is the simplest differenc-
ing scheme which sets the downstream boundary intensities equal to the upstream
nodal intensities; i.e. I ln = I le = I lP , I

l
w = I lW and I ls = I lS . In the diamond scheme,

the interpolation factor is set to 0.5, however this may lead to physically unreal neg-
ative intensities. In the present work negative intensities are set to zero following
Clarson and Lathrop suggestion [6].

After applying equation (2.22) in equation 2.18 leads to the final expression of nodal
intensity

I lP =
∆yDl

cxI
l
w +∆xDl

cyI
l
s + w(Sl

m)P∆V∆Ωl

∆yDl
cx +∆xDl

cy + w(βl
m)P∆V∆Ωl

(2.23)

The solution process is initialized with guessed values in the inner domain and the
boundary conditions (in the case of gray walls) for any point in the boundaries and
for all directions pointing away from the surface. For a 2 D Cartesian mesh, the
control angles are divided into 4 quadrants taking into account the direction of the
beam: the lower left corner is chosen as a starting point for those directions that lie
in (0 ≤ θ ≤ π

2 ) and (0 ≤ φ ≤ π). The source terms Sm are estimated by equation
(2.17) and the values of the west and south intensities are known from the boundary
conditions. Given the boundary values along the left and south faces, nodal values
are found by direct substitution into equation (2.23). Once I lP has been calculated,
I le and I ln are determined from equation (2.22), thus the first quadrant intensities are
calculated for the remaining control volumes of all the domain (IE , IW ... and so
on). The procedure is then repeated three times, starting from the remaining three
corners of the enclosure and using the corresponding directions. After a pass over
all directions and all the volumes, the whole process is repeated until convergence
of the intensities.

The FVM can suffer from some shortcomings. Some are crucial to the solution
accuracy, while others affect the efficiency of the solution procedure. Two major
shortcomings of the FVM : ray effect and false scattering.

Ray effect is due to the discretisation of the angular variable: it arises from the
approximation of a continuously varying angular nature of radiation by considering
a specified set of discrete angular directions [7] which may give a wavy solution.
This effect can be reduced by means of using finer angular discretisations [8].
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False scattering arises from the spatial discretisation practice. It is nonphysical
and thus could also be called numerical scattering. This effect is known as false
diffusion in the Computational Fluid Dynamic (CFD) community. This is due essen-
tially to the fact that the beam is oblique to the grid lines [7] which lead to a smeared
solution. This effect can be reduced by refining the spatial grid or using more accu-
rate spatial discretisation schemes.

Both shortcomings arise independently one from each other. However, there is an
interaction between them [7, 9] because their effects tend to compensate each other.
Ray effect tend to make the heat flux on a surface stepwise and the false scattering
tend to smooth the steps. This compensation effect should not be relied on since no
shortcoming is eliminated and should be reduced separately.

2.2.2 Collimated irradiation

If collimated irradiation that penetrates from the outside into a participatingmedium
is considered, the RTE remains the same as equation (2.2).

ŝ.∇I(r, ŝ) = κ(r)Ib(r) − β(r)I(r, ŝ) +
σs(r)

4π

∫

4π

I(ŝ)Φ(ŝ, ŝ′)dΩ (2.24)

However, intensity I(r, ŝ) within the medium is in this case composed of two
components: i) the remnant of the collimated beam Ic(r, ŝ) after partial extinction by
absorption and scattering along its path and ii) a diffuse part Id(r, ŝ) which results
from the emission from the boundaries, emission from within the medium and the
radiation scattered away from the collimated irradiation. Thus,

I(r, ŝ) = Ic(r, ŝ) + Id(r, ŝ) (2.25)

where the collimated remnant of the irradiation obeys the equation of transfer

ŝ.∇Ic(r, ŝ) = −βIc(r, ŝ) (2.26)

This equation has the following solution

Ic(r, ŝ) = [1− ρ(rw)]q0(rw)δ[ŝ(rw)− ŝc(rw)]e
−τc (2.27)

where ρ is the reflectivity, q0 is the collimated radiative flux incident on the bound-
ary, δ is the Dirac delta function and τc is the optical depth in the direction of the
collimated radiation defined as : τc =

∫ s

0 βds′.
Substituting equations (2.25) and (2.26) into equation (2.24), the RTE becomes

ŝ.∇Id(r, ŝ) = κ(r)Ib(r)− β(r)Id(r, ŝ) +
σs(r)

4π

∫

4π

Id(ŝ)Φ(ŝ, ŝ
′)dΩ + Sc(r, ŝ) (2.28)
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where Sc(r, ŝ) is the collimated source term resulting from radiation scattered away
from the collimated beam and given by

Sc(r, ŝ) =
σs(r)

4π

∫

4π

Ic(ŝ)Φ(ŝ, ŝ
′)dΩ =

σs(r)

4π
[1− ρ(rw)]q0(rw)e

−τcΦ(ŝ, ŝc) (2.29)

For a diffusely emitting and reflecting boundaries the intensity for any location rw
on the surface is described as

I(rw , ŝ) = [1−ρ(rw)]I0w(rw , ŝ)+ǫ(rw)Ib(rw)+
ρ(rw)

π

∫

n̂·ŝ′<0

I(rw , ŝ′)|n̂· ŝ′|dΩ
′ (2.30)

2.3 Case studies

In order to test the accuracy of the implemented code, several test cases are solved
using the FVM and compared with benchmark results found in the literature. The
FVM has been applied to two dimensional radiative heat transfer in rectangular en-
closures with isothermal diffusely reflecting, gray walls. The enclosed medium is
also assumed to be gray and scatter isotropically in the case of scattering medium.
The following notation (Nx × Ny)(Nθ ×Nφ) is considered to design the spatial and
angular discretisations for the two dimensional cases.

2.3.1 Isothermal absorbing-emitting medium

The problem consists of a square enclosure with cold walls (at 0 K) which contains
an absorbing emitting medium at uniform temperature Tg. The gas in the enclosure

Figure 2.3: Schematic of the case 2.3.1.

does not scatter (σs = 0) but emits and absorbs (κ 6= 0). In this case the medium
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(a) (b)

Figure 2.4: Case 2.3.1 dimensionless heat flux along the bottom wall for: (a)

κD = 0.1 and (b) κD = 10

is supposed homogeneous and isothermal at uniform temperature Tg. The exact
solution was taken from the results presented by Raithby and Chui [1].

The dimensionless heat flux on the bottom wall (q∗ = q
σT 4

g
) has been calculated

for two optical thicknesses: κDx = κDy = 0.1 and κDx = κDy = 10 and compared
with Chai and Patankar’s [10] solutions (see figures 2.4(a) and 2.4(b)).

The domain is discretised into (20 × 20) uniform control volumes in the x and y
directions, respectively. For the strongly absorbing-emitting/participating medium
κDx = κDy = 10, two angular discretisations are used: (1×4) and (2×8) control an-
gles with uniform ∆θ and∆φ in the θ and φ directions, respectively. For the weakly
emitted medium κDx = κDy = 0.1, two angular discretisations are used (1×12) and
(2×24) control angles. These are the same control angles used by Chai and Patankar
[10].

The results obtained using the step scheme (see figures 2.4(a) and 2.4(b)) give a
good agreement with those found by Chai and Patankar [10] even for the coarse an-
gular grids. By refining the angular discretisation, the solution of the FVM converges
to the exact solution.

2.3.2 Purely scattering medium

The problem consists of a rectangular enclosure with the left, top and right wall
temperatures set to Tc = 0 K and the bottom wall set at higher temperature, Th
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Figure 2.5: Schematic of the case 2.3.2.

(a) (b)

Figure 2.6: Case 2.3.2 dimensionless: (a) heat flux for Dy/Dx = 1 and (b)

centreline average incident radiation for Dy/Dx = 10.
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Figure 2.7: Schematic of the case study 2.3.3

(see figure 2.5). The medium scatters isotropically and is assumed to be in radiative
equilibrium, i.e the thermodynamic equilibrium is assumed by virtue of thermal
radiation which is supposed the dominant mode of heat transfer. The numerical
results of the FVM for dimensionless heat flux on the hot wall (q∗∗ = q

σT 4
h

) and the
dimensionless centreline incident radiation (G∗) have been calculated and compared
with the exact solution of Crosbie and Shrenker [11]. Two geometries were tested in
the simulations: Dy/Dx = 1 and Dy/Dx = 10 using the step scheme and different
grid sizes. There is a good agreement between the numerical results and the exact
solution of Crosbie and Schrenker [11]. The numerical results approached to the
exact solution by refining the spatial and angular mesh (see figure2.6(a)). Figure
2.6(b) shows the dimensionless incident radiation G∗ at x/Dx = 0.5 forDy/Dx = 10
which gives a good agreement with exact solution of Crosbie and Schrenker. Fixing
Nφ and varying Nθ the numerical results practically remain unchanged because of
the two dimensional simulation which varies essentially with the φ angle.

2.3.3 Absorbing, emitting and isotropically scattering medium

This study case is a two dimensional rectangular enclosure which contains an ab-
sorbing, emitting and isotropically scattering medium. The enclosure with a width
of 2x0 and a height of y0 is surrounded by black walls: the top wall is hot and the
other three are cold. All results are non-dimensional with respect to the incident
flux, i.e. the radiative heat flux introduced by the hot wall. The geometric config-
urations are described in terms of the aspect ratio A = 2x0/y0, if the geometry is a
square enclosure then A = 1 [12]. The medium properties are expressed in terms
of the single scattering albedo ω = σ

β and the extinction coefficient β. Figures 2.8(a)
and 2.8(b) show the nondimensional heat flux in the bottom wall in the case: A=1,
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(a) (b)

Figure 2.8: Case 2.3.3: Variation of the dimensionless heat flux (a) with spatial

discretisation and (b) with angular discretisation.

ω = 1 and βy0 = 1 for different spatial and angular discretisations. By fixing the
angular discretisation and refining the spatial grid (see figure 2.8(a)) the results ap-
proach to the exact results of Crosbie and Schrenker [13] and the errors due to false
scattering decrease, however a wavy nature of the radiative flux appear at the finer
spatial grids which reveals the presence of the ray effects. Such effect is not noticed
in coarse spatial grid because the false scattering and ray effects tend to compensate
each other.

This phenomena can be explained by the fact that the grid refinement reduce the
spatial discretisation errors (false scattering), but have no influence on the error due
to ray effects. The observed wavy solution is due to ray effects errors which are no
longer masked by spatial discretisation errors [9] (see also section 2.2.1).

On the other hand, by fixing a coarse spatial discretisation and decreasing the
angular discretisation (fig 2.8(b)) a smooth distribution is obtained and the ray effect
seems to have decreased, however, the solution accuracy was not improved. In fact
the ray effects are only reduced by using a finer angular discretisation.

2.3.4 Normal collimated incidence problem

This problem consists of the study of a normal collimated incidence radiation in a
black square enclosure and filled with a pure isotropically scattering medium (σs =

49



Chapter 2. Radiative analysis and optical model of a PTC

1, κ = 0). The top wall of the black enclosure is subjected to a normal collimated
beam and the other walls are maintained at 0 K. This problem has been simulated
with two methods: i) by arranging the control angles in a manner where the colli-
mated incidence can be captured by matching the direction of the collimated beam
(see figure 2.10) [5], ii) by separating the diffuse part and the collimated remnant as
it is explained in section 2.2.2 [2].

Figure 2.9: Schematic of the case 2.3.4.

In the first method, the control angle was set to 2◦ around the direction of the
collimated beam (for θ and φ directions) and the remaining control angle has been
divided in equal angles.

The simulations have been carried out for a spatial discretisation of (25×25) con-
trol volumes and (3 × 24) control angles in the θ and φ directions which are similar
to the Kim and Lee ’s discretisations [14]. The nondimensional heat flux that reach
different walls of the enclosure (q∗∗∗) has been calculated using the two methods
and compared with the discrete ordinates solution of Kim and Lee [14]. All the heat
fluxes have been calculated respect to the incident collimated radiation which pen-
etrate across the top wall. Both methods give a good agreement with the solution
proposed by Kim and Lee [14] and the separating method (method 2) seems to be
more accurate (see figure 2.11). Figure (2.11) shows that the scattering media trans-
mits (to the bottomwall) more radiative energy through the medium and scatters (to
the top wall) less energy back. There is a nonuniformity of the flux distribution for
the energy losses through the side walls; the flux is large near to the top wall where
the collimated energy is incident and is small near to the bottom wall.

50



2.3. Case studies

Figure 2.10: Case 2.3.4. Control angle arrangement.

Figure 2.11: Case 2.3.4. Comparison of dimensionless heat fluxes for all walls.
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2.3.5 Oblique collimated incidence problem

In order to examine the influence of the direction of the collimated incidence, the
previous problem has been considered with a transparent section of the top wall
(0 ≤ x ≤ 0.2) exposed to a uniform collimated beam which travels in the direction
of θc = 90 ◦ and φc = 300 ◦. The other part of the top wall (0.2 ≤ x ≤ 1) is black and
cold. The medium is homogeneous and pure isotropically scattering.

Figure 2.12: Schematic of the case 2.3.5.

This case has also been simulated with the same methods employed in section
2.3.4. The nondimensional heat flux at the bottom wall respect to the incident radi-
ation (q∗∗∗) has been calculated for both methods and with different discretisations.
The numerical results have been compared with the results of the step scheme using
ISW1 +LSH based on discret ordinate method presented by Li [15] and the Monte
Carlo Method.

The heat flux distributions on the bottom wall present a step change at x =
0.5773505 m and x = 0.7773503 m which is the region where the collimated radi-
ation would be transmitted. The radiative flux in the shaded region is due strictly
to the scattered radiation from the illuminated region (collimated) of the enclosure.
Figure (2.13(a)) shows the numerical results obtained by the first method (control
angle arrangement) for different spatial and angular discretisations. The results re-
main practically constant for different angular discretisations, however, a refinement
of the spatial grids improve significantly the results accuracy compared to the Monte
Carlo Method [15]. This is due essentially to the false scattering as the collimated
beam is oblique and it is very clear in the coarse meshes. Figure (2.13(b)) shows
the results obtained using the separation between diffuse and collimated radiation
(method 2) for different spatial and angular discretisations. This method gives bet-
ter results than the first method even for coarse spatial grids and reduce clearly the

52



2.3. Case studies

(a) (b)

Figure 2.13: Case 2.3.5 dimensionless heat flux distributions on the bottom wall

using (a) method 1 and (b) method 2.

effect of false scattering. This is due to the fact that the separating method calcu-
lates the collimated remnant analytically which is the most part affected by the false
scattering.

2.3.6 Oblique collimated with specular reflecting walls

This case is similar to the case 2.3.5 with the difference that the bottom wall emissiv-
ity is assumed to be 0.5 rather than 1.0 and the oblique collimated travels in the di-
rection of θc = 90◦ and φc = 285◦. The reflectivities of the bottomwall are segmented
into diffuse and specular components defined by fd which is the diffuse fraction of
the reflectivity. First, the problem has been solved in a transparent medium and then
in an isotropically scattering medium (σs = 1, κ = 0). Both methods commented
in section (2.3.4) have been implemented and compared using different values of fd.
The main objective of this case is to simulate the effect of specular reflecting walls
under oblique collimated, however due to the lack of similar cases in literature the
predicted results were not validated with other numerical or experimental data.
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(a) (b)

Figure 2.14: Case 2.3.6 dimensionless heat flux along the top wall using (a) the

arrangement method and (b) the separation method

Transparent medium

The method of arrangement of control angle is implemented using fine spatial grids
to reduce the effect of false scattering. Figure (2.14(a)) shows the results of the dimen-
sionless heat flux along the top wall for different fraction of reflectivity in a transpar-
ent medium.

The dimesionless heat flux along the top wall starts with a stair in the entrance
of the collimated beam (0.0 ≤ x ≤ 0.2). The change of heat flux in the region where
the collimated beam is reflected by the bottom wall (0.53 ≤ x ≤ 0.73) is smeared.
This is mainly due to false scattering. In the diffuse boundary cases ,i.e. fd = 1.0
or 0.5, the heat flux presents a small peak in the region (0.26 ≤ x ≤ 0.46) which
corresponds to the opposite region where the collimated beam shocks the bottom
wall. The diffuse bottom wall reflects the incoming heat flux to nearest zone of the
top wall (0.26 ≤ x ≤ 0.46). The separation method is also used to solve this problem
using a spatial grids of (42 × 42) and an angular discretisation of (3 × 24). Figure
(2.14(b)) shows that the dimensionless heat flux presents a stair in the region where
the collimated beam is reflected (0.53 ≤ x ≤ 0.73) in the purely and partially specular
reflecting cases. It also shows other peak in the region (0.26 ≤ x ≤ 0.46) which is
due to the diffuse part and it is significant in the diffuse reflecting case.

The specular boundary condition reflect the incoming heat flux symmetrically.
The separation gives a clear stair at the region where the collimated beam is re-
flected. However, the heat flux is smeared in the arrangement method due to the
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(a) (b)

Figure 2.15: Case 2.3.6 dimensionless heat flux along the top wall in a scattering

medium using (a) the arrangement method and (b) the separation method

false scattering. In diffuse boundary cases a small peak is noticed in the opposite
region where the collimated beam hits the bottom wall and the heat flux is reflected
diffusely.

Pure scattering medium

The same simulation was done for the case of pure scattering medium using both
methods: arrangement and separation methods. The same angular discretisation is
used in the separation method like in the transparent medium. Both figures (2.15(a))
and (2.15(b)) show that the dimesionless heat flux was attenuated in the pure scat-
tering medium compared to the transparent medium. This attenuation is due to the
scattering medium and the redirection of the radiative flux to the sides. Further-
more, the two methods used in this simulation give a good similarity and the same
differences commented in the transparent medium. The arrangement method shows
also a smeared heat flux due to the effect of the false scattering.

2.3.7 Central blockage problem

The problem consists of a square enclosure with a central blockage (an internal
square with the half length of the enclosure). All the walls are assumed black and
maintained at 300K except for the left boundary of the enclosure which is set to
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Figure 2.16: Schematic of the central blockage problem

320K . The heat flux has been calculated along the enclosure walls for the superior
half of the enclosure because of the symmetry of the problem. The solution agrees
with the NRM solution [16] and presents a high radiation flux in the hot wall with
negative radiation flux in the walls that see the hot wall. Figure (2.17(b)) shows the
heat flux distribution at the walls of the square internal blockage. It is observed from
this figure that the incoming heat flux to the side in front of to the hot wall is high
and decreases at the shaded faces.

2.3.8 Normal collimated radiation in a rectangular enclosure con-
taining a black square

This case is a preliminary case to simulate the collimated solar radiation passing
through a PTC. The geometry of the problem is similar to the geometry presented in
section 2.3.7 and consists of a rectangular enclosure subjected to a normal collimated
beam at the top wall and a black square placed in the centre of the enclosure (see
figure 2.18). The medium is supposed transparent medium. Except in the top wall,
which is transparent, the rest of the walls (also for the centred square) are gray and
the reflectivities are segmented into diffuse and specular components defined by fd.
The FVM has been used in the simulations by arranging the control angles to capture
the collimated beam. The domain is divided into (40× 40) uniform control volumes
and (3× 24) control angles in the θ and φ directions. In the same way as the previous
section, the control angle corresponding to the collimated beam was set to 2 ◦, as
well as, for the others symmetric directions which are used in the specular reflection.
The absolute non-dimensional heat flux is calculated along the internal square for
different values of fd and shown in figure (2.19). In the total specular reflection case
(fd = 0), the radiative flux is higher in the top wall of the internal square where
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(a) (b)

Figure 2.17: Case 2.3.7. Local heat flux along (a) the enclosure walls and (b) the

centered internal blockage.

Figure 2.18: Schematic of the case 2.3.8.
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Figure 2.19: Case 2.3.8. Absolute nondimensional heat flux along the internal

square.

is exposed to the collimated beam and practically zero in the other walls due to
the shadow effect and the normal incidence of the collimated beam. Increasing the
diffuse fraction, the heat flux at the walls of the internal square also increases and
the normal incidence is distributed in many directions which could reach the walls
of the internal block. The radiative flux increases in the sides walls (left and right)
near to the down corner due to the reflection of the enclosure walls. Furthermore, the
radiative heat flux decreases in the centre of the bottom wall of the internal square
due to the shadow effect.

2.4 Resolution of the RTE for a parabolic trough solar

collector using the FVM

After all these preliminary study cases, the FVM is applied to a parabolic trough
solar collector placed in the horizontal position (perpendicular to the solar rays). The
solar irradiation is modelled as a collimated beam without taking into account the
influence of the finite size of the Sun [17]. The collimated beam is solved through its
path to the absorber tube. The direct part of the solar radiation is only considered as
it is several times higher than the diffuse one. The medium is assumed transparent
and no participating, i.e σs = κ = 0. The mirror is assumed to be totally specular
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Figure 2.20: Domain and mesh used for the radiation analysis around a PTC

reflecting for solar irradiation and opaque. The specular direction is determined by
the reflection law.

~ss = ~si − 2(~n · ~si)~n (2.31)

Optical properties are obtained from the literature [18] according to the specifica-
tions defined by the manufacturer and determined at zero incident angle. A 3D
structured, non-orthogonal and non-overlapping grid is used to discretise the do-
main between the parabola and the receiver tube. The domain is reduced to the half
because of the symmetry around the y axis. The angular space (4π) is subdivided
into Nθ × Nφ = M non-overlapping control angles. In order to reduce the effect
of the false scattering, the mesh is arranged to follow the direction of the reflected
rays. The number of directions in the azimuthal direction is chosen according to the
spatial discretisation along the parabola and adjusted to capture the direction of the
specular reflection (see figure 2.20). The angular mesh contains all the directions of
the reflection focused on the focal point of the parabola. The angular discretisation
is arranged to capture the collimated incidence which comes from the Sun irradia-
tion [5]. The collimated intensity is solved directly by the FVM (method 1 presented
in section 2.3.4). The angular space between two consecutive reflection directions is
filled with an extra direction. The step scheme is used to relate the control volume
facial intensity to the nodal one. The discretised algebraic radiative transfer equa-
tions and boundary conditions are solved by means of a parallel sweep solver [19].
Numerical results are compared first with semi-analytical results of Jeter [20] and
then with numerical results of Cheng et al. [21] which are obtained with the MCRT
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(a) (b)

Figure 2.21: Verification of the optical model: (a) comparison of the LCR distri-

bution with Jeter’s results [20] (b) comparison of the solar energy flux distribution

with MCRT resutls [21].

method. The geometric shape of the PTC (Model 3001-03) used by Jeter [20] is repro-
duced. Jeter considered the influence of the finite size of the sun, “the cone optics” ,
which is not considered in the FVM resolution. This phenomenon causes a spreading
of the reflected incident radiation around the absorber and can not be considered by
assuming the solar radiation as a collimated beam. The solar heat flux is expressed
by a parameter called Local Concentration Ratio (LCR) [20] which presents the ratio
of the concentrated solar flux at the absorber surface to the incident solar radiation.
Figure 2.21(a) shows the comparison of the LCR obtained by the optical model and
the analytical results of Jeter [20]. It can be seen that increasing the number of nodes
in the azimuthal direction of the absorber, the false scattering decreases. The main
differences between the present results and the results of Jeter is the influence of the
finite size of the sun, which tends to moderate the solar flux distribution around the
absorber and the false scattering. This is why the maximum obtained by the present
model is higher when decreasing the false scattering.
The optical model has also been verified with the numerical results of Cheng et al.
[21] for a typical LS-2 PTC module which has been tested by Dudley et al. [18]. Dif-
ferent grids systems are studied and compared with the MCRT solution [21]. The
spatial grid system (nA = 100, nP = 600 where nA is total number control volumes
in the aperture of the parabola and nP is the total number of control volume in the
parabola) has been chosen as the most adequate one because it presents low false
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scattering and good trend to the results of Cheng et al. [21]. The main difference
between the present results and those of Cheng et al. [21] is due to the cone optic
effect which is taken into account in their paper. As it is shown in figure 2.21(b) the
solar flux distribution is symmetrical but non-uniform. The curve of the solar flux
can be divided into 4 zones (which have been indicated in in figure 2.21(b)): i) the di-
rect radiation zone where the absorber tube only receives the direct solar irradiation
without concentration, ii) the heat flux increasing zone where the heat flux increases
rapidly because of the reflection of the solar irradiation, iii) the heat flux decreasing
zone where the reflected solar flux decreases because of the parabolic shape, iv) the
shadow effect zone where the heat flux is much lower and decreases rapidly because
of the solar irradiation is shadowed by the absorber tube.

2.5 New optical model

In order to take into account the cone optic and reduce the computational cost of
the application of FVM, a new optical model is developed to calculate the solar heat
flux around the HCE. This model uses a numerical-geometrical method based on ray
trace and FVM techniques to project the solar optic cone of so known the finite size
of the Sun [17] on the absorber surface.
The incident solar irradiation is represented as a ray package, defined by the optic
cone or sunshape, i.e., rays are symmetrically distributed around a central one within
the angle range (φs,−φs), where φs = 16 arcminutes [22]. The solar-optical prop-
erties of the system (specular reflectance of the collector parabola, ρs, the effective
glass envelope transmittance, τeff , and the effective coating absorptance of the ab-
sorber, αeff ) are assumed to be independent of the temperature and the angle. It
is considered that the thickness of the glass is very small, so the change of direc-
tion of the rays that cross the glass according to the Snell’s law is neglected. Thus,
the present method computes directly the solar irradiation that reaches the absorber
tube. The effect of the glass is considered by means of reducing the solar irradiation
that arrives at the absorber tube by τeff .

The method consists of resolving the RTE as expressed in equation 2.3. The
medium is assumed transparent leading to,

dI(x, y, ŝ)

ds
= 0 (2.32)

Because of the symmetry of the problem, the treatment is described for one half of
the PTC and is the same for the other part. The PTC is discretised into four grid
systems as shown in Figure 2.22: i) N1: the number of CVs in the space between the
absorber and the edge of the aperture, ii)N2: the number of CVs in the front space of
the absorber tube, where it receives only the direct irradiation from the Sun, iii) N3:
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Figure 2.22: Schematic of spatial and angular distcretisation of the system.

the number of CVs around the absorber tube in the azimuthal direction and, iv) N4

the total number of the control angles in the optic cone.
First, the incident optic cone is symmetrically discretised into N4 control angles

around the central ray and projected on the parabola surface, represented by N1

CVs, and on the front face of the absorber, represented by N2 CVs. The direct inci-
dent solar irradiation, i.e., solar irradiation that reaches the absorber surface, without
reflection on the parabola, is integrated directly over each absorber CV. The other
part of the incident solar irradiation, hits the parabola surface and is then specularly
reflected. The incident ray in the direction~i is reflected respect to the normal of re-
flector surface ~n (see Figure 2.22). The direction ~r of the reflected ray is given by the
law of specular reflection,

~r =~i− 2(~n ·~i)~n (2.33)

Since perfect solar elevation tracking system is considered, the reflected rays are
concentrated in the focus line of the parabola. The amount of solar energy trans-
ported by a reflected ray qref is given by,

qref =
ρsIs.in∆w

N4
(2.34)

where∆w =
(

W
2
−ra
N1

)

is the length of the CV in the aperture zone represented byN1
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Figure 2.23: Schematic of the reflection of the optic cone on the absorber tube.

CVs.
For a given CV of the aperture zone, the reflected central ray, which is coming

from the central ray of the optic cone, makes an angle ϕc = tan−1( f−y
x ) with the x

axis, where x and y define the spatial position of the intersection point of the ray
at the parabola (see Figure 2.23). The angle ϕ formed by a general reflected ray that
impinges in a given CV of the aperture zone, and the x axis for each coming ray from
the optic cone is then calculated as ϕm = ϕc±m∆ϕwherem is an integer that varies
from 0 to N4/2. After that, the absorber tube is looped to determine the intercepted
rays coming from the reflected rays of the optic cone. For an absorber CV j, ϕ1 and
ϕ2 are defined (see Figure 2.23).

ϕ1 = tan−1

[

|f − y| − ra cos θj
|x− ra sin θj |

]

(2.35)

ϕ2 = tan−1

[

|f − y| − ra cos θj+1

|x− ra sin θj+1|

]

(2.36)

A reflected ray which forms an angle ϕ with the x axis is intercepted by j-th
absorber CV if ϕ lays between ϕ1 and ϕ2. This procedure is repeated for all CVs of
the aperture zone N1. The solar energy absorbed by the absorber tube and the glass
envelope is obtained by summing the reflected rays (qref ) that reach the j-th CV.

q̇ja,s.rad = (τα)eff
∑

qref (2.37)

q̇jg,s.rad = (1− (τα)eff )
∑

qref (2.38)
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The total absorbed energy q̇a,s.rad is determined by adding the direct (that lies in
N2) and the reflected incident solar irradiation, which corresponds to the integral of
equation (2.37), over all CVs of the absorber (N3).

The optical model provides the solar heat flux distribution around the HCE, as
well as, the optical efficiency ηopt of the PTC, which is defined as the ratio of energy
absorbed by the absorber to the energy incident on the collector’s aperture.

ηopt =
q̇a,s.rad
q̇s.inc

=
((W −Da)ρs +Da) (τα)eff

W
(2.39)

This ratio is often approximated to ρs(τα)eff as the reflected part is much more
important than the direct one.

The previous treatment have dealt with the PTC having a perfect parabolic cross-
sections. However, in practice, the optical errors are included in the so-called in-
tercept factor γ which is usually calculated using statistical approaches [23, 24] or
experimentally [25] and remains only an approximation.

Using a solar elevation tracking system, the Sun will be maintained in the y − z
plane but not usually normal to the collector aperture (x− z plane) making an inci-
dent angle ϕinc respect to the normal. Then, the reflected energy qref is decreased by
cos(ϕinc) while the apparent cone optic is expanded and increased as 1/ cos(ϕinc).
Thus, the algorithm of solar absorption analysis for non-zero incident solar irradia-
tion remains the same as described before with both modifications of the reflected
energy and cone optic size. It should be pointed out that, the implementation and
the resolution of this optical model is much faster than other ray tracing techniques
and requires lower computational efforts for obtaining similar results.

In order to verify the accuracy of the optical model, the results are compared
with available references from the literature. The geometrical-numerical method
presented in this work is validated using the ideal PTCwith round absorber adopted
by Jeter [26], where geometric concentration GC = 20, rim angle θrim = 90◦ for an
optic cone of 0.0075 rad and optical properties (ρs,τ and α) are equal to unity. Un-
der these conditions, the solar heat flux distribution is compared to the analytical
results found by Jeter [26]. A grid independence study is carried out and tested for
different grid systems. The grid with parameters N1 = 640, N2 = 160, N3 = 160,
andN4 = 320 is regarded as grid-independent since there is no significant difference
with the finer one. The Local Concentration Ratio (LCR), which is defined by the ra-
tio of solar radiative heat flux falling on the surface of the absorber tube to that which
falls on the reflective surface of the collector, is calculated. It is a significant param-
eter of the heat flux distribution. The present results are in a good agreement with
those of Jeter with the same trend and the same minimum andmaximum values and
deviations smaller than 8% (see Figure 2.24).

The distribution of the LCR along the azimuthal direction can also be divided in
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Figure 2.24: Local concentration ratio distribution along the azimuthal direction.

Solid line: present results, dashed line: analytical results of Jeter [26], dashed-

dotted line: MCRT results of He et al. [27]

four zones similarly to section 2.4 depending to radiation and concentration zones.
In figure 2.24, the results obtained by He et al. [27] for the same case using a

MCRT method are also plotted. As can be seen from the figure, the present model
yields better results than those presented in [27] especially for the shadow effect
zone.

The solar heat flux distribution around the HCE is also simulated for the same
PTC described above (Jeter case) and for different incident angles.

Figure 2.25 shows the comparison between the computed results obtained by the
present optical model and the analytical results of Jeter [26]. There is a good agree-
ment between both results for different incident angles which proves the accuracy
of the present optical model. It can also be seen from Figure 2.25 that the heat flux
distribution decreases with the increase of the incidence angle φinc. This decrease
is due to the effect of the cosine of the incident angle which becomes significant for
larger angles (near to 90◦). The optical efficiency is at maximum only when the in-
coming radiation is normal to the aperture. The peak of concentration is approached
to the lowest position of the absorber tube (θ=180◦) as the incident angle increases.
The concentration tends to spread around the lower half of the absorber tube with
the increasing of the incident angle.

The heat flux distribution around the absorber tube is compared with the MCRT
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Figure 2.25: Local concentration ratio distribution along the azimuthal direction

for different incident angles. Solid line: present results, dashed line: analytical

results of Jeter [26]
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Figure 2.26: Heat flux distribution around the absorber tube for LS-2 collector

with incident radiation of 933.7 W/m2. Comparison with the results of He et al.

[27].
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Table 2.1: Parameter of the LS-2 solar collector [18] used in the model validation

Parameter Value
Receiver length (L) 7.8m
Collector aperture (W ) 5m
Focal distance (f ) 1.84m
Absorber internal diameter (Da,in) 0.066m
Absorber external diameter (Da,ex) 0.070m
Glass internal diameter (Dg,in) 0.109m
Glass external diameter (Dg,ex) 0.115m
Receiver absorptance (α) 0.96
Glass transmittance (τ ) 0.95
Parabola specular reflectance (ρs) 0.93
Incident angle (ϕinc) 0.0

results of He et al. [27] for the case of LS-2 solar collector [18] with an incident solar
irradiation of 933.7W/m2. The detailed specifications of a LS-2 solar collector are
given in Table 2.1. Figure 2.26 shows the comparison of the solar heat flux distribu-
tion with the MCRT results and demonstrates a good agreement being the maximum
deviation lower than 13 %. However, there are some differences in the shadow effect
zone, which have been discussed before.
The influence of geometric concentration is also studied by varying the ratio of
GC = W

πDa,ex
. For this purpose, the aperture is kept constant and only the absorber

radius is changed. The solar heat flux is calculated for different GCs: 10, 30, 50
which correspond to the radius of the absorber: 0.08m, 0.027m, 0.016m, respectively,
with an aperture of W = 5m and a rim angle of 90◦. The numerical results of the
heat flux distribution around the circumference of the absorber tube are compared
with the results of He et al. [27] for the same GCs in figure 2.27. The results show
a good agreement with the MCRT results of He et al. [27] with the same maximum
and minimum values. As it was expected the heat flux increase with the geometric
concentration and the peak is displaced toward the shadow effect zone. Therefore,
the span angle of the heat flux increasing zone become larger and the shadow effect
become weaker.

Finally, the influence of the rim angle on the heat flux distribution is also studied
by fixing the absorber radius Ra,ex = 0.035m and changing the rim angle. Figure
2.28 shows the variation of the heat flux distribution on the outer surface of the ab-
sorber under different rim angles and compared with the MCRT results of He et al.
[27]. Present results are in good agreement with the MCRT results except some dif-
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Figure 2.27: Variation of the heat flux distribution with the geometric concentra-

tion. Comparison with the MCRT results of He et al. [27].

ferences in the shadow zone which have been discussed before. By increasing the
rim angle the maximum value of the heat flux become lower and moves toward the
position θ =360◦ except for θrim = 15◦. The span angle heat flux decreasing zone and
the shadow effect zone increase with rising the rim angle because the concentration
area becomes larger which cause the maximum heat flux reduction. At θrim = 15◦

the maximum value of the heat flux is decreased because the rim angle is so small
causing some reflected rays to go out and miss the absorber. According to Riveros
and Oliva [17], the minimum absorber radius able to intercept all the reflected rays
coming from the parabola is Rmin = 2fsinφs/(1 + cosθrim). This minimum is equal
to 0.0449m for the case of θrim = 15◦ (f=9.49) which is bigger than the radius of the
absorber tube.
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Figure 2.28: Variation of the heat flux distribution with the rim angle. Comparison

with the MCRT results of He et al. [27].

2.6 Conclusions

The RTE has been implemented for a participating medium taking into account the
act of absorption, emission and scattering. A general solution for this equation was
proposed applying the FVM. This method has been applied to different test cases
and preliminary cases for the study of the solar radiation around the receiver of a
PTC. These cases include transparent, absorbing, emitting and isotropically scatter-
ingmedia in two-dimensional enclosures. The implemented code has been validated
according to numerical solutions found in the literature. Two shortcomings of the
FVM have been identified: ray effect and false scattering. Ray effect arises from an-
gular discretisation and false scattering is a consequence of the spatial discretisation
practice. The interaction between these two shortcomings has been discussed. The
collimated irradiation has also been studied for normal and oblique incidence. Two
methods have been proposed to solve the collimated radiation. The first method is
similar to the iterative process used to solve the RTEwith the only difference is the ar-
rangement of control angles to capture the collimated incidence. The second method
is the separation of the collimated remnant and the diffuse part and solve the RTE of
each part. Both methods have been implemented and compared to the results found
in the literature where a good agreement is observed, however the second method
gives better solution and reduces the false scattering. The same methodology has
been followed to solve the solar distribution around the HCE of a PTC by means of
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a parallel sweep solver. Only the direct part of the solar radiation has been consid-
ered. The mirror is assumed to be totally specular reflecting for solar irradiation and
opaque surface. The solar radiation is modelled as a collimated beamwithout taking
into account the finite size of the Sun. The comparison between the FVM results and
the numerical results found in literature gives an overestimation of the maximum
of the solar flux distribution around the absorber due to the effect of the aforemen-
tioned finite size of the Sun. This phenomenon result in spreading of the reflected
incident radiation around the absorber.

For this reason, a new optical model has been developed in order to take into
account the optic cone and reduce the high computational cost of the FVM solu-
tion. The new method uses a numerical-geometrical approach based on ray trace
and FVM techniques to project the solar optic cone on the absorber surface. The
accuracy of the new optical model has been verified with the comparison with an-
alytical results of Jeter and for different incident angles. The present model yields
better results than the MCRT model especially for the shadow effect zone. A good
agreement is also found in the comparison of the solar heat flux distribution around
a HCE of a LS-2 solar collector respect to the MCRT results.
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Chapter 3

Heat transfer analysis and
numerical simulation of a
parabolic trough solar collector

Most of the contents of this chapter have been published as:

A.A. Hachicha, I. Rodríguez, R. Capdevila and A. Oliva. Heat transfer
analysis and numerical simulation of a parabolic trough solar collector.
Applied Energy 2013; 111: 582-592.

Abstract. Parabolic trough solar collector is the most proven industry-scale solar generation
technology today available. The thermal performance of such devices is of major interest for
optimising the solar field output and increase the efficiency of power plants. In this chapter,
a detailed numerical heat transfer model based on the finite volume method for these equip-
ments is presented. In the model, the different elements of the receiver are discretised into
several segments in both axial and azimuthal directions and energy balances are applied for
each control volume. The new optical model developed in the previous chapter is used for
calculating the non-uniform solar flux distribution around the receiver. The solar heat flux is
determined as a pre-processing task and coupled to the energy balance model as a boundary
condition for the outer surface of the receiver. The set of algebraic equations are solved si-
multaneously using direct solvers. The model is thoroughly validated with results from the
literature. The performance of the overall model is tested against experimental measurements
from Sandia National Laboratories and other un-irradiated receivers experiments. In all cases,
results obtained shown a good agreement with experimental and analytical results.

73



Chapter 3. Heat transfer analysis and numerical simulation of a parabolic trough solar
collector

3.1 Introduction

Concentrated solar power plants are one of the most promising and mature renew-
able options for electric generation. Parabolic trough collectors (PTC) are the most
proven, widespread and commercially tested technology available for solar harness-
ing. The majority of the parabolic trough plants deployed operate at temperatures
up to 400 ◦C

According to the state-of-the-art of modelling PTC (see section 1.3), the majority
of the published studies about heat transfer process in PTC are one-dimensional or
two-dimensional and neglect the realistic non-uniform distribution of solar radiation
around the HCE.

In this chapter, a detailed numerical simulation of the optical and thermal be-
haviour of a PTC is presented. The new optical model developed in the previous
chapter is coupled with a heat transfer model to calculate the heat losses and ther-
mal performance of the PTC considering the energy flux distribution around the
receiver. A thermal radiation analysis is carried out between the HCE and the sur-
rounding to calculate the radiative heat losses. Adequate correlations have been
selected carefully from the literature for the convective heat transfer losses. The heat
collector element is discretised into several segments in both axial and azimuthal di-
rections using the Finite Volume Method (FVM) and an energy balance is applied for
each control volume. For the solar heat flux distribution around the HCE, the new
numerical-geometrical method developed in the previous chapter has been applied.
The partial differential equations were discretised by using the FVM and the set of
non-linear algebraic equations were solved iteratively.

In order to validate the proposed numerical model, it was compared with experi-
mental results obtained by Sandia National Laboratories [1] as well as un-irradiated
receivers experiments [2].

3.2 PTC numerical model

The general modelling approach is based on an energy balance about the HCE. It
includes the direct normal solar irradiation, the optical losses from both, the parabola
and the HCE, the thermal losses from the HCE, and the gains in the HTF.

During a sunny day, the incident solar radiation is reflected by the mirrors and
concentrated at the HCE. A small amount of this energy is absorbed by the glass en-
velope q̇g,s.rad and the remaining is transmitted and absorbed by the absorber selec-
tive coating q̇a,s.rad. A part of the absorbed energy is transferred to the HTF by forced
convection q̇a−f,conv and the other part is returned to the glass envelope by natural
convection q̇a−g,conv and thermal radiation q̇a−g,t.rad. The energy coming from the
absorber (convection and thermal radiation) pass through the glass envelope and
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3.2. PTC numerical model

Figure 3.1: Heat transfer model in a cross section of the HCE (not to scale).

along with the absorbed energy by the the glass envelope, is lost to the environment
by convection q̇g−e,conv and thermal radiation q̇g−e,t.rad (see Figure 3.1).

In this heat transfer model, an energy balance is applied over each component of
the HCE. The energy equation in its integral form can be written as

Q̇− Ẇ =

∫

cs

(

h+
v2

2
+ gz

)

(

ρ−→v
−→
dA

)

+
∂

∂t

∫

cv

(

u+
v2

2
+ gz

)

(ρdV ) (3.1)

The FVM is used to discretise the domain and apply the energy conservation at
each control volume (CV) under steady state conditions. The HCE is divided intoNz

CVs in the axial direction and Nθ CVs in the azimuthal direction. The HTF is only
discretised in the longitudinal direction (see figure 3.2 a and b). Both, temperatures
and heat fluxes, vary along the circumference and the length of the HCE except for
the fluid which varies only along the length of the absorber. The temperature of the
HTF is assumed to be uniform in the cross-section of the absorber tube where it is
evaluated as the average fluid bluk temperature. The energy balance equations are
determined by applying equation 3.1 at each CV as is shown hereafter.

For an i-th HTF CV, the energy balance equation can be expressed as (see figure
3.2 c)

q̇ia−f,conv = ṁ
[

~
i
f − ~

i+1
f

]

= ṁCp

[

T i
f − T i+1

f

]

(3.2)
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Figure 3.2: Longitudinal and azimuthal discretisation of the HCE: (a) longitudinal

discretisation (b) azimuthal discretisation (c) HTF CV (d) absorber CV (e) glass

envelope CV
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3.2. PTC numerical model

For an absorber tube CV, the energy balance equation is given by (see figure 3.2
d)

∑

cv

q̇ij = q̇a,cond + q̇ija,s.rad − q̇ija−g,conv − q̇ija−g,t.rad − q̇ija−f,conv = 0 (3.3)

where

q̇a,cond = q̇ija,cond−z − q̇i+1j
a,cond−z + q̇ija,cond−θ − q̇ij+1

a,cond−θ (3.4)

In a similar way, the energy balance for a glass envelope tube CV can be obtained
as follows (see figure 3.2 e)

∑

cv

q̇ij = q̇g,cond + q̇ijg−a,conv + q̇ijg−a,t.rad − q̇ijg−e,conv − q̇ijg−e,t.rad + q̇ijg−s.rad = 0 (3.5)

where

q̇g,cond = q̇ijg,cond−z − q̇i+1j
g,cond−z + q̇ijg,cond−θ − q̇ij+1

g,cond−θ (3.6)

A detailed analysis of how each of these heat fluxes are determined is given here-
after.

3.2.1 Convection heat transfer between the HTF and the absorber

The convection heat transfer between the HTF and the absorber metal pipe is eval-
uated considering the convective heat flux from each absorber CV in the azimuthal
direction as,

q̇ia−f,conv =
∑

j

hf (T
ij
a − T i

f)
πDa,in

Nθ
(3.7)

where hf =
NuDa,in

k

Da,in
is the HTF convection heat transfer coefficient at T ij

a and

is evaluated as a function of the Nusselt number NuDa,in
. Due to the lack of spe-

cific correlations in literature for evaluating the Nusselt number taking into account
the temperature distribution of the absorber at each azimuthal CV, correlations for
isothermal cylinders are considered. Specifically, the Gnielinski correlation [3] is
used for turbulent and transitional flow (Re > 3200) in circular ducts, which reads,

NuDa,in
=

(C/8)(ReDa,in
− 1000)Pr

1 + 12
√

C/8(Pr2/3 − 1)

(

Pr

Prw

)0.11

(3.8)
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with C = (1.82log(ReD)− 1.64)−2.
A study of the convection heat transfer between the HTF and the absorber with

circumferentially varying thermal boundary conditions was also conducted (see Ap-
pendix B). This study is limited to sinuusoidal profile of temperature.

3.2.2 Conduction heat transfer through the absorber wall and the
glass envelope

Heat conduction through the absorber wall and the glass cover is considered in the
axial and azimuthal directions, whereas the heat conduction through the support
brackets is neglected. The energy rate per unit length conducted across the azimuthal
direction of a cylinder is defined as

q̇cond−θ = −
kdT

rdθ
e (3.9)

where in the above expression e represents the thickness of either the absorber or
glass envelope tube. In a similar manner, for the axial direction the conduction heat
flux is defined as

q̇cond−z = −
kdT

dz
Az (3.10)

whereAz is the cross-section area of the CV. Both equations (3.9 and 3.10) are applied
to the absorber and the glass envelope tubes taking into account the conductivity as
a function of temperature of both materials.

3.2.3 Convection heat transfer between the absorber and the glass
envelope

When the annular region is assumed as a perfect vacuum, the convection heat trans-
fer can be ignored in the energy balance. However, in operational solar plants the
vacuum condition in the annulus can change due to broken seals, hydrogen pene-
tration and getter decomposition . In the present model, convection heat transfer
q̇ija−g,conv is calculated as follows,

q̇ija−g,conv = han(T
ij
a − T ij

g )
πDa,ex

Nθ
(3.11)

where han is calculated depending on free molecular convection or natural convec-
tion takes place.

When the HCE is under vacuum at low pressure (P ≃ 0.013Pa), free molecular
convection occurs. The heat transfer coefficient is then evaluated as [4],
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3.2. PTC numerical model

han =
kstd

[(Dg,in/2)ln(Dg,in/Da,ex) +Bλ(Da,ex/Dg,in + 1)]
(3.12)

b =
(2 − a)(9γ − 5)

2a(ω + 1)
(3.13)

λ =
2.331× 10−20T ij

a−g

Paδ2
(3.14)

where T ij
a−g the average temperature of the gas in the annulus (T ij

a + T ij
g )/2. The

accommodation coefficient a depends on, either the gas surface arrangement or the
level of contaminant gas layer absorbed on the surface and, varies between 0.01 to
unity according to experimental studies [5]. In this study, the surface is assumedwell
cleaned and the accommodation coefficient is then fixed to one. When the vacuum
is lost, natural convection within the annulus occurs. The heat transfer coefficient is
then expressed with the Raithby and Holland’s correlation [6] for natural convection
in an annular space between horizontal cylinders,

han =
2keff

Da,exln(Dg,in/Da,ex)
(3.15)

keff = k(0.386)

[

Pr

0.861 + Pr

]0.25

(Rac)
0.25 (3.16)

Rac =
ln(Dg,in/Da,ex)

4

L3
(

D−0.6
a,ex +D−0.6

g,in

)5RaL (3.17)

being the effective thermal conductivity keff function of the thermophysical prop-
erties of the gas and the equivalent Rayleigh number Rac. This correlation is used
for the range of (102 ≤ Rac ≤ 107) and RaL is evaluated at the air gap distance
(Dg,in −Da,ex)/2.

3.2.4 Thermal radiation heat transfer between the absorber and the
glass envelope

The surfaces of the absorber and glass envelope are considered as grey and diffuse
emitters and reflectors in the infrared band. The glass envelope is assumed to be
opaque to the thermal radiation. The net radiation method [7] is applied to the cross
section of the HCE in order to calculate q̇a−g,t.rad as well as q̇g−a,t.rad (equations 3.3
and 3.5). The effect of the axial direction is neglected. The Hottel’s crossed-string
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Figure 3.3: Geometric configuration for the View factor calculation

method [7] is used for calculating the view factors by connecting the faces of each
tube and making sure that no visual obstruction remains between them.

In what follows, Fmn
ki is the view factor or shape factor from the surface of CV k

at the materialm to the surface of CV i at the material n. Since the absorber surface is
convex, the view factor between any two CVs of the absorber tube is zero, F aa

ki = 0.
On the contrary, the view factors for the glass envelope, F gg

ki are not null. They are
calculated, all together with the view factors between the absorber and the glass
envelope (F ag

ki and F ga
ki ), using also the crossed-string method.

The limit angle that can see an absorber control volume is defined by θ = acos(
ra,ex

rg,in
).

The crossed distances between a fixed control volume in the receiver and a generic
control volume ’i’ of the glass envelope is defined by dcr1 and dcr2 as shown in figure
(3.3).

Where dcr1 =
√

ra,ex2 + rg,in2 − 2ra,exrg,incos(α[i]− (3∆φ
2 )).

dcr2 =
√

ra,ex2 + rg,in2 − 2ra,exrg,incos(α[i] +
∆φ
2 ).

The no crossed distances between both control volumes is defined by dncr1 and dncr2.

dncr1 =
√

ra,ex2 + rg,in2 − 2ra,exrg,incos(α[i]− (∆φ
2 ))

dncr2 =
√

ra,ex2 + rg,in2 − 2ra,exrg,incos(α[i]− (∆φ
2 ))

dcr2, dncr1 and dncr2 should be modified when the other side of the glass envelope
control volume exceeds θ to take into account the visible part.
The view factor between a receiver control volume and a glass envelope control vol-
ume may be expressed according to the crossed-string method as
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F ag
ki =

dcr1 + dcr2 − dncr1 − dncr2
2ra,ex∆φ

(3.18)

F ga
ki may be calculated according to law of reciprocity.

F ga
ki =

ra,ex
rg,in

F ag
ki (3.19)

The thermal radiative heat flux leaving the j-th absorber CV is expressed by

q̇ija−g,t.rad = q̇ja,t.rad = (Jj
a −Hj

a) = ǫa

[

σT j
a

4
−Hj

a

]

(3.20)

= ǫa

[

σT j
a
4
−
∑

l

(F ag
jl J

l
g)

]

The thermal radiation gained by a glass envelope CV j is given by

q̇ijg−a,t.rad = q̇jg,t.rad = (Jj
g −Hj

g) = ǫg

[

σT j
g

4
−Hj

g

]

(3.21)

= ǫg

[

σT j
g

4
−
∑

k

(F ga
jk J

k
a )−

∑

r

(F gg
jr J

r
g )

]

The total thermal radiative energy leaving the absorber tube is calculated by in-
tegrating the radiative heat flux around the absorber.

q̇a−g,t.rad =

Nθ
∑

j

q̇ja,t.rad (3.22)

The calculation of the view factor for the glass envelope is also carried out us-
ing the crossed-string method. First, the view factor of the same control volume is
calculated F gg

ii and then the view factor between two generic glass envelope control
volumes F gg

ki .
F gg
ii is determined by supposing an imaginary surface that covers the control

volume and using the summation and reciprocity laws.

F gg
ii = (1−

√

2rg,in2(1− cos(∆φ))

rg,in∆φ
) (3.23)

For the the view factor between two generic glass envelope control volumes, a sim-
ilar procedure to the evaluation of Fag has been used by calculating the crossed and
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(a) (b)

Figure 3.4: View Factors for different azimuthal discretisations (a) Fag (b)Fgg

no-crossed distances between two control volumes.
dcr1 =

√

2rg,in2(1− cos(α[i]− ∆φ
2 ))

dcr2 =
√

(2rg,in2 − 2rg,in2cos(α[i]− ∆φ
2 ))

dncr1 =
√

(2rg,in2 − 2rg,in2cos(α[i] + ∆φ
2 ))

dncr2 =
√

(2rg,in2(1− cos(α[i]− 3∆φ
2 )))

Of course, these distances should be changed in the case when the receiver tube
make a visual obstruction between both control volumes.
The view factor F gg

ki is given by

F gg
ki =

dcr1 + dcr2 − dncr1 − dncr2
2rg,in∆φ

(3.24)

In a similar way, the total thermal radiative energy gained by the glass envelope
is calculated as

q̇g−a,t.rad =

Nθ
∑

j

q̇jg,t.rad (3.25)

Figure 3.4 shows the view factors Fag and Fgg around the circumference of the
receiver for different number of nφ. Both curves (a and b) present only one half of the
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view factors as they are symmetric around the node in question. The results of figure
3.4(a) show that view factor Fag decreases away from the opposite control volume
as well as when the number of control volumes increases. However, the view factors
Fgg increase away from the i-th control volume but it decreases when the receiver
tube starts to hide the opposite part of the glass envelope. It decreases also when the
control volume increases.

3.2.5 Convection heat transfer from the glass envelope to the envi-
ronment

The convection heat transfer from the glass envelope to the ambient is computed as

q̇ijg−e,conv = he(T
ij
g − Tamb)

πDg,ex

Nθ
(3.26)

The heat transfer coefficient, he, is evaluated depending on whether the convec-
tion is natural or forced. After comparing different empirical correlations presented
in the technical literature, the ones indicated hereafter are selected as they work bet-
ter for the conditions under study. Thus, for natural convection the correlation de-
veloped by Churchill and Chu [8] for horizontal cylinders for the calculation of the
average Nusselt number is recommended.

NuDg,ex
=









0.6 + 0.387







RaDg,ex

(

1 + (0.559/Pr)
9/16

)16/9







1/6








2

(3.27)

If the PTC is supposed to work exposed to wind conditions, i.e., under forced
convection, then the convection heat transfer coefficient is determined using the cor-
relation of Churchill and Bernstein [9] for a cylinder in cross flow. This equation is
recommended to be used for all ReDg,ex

Pr > 0.2.

NuDg,ex
= 0.3 +

0.62Re0.5Dg,ex
Pr1/3

[

1 + (0.4/Pr)
2/3

]1/4

[

1 +

(

ReDg,ex

282000

)5/8
]4/5

(3.28)

3.2.6 Thermal radiation heat transfer between the glass envelope
and the surrounding

The glass envelope is surrounded by the collector parabola and the sky. Thus, ther-
mal radiation heat transfer must consider the radiation exchange with both. In the
present model, the glass envelope is assumed to be a small convex grey object and
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the sky as a large black body cavity (ǫs = 1) at temperature Ts. The collector parabola
surface is considered diffuse and opaque to the thermal radiation. The view factors
are determined using the crossed-string method, similar to the treatment in section
3.2.4. According to the geometry of the problem, a limit angle that can be seen by

the parabola may be defined as θ = acos

(

rg,ex
√

Aw
2

2
+(f−

A2
w

16f
)
2

)

. Where Aw is the aper-

ture and f is the focal distance. The crossed and no crossed distances between the
parabolic collector and a generic glass envelope control volume are given by the fol-
lowing equations.

dcr1 =

√

A2
w +

A2
w

16f

2
+ r2g,ex − 2rg,ex

√

0.5A2
w +

A2
w

16f

2
cos(θrim + α[k] + ∆φ

2 )

dcr2 =

√

A2
w +

A2
w

16f

2
+ r2g,ex − 2rg,ex

√

0.5A2
w +

A2
w

16f

2
cos(θrim − α[k] + ∆φ

2 )

dncr1 =

√

A2
w +

A2
w

16f

2
+ r2g,ex − 2rg,ex

√

0.5A2
w +

A2
w

16f

2
cos(θrim + α[k]− ∆φ

2 )

dncr2 =

√

A2
w +

A2
w

16f

2
+ r2g,ex − 2rg,ex

√

0.5A2
w +

A2
w

16f

2
cos(θrim − α[k]− ∆φ

2 )

Where θrim is the rim angle of the parabola. All these distances should be modified
to take into account the limit angle for the shadowed control volumes.
The view factor between a glass envelope control volume and the parabolic collector
is given by

F gc
k =

dcr1 + dcr2 − dncr1 − dncr2
2rg,ex∆φ

(3.29)

Hence, the view factor between the glass envelope and the sky can be deduced ac-
cording to the summation law as

F gs
k = 1− F gc

k (3.30)

Figure (3.5) shows the view factor Fgc calculated for different azimuthal discreti-
sations around the glass envelope. This figure is similar to figure (3.4(a)) and the
view factors decrease by going away form the opposite control volume from the
parabola.

q̇ijg−e,t.rad = q̇jg,t.rad = (J i
g −Hi

g) = ǫg[σT
i
g

4
−Hi

g] (3.31)

= ǫg

[

σT i
g

4
−
∑

k

(F gc
k Jc + F gs

k Js)

]
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Figure 3.5: View factors for different azimuthal discretisations Fgc

where jc = ǫcσT
4
c and Js = σT 4

s . The thermal radiative heat energy lost to the
environment is then calculated by integrating the radiative flux around the glass
envelope.

q̇g−e,t.rad =

Nθ
∑

j

q̇jg,t.rad (3.32)

3.2.7 Solar irradiation absorption

The solar irradiation absorption and the optical efficiency are important parameters
for the calculation of the heat transfer around the HCE. Both of the absorber and
glass envelope tubes are discretized in the azimuthal direction and solar irradiation
absorption is evaluated at each CV. The solar heat flux distribution depends only on
the azimuthal direction as it is homogeneous in the longitudinal direction. Initially,
the FVM developed in chapter 2 has been used to evaluate the solar radiation flux
distribution (see Appendix C). Because of the limitations of this method, the new
optical model developed in this thesis (see previous chapter) has been used to deter-
mine the solar irradiation absorbed by the absorber tube and the glass envelope. The
same methodology described in section 2.5 is followed. The solar energy absorbed
by the j-th CV of the absorber and the glass envelope is calculated by integrating the
direct solar radiation that reaches each tube (without concentration) and the reflected
incident solar radiation that hits them, i.e. q̇ja,s.rad and q̇jg,s.rad. The total energy ab-
sorbed on the absorber tube and the glass envelope are obtained by summing the
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absorbed solar flux over all the CVs.

qa,s.rad = ((W −Da)ρs +Da) (τα)Iinc (3.33)

qg,s.rad = ((W −Dg)ρs +Dg) (1− (τα))Iinc (3.34)

Where Iinc is the direct incident radiation per unit of aperture (W/m).

3.3 Numerical Solution

As commented in the previous section, the numerical analysis is carried out by us-
ing the FVM under steady state conditions. For the fluid inside the absorber, a single
phase (liquid) incompressible flow is assumed. The energy balance equations (equa-
tions 3.2, 3.3 and 3.5) result in a set of non-linear algebraic equations where tempera-
tures and heat fluxes are coupled and solved using an iterative procedure. The solar
radiative heat flux (equations 2.37 and 2.38) is determined as a pre-processing task.
This flux is added to the balance energy model as a boundary condition for the outer
surface of the absorber/glass tube by assuming the solar absorption as surface phe-
nomenon because of the small thickness of the surface layer over which absorption
is taking place [7].

For a HTF control volume, the temperature values are obtained from the 1D dis-
cretised equations by using the known values at the inlet section and the wall bound-
ary conditions. A high-order numerical scheme (SMART) [10] is used to calculate the
temperature at the faces of the CVs. The set of algebraic equations are then solved
by a direct solver (TDMA) in the longitudinal tube direction.

For the absorber tube and the glass envelope, a central difference scheme is used
in the discretisation process. The linear algebraic equations obtained from the dis-
cretisation of the governing equations in the absorber and the glass envelope are
implemented with the corresponding boundary conditions and then solved using a
direct solver based on LU decomposition.

The general algorithm, as can be seen in Figure 3.6, is divided in two steps:
the pre-processing calculation of the concentrated solar flux distribution (the opti-
cal model) and the thermal model for resolving the energy balance at the HCE. The
optical model is based on the methodology described in the previous chapter (see
section 2.5). A new numerical-geometrical method have been used to calculate the
distribution of the solar flux around the HCE.

After the spatial and angular discretisation of the domain, the optic cone is pro-
jected on the HCE in order to quantify the reflected rays and calculate the solar ra-
diative heat flux.
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Figure 3.6: Flow chart of the general algorithm
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The thermal model starts by initialising the temperature maps for the different
components of the HCE, i.e. the fluid, the absorber tube and the glass envelope tube.
All the heat fluxes andmaterial properties have to be calculated and inserted into the
discretised energy equations. These equations are then solved numerically using the
appropriate numerical scheme and direct solver as described before. The coupling
between the energy equations is performed iteratively. The global convergence is
reached when the temperature of fluid Tf becomes stable and a strict convergence
criterion is verified |Tf−T 0

f | < ε, where T 0
f is the temperature of fluid in the previous

iteration and ε = 10−6. The energy balance model provides the temperature distri-
bution in the HCE, as well as, the performance of a PTC by calculating the useful
energy, the thermal losses and the thermal efficiency. The PTC thermal efficiency is
determined as,

ηth =
qu

AwIs.inc
(3.35)

The useful energy is obtained by summing the heat gained by the HTF along the
absorber. Thus,

qu =

Nz
∑

i

Nθ
∑

j

q̇ija−f,conv (3.36)

The heat losses are the sum of the convective and the thermal radiative flux lost
by the absorber tube.

qheat loss =

Nz
∑

i

Nθ
∑

j

(q̇ija−g,conv − q̇ija−g,rad) (3.37)

3.4 Computational results and validation

Both optical models have been tested and compared to numerical data from litera-
ture in the previous chapter. The accuracy of the overall model, i.e. the optical model
coupled with the thermal model, is also tested.

The thermal model is validated by comparing the results with experimental mea-
surements obtained by Sandia National Laboratories for a collector assembly (LS-2)
placed in the AZTRAK rotating platform [1]. The comparisons are carried out under
different working conditions which are summarised in table 3.1 for a silicone HTF
(syltherm 800).

In the numerical model, different numbers of longitudinal control volumes are
tested to get a grid-independent solution. The gridNz ×Nθ = 60× 60, is considered
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Table 3.1: Experimental conditions data from [1] used in the thermal model vali-

dation

Parameter Value
Selective coatings Cermet- Black chrome
Incident solar irradiation 755 - 982.3W/m2

Wind Speed 0.0 - 5.5m/s
Flow rate (7.95 - 9.46)×10−4m3/s
Air Temperature 267.95 - 304.85K
Input Temperature 317.85 - 649.75K

as grid-independent since there is no significant difference in the results for finer
discretisations.

Comparisons are performed for irradiated and un-irradiated absorbers and two
scenarios of the annulus: i) vacuum and ii) air between the absorber and the glass
envelope. The experimental tests reported at zero incident angle are used for this
comparison.

The comparison of the performance against the experimental data is shown in
Figures (3.7-3.8). The results for the thermal losses and the thermal efficiency of the
PTC follow the same trends of the experiments and the agreement here is good. The
results are within the experimental uncertainty. For the cermet selective coating, the
maximum error of thermal efficiency is 3.16%with amean deviation of less than 1.28
%. For the black chrome selective coating, the maximum error of thermal efficiency is
3.29%with amean deviation of less than 1.39%. The increment of temperature of the
fluid (∆T = Tout − Tin) was also compared with measurements and the differences
are quite small. The maximum deviation are smaller than 7.2 %with mean deviation
of not more than 4.94 %. Table 3.2 summarizes the error analysis for both selective
coatings and different scenarios.

As it was expected, heat losses increase with the fluid temperature due to the
convection, conduction, and thermal radiation losses in the annulus for both cases
(air and vacuum), which cause the drop of efficiency. Moreover, the heat losses in-
crease and the efficiency of the collector is degradedwhen allowing air into annulus,
as well as for the use of black chrome coating, which has worse radiative properties
(high emittance) than the cermet coating.

The discrepancies between the present results and the experimental measure-
ments seem to increase with the temperature of theHTF. This can be explained by the
optical properties of the HCE, which are based at lower temperatures. In addition,
other unaccounted optical effects during the test operating [11], such as HCE and
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(a) (b)

Figure 3.7: Thermal efficiency comparison between Sandia experimental data and

proposed model (a) cermet coating (b)black chrome coating

(a) (b)

Figure 3.8: Thermal losses comparison between Sandia experimental data and

proposed model for un-irradiated case (a) cermet coating (b)black chrome coating
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(a) (b)

Figure 3.9: Thermal losses comparison between Sandia experimental data and

proposed model for irradiated case (a) cermet coating (b)black chrome coating

Table 3.2: Error analysis of thermal efficiency and increment of HTF temperature

for irradiated case and both selective coatings (cermet and black chrome)

Selective coating Scenario Thermal efficiency ∆T
Max error Mean error Max error Mean error
(%) (%) (%) (%)

Cermet Air 2.42 1.28 5.52 3.94
Vacuum 3.17 1.25 6.28 4.25

Black chrome Air 3.29 1.39 7.2 4.94
Vacuum 2.57 1.35 4.7 3.07
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(a) (b)

Figure 3.10: Comparisons with un-irradiated absorbers experiments (a) heat losses

and (b) glass temperature

mirror alignment, aberration in mirrors and tracking system errors are also causes of
the discrepancies. Another source of errors might be the empirical correlations used
for the heat transfer coefficients. In the present work, correlations for a cylinder in
cross-flow are used, but when the PTC works under wind conditions, the presence
of the parabolic mirror affects the heat transfer around the HCE [12, 13]. Further
work is required for obtaining appropriate correlations for such situations.

The numerical model is also validated with more recent experimental measure-
ments of heat losses which are performed in un-irradiated absorbers [2, 14]. The
experiments are done indoors using a HCE with the same dimensions as in table
2.1, an ambient temperature of about 296K and the flow rate is changed to obtain
the desired absorber temperature. The advantage of this validation is that these ex-
periments are performed inside the laboratory under controlled ambient which can
affect the convection heat transfer with environment as well as the optical errors in
the PTC.

In these simulations, the thermal emittance of UVAC3 [2] is used. Although,
in the experimental measurements of PTR70 [14] the emittance was different from
UVAC3 [2], these results are also plotted just as a reference to illustrate the trend.
Figure 3.10(a) shows the heat losses from un-irradiated absorbers and the compari-
son with both experimental measurements. It can be seen from the figure, that the
present model reproduces the behaviour of UVAC3 HCE reasonably well with a
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maximum deviation in glass temperature of 3.9 % and deviations in heat loss smaller
than 12 %. The predicted results also follow the same trend of PTR70 HCE. The
heat losses in un-irradiated absorbers are dominated by thermal radiation and the
heat transfer coefficient to the environment corresponds to natural convection (no
winds). As can be seen, the current model accurately predicts heat losses and gives
better agreement than the previous heat losses validation with Sandia experiments
[1]. Figure 3.10(b) shows the variation of the glass temperature respect to the ab-
sorber temperature and the comparison with experimental tests. The main reason of
the difference encountered in glass temperature is due to the variation of the optical
properties with temperature as well as the effect of anti-reflective coating applied to
the glass which is not included in the present model. A possible under-prediction
of the convection heat transfer coefficient may be the cause of the over-prediction of
the glass temperature at high operating temperature.

Finally, the case of Dudley et al. [1] (Ib = 933.7W/m2, ṁ = 0.68 kg/s, Tair =
294.35K and Tin = 375.35K) has been tested. The results of the thermal behaviour
around the circumference of the HCE are presented in Figures (3.11-3.12). The tem-
perature profile of both absorber and glass envelope follows the non-uniform solar
heat flux distribution which indicates that the conduction in both tubes is relatively
small. The temperature of the absorber is symmetric and increases by moving along
the HCE far away from the inlet. The four zones discussed in the distribution of the
LCR are also present in the temperature distribution of both tubes. The temperature
at the inlet of the absorber is close to the temperature of the un-irradiated absorber
in the direct radiation zone where the solar flux is not concentrated.

The temperature of the absorber increases along the axial direction as shown in
Figure 3.12 for different azimuthal positions (0◦, 90◦ and 180◦) and follows the same
trend as the numerical results of Cheng et al. [15]. The absorber temperature is higher
at 180◦ because the absorber receives more concentrated solar radiation at this angu-
lar position, while at 0◦ is the lowest one because there is no solar concentration in
this position.
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(a) (b)

Figure 3.11: Circumferential temperature distribution on (a) the absorber tube

for several longitudinal positions (b) the glass cover for x=4.0m

Figure 3.12: Variation of the temperature of the absorber tube and the HTF along

the axial direction
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3.5 Conclusions

A detailed numerical model based on energy balance about the HCE for the optical
and thermal analysis of PTC has been developed. The proposed model included a
detailed thermal radiative heat transfer analysis based on the crossed-stringmethod.
Different empirical correlations have been tested and selected according to the con-
ditions under study. A FVM method for resolving the RTE and a new numerical-
geometric method based on ray trace and FVM techniques are developed for cal-
culating the non-uniform solar flux around the HCE. The validation of the optical
model with available analytical results from the literature in the previous chapter has
shown a quite good agreement. After the validation of the optical model, the overall
thermal model is compared with the experimental measurements from Sandia Na-
tional Laboratories [1]. Results obtained matched experimental ones, although some
discrepancies are observed at higher temperatures. These discrepancies might be at-
tributed to optical properties of the HCE, other unaccounted optical effects during
the test operating, and possible errors due to correlations used for the heat transfer
coefficients. Further validation is carried out by comparing the results of the ther-
mal model with experimental measurements of un-irradiated receivers. It is shown
that the present model is capable of estimating reasonably well the heat losses and
temperature in the HCE. In addition to that, the overall model is tested for a given
case of Dudley et al. [1] to study the thermal behaviour around the circumference
of the HCE. The effect of the non-uniform incident solar radiation on the absorber
tube and glass envelope was discussed. According to the results obtained, it can be
concluded that the current numerical model is suitable for predicting the optical and
thermal behaviour of the HCE under different operating conditions. The next chap-
ter is dedicated to determine the effect of the non uniformity solar flux distribution
in the convective heat losses to the ambient and taking into account the angle attack
of the wind.
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Chapter 4

Numerical simulation of wind
flow around a parabolic trough
solar collector

Most of the contents of this chapter have been published as:
A.A. Hachicha, I. Rodríguez, J. Castro and A. Oliva. Numerical simu-
lation of wind flow around a parabolic trough solar collector. Applied
Energy 107 , pp. 426-437.

Abstract.

The use of parabolic trough solar technology in solar power plants has been increased in
recent years. Such devices are located in open terrain and can be the subject of strong winds.
As a result, the stability of these devices to track accurately the sun and the convection heat
transfer from the receiver tube could be affected. A detailed numerical aerodynamic and heat
transfer model based on Large Eddy Simulations (LES) modelling for these equipments is pre-
sented. First, the model is verified on a circular cylinder in a cross flow. The drag forces and
the heat transfer coefficients are then validated with available experimental measurements.
After that, simulations are performed on an Eurotrough solar collector to study the fluid flow
and heat transfer around the solar collector and its receiver. Computations are carried out for
a Reynolds number of ReW = 3.6 × 105 (based on the aperture) and for various pitch angles
(θ = 0◦, 45◦, 90◦, 135◦, 180◦, 270◦). The aerodynamic coefficients are calculated around the so-
lar collector and validated with measurements performed in wind tunnel tests. Instantaneous
velocity field is also studied and compared to aerodynamic coefficients for different pitch an-
gles. The time-averaged flow is characterised by the formation of several recirculation regions
around the solar collector and the receiver tube depending on the pitch angle. The study also
presents a comparative study of the heat transfer coefficients around the heat collector ele-
ment with the circular cylinder in a cross flow and the effect of the pitch angle on the Nusselt
number.

97



Chapter 4. Numerical simulation of wind flow around a parabolic trough solar collector

4.1 Introduction

Parabolic trough solar collectors (PTC) constitute a proven device of thermal energy
for industrial process heat and power generation. Currently, PTC is one of the most
mature and prominent technologies for solar energy for production of electricity. The
majority of the parabolic trough plants deployed operate at temperatures up to 400
ÂoC using synthetic oil as heat transfer fluid (HTF)[1]. Parabolic trough collectors
are built in modules that are supported from the ground by simple pedestals at ei-
ther end. A PTC is basically constructed as a long parabolic trough-shaped mirror
that reflects direct solar radiation and concentrates it onto a heat collector element
(HCE) located in the focal line of the parabola. The HTF runs through the receiver
tube and absorbs the concentrated sunlight. The surface of the absorber is covered
with a selective coating which has a high absorptance for solar radiation and low
emittance for thermal radiation. A glass envelope is used around the absorber tube
to reduce the convective heat losses with vacuum in the space between the absorber
and the glass cover. The PTC is aligned to the north-south axis and tracks the Sun
from east to west as it moves across the sky using a tracking mechanism system.
In practice, the array field of solar collectors is located in an open terrain and it is
sensitive to strong winds [2]. The surrounding air is usually turbulent and can af-
fect the optical performance and wind resistance of the PTC, as well as, the heat
exchange between the glass outer surface and the ambient air. Wind flow analysis is
then required to understand the aerodynamic loading around the parabolic reflector,
as well as, the convection heat transfer from the HCE.
Several numerical and experimental studies have been performed to determine the
thermal performance and heat transfer characteristics of PTC [3, 4, 5, 6, 7]. However,
only few studies of wind flow around the PTC have been published as commented
in section 1.3 and numerical studies are rare. Up to now, the turbulence modelling of
the fluid flow and heat transfer around the PTC has been solved using RANS mod-
els which suffer from inaccuracies in predictions of flow with massive separations
and vortex shedding [8, 9]. The lack of precision of RANS models in these situa-
tions and the increase of computer power, together with the emergence of new high-
efficiency sparse parallel algorithms, motivated the use of more accurate turbulent
models such as Large Eddy Simulation models (LES). In LES, the largest scales of
the flow are solved and requires modelling only for the smallest ones, while RANS
models are focused on the mean flow and the effects of turbulence on mean flow
properties.
In the present work, detailed numerical simulations based on LES modelling of the
flow field and heat transfer around a full-scale parabolic trough solar collector are
presented. The main objectives of this study are to demonstrate the capabilities of
LES models for quantifying the fluid flow and the aerodynamic coefficients for var-
ious pitch angles, as well as, to identify the recirculation zone and vortex-shedding
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around the PTC and the HCE The thermal field and convection heat transfer around
the HCE are also determined.

4.2 PTC numerical model

4.2.1 Mathematical model

The methodology used for solving the fluid flow and heat transfer around the PTC
is similar to that of bluff body flow described in [10]. In this context, LES models
have been proven to yield accurate results in flows with massive separations, reat-
tachments and recirculations and they have been widely tested to simulate turbulent
flow around obstacles [11, 12, 13, 14].
All the simulations are carried out using the CFD&HT code Termofluids [15], which
is an unstructured and parallel object-oriented code for solving industrial flows.
In Termofluids, the incompressible filtered Navier-Stokes and energy equations are
written as

∇ · u = 0 (4.1)
∂u

∂t
+ (u · ∇)u − ν∇2u+ ρ−1∇p+F = (u · ∇)u − C (u)u

≈ ∇ · τ (4.2)

∂T

∂t
+ (u · ∇)T − κ∇2T = (u · ∇)T − C (u)T

≈ ∇ · τT (4.3)

where u, p, T denote the filtered velocity vector, pressure and temperature fields
respectively. ν , ρ and κ are the viscosity, density and thermal diffusivity. F are
the filtered body forces, F = βp(T − Tref )g, being g the gravity vector and, βp is
the thermal expansion coefficient. Note that all the thermo-physical properties are
evaluated at Tref , which is the free stream temperature. The last term in equations
4.2 and 4.3 indicates some modelisation of the filtered non-linear convective term. τ
represents the SGS stress tensor which is defined as

τ = −2νSGSS +
1

3
(τ : I) (4.4)

where S is the filtered rate of strain S = 1
2 [∇(u) + ∇∗(u)] and ∇∗ is the transpose

of the gradient operator. τT term is evaluated as τ (4.4) but νSGS is substituted by
κSGS = νSGS/Prt, where Prt is the turbulent Prandtl number (0.9 in Termofluids
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code).
In the present study, the Wall-Adapting Local-Eddy viscosity [16] model within a
Variational Multiscale approach [17] (VMS-WALE) is used for modelling the subgrid
scale stress tensor. In the variational multiscale (VMS) approach, originally formu-
lated by Hughes [17] for the Smagorinsky model in the Fourier space, three classes
of scales are considered: large, small and unresolved scales. If a second filter, with
filter length l̂, is introduced (usually called test filter), a splitting of the scales can be
performed, f ′ = f − f̂ . Following Vreman [18] notation, f ′ is called the small-scale
component, f̂ the large-scale component, and f is the original resolved quantity.
Thus, for the large-scale part of the resolved u a general governing equation can be
derived,

∂u

∂t
+ (u · ∇)u − ν∇2u+ ρ−1∇p+F = −

∂τ̂

∂xj
−

∂τ ′

∂xj
(4.5)

where τ̂ is the subgrid term in the large-scale equation and τ ′ is the subgrid small-
scale term. By neglecting the effect of the unresolved scales in the large-scale equa-
tion (τ̂ = 0), we only need to model the τ ′. In our implementation the small-small
strategy is used in conjunction with the WALE model:

τ ′ = −2νSGSS
′ +

1

3
(τ ′ : I) (4.6)

νSGS = (CV MS
w ∆)2

(ν′ : ν′)3/2

(S′ : S′)5/2 + (ν′ : ν′)5/4
(4.7)

S′ =
1

2
[∇(u′) +∇∗(u′)] (4.8)

ν′ =
1

2
[∇(u′)2 +∇∗(u′)2]−

1

3
(∇(u′)2) (4.9)

where CVMS
w is the VMS coefficient, which lies in the range between 0.3 and 0.5.

In Termofluids code [15] this value is set to 0.325 according to previous experiences
with quasi-homogeneous turbulence and was tested for different flows (see for in-
stance [11, 13, 14, 19, 20]).

4.2.2 Definition of the case and numerical model

The geometry of a full-scale Eurotrough solar collector [2] has been selected for this
study. A typical HCE with a stainless steel absorber inner/outer diameter of 6.6/7.0
cm and glass cover of 10.9/11.5 inner/outer diameter has been considered in the
simulations. The computational domain is defined by 5W in the upstream direc-
tion, 20W in the downstream direction (x-direction), 9W in the cross direction (y-
direction), and πW in the span-wise direction (z-direction), where W=5.8m is the
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Figure 4.1: Computational domain of the wind flow study around an Eurotrough

solar collector.

aperture of the parabola (see the figure 4.1). The parabolic collector is usually large
in length compared to the parabola dimension. Thus, in such conditions, the flow
in the span-wise direction (z-direction in figure 4.1) might be considered spatially
periodic in that direction. Note that the use of spatially periodic domain implies that
the span-wise size should be large enough to contain the largest scales of the flow.
In this sense, various span-wise sizes have been tested (not shown here for the sake
of brevity) in order to ensure that there was no influence in the results. After these
studies, the length of πW for the span-wise directions is used in all the cases pre-
sented.
A uniform wind speed in the inlet velocity profile is considered. Although, the PTCs
are exposed to the atmospheric boundary layer, the uniform velocity assumption
represents the worst-case scenario for structural loading and could be incorporated
as a design safety factor. Slip conditions are fixed in the top and bottom bound-
aries, while at the outlet a pressure-based condition is used. At the mirror and HCE
surfaces, no-slip conditions are prescribed. As for the span-wise direction, periodic
boundary conditions are imposed [21]. The Prandtl number is set to Pr = ν

κ = 0.7 as
for air. The temperatures of the glass cover and ambient air are fixed to Tg = 350K
and Tamb = 300K , respectively. A Neumann boundary condition (∂T∂n = 0) is pre-
scribed in the top, bottom and outlet boundaries for temperature.
The governing equations are discretised on a 3D unstructured mesh generated by
the constant-step extrusion in the spanwise direction of a two dimensional unstruc-
tured grid. The mesh is refined around the mirror, the HCE and the near wake and
then, stretched going away from the collector (see figure 4.2). A prism mesh is used
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(a)

(b) (c)

Figure 4.2: Example of mesh distribution at position θ = 45◦ :(a) 3D view (b)

around PTC and (c) around HCE.

around the HCE to well capture the boundary layer.

The simulations are started from homogeneous flow and an impulsive flow ini-
tial condition is used. The flow field is advanced in time for initial duration to ensure
statistically steady state. After all transients are washed out, statistics are collected
for a sufficient long time which ensures temporal convergence.
Extensive grid refinement tests for each pitch angle (not shown here) are conducted
in order to obtain a solution which accurately describes the fluid flow and heat
transfer phenomena. The mesh is suited for each case of pitch angle and respect
to the dimension of the problem. In order to capture the flow structures in the near
wake of the PTC and around the HCE, mesh requirements are higher in these zones.
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Table 4.1: Details of adopted meshes for each pitch angle

Position 0◦ 45◦ 90◦ 135◦ 180◦ 270◦

Mesh plane 112322 104477 102914 81862 98375 104188
Number of planes 96 96 96 96 96 96
Grid size(MCVs) 10.78 10.02 9.87 7.85 9.44 10.0

However, due to the large difference between the dimensions of the aperture of the
parabola and the receiver tube, the construction of the mesh is quite dense and com-
plicated near these elements. For the sake of brevity, these studies are not shown and
only results obtained with the finer grid for each pitch angle are presented. Indeed,
finer meshes are about 10.78 Million Control Volumes(MCV) with 96 planes in the
homogeneous direction. In table 4.1, the main characteristics of the meshes used for
each pitch angle are given.

Numerical computations are carried out for different pitch angles (θ = 0◦, 45◦,
90◦, 135◦, 180◦, 270◦) and for Reynolds number ReD = uD

ν = 7200, based on the
glass cover diameter. This Reynolds number corresponds to wind speed about 1m/s
which is a typical value of wind speed encountered in solar plants. The Reynolds
number has also been selected in order to compare the present results with the ex-
perimental results of Scholten and Murray [22] and Norberg [23] for the cross flow
simulation around horizontal cylinder.

4.3 Validation of the numerical model

Although the code used for modelling the CFD&HT of fluid flow around parabolic
collector and HCE described in previous section has been widely verified and val-
idated using numerical results and experimental data from scientific research bib-
liography [10, 12, 24], simulations are also performed on a circular cylinder in a
cross flow to test the accuracy of the numerical model and observe the effect of
the parabolic collector on the HCE. The distribution of the drag forces around the
circumference of the cylinder for Re ≃ 7200 is calculated and compared with ex-
perimental measurements of Scholten and Murray [22]. The boundary conditions
and mesh distribution have been considered in a similar way as the previous section
4.2.2. The computational domain is extended to [−15D, 25D];[−10D, 10D];[0, πD] in
the stream-, cross- and span-wise directions respectively, and the cylinder with a di-
ameterD is placed at (0,0,0). The results shown herein are computed for a finer grid
of 130000×64planes (i.e. 130000 CVs in the 2D planes extruded in 64 planes yielding
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Figure 4.3: Variation of the drag coefficient around a circular cylinder in a cross

flow. Comparison with experimental data of Norberg [23].

about 8.3MCVs).
First, the pressure distribution across the cylinder surface have been compared with
experimental data of Norberg [23] at Re = 8000. The dimensionless pressure coeffi-
cient is calculated as

Cp =
p− p∞
1
2ρu

2
∞

(4.10)

where p∞ and u∞ are the free-stream pressure and the velocity, respectively.
At these sub-critical Reynolds numbers, drag forces are almost constant over a

large range of Reynolds numbers (see for instance [25]). Thus, it is expected that
drag distributions at Re = 7200 compares well with that measured by Norberg [23]
at Re = 8000. In figure 4.3, this comparison against experimental data is presented.
It can be seen from this figure that the numerical results reproduce accurately exper-
imental measurements [23] in the attached boundary layer zone, as well as, in the
back zone with the same minimum magnitude and angle position where it occurs.
Furthermore, the Nusselt number (Nu = hD

λ ), which describes the heat transfer
characteristics for the flow around the circumference of the cylinder in cross flow is
calculated.
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Figure 4.4: Variation of the Nusselt number around the HCE and comparison with

cross flow horizontal cylinder and experimental data [22] at Re = 7190

The calculated local Nusselt number for the circular cylinder in cross flow gives
a fair agreement with experimental measurements [22] and follows the same trends
as shown in Figure 4.4. The Nusselt number is maximum at the leading edge or
the front stagnation point (fsp) and, decreases smoothly by moving towards the top
(or the bottom) of the cylinder. The minimum value occurs at about 90◦ from the
stagnation point of the cylinder, which is associated with flow separation and the
formation of a recirculation zone in the near wake. That is, the local separation re-
stricts heat transfer away from the surface and causes the decrease of the Nusselt
number. It increases again by approaching to the wake region as the turbulent wake
allows heat to be removed. It should be pointed out that there are some differences
respect to the experiments in the rear zone of the cylinder where heat transfer fluctu-
ations are more random in nature and more complicated to measure [22]. Acording
to Scholten and Murray [22], the high level of fluctuation in that zone are due to
the extensive mixing of the fluid. This might be the reason of the discrepancies en-
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countered between present results and experimental measurements. The predicted
averaged Nusselt number is about 52.2, which represents a 5 % of difference com-
pared to experimental results. However, the percentage of the fluctuation of the
averaged Nusselt number for experimental measurements [22] was estimated to be
21.4 %. Thus, the present results are well within these experimental fluctuations.
By comparing the present computation results with the available experimental mea-
surements [22, 23], a good agreement can be observed for both fluid flow and heat
transfer characteristics, which proves the accuracy of the present numerical model
and the turbulence model performance used herein.

4.4 Results and discussion

4.4.1 Averaged forces on the parabola

Numerical simulations are performed to study the wind flow of 1m/s around the
PTC, which corresponds to Reynolds number based on the collector aperture of
ReW = uW

ν = 3.6 × 105 at different pitch angles (θ = 0◦, θ = 45◦, θ = 90◦, θ = 135◦,
θ = 180◦, θ = 270◦).

Aerodynamic coefficients at these pitch angles are calculated and compared to
experimental measurements in figure 4.5. The experimental measurements were car-
ried out for an LS-2 solar collector [26] constructed at a scale of 1:45. Two types of
wind-tunnel models were used for comparison: i) a light-weight model for measur-
ing lift and drag dynamics wind loads using a high-frequency force balance and ii)
a rigid plastic model instrumented with pressure taps for measuring pressure distri-
bution over the surface of the PTC.
As can be seen from figure 4.5, the numerical predictions obtained are within the
error-bars of both experimental measurements from the wind-tunnel data [27]. Dis-
crepancies between computed and measured aerodynamic coefficients are mainly
due to the unsteady flow behaviour and ground effects, which may affect the flow
structures and separations behind the PTC and requires longmeasurement duration.
On the other hand, it should be considered that there also could be some differences
due to the scaling up of the Reynolds number used in the measurement model to
avoid the compressibility effects. Although Hosoya et al. [27] studied the indepen-
dence of the aerodynamic performances of the PTC, at the model scale Reynolds
number range (Re ∼ 104), it is not straightforward to extrapolate their study to the
full scale case (Re ∼ 106).
The zero pitch angle presents the maximum drag force (CP ) and it decreases by
moving the parabolic trough toward the horizontal position (θ = 90◦). However,
the absolute value of lift coefficient Cf is nearly zero at θ = 0◦ and increases by ap-
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proaching to the horizontal position (θ = 90◦), as well as, to the stowmode (θ = 270◦)
where the concave surface of the trough is facing the ground. The maximum abso-
lute lift force occurred at about θ = 60◦.

4.4.2 Instantaneous flow

The variations of the aerodynamic coefficients can clearly be understood if the in-
stantaneous flow is studied.

In figure 4.6, the instantaneous velocity field for different pitch angles (θ = 0◦,45◦,
90◦, 135◦, 180◦ and 270◦) are depicted. The flow around the edge of the PTC is shown
and the streak of flow stream known as shear layer is observed. The shear layer in-
cludes the separation zone and its trajectory depend on the pitch angle.
A large separated zone is observed at θ = 0◦. The turbulent flow in the detached re-
gion produces a large depression region in the back of the PTC being the responsible
for the large value of drag coefficient obtained. The shear layer is more elevated at
this position and the flow seems to follow the curvature of the PTC.With the increase
of the pitch angle from θ = 0◦ to θ = 90◦, the separated zone is continuously re-
duced, which provokes a reduction of drag forces on the PTC surface. At pitch angle
θ = 90◦, only a small recirculation zone is formed within the parabola region. This
is the most favorable position for the PTC to work, i.e. when the parabola is aligned
with the free-streamdirection, the flow is completely attached to the parabola surface
which provokes the reduction of the drag forces. By moving the PTC from θ = 90◦

to θ = 180◦, a large recirculation zone is formed in the opening of the parabola and
the drag forces increase again. Unsteady vortices separate from the edge of the PTC
and move further away from the collector. When the PTC approaches to the stow
mode θ = 270◦, the separated zone is reduced again as well as the drag forces.

4.4.3 Mean flow configuration

The mean flow around the PTC show different structures and recirculation regions
around the collector and the HCE. These flow structures are strongly related to the
collector orientation and the pitch angle. Several recirculation regions are formed
around the HCE depending on to the pitch angle and the position of the PTC. The
different time-averaged flow configuration for each pitch angle around the solar col-
lector and the HCE are depicted in figure 4.7.

For a pitch angle of θ = 0◦, a large recirculation region behind the PTC is ob-
served. This region extends up to 7.03W with two large counter-rotating vortices in
the leeward side of the collector. In this position, the PTC receives the maximum
drag forces and minimum lift forces due to the shape of the collector. The flow
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Figure 4.6: Instantaneous velocity field around the PTC for different pitch angles:

(a) θ = 0◦, (b) θ = 45◦, (c) θ = 90◦, (d) θ = 135◦, (e) θ = 180◦, (f) θ = 270◦.
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Figure 4.7: Streamlines for the time-averaged flow around the PTC and the HCE

for different Pitch angles: (a) θ = 0◦, (b) θ = 45◦, (c) θ = 90◦.
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Figure 4.8: Streamlines for the time-averaged flow around the PTC and the HCE

for different Pitch angles: (d) θ = 135◦, (e) θ = 180◦, (f) θ = 270◦.
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around the HCE follows the tilt of the collector and seems to be oriented towards
the upper edge of the PTC. Two small counter-rotating vortices attached to the back-
ward side of the HCE can be observed.

At a pitch angle of 45◦ flow separation occurs from the upper and lower edges
creating several recirculation regions behind the PTC. The recirculation region de-
creases compared to θ = 0◦ and the shear layer is much lower. Thus, the drag coef-
ficient decreases and the absolute value of the lift coefficient increases. As for flow
around the HCE similar to θ = 0◦, it follows the tilt of the collector and a recircu-
lation bubble with two vortices is also formed in the wake region of the receiver tube.

The recirculation region is reduced sharply when the collector is approached to
the horizontal position 90◦. For this position small eddies are formed in the leeward
side of the PTC and the recirculation region is relatively small, which explain the
minimum drag forces. Several eddies are also formed within the aperture of the
collector without affecting the flow around the HCE. When the wind blows toward
the back side of the collector, the flow separation is reduced due the flow direction
and the convex shape of the collector. The flow around the HCE is similar to the
cross flow around a circular cylinder and there is also formation of vortex shedding
downstream the receiver tube.

At a pitch angle of 135◦, two large vortices are formed in the forward side of the
PTC, where negative pressures are observed. The recirculation region is increased
by moving the collector from the horizontal position, therefore the drag forces are
increased. As the flow velocity within the recirculation zone is low, the flow around
the HCE is laminar and no vortices are observed. The flow in the forward side of
the PTC follows the curvature of the collector with the formation of two superposed
large vortices. The receiver tube is located inside the upper vortex.

The recirculation region increases sharply at a pitch angle of 180◦ and extends
up to 7.6W with two superposed large eddies formed behind the PTC. The shear
layer is again elevated but not as much as for θ = 0◦, which explain the increase of
the drag forces at θ = 180◦, yet remains lower than the vertical position (θ = 0◦).
The receiver tube is placed into the upper vortex of the forward side of the PTC. The
flow structure around the HCE is laminar and follows the curvature of the collector
as well.

By moving the PTC towards the stowmode (θ = 270◦), the recirculation region is
reduced sharply. Similar to the position θ = 90◦, only small eddies are observed be-
hind the solar collector and the drag forces are then reduced. Another recirculation
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region is also formed in the concave of the parabola. The fluid flow around the HCE
is also similar to the cross flow around a circular cylinder with a small deviation due
to the effect of the ground. Behind the receiver tube, a small recirculation bubbles is
formed.

According to the flow separation and recirculation regions, it can be concluded
that the wind forces are important regarding to the mirrors stability for pitch angle
θ > 90◦ due to the eddies formation in the forward side of the PTC. However, for
pitch angle θ < 90◦ the eddies are stronger in the leeward side of the PTC which
affect more the PTC structure stability, as well as, the tracking system.

4.4.4 Heat transfer around HCE

The heat transfer around the HCE is also studied for different pitch angles to de-
termine the local Nusselt number around the HCE. Depending on the pitch angle,
convection around the HCE might be forced or forced and free (mixed convection).
The Richardson number (Ri = Gr/Re2), which is a balance between the buoyancy
forces to the viscous forces, is an important parameter to determine the nature of the
convection mode: free, forced or mixed convection. When Ri << 1, free convection
is negligible and only forced convection takes place. For Ri >> 1 free convection
dominates and the mixed free and forced convection occurs for Ri ≈ 1. In most of
the cases considered in the present work (i.e for pitch angles of θ = 0◦, 45◦, 90◦ and
270◦), Ri = 0.2 which correspond to a forced convection. However, for pitch angles
of 135◦ and 180◦, the HCE is within the large recirculation bubble formed behind
the parabola (see figure 4.7d and 4.7e). Under these conditions, flow velocities are
extremely low (if compared to free-stream velocity) which decreases the Reynolds
number and increase the Richardson number. Thus, in those cases free convection
becomes as important as forced convection and buoyancy forces should be consid-
ered.

In figure A.0.2, the distribution of the local Nusselt number for different pitch
angles is shown. Table 4.2 summarizes the average Nusselt number Nuavg around
the HCE and the local Nusselt number at the front stagnation point Nufsp, as well
as the maximum Nusselt number Numax and the minimum Nusselt number Numin

together with their position of occurrence. These results are also compared with
available experimental data [22] and the correlation of Zukauskas [28], found in the
literature for the case of cross flow around a circular cylinder and the results pre-
sented in section 4.3.

The local Nusselt number relates the actual heat transferred from the wall of the
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glass cover to a reference value of the transferred heat.

Nu =
qactual
qref

=
−λ∂Tr/∂n

−λ(Tg − Tamb)/Dg
(4.11)

Where Tr is the temperature of the nearest node to the glass cover wall. The averaged
Nusselt numberNuavg is calculated by integrating Nusselt number around the HCE.

Nuavg =
1

2π

∫ 2π

0

Nuαdα (4.12)

According to figure 4.9, the profile of local Nusselt number at θ = 0◦ is similar to
the profile of Nusselt number for cross flow around circular cylinder but displaced
towards the stagnation point by an angle of about 90◦. This can be explained by the
displacement of the fluid structure around the HCE due to the tilt of the parabola
shown in figure 4.7 (a). Themagnitude of the averagedNusselt number is reduced to
53% compared to the circular cylinder in the cross flow case. This ismainly due to the
effect of the parabola that plays the role of a fence against the normal winds, which
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reduces the velocity around it and deviates the direction of the winds following its
curvature.

For a pitch angle of θ = 45◦, the same phenomena is observed as θ = 0◦ and the
local Nusselt number seems to be displaced towards the stagnation point by an angle
of about 45◦ compared to the cross flow circular cylinder. As can be seen from figure
4.7 (b), the flow around the HCE is following the tilt of the parabola, which explain
the distribution of Nusselt number around the HCE. Furthermore, the magnitude
of the Nusselt number is reduced to 30% compared to the circular cylinder in cross
flow case, which can be explained by the effect of the collector and its orientation.
The magnitude of the velocity in this position is less affected than θ = 0◦ because of
the orientation of the collector.

The distribution of the Nusselt number at a position of θ = 90◦ is symmetric
and similar to the cross flow around the horizontal tube. The magnitude of the av-
eraged Nusselt number is only reduced by 9%. This is due mainly to the effect of
the parabola that allows the wind to pass through but slow down the velocity by
its curvature. In figure 4.10, it is shown that the distribution of local Nuseelt num-
ber follows the same trend of cross flow condition which can be explain by the flow
structure around the HCE shown in figure 4.7 (c).

By moving the PTC to the position θ = 135◦, mixed convection occurs and the
profile of the local Nusselt number is no longer similar to the cross flow condition.
In this case, the HCE is placed in the wake behind the PTC and the flow impinges on
the HCE at θ > 180◦ where the Nusselt is maximum. The Nusselt number decreases
in the upper side of the HCE where the flow is separated from the receiver tube, as
can be seen from figure 4.7 (d). The magnitude of the averaged Nusselt number is
reduced to 51% due to the effect of the PTC that reduces sharply the velocity and the
direction of the winds.

At a pitch angle of θ = 180◦, mixed convection is also present and the local Nus-
selt number is different to the cross flow condition. As can be seen from figure 4.7
(e), the HCE is situated in the upper bubble of the downstream side. The fluid flow
shocks with the receiver tube in the lower side where the local Nusselt number is
higher and leaves in the upper side which explain the decrease of Nusselt number
there. The magnitude of the averaged Nusselt number is also reduced to 56% due to
effect of the solar collector.

Furthermore, the fluid flow around the HCE in the stow mode (θ = 270◦) is sim-
ilar to the position θ = 90◦ and the cross flow around circular cylinder. The local
Nusselt number is also symmetric and follows the same trend as can be seen from
figure 4.10. The magnitude of the averaged Nusselt number is decreased by 16%,
which is higher than the horizontal position (θ = 90◦) due to the effect of the ground
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Table 4.2: Numerical data of averaged, front stagnation, maximum and minimum

Nusselt numbers for each pitch angle and comparison with experiments [22] and

the correlation of Zukauskas [28]

Position Nuavg Nufsp Numax/Pos Numin/Pos
0◦ 24.5 33.1 41.4/289.5◦ 9.5/196.8◦

45◦ 36.4 58 61.2/350.9◦ 15.9/67.5◦

90◦ 47.4 86 86/0◦ 27.3/222◦

135◦ 25.1 25.2 32.4/269.6◦ 15.1/64.6◦

180◦ 22.5 23.7 29.1/269.5◦ 7.4/85.9◦

270◦ 43.4 78.2 78.9/355.84◦ 21.1/273.4◦

Cylinder 52.2 86 86.57/357.4 ◦ 17.4/272.2◦

Experimental [22] 49.5 88 90.3/9.9◦ 5.5/95.7◦

Zukauskas [28] 47.3 - - -

in this position.

For different cases of pitch angles, the magnitude of the average Nusselt number
is reduced compared to the cross flow condition. This reduction is desirable since it
reduces heat losses from the HCE and improves the thermal efficiency.
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4.5 Conclusions

A detailed numerical model based on LES models for simulating the fluid flow and
heat transfer around a parabolic trough solar collector and its receiver tube is pre-
sented in this work. This study provides a quantitative assessment of velocity, pres-
sure and temperature fields around an isolated parabolic solar collector and its re-
ceiver. First, the accuracy of the numerical model is verified on a circular cylinder
in a cross flow. Pressure distribution and heat transfer characteristics around the cir-
cumference of the cylinder are calculated and validated with available experimental
data. Then, numerical simulations are performed on a Eurotrough solar collector to
evaluate the averaged forces in the parabola. The aerodynamic coefficients are calcu-
lated around the PTC and validated with experimental model-to-full scale measure-
ments. Numerical results matched experimental ones, although some discrepancies
are observed due to the unsteady flow behaviour and ground effects, as well as, to
the scaling up of the Reynolds number in the measurement model. Furthermore,
the instantaneous flow around the parabola are studied for different pitch angles
in order to explain the variation of the aerodynamic coefficients. It is shown that
the horizontal position θ = 90◦ is the most favourable position for the PTC to work
where the drag forces are lower and increase by moving the PTC.
In addition to that, time-averaged flow for each pitch angle is studied around the
PTC and the HCE. Several recirculation regions are observed which are strongly re-
lated to the collector orientation and the pitch angle. It is concluded that the stability
of the mirrors are much more affected by wind forces for pitch angle θ > 90◦, while
the PTC structure stability is more affected by wind forces for pitch angle θ < 90◦.
After that, the heat transfer around the receiver tube is carried out for different pitch
angles to calculate the Nusselt number. Depending on the pitch angle, convection
around the HCE might be forced or mixed. The distribution of the Nusselt number
around the HCE for θ = 90◦ and θ = 270◦ are symmetric and similar to the cross
flow around circular cylinder. For pitch angles θ = 90◦ and θ = 45◦ the profile of
the Nusselt number is similar to the cross flow circular cylinder but displaced to-
wards the stagnation point by an angle proportional to the tilt of the PTC. However,
the Nusselt number at θ = 135◦ and θ = 180◦ are quite different to the cross flow
cylinder, where mixed convection occurs and the flow around the HCE is laminar.
In these positions, i.e. where the recirculation region is formed in the forward side
of the PTC, Nusselt number are the lowest being the most favourable position from
a thermal point of view.
Finally, it has to be pointed out that the study of the turbulent flow around the solar
collector and its receiver is of major interest for determining the aerodynamic be-
haviour and the overall efficiency of such devices. By means of these simulations,
it is possible to predict the fluid flow structures and the heat transfer characteristics
around the PTC and the HCE for an isolated PTC. However, solar collectors are used

118



References

in array filed for solar plants. It is also of interest to study of the effect of higher wind
speeds on the predicted results that will be treated in the next chapter.
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Chapter 5

Wind speed effect on the flow
field and heat transfer around a
parabolic trough solar collector

Most of the contents of this chapter have been published as:
A.A. Hachicha, I. Rodríguez and A. Oliva. Wind speed effect on the flow
field and heat transfer around a parabolic trough solar collector. Applied
Energy (submitted) .

Abstract.

The parabolic trough solar collector is currently one of the most mature and prominent
solar technology for production of electricity. These systems are usually located in an open
terrain where strong winds may occur and affect their stability and optical performance, as
well as, the heat exchange between the solar receiver and the ambient air. In this context, a
wind flow analysis around a parabolic trough solar collector under real working conditions is
performed. A numerical aerodynamic and heat transfer study based on Large Eddy Simula-
tions is carried out to characterize the wind loads and the heat transfer coefficients. After the
study carried out in Chapter 4 at ReW1 = 3.9 × 105, computations are performed at higher
Reynolds number of ReW2 = 1× 106 and for various pitch angles. The effects of wind speed
and pitch angle on the averaged and instantaneous flow have been assessed. The aerody-
namic coefficients are calculated around the solar collector and validated with measurements
performed in wind tunnel tests. The variation of the heat transfer coefficient around the heat
collector element with the Reynolds number is presented and compared to the circular cylin-
der in cross flow. Unsteady flow is studied for three pitch angles: θ = 0◦, θ = 45◦ and θ = 90◦

and different structures and recirculation regions have been identified. A spectral analysis
has been also carried out around the parabola and its receiver in order to detect the most rel-
evant frequencies related to the vortex shedding mechanism which affect the stability of the
collector.
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5.1 Introduction

Parabolic trough solar collectors (PTC) are considered as one of the most mature,
successful, and proven solar technology for electricity generation. PTCs are typically
operated at 400◦ C and a synthetic oil is commonly used as heat transfer fluid (HTF).
A PTC consists of a parabolic trough-shaped mirror that focus sunrays onto a heat
collector element (HCE) that is mounted in the focal line of the parabola. The HTF
circulates through the solar field to transport the absorbed heat. The solar field is
made up of several solar reflectors composed in series which concentrate the direct
solar radiation by means of a Sun-tracking system. The HCE is typically composed
of a metal receiver tube and a glass envelope covering it with a vacuum between
these two to reduce the convective heat losses.

The thermal and optical performances of PTC are related to the applied load
coming from the wind action on the structure and the tracking system. During real
work conditions, the array field of solar collectors require a good accuracy in terms
of both mechanical strength and optical precision. Such requirements are sensitive to
turbulent wind conditions and should be considered in the design of these systems.
Hence, a wind flow analysis plays a major role for designing the solar collectors and
can lead to a better understanding of the aerodynamic loading around the parabolic
reflector, as well as, the convection heat transfer from the HCE.

Since the 1970s, numerous numerical and experimental studies have been pro-
posed to study the heat transfer characteristics of PTC [1, 2, 3, 4]. However, wind
flow studies around the PTC are scarce. In the late of 1970s and early 1980s, San-
dia National Laboratories sponsored some wind tunnel tests, which were published
in different reports [5, 6, 7, 8]. These reports provided mean wind load coefficients
for an isolated parabolic trough solar collector and for a collector within an array
field. Hosoya et al. [9] carried out a series of wind tunnel experiments about a PTC
to determine the mean and maximum wind load coefficients on a PTC for different
configurations. They also included in their study the effect of the location of the
PTC in the collector field, as well as, the use of a porous fence. Gong et al. [10] per-
formed field measurements on the Yan Qing solar collector in China to determine the
boundary layer wind characteristics and the effect of wind loads on solar collectors
for different configurations.

The majority of the numerical studies for studying wind flow around solar col-
lectors are based on the Reynolds-Averaged Navier Stokes equations (RANS) [11, 12]
which suffer from inaccuracies in predictions of flow with massive separations [13,
14].

A recent study by the authors [15] based on Large Eddy Simulations to quantify
the fluid flow and heat transfer around a PTC for various pitch angles and a fixed
wind speed 1 m/s. The study showed that this kind of detailed numerical simula-
tions are feasible, but the effects of a higher wind speed was not explored.
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5.2. PTC numerical model

In the present work, following the previous experiences, the impact of wind
speed closer to real working conditions is considered. To do this, the wind flow
around the PTC at a wind speed of 3m/s is studied and compared to the results ob-
tained at 1m/s. These cases correspondwith Reynolds numbers ofReW1 = 3.6×105

and ReW2 = 1 × 106 (the Reynolds number is defined in terms of the free-stream
velocity and the aperture ReW =

UrefW
ν ). Wind speed effects on unsteady and aver-

aged fluid flow and heat transfer characteristics are assessed. Furthermore, a power
spectra analysis is carried out to analyse the impact of the unsteady flow conditions
on the PTC stability.

5.2 PTC numerical model

5.2.1 Mathematical model

The same methodology presented in the previous Chapter [15] for solving the fluid
flow and heat transfer around the PTC is here adopted. This methodology has been
proven and validated in turbulent flows around bluff bodies with massive separa-
tions and recirculation [16, 17, 18, 19]. Simulations are performed using the CFD&HT
code Termofluids [20] which is an unstructured and parallel object-oriented code for
solving industrial flows.

5.2.2 Definition of the case. Geometry and boundary conditions

Large-eddy simulations of the wind flow around a PTC at ReW = 106 and differ-
ent pitch angles of (θ = 0◦, 45◦, 90◦, 135◦ and 270◦) have been performed. Here,
Reynolds number has been defined in terms of the free-stream velocity Uref and the
parabola aperture W (ReW =

UrefW
ν ). This Reynolds number corresponds with

a wind speed of Uref = 3m/s which is a typical value of wind speed encoun-
tered in solar plants. In addition, the flow around the parabola has been compared
to that obtained by the authors at a lower Reynolds numbers of Re = 3.6 × 105

(Uref = 1m/s) [15]. All computed flows are around a full-scale Eurotrough solar
collector [21] and its typical HCE with a stainless steel absorber (inner/outer diam-
eter of 6.6/7.0 cm) and glass cover (10.9/11.5 cm of inner/outer diameter). As in the
previous work [15], the same domain size of 25W × 9W ×πW with the same steam-
, cross stream- and span-wise directions has been used. The parabola of aperture
W = 5.8m is located at 5W in the stream-wise direction (see figure 5.1). For solving
the computational domain, no-slip conditions at the parabola and HCE have been
imposed. At the inlet, a uniform inlet velocity profile has been prescribed. For the
top and bottom boundaries, slip conditions have been set, whereas in the span-wise

125



Chapter 5. Wind speed effect on the flow field and heat transfer around a parabolic trough
solar collector

Figure 5.1: Computational domain of the wind flow study around an Eurotrough

solar collector.

Table 5.1: Details of adopted meshes for each pitch angle

Position 0◦ 45◦ 90◦ 135◦ 180◦ 270◦

Mesh plane 112322 104477 102914 99281 106223 104188
Number of planes 96 96 96 96 96 96
Grid size(MCVs) 10.78 10.02 9.87 9.53 10.19 10.0

direction, the flow has been considered to be spatially periodic, thus periodic bound-
ary conditions have been imposed. For solving the energy equation, temperatures
of the glass cover and ambient air are fixed to Tg = 350K and Tamb = 300K , respec-
tively. A Neumann boundary condition (∂T∂n = 0) is prescribed in the top, bottom
and outlet boundaries for temperature.

For more details about boundary conditions, the reader is referred to [15]. In ter-
mofluids, the governing equations (equations 4.1-4.3) have been discretised on a col-
located unstructured grid arrangement by means of finite volume techniques using
second-order conservative schemes [22]. The 3Dmeshes used for solving the compu-
tational domain have been obtained by the constant-step extrusion in the span-wise
direction of a two-dimensional unstructured grid. Although not shown here, exten-
sive grid refinements for each pitch angle have been conducted. Details of the final
computational meshes for each pitch angle are given in table 5.1.
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Figure 5.2: Variation of the Nusselt number around a cross flow horizontal cylinder

and comparison with experimental measurements [23] at ReD = 21600

5.3 Heat transfer from a circular cylinder in cross flow

and wind speed effects

In order to analyse the influence of the wind speed in the heat transfer of the HCE,
the numerical model has been first applied on a circular cylinder in cross flow. In
this work, simulations have been performed for a Reynolds number of ReD = 21600
(here Reynolds number is defined in terms of the free-stream velocity and cylin-
der diameter, ReD = UrefD/ν) which corresponds with a wind speed of 3 m/s.
Heat transfer characteristics around the cylinder have been calculated and compared
against experimentalmeasurements of Scholten andMurray [23]. In addition, results
have also been compared to the lower Reynolds number of Re = 7200 [15] (which
correspondswith wind speed of 1m/s). The boundary conditions andmesh distribu-
tion have been considered in a similar way as the previous section 5.2.2. The compu-
tational domain is extended to [−15D, 25D];[−10D, 10D];[0, πD] in the stream-, cross-
and span-wise directions respectively, and the cylinder with a diameter D is placed
at (0,0,0). The results shown herein are computed for a finer grid of 147000 × 64
planes (i.e. 147000 CVs in the 2D planes extruded in 64 planes yielding about 9.4
MCVs).

In figure 5.2, the predicted local Nusselt number around the circular cylinder is
plotted. For comparison, the results of Scholten and Murray [23] are also shown. As

127



Chapter 5. Wind speed effect on the flow field and heat transfer around a parabolic trough
solar collector

 0

 20

 40

 60

 80

 100

 120

 140

 160

 0  50  100  150  200  250  300  350

N
u

α(degree)

ReD=7200
ReD=21600

Figure 5.3: Comparison of Nusselt number around a circular cylinder in cross flow

for two Reynolds numbers: ReD = 7200 and ReD = 21600

can be observed a fair agreement between both numerical and experimental results
has been obtained. In general, numerical results follow the same trend that the ex-
perimental ones. The minimum local values of the heat transfer coefficient occurs
at about 85◦ from the stagnation point, whereas the maximum values are reached at
the stagnation point and at the rear end of the cylinder. As observed in ReD = 7200
(see [15]), large differences from experiments are found to occur in the back size of
the cylinder as the flow fluctuations are the largest which makes more difficult ex-
perimental measurements [23]. When comparing both Reynolds numbers (see figure
5.3), i.e, ReD = 7200 and ReD = 21600, it can be observed the increasing of inertial
effects due to the increasing of Reynolds number which lead to the earlier separa-
tion of the boundary layer. Indeed, there is a displacement of the location of the
minimum Nusselt number at ReD = 21600 towards the stagnation point. The varia-
tion of the Nusselt number in the rear zone of the cylinder is smoother atReD = 7200
and a secondary peak is observed forReD = 21600 (at about 118◦). By increasing the
Reynolds number from ReD = 7200 to ReD = 21600, the overall magnitude of the
Nusselt number increases by a factor of 2 from 52.2 to 101.1 The value reported on
the experiments was 103.4 (for ReD = 21600), being the average difference between
both numerical and experimental results of about 2.2%.
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5.4 Results and discussion

5.4.1 Wind speed effects

As aforementioned, simulations have been conducted to study the wind effects aro-
und the PTC for two Reynolds numbers based on the apertureReW1 = 3.6×105 and
ReW2 = 1 × 106 and different pitch angles of θ = 0◦, θ = 45◦, θ = 90◦, θ = 135◦,
θ = 180◦, θ = 270◦. Thereafter, these effects are analysed in terms of the average
forces on the parabola, the flow configurations and the instantaneous flow.

Averaged forces

The average forces on the parabola have been validated respect to the experimental
data [9] in the previous work [15]. To that end, the wind flow was studied around
a typical LS-2 parabolic trough solar collector (without solar receiver) as proposed
in the experimental study [5] and simulations were performed for a full-scale case
with a Reynolds number about 2×106. In the present work, drag and lift coefficients
have been computed for the PTC under study at different pitch angles and for both
Reynolds numbers. The comparison with experimental measurements and those
obtained for the LS-2 PTC are depicted in figure 5.4.

As can be seen from figure 5.4, numerical results obtained are almost within the
error-bars of experimental measurements from the wind-tunnel data [9]. Discrepan-
cies between computed and measured aerodynamic coefficients are mainly due to
the unsteady flow behaviour and ground effects, which may affect the flow struc-
tures and separations behind the PTC and requires long measurement duration. The
averaged aerodynamic coefficients at both Reynolds numbers exhibit an almost iden-
tical profile, which proves the stability of the aerodynamic coefficients at this range of
Reynolds number. The predicted results are also in agreement with the experimen-
tal observations of Hosoya et al. [9]. In their scaled-down experimental tests carried
out at Reynolds numbers Re < 5 × 104, they concluded that beyond Re = 5 × 104

load coefficients were independent of the Reynolds numbers, being thus directly ex-
trapolated to a full-scale PTC. In the light of the load coefficients here presented, the
aforementioned hypothesis of Hosoya et al. [9] can be confirmed. It is also worth
noting that the independence of averaged aerodynamic coefficients with Reynolds
numbers is also commented in other experimental results [24]. However, it was
mentioned that it could be affected where the leading edge is close to the alignment
with the stream causing some errors on the lift coefficient [24]. Yet, there are also
some differences between numerical results of the LS-2 PTC and Eurotrough PTC
which are due to the geometry of both solar collectors. It should be pointed out that
from a numerical point of view the results presented for the LS-2 are statistically
more converged in time than those for the Eurotrough. This is due to the more com-
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Table 5.2: Variation of the ratio of the non-dimensional recirculation length

(Lr/W ) to collector aperture with pitch angle and comparison between both

Reynolds numbers

Pitch angle θ = 0◦ θ = 45◦ θ = 90◦ θ = 135◦ θ = 180◦ θ = 270◦

ReW1 = 3.6× 105 7.65 2.21 0.09 1.6 9 0.2
ReW2 = 1× 106 8.32 3.06 0.1 1.47 8.3 0.17

plex grid used in the simulation of the Eurotrough PTC. In the latter, the geometry
considered also included the receiver tube (which was not included in the LS-2 sim-
ulations), which imposes a large difference in scales between the parabola and the
receiver. Thus, in the numerical simulations the explicit algorithm requires smaller
time-steps (of about 5× 10−5) for solving all the relevant temporal scales of the flow,
dominated by the flow around the receiver. This decrease in the time-step, together
with the complex flow around the receiver impose larger simulation time in order to
reach a statistical averaged flow.

Time-averaged flow

The time-averaged flow is also studied for different pitch angles and compared for
both Reynolds numbers. Different structures and recirculation regions are encoun-
tered around the collector and the HCE. These flow structures are strongly related
to the collector orientation and the pitch angle. The effect of the wind speed on the
structures and recirculation regions observed around the PTC has also been assessed.
By increasing the Reynolds number, the flow pattern does not change and the recir-
culation regions are similar to those found at ReW = 3.6 × 105 with small variation
of the recirculation length behind the parabola as shown in figure 5.5.

The recirculation length for different pitch angles and for both Reynolds number
is determined and presented in table 5.2. It can be seen from this table that the
recirculation length is almost in the same range for both Reynolds numbers. This
similarity has also been depicted in the comparison of averaged streamlines for both
Reynolds numbers (see figure 5.5). However, in general terms it is observed that the
recirculation length enlarges with the Reynolds number when the concave surface of
the parabola is exposed to the wind direction, i.e θ < 90◦, and shrinks for the convex
surface configuration (θ > 90◦).

At vertical position of θ = 0◦, a large recirculation region is observed behind the
PTC with a maximum drag and minimum lift forces. This region increases with the
Reynolds number and extends up to 8.32W at ReW2 = 1× 106. By moving the PTC
to a pitch angle of 45◦, the recirculation decreases compared to the vertical position
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Figure 5.5: Streamlines for the time-averaged flow around the parabolic collector

for different pitch angles: (a) θ = 0◦, (b) θ = 45◦, (c) θ = 90◦, (d) θ = 135◦,
(e) θ = 180◦, (f) θ = 270◦ . Comparison between both Reynolds numbers: ReW1

(left) and ReW2 (right).
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and the shear layer is reduced. However, its length at ReW2 is almost a 30% larger
than for ReW1 extending up to 3.06W . The drag coefficient decreases whereas the
absolute value of the lift coefficient increases.
The minimum of recirculation length occurs at the horizontal position of 90◦, where
only small eddies are encountered in the leeward side of the PTC. This value is about
0.1W for both Reynolds numbers. The drag forces also reach their minimum values
at this position. At a pitch angle of 135◦, the recirculation region enlarges again and a
pair of medium-sized eddies are formed behind the PTC where negative pressure is
observed. However, due to the aerodynamic profile of the collector, the recirculation
length shrinks with Reynolds number and extends up to 1.47W at ReW2. By mov-
ing the PTC to the vertical position at 180◦, the recirculation length reaches a new
maximum and similar to θ = 0◦ two large eddies are formed behind the PTC. The
shear layer is again elevated and drag forces are also increased. Comparing both
Reynolds numbers at this pitch angle, the recirculation length is about 7% smaller
for the higher Reynolds number which is due to the convex surface configuration.
When the PTC is placed at the stow position, i.e θ = 270◦, the recirculation region is
sharply reduced similarly to the working position θ = 90◦. Therefore, the drag forces
decrease as well. At this position, the recirculation length remain almost unchanged
with the Reynolds number around 0.2W .

Heat transfer around HCE

As it has been discussed in the previous work [15], the convection taking place
around the HCE is divided into forced convection (for pitch angles of θ = 0◦, 45◦, 90◦

and 270◦) and mixed (free and forced) convection (for pitch angles of 135◦ and 180◦).
In figure 5.6, the distribution of the local Nusselt number for different pitch angles
together with the comparison between both Reynolds numbers is shown. Accord-
ing to this figure, the profile of Nusselt number around the HCE is affected with the
pitch angle and the displacement of the fluid structure around the HCE due to the
tilt of the parabola. At higher wind speed, i.e. higher Reynolds numbers, the pro-
file of Nusselt number follows a similar trend to that observed at the lower speed
ReW1. However, there is an increase in the magnitude and the peaks become more
pronounced at all pitch angles. Moreover, the effect of the parabola and the ground
becomes more significant with increasing the Reynolds number. While at the lower
Reynolds number the local distribution of the Nusselt number was observed to fol-
low the same trend to that of a circular cylinder in cross flow [15], this is not the case
for ReW2. This can be clearly observed in figure 5.7, where the distribution at pitch
angles of θ = 90◦ and θ = 270◦ (working and stowmodes), together with the circular
cylinder in cross-flow are depicted. Large differences in the behaviour are obtained
in the rear zone. At these positions, the combined effect of the parabola and the
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ground tend to reduce the large fluctuations of the near wake leading to a smoother
distribution of the Nusselt number in the rear zone especially when it comes to the
minimum and maximum magnitudes.

Table 5.3 summarizes the average, front stagnation, maximum and minimum
Nusselt numbers (Nuavg, Nufsp, Numax, Numin, respectively) together with the lo-
cation where the extrema occurs for both Reynolds number ReW1 and ReW2. These
results are also compared with available experimental data [23] and the correlation
of Zukauskas [25], for a circular cylinder and the numerical results presented in sec-
tion 5.3.

As expected, the higher the Reynolds number, the higher the average magnitude
of the Nusselt number. Furthermore, compared to the circular cylinder in cross flow
at the same Reynolds number there is a reduction in the average Nusselt number.
This is mainly due to the effect of the parabola which is desirable as it reduces the
heat losses from the HCE, thus improving the performance of the PTC. When the
parabola is placed at the vertical position of θ = 0◦, the averaged Nusselt number
is increased by 70% compared to the lower wind speed case and reduced to 59%
compared to the circular cylinder in cross flow case. At a pitch angle of θ = 45◦, the
averaged Nusselt number is increased by 68% compared to the lower wind speed
case and reduced to 40% compared to the circular cylinder in cross flow case. Al-
though the effect of the parabola is less important than the vertical position θ = 0◦,
the peaks for a pitch angle of 45◦ increase considerably at high wind speed (see also
figure 5.6-b). The profile of Nusselt number still follows the tilt of the parabola and
remains unchanged with increasing the Reynolds number. The distribution of the
Nusselt number at the working position θ = 90◦ is symmetric (see figure 5.6-c) and
its averaged magnitude increased by 85% when compared to the lower wind speed
case. At a pitch angle of θ = 135◦, the averaged Nusselt number is increased by 72%
compared to the lower wind speed case and reduced to 55% compared to the circular
cylinder in cross flow case. At this position mixed convection occurs and the profile
of Nusselt number is quite different to that of the circular cylinder in cross flow. The
effect of wind speed is significant and the peaks increase sharply compared to the
lower wind speed which exhibits a flatter profile (see figure 5.6-d). A similar be-
haviour takes also place at θ = 180◦ where mixed convection occurs. The averaged
Nusselt number at ReW2 is a 61% higher than at ReW1 and about 64% compared to
the circular cylinder. By moving the PTC to the stow position θ = 270◦, the Nusselt
number profile is also symmetric (see figure 5.6-f) and similar to the working posi-
tion θ = 90◦. The averaged Nusselt number is a 62% higher at ReW2 compared to
the lower wind speed case and 30.5% compared to the circular cylinder.

134



5.4. Results and discussion

 0

 10

 20

 30

 40

 50

 60

 70

 80

 0  50  100  150  200  250  300  350

N
u

α(degree)

ReD=21600 
ReD=7200

(a)

 0

 20

 40

 60

 80

 100

 0  50  100  150  200  250  300  350

N
u

α(degree)

ReD=21600 
ReD=7200

(b)

 0

 20

 40

 60

 80

 100

 120

 140

 160

 180

 0  50  100  150  200  250  300  350

N
u

α(degree)

ReD=21600 
ReD=7200

(c)

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 0  50  100  150  200  250  300  350

N
u

α(degree)

Re=21600 
Re=7200

(d)

 0

 10

 20

 30

 40

 50

 60

 0  50  100  150  200  250  300  350

N
u

α(degree)

ReD=21600 
ReD=7200

(e)

 0

 20

 40

 60

 80

 100

 120

 140

 0  50  100  150  200  250  300  350

N
u

α(degree)

ReD=21600
ReD=7200

(f)

Figure 5.6: Variation of the local Nusselt number around the HCE for different

wind speed at (a) θ = 0◦ (b) θ = 45◦ (c) θ = 90◦ (d) θ = 135◦ (e) θ = 180◦ (f)

θ = 270◦
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Nusselt numbers for each pitch angle and comparison with experiments [23] and

the correlation of Zukauskas [25]

Position Nuavg Nufsp Numax/Position Numin/Position
ReW1 ReW2 ReW1 ReW2 ReW1 ReW2 ReW1 ReW2

0◦ 24.5 41.6 33.1 52.3 41.4/289.5◦ 69.3/265.0◦ 9.5/196.8◦ 21.8/203.2◦

45◦ 36.4 61.0 58.0 99.8 61.2/350.9◦ 104.2/347.8◦ 15.9/67.5◦ 31.1/56.1◦

90◦ 47.4 87.8 86.0 161.3 86.0/0.0◦ 161.5/1.89◦ 27.3/222.0◦ 46.4/222.0◦

135◦ 25.1 54.6 25.2 55.0 32.4/269.6◦ 71.7/182.4◦ 15.1/64.6◦ 37.1/48.3◦

180◦ 22.5 36.3 23.7 39.3 29.1/269.5◦ 47.9/269.5◦ 7.4/85.9◦ 19.5/80.4◦

270◦ 43.4 70.3 78.2 138.0 78.9/355.8◦ 139.8/350.5◦ 21.1/273.4◦ 39.9/281.7◦

Cylinder 52.2 101.1 86.0 146.7 86.6/357.4◦ 147.7/359.5◦ 17.4/272.2◦ 8.7/78.5◦

Exp [23] 49.5 103.4 88.0 148.0 90.3/9.9◦ 150.1/15.7◦ 5.5/95.7◦ 20.9/85.2◦

Corr [25] 47.3 91.3 - - - - - -
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(a) (b) (c)

Figure 5.8: Location of the computational probes. (a) θ = 0◦, (b) θ = 45◦ and

(c) θ = 90◦

5.4.2 Unsteady-state flow

The study of the unsteady flow field around the PTC at different pitch angles might
be useful to gain insight into the flow behaviour in order to be able of controlling un-
desirable fluctuating forces. It should be borne in mind that the collector structure
should sustain wind loads as well as keep accurate sun tracking. Vortex shedding
in the wake of the PTC induces alternating forces perpendicular to the wind direc-
tion which might affect its structure. These vortices, depending on the pitch angle,
are shed at a determined frequency and might produce undesirable effects such as
deflections, vibrations, torsional moments, resonance with the structure and, at the
end, stresses leading to the structure failure. Thus, in order to study the unsteady be-
haviour, instantaneous flow structures and frequencies have been examined at three
pitch angles of θ = 0◦, θ = 45◦ and θ = 90◦. These angles describe the three possible
positions occupied by the parabola, i.e. vertical, inclined and horizontal positions.

Single-point measurements have been carried out by positioning probes at differ-
ent locations around the parabola. The frequencies of the fluctuations of the cross-
stream velocity component have been computed by using the Lomb periodogram
technique [26] and the resulting spectra have been averaged in the periodic direc-
tion. For the sake of brevity only 3 probes for each pitch angle are shown and com-
pared for both Reynolds numbers. Only the most relevant results are here presented.
The location of these probes are given in figure 5.8.

For all pitch angles, and due to the sharp edges of the parabola the fluid under-
goes a rapid transition to turbulence. Depending on the pitch angle, the sharp edges
produce flow separation which prevents the pressure from recovering (large recircu-
lation region behind the parabola) and therefore, a high pressure drag is observed.

138



5.4. Results and discussion

The separated flow at the sharp edges forms a shear-layer which resembles to be
much like that formed behind a square cylinder or a normal plate [27]. These shear
layers are characterised by the formation of instabilities which cause the fluid to
become unstable in the presence of sharp corners. These instabilities increase in am-
plitude and accumulate into large vortical structures which are shed into the wake.
As it will be further explained, depending on the pitch angle the level of coherence of
these structures might form a turbulent wake similar to a von Kármán vortex street.

The analysis of the unsteady flow structures around the PTC shows the formation
of stable vortices behind the parabola for most pitch angles. In figure 5.9 the velocity
flow field of the three pitch angles and both Reynolds numbers (ReW1 and ReW2)
are depicted. Qualitatively, the instantaneous flow field are quite similar for both
Reynolds numbers. A large separated zone is observed at θ = 0◦. The turbulent flow
in the detached region produces a large depression region in the back of the PTC
being the responsible for the large value of the drag coefficient obtained. The shear
layer is more elevated at this position and the flow seems to follow the curvature
of the PTC. However, the height of the recirculation zone decreases as the Reynolds
number increases and the flow becomes more turbulent. Similar to previous obser-
vations [15], the height of the detached flow tends to decrease as the pitch angle
moves from θ = 0◦ to θ = 90◦. The latter is the most favourable position for the PTC
to work in terms of both unsteady forces and magnitude of averaged aerodynamic
coefficients.

The structures formed at the different pitch angles are also observed by means of
the instantaneous pressure map (see figure 5.10). A striking fact is that depending
on the pitch angle the wake structure is completely different.

Starting from θ = 0◦, shear-layer instabilities at both sides of the parabola are ob-
served (see figure 5.10a). These structures grow-up, but as a consequence of the in-
teraction of the bottom shear-layerwith the ground, the transversemotion of the sep-
arated shear layers is suppressedwith the formation of vortices flowing downstream
in a parallel manner. As a result, the level of coherence of the flow is low and only
a small peak in the spectrum of the cross-stream velocity fluctuations is observed.
This peak is captured at probe P2 (see figure 5.11) for ReW2 at StW = fW

Uref
= 0.34.

The peak is more pronounced at the higher Reynolds number than for the lower one
but still it can be seen at StW = 0.28 as a small footprint in the energy for ReW1 .

At θ = 45◦, as the bottom corner moves off the ground, both shear-layers are
allowed to interact and vortices shed into the wake form a von Kármán-like vortex
street (see figure 5.10b). By analysing the energy spectrum for cross-stream velocity
fluctuations of probe P1 (see figure 5.12), one can notice that for the higher Reynolds
number the peak in the energy is more distinguishable indicating a high coherence
in the signal. In fact, the signal capture what can be identified as a double-peak
mechanism. As the process of vortex shedding is asymmetric vortices formed at
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Figure 5.9: Instantaneous velocity field around the PTC for different pitch angles:

(a) θ = 0◦, (b) θ = 45◦, (c) θ = 90◦ and Reynolds numbers: ReW1 (first row)

and ReW2 (second row).

the top corner have a slight different period than those formed at the bottom corner
leading to the double-peak observed in the energy spectrum. The same double-
peak is also captured at the lower Reynolds number but at a lower frequency. Note
also that at the lower Reynolds number, the flow is not so coherent and turbulent
fluctuations are less energetic.

Finally, when the parabola is at θ = 90◦, leading-edge corner shear-layers insta-
bilities move downstream and interacts with those structures formed in the wake of
the receiver, breaking down into more complicated and disorganised structures near
the trailing-edge corner (see figure 5.10c). As a result, the energy spectrum around
the PTC at this position can not capture a distinguishable peak corresponding to the
vortex shedding phenomenon (see figure 5.13 ).
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(a)

(b)

(c)

Figure 5.10: Instantaneous pressure contours for pitch angle: (a) θ = 0◦, (b)

θ = 45◦ and (c) θ = 90◦ at ReW2.
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Figure 5.11: Energy spectrum of the cross stream velocity fluctuations at P2 probe

near to the PTC (see figure for details 5.8) for pitch angle θ = 0◦ and comparison

between both Reynolds numbers.
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Figure 5.12: Energy spectrum of the cross stream velocity fluctuations at P1 probe

near to the PTC (see figure for details 5.8) for pitch angle θ = 45◦ and comparison

between both Reynolds numbers.
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Figure 5.13: Energy spectrum at two probes around the PTC (P1 for the top, P2

for the bottom) for pitch angle θ = 90◦ and comparison between both Reynolds

numbers. (a and c) stream-wise and (b and e) cross stream velocity fluctuations.
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For all pitch angles, the observed frequencies are better captured for the high
Reynolds number where the energy peak is more pronounced. From the stability
point of view of the PTC, even though the magnitude of the drag forces at vertical
positions are higher, turbulence fluctuations are more important at intermediate po-
sitions (0◦ < θ < 90◦). At these positions, the interaction between the shear-layer
formed at both corners of the parabola produces an unsteady flow with a highly co-
herent vortex shedding which might lead to vibrations and the horizontal position
is also demonstrated to be the most favourable position as it presents the minimum
drag forces and turbulence fluctuations.

In addition, the spectral analysis is also carried out around the HCE to detect
the relevant frequencies related to the receiver tube. Depending on the pitch angle,
vortex shedding behind the HCE is also detected (see figure 5.14 ). Similar to the
parabola, it is better captured at the higher Reynolds number but less coherent than
the signal captured in the flow past a circular cylinder (see for instance [28] ). This is
due to the interaction of the flow with the parabola and to the turbulent fluctuations
that this interaction produceswhich might be seen as broaden peaks (see for instance
figure 5.14b,c) being the energy distributed along a large range of frequencies.

In spite of this, vortex shedding is captured and the results show that as the
pitch angle increases from 0◦ to 90◦ the vortex shedding frequency increases and
approaches to the typical value encountered in circular cylinder StD = fD

Uref
= 0.2

[29, 30]. Indeed, the value of Strouhal number turns from StD = 0.05 at pitch angle
θ = 0◦ to StD = 0.19 at pitch angle θ = 90◦. This can be explained by the effect
of the parabola on the HCE which decreases by moving to the horizontal position.
It should be pointed out that the unsteady flow and spectral analysis presented in
this work for three pitch angles, i.e. 0◦, 45◦ and 90◦ can be extrapolated to the other
positions because of the similarity of the flow configuration.

5.5 Conclusions

In the present work, a numerical study based on LES of the fluid flow and heat
transfer around a parabolic trough solar collector and its receiver tube has been per-
formed. The effects of wind speed and pitch angle on the aerodynamic behaviour
and heat transfer characteristics around the PTC at Reynolds numbers similar to that
encountered in working conditions have been addressed. It has been concluded that
the averaged aerodynamic coefficient are stable with the Reynolds numbers in con-
formity with experimental results from literature. Furthermore, the structures and
recirculation region observed in the time-averaged flow around the PTC and the
HCE are quite similar for the Reynolds numbers studied. However, a small variation
of the recirculation length behind the parabola has been identified due to the aerody-
namic profile and depending to the collector orientation. Heat transfer coefficients
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Figure 5.14: Energy spectrum around the HCE (at probe P3) for pitch angle:

θ = 0◦, θ = 45◦ and θ = 90◦ and comparison between both Reynolds numbers.
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around the HCE are also calculated and compared for different pitch angles and
wind speeds. The distribution of Nusselt number for the higher wind speed shows a
similar trend to the lower wind speed with higher magnitude and significant peaks.
By studying the unsteady flow around the PTC, undesirable effects on the stability of
the collector have been addressed for different pitch angles. Indeed, instantaneous
flow structures and frequencies have been studied and compared for different orien-
tations andReynolds numbers. It has been observed that the turbulence is incoherent
in the vertical position and becomes much more coherent by moving to intermediate
positions allowing the interaction between upper and lower shear layers. This in-
teraction is the consequence of the formation of a von Kármán-like vortex street and
has been clearly detected in different stations. In general, the observed frequencies
around the PTC are better captured at high Reynolds number and turbulence fluctu-
ations are more important at inclined position. As a result, care must be taken when
operating the collector at these positions, specially under high wind loads, as these
turbulent fluctuations might be responsible for vibrations and stresses which lead to
structure failure. Similar to the parabola, vortex shedding frequency has also been
detected behind the HCE. This frequency varies with the pitch angle and approaches
to the typical value encountered in circular cylinder when the parabola is placed at
horizontal position.
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Chapter 6

Conclusions and further work

Given the scope of the use of concentrating solar power (CSP) technologies, para-
bolic trough solar collectors are an attractive technology to produce electricity from
thermal solar energy. In this dissertation, a comprehensive methodology for mod-
elling a parabolic trough solar collector (PTC) has been developed.

In the first chapter of the thesis a brief description of solar concentrating so-
lar technology with a special emphasis on parabolic trough solar collectors is per-
formed. The state-of-the-art in modelling PTC is presented and main objectives in
optical, thermal and aerodynamic modelling of the PTC are depicted.

In Chapter 2, an optical model for determining the solar heat flux around the heat
collector element (HCE) has been developed. The Finite Volume Method (FVM) for
solving the radiative transfer equations has been first implemented and successfully
tested in two-dimensional enclosures. This methodology has been applied to a so-
lar collector by discretising the spatial and angular domain. However, two major
drawbacks have been identified in this model: the high computational cost due to
the spatial and angular discretisation of all the domain of the parabola which is huge
compared to the solar receiver, and the modelling of solar radiation as a collimated
beam without taking into account the finite size of the Sun. Therefore, a new optical
model based on ray tracing and FVM techniques has been proposed to study the so-
lar radiation around the solar receiver. The newmodel uses a numerical-geometrical
approach that takes into account the optic cone and reduces the computational cost
compared to the FVM solution. The accuracy of the new optical model has been ver-
ified with analytical and experimental results. The local concentration ratio (LCR)
has been calculated around the HCE and different zones are depicted according to
its distribution along the azimuthal direction. It has been shown, that the new optical
model yields better results than the MCRT model for the conditions under study.

In addition, a general model based on an energy balance about theHCE to predict
accurately the heat losses and thermal performances of a PTC has been developed
in Chapter 3. Different elements of the solar receiver are discretised into several
segments considering the non-uniform distribution of solar flux in the azimuthal
direction given by the new optical model. The solar heat flux is determined as a pre-
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processing task and coupled to the energy balance model. The set of linear algebraic
equations obtained from the discretisation of the governing equations are imple-
mented with the corresponding boundary conditions and then solved using direct
solver. The overall model has been validated with experimental measurements of
irradiated and un-irradiated receivers. Heat losses and thermal efficiency are calcu-
lated and validated with Sandia Laboratories tests. The temperature profile of both
absorber and glass envelope are depicted and has shown a similar trend to the solar
flux distribution. Although, some discrepancies have been observed due to optical
properties of the HCE and other unaccounted optical effects during the test operat-
ing, predicted results have shown good agreement with numerical and experimental
results.

The convection heat losses to the ambient and the effect of wind flow on the fluid
flow and heat characteristics around a parabolic trough solar collector has been car-
ried out in Chapter 4. A numerical aerodynamic and heat transfer model based on
Large Eddy Simulations (LES) has been developed. Simulations are performed for
different configuration at Reynolds number ofReW = 3.6×105 based on the aperture
of the parabolic collector and for various pitch angles (θ = 0◦, 45◦, 90◦, 135◦, 180◦, 270◦).
First, the LES model is verified on a circular cylinder in a cross low where pressure
distribution and heat transfer characteristics around the circumference of the cylin-
der are validated with experimental data. The aerodynamic coefficients around the
parabolic collector are then calculated and validated with experimental measure-
ments form NREL Laboratory. It has shown that that the horizontal position θ = 90◦

is the most favourable position for the PTC to work where the drag forces are lower
and increase by moving the PTC. Several recirculation regions are observed in the
time-averaged flow which are strongly related to the collector orientation and the
pitch angle. It was concluded that the stability of the mirrors are much affected
by wind forces for pitch angle θ = 90◦, while the PTC structure stability is more
affected by wind forces for pitch angle θ < 90◦. The Nusselt number are also calcu-
lated around the solar receiver for different pitch angles and compared to the circular
cylinder in cross flow. From a thermal point of view, the positions θ = 135◦ and 180◦

are the most favourable where the Nusselt number is lower and the flow around the
HCE is laminar.

In Chapter 5, the study conducted in Chapter 4 has been extended to a higher
Reynolds numbers in order to analyse how the fluid flow and heat transfer are af-
fected by the influence of a higher velocity. Large Eddy simulations are performed
around a parabolic trough solar collector for Reynolds number ofReW2 = 1×106 and
various pitch angles. This Reynolds number corresponds to realistic working condi-
tions for solar plants, i.e. the wind speed is about 3m/s. Aerodynamic coefficients
around parabolic collector are calculated and compared to that of the lower Reynolds
number and to experimental data. Averaged and instantaneous velocity and pres-
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sures maps have been compared for different pitch angles and wind speeds. It has
been shown, that the averaged aerodynamic coefficients exhibit an almost identical
profile in the range of Reynolds number studied which has confirmed the hypothesis
made in experimental measurements about the independence of the drag coefficients
with the Reynolds number for Re > 5× 104. In the same way, the profile of Nusselt
number has shown a similar trend for both wind speeds with larger and significant
peaks at the higher wind speed case. A power spectra analysis has been carried
out by positioning probes at different locations around the parabola. This analysis
has shown that when the parabola is placed in the vertical position (θ = 0◦), tur-
bulent vortices are irregular and without coherence, whereas at intermediate angles
0◦ < θ < 90◦) due to the interaction of the shear layers, vortices shed are more co-
herent, with a pronounced peak at the vortex shedding frequency. From a stability
point of view, the coherent turbulence might affect the collector structure by alter-
nating forces perpendicular to the wind direction leading to stresses on the parabola.
In this context, the vortex shedding frequency around the PTC and HCE have been
determined for different pitch angles and for both Reynolds numbers.

Further work

The main outcome of the present Ph.D is the heat transfer and fluid dynamic study
of a parabolic trough collector for concentrated solar power systems. The study has
included the optical, thermal and aerodynamic behaviour of such collectors under
different working conditions. The developed methodology has been validated with
experimental measurements and analytical results from literature. However, differ-
ent improvements and further investigations can be addressed to have a more real-
istic view of their behaviour taking into account realistic conditions in solar plant.
One of these improvement could be the study of the fluid flow and heat transfer for
a parabolic trough collector in a deep array of collectors placed in the solar field. Fur-
thermore, an upgrade of the proposed correlations by taking into account the effect
of wind and pitch angle on the convection heat transfer with the environment could
be considered in the future.
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Appendix A

First steps in the thesis

This thesis has been developed through many steps. First, a numerical code for
solving Navier-Stokes equations was developed and applied to different study cases.
This code was validated to benchmark cases such as: Smith Hutton problem [1],
driven cavity flow problem [2] and thermal driven cavity [3].

The same methodology was afterwards applied to study a confined two dimen-
sional flow of an incompressible fluid in a channel with a heated square cylinder
placed symmetrically on the centre line (see figure A.1). This study case has been
motivated from theoretical and experimental considerations, because of the wide
occurrence of flow around bluff bodies in chemical and process engineering. This
case might be considered as a starting point for the work developed within this the-
sis, as it deals with the fluid flow and heat transfer around bluff bodies. Thereafter,
a brief description of the case and its main results are summarised.

A.0.1 Definition of the problem

The test case defined was a square cylinder with side b exposed to a constant free
stream velocity at the inlet with a uniform velocity (U∞ = 1) and a uniform temper-
ature (T∞ = 0). The blockage ratio Bl = b/L2 is fixed to 5% (L2 = 20b) as it has
been proven (Sohankar [4]) that the boundaries are sufficiently far away and their
presence has a little effect on the characteristics of the flow near the cylinder.
The total non-dimensional distance between the upper and the lower walls is L2 =
20 and the total non-dimensional length of the channel isL1 = 26. The non-dimensional
distance between the inlet and the front surface of the cylinder is taken as XU = 8.5
and the non-dimensional distance between the rear surface of the cylinder and the
outlet surface is taken as Xd = 16.5.
The square cylinder is heated to a constant temperature TW (> T∞).

This case is defined by two dimensionless numbers:

Re =
ρU∞b

µ
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Figure A.1: Domain and boundary conditions

Pr =
µcP
k

The dimensionless boundary conditions of this problem can be written as follows.

• Top and bottom boundaries:
(

∂U
∂Y

)

= 0, V = 0 , θ = 0

• Surface of the cylinder: U = 0, V = 0 , θ = 1

• Inlet boundaries: U = 1, V = 0 , θ = 0

• Outlet boundaries: an artificial boundary of Orlanski [5] has been used, with
the average non-dimensional stream-wise velocity Uc = 1 and χ is the depen-
dent variable , U , V or T .

∂χ

∂ζ
+ Uc

∂χ

∂X
= 0 (A.1)

The finite volume method (FVM) is used for the integration of the discretised
form of the governing equations over each control volume. The velocity-pressure
coupling of the momentum equation is solved by means of a classical fractional step
projection [6]. A staggered grid arrangement is used in which velocity components
are stored at the midpoints of the cell sides to which they are normal. The pressure
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and temperature are stored in the center of the cell. An explicit-second-order Adam-
Bashford scheme is used for the convective term and a central difference is adopted
for the time derivative term. The time step is calculated every time iteration by using
CFL condition [7].
After a study of the grid independence, the mesh (165 × 132) has been selected as
it captures quite good the details of the flow around the cylinder with a reasonable
computational effort.

This problem is carried out numerically in 2-D and for different Reynolds num-
bers:

• Steady flow with Re = 2, 10, 20, 40.

• Unsteady flow with Re = 80 to 140 in steps of 20.

The Prandtl number has been fixed for all the numerical computations at 0.7 (as for
air).

A.0.2 Results

Two different regimes depending on the Reynolds number are obtained:i) steady
regime Re < 40 and ii) transient regime Re > 40. The steady regime is characterised
by a recirculating region consisting of two symmetric vortices appears behind the
cylinder. This recirculating region increases in size with the increase of Reynolds
number (see figure A.0.2).

The recirculation length is calculated for different Reynolds numbers and shown
in figure A.3(a). There is a good agreement with the empirical relation for circular
cylinder under steady conditions with a maximum deviation of 7%.

The variation of the drag coefficient with Reynolds number is calculated and
compared with experimental results of Shimizu [8] and numerical results of Sharma
and Eswaran [9]. The present results follow the same trend and the agreement with
is fairly good. The heat transfer is also studied around the square cylinder and
isotherms are shown in figure A.0.2 for different Reynolds numbersRe = 2, 10, 20, 40.
It can be seen from this figure that the front surface has the maximum crowding of
the temperature contours, indicating the highest Nusselt number, as compared with
the other surfaces of the cylinder.

The variation of the average Nusselt number for each surface with the Reynolds
number is plotted in figure A.0.2 and compared with the empirical expression pro-
posed by Sharma and Eswaran [9] for the square cylinder. As can be seen, the pre-
dicted numerical results are closer to the empirical expression proposed by Sharma
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Figure A.2: Streamlines around the square cylinder for different Reynolds numbers

:(a) Re=2, (b) Re=10, (c) Re=20, (d) Re=40
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(a) (b)

Figure A.3: Variation of the (a) recirculation length and (b) drag coefficient to-

gether with pressure drag with Reynolds number

and Eswaran [9] for the calculation of the Nusselt Number for the square cylin-
der with a maximum of variation of 6%. The flow around the square cylinder be-
comes unsteady by Re = 60 [10, 11]. For the unsteady laminar regime simulations
have been performed for Re=80, 100, 120, 140. Figure A.6 shows the instantaneous
streamlines of the laminar vortex shedding near the square cylinder at Re = 100 for
eight successive moments of the whole period separated by ∆t = p

8 time units (p is
the period of the vortex shedding) .
As can be seen from this figure, the vortices start to separate alternatively from the
trailing edge of the cylinder and move downstream in a periodic flow because of the
phenomenon of von Kármán vortex shedding.

In table A.1, the main average parameters obtained from the computations are
compared to the results of Sharma and Eswaran [9]. As can be seen, a good agree-
ment is obtained with maximum of deviation of 8% for the recirculation length Lr,
2% for the total and pressure drag CDp, 3% for the Nusselt number Nu and 7% for
the Strouhal number. The largest deviations are mainly due to the difference on the
grid and the numerical schemes adopted by Sharma and Eswaran [9].
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Figure A.4: Isotherms around the square cylinder for different Reynolds numbers

:(a) Re=2, (b)Re=10, (c) Re=20, (d) Re=40
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Figure A.5: Variation of Nusselt number for the cylinder(Nu) and each of its

faces(Nut = Nub, Nuf , Nur) with Reynolds number

Table A.1: Variation of the main average parameter with Reynolds number and

comparison with the results of Sharma and Eswaran [9]

Re results Lr(%error) CDp(%error) CD(%error) Nu(%error) St(%error)
80 present 2.228(6.38) 1.417(1.6) 1.549(0.9) 3.749(2.56) 0.136(2.22)

num [9] 2.145 1.440 1.535 3.652 0.140
100 present 2.060(7.29) 1.445 (0.06) 1.502(0.53) 4.105(1.81) 0.1435(3.49)

num [9] 1.920 1.444 1.494 4.032 0.1487
120 present 1.9162(8.24) 1.482 (1.9) 1.490(1.27) 4.417(0.98) 0.147(5.09)

num [9] 1.770 1.454 1.472 4.374 0.155
140 present 1.783(7.79) 1.445 (0.06) 1.502(0.53) 4.704(0.31) 0.148 (6.32)

num [9] 1.650 1.444 1.494 4.689 0.158
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Figure A.6: Instantaneous streamlines near the square cylinder in eight successive

moment of the vortex shedding at Re = 100
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Figure A.7: Instantaneous isotherms near the square cylinder in eight successive

moment of the vortex shedding at Re = 100
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Appendix B

Convection between the HTF
and the HCE

The convection heat transfer coefficient between the HTF and the absorber tube
has been calculated as commented in section 3.2.1 using the Gnielinski correlation
[1] and assuming that the Nusselt profile at the absorber control volume is similar to
an isothermal circular tube at the same temperature. However, the flow inside the
HCE is turbulent with a non-uniform heat flux around the absorber wall. In order
to look for a method which improves the calculation of the Nusselt number, a study
of the turbulent heat transfer in the HCE with circumferentially varying heat flux
is carried out. The study is based on the Ramm-Johannsen analysis[2] which was
validated with experimental data. This analysis is restricted to cases where the heat
flux variation q(φ) may be expressed in terms of Fourier series.

q(φ) =
∞
∑

n=1

qn(φ) (B.1)

where
qn(φ) = ancos(nφ) + bnsin(nφ) (B.2)

and
∫ 2π

0

q(φ)dφ = 0 (B.3)

Under these conditions, the solution of the turbulent heat transfer is developed in
[2] and yields to a dimensionless wall temperature T ∗ in the following form

T ∗(φ) = G0 +

∞
∑

n=1

Gn(ancos(nφ) + bnsin(nφ)) (B.4)

where Gn are presents the circumferential temperature functions that depend para-
metrically on Reynolds and Prandtl numbers. The local Nusselt number at any an-
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Appendix B. Convection between the HTF and the HCE

gular position is given as

Nu∞(φ) =
2q(φ)/q0

G0 +
∑∞

n=1 Gn(ancos(nφ) + bnsin(nφ))
(B.5)

In our case, the heat flux distribution around the absorber is approximated to a sinu-
soidal function and only the first harmonic is considered.

q(φ) = q0(1 + b1sin(
π

2
− φ)) (B.6)

where q0 is the average heat flux around the circumference of the absorber and b1 is
determined in a manner that gives positive Nusselt number. Using this analysis, the
dimensionless local wall temperature is given by a sinusoidal function

T ∗(φ) = G0 + b1G1sin(
π

2
− φ) = G0

(

1 + b1
G1

G0
sin(

π

2
− φ)

)

(B.7)

Compared to the correlation used in chapter 3, this analysis may give accurate solu-
tion of Nusselt and temperature distribution around the absorber wall but the profile
of temperature will be sinusoidal and far from the real distribution that should fol-
low the same trend as the solar flux (see figure B.1).

Figure B.1: Circumferential temperature distribution around the absorber tube

for the case of Dudley et al. [3] (Ib = 933.7W/m2, ṁ = 0.68 kg/s, Tair = 294.35
K and Tin = 375.35 K) using the Ramm-Johannsen analysis [2]
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Appendix C

PTC performances using FVM
in optical modelling

One of the first approaches used in the heat transfer model presented in Chapter
3 was to use the FVM for evaluating the solar radiation flux distribution in the re-
ceiver. Then, the first attempt was to couple the FVM developed in Chapter 2 in the
general algorithm as a pre-processing for the calculation of the concentrated solar
flux. The same cases described in table 3.1 have been simulated and compared with
experimental results [1] for the cermet selective coating with air and vacuum in the
annulus space. Figure C.1 shows the evolution of the heat losses and performance of
the PTC respect to the HTF temperature obtained using the FVM for the optical mod-
elling. According to this figure, the heat losses increase with the fluid temperature
which give rise to the drop of thermal efficiency. The three components of thermal
losses (conduction, convection and radiation) vary in different ways depending on
the configuration of the receiver. When there is vacuum in the annulus, conduction
and convection across the annulus is effectively eliminated. On the contrary, when
there is no vacuum, the heat losses increase significantly due to convection and con-
duction, as expected. The results follow the same trend as the experimental ones
of Dudley et al. [1] and show a fair agreement in the heat losses especially for low
temperatures. However, there is an overestimation of the efficiency which is due es-
sentially to the realistic conditions that are not considered in the optical model such
as: dirt effect, shading, changes in reflection and refraction and selective coating
incident angle effects.

Based on test case of Dudley et al. [1] (Ib = 933.7W/m2, ṁ = 0.68 kg/s, Tair =
294.35 K and Tin = 375.35 K) the distribution of the temperature throughout the
whole absorber and glass envelope is represented in figure C.2.

The non-uniform temperature distribution around the HCE follows the same
trend as the solar flux distribution in the azimuthal direction. The temperature of
the absorber increases with the increase of the axial direction as shown in figure C.3.
The temperature is compared between three azimuthal position (0◦, 90◦ and 180◦).
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(a) (b)

Figure C.1: Comparison of the (a) heat losses and (b) Efficiency, with experimental

results of Sandia Laboratories for air and vacuum in annulus using the FVM in

optical modelling

(a) (b)

Figure C.2: Distribution of the temperature of the whole (a) absorber and (b)

glass envelope
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(a) (b)

Figure C.3: Variation of the temperature of the absorber (a) with the HTF along

the axial direction and (b) azimuthal direction

The position 180◦ corresponds to the highest temperature because it receives more
concentrated solar radiation while at 0◦ is the lowest one because there is no solar
concentration in this direction (only direct radiation). The maximum of solar con-
centration is at about 135 ◦ which correspond to the maximum of the solar energy
flux. By moving along the receiver, the same trend of the temperature distribution is
conserved with a higher magnitude.

Even though, there is a good similarity in the overall thermal performances be-
tween the predicted results obtained with the FVM and the new optical model, it has
been shown that the solar flux distribution profile is much more accurate with the
new optical model (see Chapter 2) and take into account the finite size of the Sun.
Thus, the temperature profile of both the absorber and glass envelope tubes will be
more realistic and reliable with this optical model.
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Nomenclature
Latin symbols
A area [m2]
b square side length [m]
B interaction coefficient
Bl blockage ratio
CD pressure coefficient
Cp specific heat at constant pressure [J/kgK]
D diameter [m]
e thickness of the tube [m]
f focal distance of the parabola or frequency
fd diffuse fraction of the reflectivity
F view factor
F body forces
g gravity[m/s2]
GC geometric concentration
h convective heat transfer coefficient [W/m2K]
~ enthalpy [J/kg]
H irradiation[W/m2]
i incident direction
I irradiation per unit length [W/m]
Ib Planck black body intensity [W/m2]
J radiosity [W/m2]
k thermal conductivity [W/mK]
l control angle
L length
ṁ mass flow rate [kg/s]
n normal direction to the reflector surface
N number of control volumes
Nu Nusselt number (hD/k)
p period of vortex shedding
P pressure [Pa]
Pr Prandtl number (µCp/k)
q̇ net heat flux per unit of length [W/m]
q radiative heat flux [W/m]
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Nomenclature

Q̇ power [W ]
r reflected direction
Ra Rayleigh number (gβp∆TD3/(νξ)
Re Reynolds number (ρvD/µ)
s distance travelled by a ray [m]
S source function
St Strouhal number (fD/U)
t time[s]
T temperature [K]
U nondimensional velocity
v velocity[m/s]
V volume [m3]
w spatial weighting factor
W aperture [m]
Ẇ work [W ]
X non-dimesional distance

Greek symbols
α absorptance factor
β spectral extinction coefficient
βp thermal expansion coefficient [1/K]
δ molecular diameter [m] or Dirac delta function
ǫ emittance
η efficiency
γ intercept factor
κ absorption coefficient
λ mean-free path between collisions of a molecule
µ dynamic viscosity [kg/ms]
ν kinematic viscosity [m2/s] or wavenumber [m−1]
ω ratio of specific heat for the annulus gas
Ω direction of observation
Φ scattering phase function
φ azimuthal direction
φs finite size of the Sun
χ dependent variable
κ thermal diffusivity
ρ density [kg/m3]
ρs specular reflectance
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Nomenclature

σ Stefan-Boltzmann constant 5.67× 10−8[W/m2K4]
σs scattering coefficient
τ transmittance or SGS stress tensor
τc optical depth
ζ non dimensional time
θ circumferential direction or pitch angle
θrim rim angle
ϕ angle between the reflected ray and the x axis
ξ thermal diffusivity [m2/s]

Subscripts
a absorber
an annular region
avg average
c collimated or collector
d diffuse
cond conduction
conv convection
e environment
eff effective
ex exterior
f fluid
fsp front stagnation point
g glass envelope
in input, Inner
inc incident
opt optical
out output
ref reflected
r recirculation
s sky
s.inc solar incident
s.rad solar radiation
std standard temperature and pressure
t.rad thermal radiation
th thermal
u useful
z longitudinal direction
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Nomenclature

Abbreviations
CFD computational fluid dynamics
CFL Courant-Friedrichs-Lewy condition
CSP concentrating solar power
CRS central receiver system
DE dish engine
DISS direct solar steam
DSG direct steam generation
FVM finite volume method
GC geometric concentration
HCE heat collector element
HT heat transfer
HTF heat transfer fluid
IPH industrial process heat
ISCCS integrated solar combined cyle system
LCR local concentration ratio
LES large-eddy simulation
LFC linear Fresnel collector
LS Luz solar collector
MCRT Monte Carlo ray-tracing method
MCV million control volumes
NRM net radiation method
ORC organic Rankine cycle
PTC parabolic trough solar collector
PTR Schott solar receiver
RANS Reynolds-averaged Navier-Stokes
RTE radiative transfer equation
SCE Southern California Edison
SGS subgrid-scale
SEGS solar electric generating system
PSA plataforma solar de Almerìa
TES thermal energy storage
UV AC universal vacuum collector by Solel
VMS variational multiscale
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