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Abstract

Increasing the share of renewable energy generation in the total energy mix is crucial
to reduce environmentally harmful gas emissions and strengthening energy security
by becoming less dependent on fossil fuels, which are often the subject of
international policy. In the field of useful forms of energy, low and high-temperature
heat has the highest demand. One of the most efficient and environmentally friendly
methods of obtaining useful heat is to absorb and convert solar energy using
a collector infrastructure or solar concentrators.

Parabolic trough collectors (PTCs) are a mature technology primarily used to
generate electricity by indirect heat extraction at a temperature of approximately
400 °C, most favourably in large installations located in areas with very high annual
insolation. These installations were often characterised by a large aperture of
parabolic mirrors, i.e. around 5 - 7 metres, an external diameter of the absorbers of
70 mm and a total solar loop length of up to several hundred metres. A system of
solar loops connected in parallel forms a solar plant with a capacity of several
hundred MW. The ongoing development of industrial installations around the world
has triggered a need to develop solutions that can partially cover the heat demand
in the temperature range up to around 250 °C, using the potential of renewable
energy. Parabolic trough collectors with reduced dimensions, specially adapted to
medium-temperature heat generation, are the most suitable solution.

Despite the maturity of the technologies utilising concentrated radiation,
modifications to the geometry of absorbers and concentrators adapted to operate
at lower temperature-level, have created new opportunities for intensifying heat
absorption methods and reducing the cost of individual system components.

The overall aim of the dissertation was to identify the heat transfer processes
occurring in a parabolic trough collector, to determine methods for intensifying heat
collection and reducing the capital investment of the selected components, and to
demonstrate the potential for applying these methods to specific installations.
The dissertation is based on the author's four selected scientific publications, and
the scope of the research itself can be classified under two main aspects that were
developed in the two stages of the accomplished work.



In the first stage of the work, a test installation was comprehensively designed and
constructed, whose desired functionality enabled experimental tests to be carried
out for various absorbers in a parabolic solar concentrator system. To ensure stable
and repeatable experimental analysis conditions, the test stand with solar radiation
simulator was developed and the modelling and optimisation process is presented
in the first paper (International Journal of Energy Research, publ. Wiley & Sons).
This article presents the results of optical-energy analyses that were carried out
using the Monte Carlo ray tracing method. In this research, the most optimal type
of light source, metal halide discharge lamps, and the geometry of the paraboloidal
reflectors were determined, along with their optimal arrangement in relation to
each other and to the radiation concentrator. Through optical analysis, losses due to
partial radiation scattering and the potential heat flux delivered to the outer surface
of the linear absorber were estimated. Based on the results obtained, the author of
this dissertation comprehensively designed and constructed a test stand and carried
out a series of experimental tests for different types of absorbers and methods of
intensifying heat collection. The research results obtained have been presented in
many conference presentations, mainly of international scope, including at
conferences organised abroad. In this dissertation, the test stand and the validation
of the developed mathematical models describing the heat transfer in the absorber
are presented in the second article (Energies publ. MDPI).

In the second stage of the study, analyses were carried out to determine the
application potential of methods to intensify heat absorption by thermal fluid
circulating through the absorber in a parabolic trough system. Increasing installation
efficiency through the sequential use of turbulent flow inserts (twisted tapes) was
analysed within the scope of the second article (Energies publ. MDPI). Three types
of inserts with a twisted ratio (7r) of 1, 2 and 4 were evaluated in an installation
operating in the temperature range 60 - 250 °C and with thermal fluid, mass flows
of 0.15 kg/s, 0.225 kg/s and 0.3 kg/s, i.e. at parameters consistent with installations
producing heat for industrial applications. As part of the study, the hydraulic and
heat transfer parameters were evaluated. For the cases studied, it was determined
that of the three inserts analysed, the highest energy benefit, for fluid temperatures
up to 190 °C, could be obtained for Tr of 1. Above this temperature, an insert of Tr
equal to 2 is more optimal. However, it should be emphasised that each of the
inserts used in the case study, led to an intensification of heat absorption by the
thermal fluid. In the case of the 90-metre installation analysed, the average
efficiency improvement was found to be 0.27%. The analysis demonstrated that the
parabolic trough collector efficiency increment, where heat intensification inserts
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were used, depended on their arrangement in the solar loop, the assumptions for
the operation of the system and the atmospheric conditions.

Within the framework of the studies, a series of investigations into the potential
application of non-selective absorber coatings were carried out, where the
possibility of applying a Pyromark coating to the external surface of the absorber
was demonstrated as an example. The analysis presented in the third article (Applied
Energy — publ. Elsevier), aimed to provide a strategy for the use of extremely low-
cost non-selective coatings, which are characterised by a high energy absorption
ratio, but also by a high surface emissivity. The author of this dissertation has
proposed a novel approach to apply these coatings only in the initial segments of
the solar system, where the temperature of the heat transfer fluid, which collects
heat from the internal surface of the absorber, is low enough that the higher
radiation losses due to increased emissivity are overcompensated by the higher
surface absorptivity in comparison to the reference cases. The analysis
demonstrated that such a solution can only be applied at low concentration ratios
and is strictly dependent on flow parameters and atmospheric conditions. The
proposed sequential absorber arrangement enables a reduction in capital
investment, as the application process for the non-selective coating is based on only
one-step spray technology. The analysis showed that for an absorber with an
external diameter of 33.4 mm, the price of a Pyromark coating would be 1.34 S/m.

The third article presents the mathematical model developed for heat transfer in
a parabolic trough collector, which enabled studies to be carried out on the
applicability of coatings. A new assumption applied in the mathematical model
developed was to consider separately the heat delivered to the absorber surface
through concentrated and non-concentrated radiation. The reason for applying this
approach is because of the significantly higher proportion of unconcentrated
radiation for low-aperture PTC installations than for the previously analysed wide-
aperture installations. The applied detailed analytical method used in the developed
mathematical model was intended to increase the analysis accuracy of the heat
absorption process in low-concentration PTC installations.

The last part of the analysis deals with issues related to the tracking system, i.e. the
integral part of the solar concentrator by which a mirror or mirror array continuously
focuses direct sunlight onto the absorber surface. The accuracy with which the
radiation is focused on the surface of the absorber is closely related to the quality of
the installation, as well as the operating procedures used for the mechanism
enabling the tracking movement. This aspect is also connected to the investment
cost, as well as the energy consumption of tracking mechanisms.
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The analyses performed enabled the assessment of the impact of the concentrator
alignment deviation in comparison with perfect tracking on PTC efficiency. In the
fourth article (Renewable Energy — publ. Elsevier), a series of numerical studies were
carried out to determine the effect of tracking systems deviation on the optical and
thermodynamic efficiency of low-concentration parabolic trough collectors.
The analysis considered a concentrator geometry consistent with the previously
mentioned radiation simulator bench. A series of analyses were also performed for
the case that included no vacuum cover around the linear absorber. The results of
the analyses carried out showed that the maximum deviation, which does not affect
the reduction in energy input to the absorber surface, is 1.75°. It has also been
demonstrated that such a deviation from the optimum position results in a more
non-uniform distribution of heat flux on the absorbers surface. The curves which
describe the heat flux distribution on the surface of the absorber that were obtained
during the analyses can be used in future to carry out CFD analyses which will
accurately demonstrate the effect of this non-uniform behaviour on the parabolic
trough collector efficiency.
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Streszczenie

Zwiekszenie wudziatu energii ze Zrédet odnawialnych w catkowitym miksie
energetycznym jest kluczowe dla redukcji emisji gazéw oddziatujgcych negatywnie
na S$rodowisko oraz zwiekszenia bezpieczerstwa energetycznego poprzez
uniezaleznienie sie od paliw kopalnych, bedgcych czesto przedmiotem polityki
miedzynarodowej. W obszarze uzytkowych form energii, najwiekszym
zapotrzebowaniem charakteryzuje sie nisko oraz wysokotemperaturowe ciepto.
Jednym z najbardziej wydajnych i przyjaznych dla sSrodowiska sposobem
pozyskiwania ciepta uzytkowego jest zaabsorbowanie oraz przetworzenie energii
stonecznej przy uzyciu infrastruktury kolektoréw Iub koncentratoréw stonecznych.

Paraboliczne koncentratory promieniowania stonecznego (PTC), to dojrzata
technologia dotychczas w gtdwnej mierze wykorzystywana do produkcji energii
elektrycznej, poprzez posrednie pozyskiwanie ciepta przy temperaturze okoto
400 °C, najkorzystniej w duzych instalacjach zlokalizowanych w obszarach o bardzo
wysokim rocznym nastonecznieniu. Instalacje te charakteryzowaty sie czesto duzg
aperturg zwierciadet parabolicznych, tj. okoto 5 — 7 metréw, zewnetrzng Srednicg
absorberéw 70 mm oraz catkowitg dtugoscia petli solarnej wynoszgcg nawet kilkaset
metréw. Ukfad réwnolegle pofaczonych petli solarnych tworzyé moze instalacje
solarng o mocy cieplnej rzedu kilkuset MW. Ciggty rozwdj instalacji przemystowych
na Swiecie spowodowat konieczno$¢ poszukiwania rozwigzan mogacych zaspokoic
cze$¢ zapotrzebowania na ciepto w zakresie temperaturowym do okoto 250 °C,
wykorzystujgc  potencjat energii  odnawialnej. Rozwigzaniem idealnie,
wpasowujgcym sie w te zatozenia, sg paraboliczne koncentratory promieniowania
stonecznego o zredukowanych wymiarach, dostosowanych specjalnie do
wytwarzania ciepta Sredniotemperaturowego.

Pomimo  dojrzatosci  technologii  wykorzystujgcej  proces  koncentracji
promieniowania, zmiany w geometrii absorberdw oraz koncentratorow
charakteryzujgcych sie nizszymi wartosciami koncentracji, niz miato to miejsce
w przypadku systeméw wysokotemperaturowych, otworzyly nowe mozliwosci
zastosowania metod intensyfikacji absorbcji ciepta przez ptyn termalny oraz redukcji
kosztéw poszczegdlnych elementdw instalacji.
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Og6t prac zrealizowanych na potrzeby niniejszej rozprawy doktorskiej miat na celu
identyfikacje proceséw wymiany ciepta zachodzgcych w parabolicznym
koncentratorze promieniowania stonecznego, okreslenie metod intensyfikacji
odbioru ciepta oraz redukcji naktadéw inwestycyjnych wybranych elementdéw,
a takze wykazanie potencjatu zaaplikowania tych metod dla poszczegdlnych
instalacji. Rozprawa doktorska bazuje na czterech wybranych publikacjach
naukowych autora, a sam zakres realizowanych badan mozna sklasyfikowaé
w ramach dwdch gtéwnych zagadnien, jakie byty rozwijane w dwéch etapach
zrealizowanych prac.

W pierwszym etapie prac kompleksowo zaprojektowano oraz skonstruowano
instalacje badawczg, ktdérej oczekiwana funkcjonalnos¢ umozliwita przeprowadzenie
badan eksperymentalnych dla rdinych absorberéw w uktadzie parabolicznego
koncentratora promieniowania stonecznego. W celu zagwarantowania stabilnych
i powtarzalnych warunkéw analizy eksperymentalnej, w stanowisku badawczym
zdecydowano sie na uzycie symulatora promieniowania stonecznego, ktérego proces
modelowania oraz optymalizacji przedstawiono w artykule pierwszym (International
Journal of Energy Research wyd. Wiley & Sons). W tym artykule przedstawiono
rezultaty z serii analiz optyczno-energetycznych, jakie przeprowadzono przy
wykorzystaniu metody Monte Carlo. W tych badaniach okreslono najbardziej
optymalny rodzaj zrédet swiatta, jakim sg wytadowcze lampy metalohalogenowe
oraz geometrie odbtysnikdéw paraboloidalnych wraz zich optymalng aranzacjg
wzgledem siebie oraz wzgledem koncentratora promieniowania. Poprzez analize
optyczng oszacowano straty wynikajace z czeSciowego rozproszenia promieniowania
oraz potencjalng moc doprowadzong do zewnetrznej powierzchni absorbera
liniowego. Na podstawie uzyskanych wynikéw autor tej dysertacji kompleksowo
zaprojektowat oraz skonstruowat stanowisko badawcze oraz przeprowadzit serie
badan eksperymentalnych dla réznego typu absorberéw oraz metod intensyfikacji
odbioru ciepta. Uzyskane rezultaty badan przedstawiane byty wramach wielu
wystgpien konferencyjnych, gtdwnie o zasiegu miedzynarodowym, w tym na
konferencjach zagranicznych. W tej rozprawie stanowisko badawcze oraz walidacje
opracowanych modeli matematycznych opisujgcych przeptyw ciepta w absorberze
przedstawiono w artykule drugim (Energies wyd. MDPI).

W drugim etapie prac przeprowadzono analizy, ktére miaty na celu okreslenie
potencjatu aplikacji metod intensyfikacji odbioru ciepta przez ptyn solarny
przeptywajacy przez absorber w ukfadzie parabolicznego koncentratora
promieniowania stonecznego. Zwiekszenie wydajnosci instalacji poprzez
sekwencyjne zastosowanie wktadek turbulizujgcych przeptyw (twisted tapes)
przeanalizowano w ramach drugiego artykutu (Energies wyd. MDPI).
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Ewaluacji podlegaty trzy rodzaje wktadek o zmiennym skoku, (twisted ratio — Tr)
rownym 1, 2 oraz 4, zastosowanych w instalacji pracujgcej w zakresie
temperaturowym 60 — 250 °C i przeptywie masowym ptynu termalnego 0,15 kg/s,
0,225 kg/s oraz 0,3 kg/s, czyli przy parametrach zgodnych z instalacjami
produkujgcymi ciepto do zastosowan przemystowych. W ramach badan okreslono
parametry hydrauliczne po stronie czynnika odbierajgcego ciepto oraz te zwigzane
z przeptywem ciepta w instalacji. Dla badanych przypadkéw okreslono, ze sposréd
trzech analizowanych wktadek, najwiekszg korzysé¢ energetyczng, dla temperatur
czynnika do 190 °C, mozna uzyska¢ dla Tr réwnego 1. Powyzej tej temperatury,
optymalne jest zastosowanie wktadki o Tr rownym 2. Nalezy jednak podkreslic,
ze kazda z zastosowanych wkfadek w analizowanym przyktadzie, prowadzita
do intensyfikacji odbioru ciepta przez ptyn termalny. W analizie wykazano, ze
przyrost wydajnosci instalacji parabolicznych koncentratoréw promieniowania
stonecznego, gdzie uzyto wktadek intensyfikujgcych odbidr ciepta, zalezny jest od ich
aranzacji w petli solarnej, zatozen dla pracy instalacji oraz warunkéw
atmosferycznych. W analizowanym przypadku instalacji o dtugosci 90 metréw
wykazano, ze sredni przyrost sprawnosci wyniést 0,27%.

W ramach analiz przeprowadzono serie badan nad potencjatem zastosowania
nieselektywnych powtok absorpcyjnych, gdzie jako przyktad przedstawiono
mozliwo$¢ aplikacji powtoki Pyromark na zewnetrznej powierzchni absorbera.
Przedstawiona w artykule trzecim (Applied Energy — wyd. Elsevier) analiza, miata na
celu przedstawienie strategii wykorzystania niezwykle tanich powtok
nieselektywnych, ktére charakteryzujg sie wysokim stopniem pochtaniania energii,
ale z drugiej strony rowniez wysokg emisyjnoscig powierzchni. Autor tej dysertacji
zaproponowat nowatorskie rozwigzanie polegajgce na aplikacji tych powtok jedynie
w poczatkowych segmentach instalacji solarnej, gdzie temperatura ptynu
termalnego, odbierajgcego ciepto od wewnetrznej powierzchni absorbera, jest na
tyle niska, ze wyzsze straty radiacyjne wynikajgce ze zwiekszonej emisyjnosci,
sg rekompensowane z naddatkiem poprzez wyiszg absorpcyjnosé powierzchni
wzgledem przypadkéw referencyjnych. W analizie wykazano, ze takie rozwigzanie
moze zostac zaaplikowane jedynie przy niskim stopniu koncentracji i jest ono Scisle
zalezne od parametréow  przyptywu oraz warunkéw atmosferycznych.
Zaproponowany sekwencyjny uktad absorberéw umozliwia redukcje nakfadéw
inwestycyjnych, poniewaz proces aplikacji nieselektywnej powtoki bazuje jedynie
na jednoetapowej technologii natryskowej. W analizie wykazano, ze dla absorbera
o zewnetrznej $srednicy 33,4 mm, cena powtoki Pyromark wyniesie 1,34 $/mb.

W artykule trzecim przedstawiono opracowany model matematyczny przeptywu
ciepta w parabolicznym koncentratorze promieniowania stonecznego, ktory
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umozliwit przeprowadzenie badan nad mozliwoscig aplikacji powtok. Nowym
zatozeniem zaaplikowanym w opracowanym modelu matematycznym byto osobne
rozpatrywanie ciepta doprowadzonego do powierzchni absorbera poprzez
promieniowanie skoncentrowane oraz nieskoncentrowane. Wynika to ze znacznie
wyzszego udziatu promieniowania nieskoncentrowanego dla instalacji PTC o niskim
stopniu koncentracji, niz dla uprzednio analizowanych instalacji o bardzo szerokiej
aperturze. Zastosowane uszczegétowienie metody analitycznej wykorzystanej
w opracowanym modelu matematycznym miato na celu zwiekszenie doktadnosci
wynikdow analizy procesu absorpcji ciepta w instalacjach PTC o niskim stopniu
koncentracji.

Ostatnia cze$¢ analizy dotyczyta zagadnien zwigzanych z systemem nadgznym, a wiec
integralnej czesci koncentratora promieniowania stonecznego, dzieki ktéremu
zwierciadto lub uktad zwierciadet w sposdb ciggty skupia bezposrednie promienie
stoneczne na powierzchni absorbera. Dokfadnos¢ z jakg promieniowanie jest
skupiane na powierzchni absorbera jest $cisle zwigzana z jakos$cig wykonania
instalacji, jak roéwniez z zastosowanymi procedurami pracy mechanizmu
umozliwiajgcego ruch nadainy, co jest tez zwigzane z wielkoscig naktadow
inwestycyjnych, jak réwniez energochtonnoscia tych mechanizméw. Wykonane
analizy umozliwity ocene wptywu odchylenia ustawienia koncentratora w stosunku
do ustawienia optymalnego na sprawnos¢ instalacji. W artykule czwartym
(Renewable Energy — wyd. Elsevier), przeprowadzono serie badan numerycznych
majacych na celu okreslenie wptyw btedu uktadéw nadazinych na sprawnosé
optyczng oraz termodynamiczng parabolicznych koncentratoréw promieniowania o
niskim stopniu koncentracji. W analizie rozwazano geometrie koncentratora zgodng
ze wczesniej wspomnianym stanowiskiem z symulatorem promieniowania.
Wykonano réwniez serie analiz dla przypadku, ktéry uwzgledniat brak zastosowania
ostony proézniowej wokot absorbera liniowego. Wyniki przeprowadzonych analiz
wykazaty, ze maksymalne odchylenie, ktére nie wptywa na redukcje ilosci energii
doprowadzanej do powierzchni absorbera, wynosi 1,75°. Dowiedziono réwniez,
ze takie odchylenie od pozycji optymalnej powoduje bardziej niejednorodny rozktad
promieniowania na jego powierzchni. Przebiegi charakterystyk promieniowania na
powierzchni absorbera, jakie uzyskano podczas prowadzonych analiz, moga
w przysztosci postuzy¢ do wykonania analiz CFD, ktdre doktadnie wykazg wptyw tego
niejednomiernego rozktadu na efektywno$¢ pracy instalacji.
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Chapter 1

Introduction

1.1 Background

In 2022, the global CO, emissions from energy combustion and industrial processes
were reported at 36.8 Gt [1]. The biggest sectoral increment was observed from
electricity and heat generation, whose emissions were up to 261 Mt. Global
emissions, especially from coal-fired electricity and heat generation grew by 2.1%,
where Asian emerging economies played a major role.

According to International Energy Agency (IEA), despite the increment in CO;
emissions, the strong development of renewable energy sources has slightly limited
the growth in emissions from coal-fired power stations [1]. Moreover, the global
energy crisis, driven by Russia's invasion of Ukraine, created unprecedented
momentum for renewables. Power installations based on renewable energy, are
politically independent, only their potential differs in various locations around the
world. According to Renewables 2022 report by IEA [2], because of the political
situation, renewable capacity expansion in the next five years will be much faster
than what was expected last year. The use of modern renewable heat is projected
to increase by almost one-third over the period 2022-2027, boosting the modern
use of renewables in heat from 11.4% to 14% in 2027 [2].

Solar power, as a major source of clean energy, offers great potential for heat
production [3,4]. The global yield of solar energy from all installed solar systems in
2020 corresponds to a saving of 43.8 million tonnes of oil and 141.3 million tonnes
of CO;, which highlights the significant contribution of this technology to reducing
global greenhouse gas emissions [2,5]. According to IEA reports [6], in many regions
of the world, there is sufficient potential to further increase the generation capacity
of variable renewable energy sources. Concentrated radiation technologies have
great potential for use, e.g. for the production of heat utilizes in industrial processes.



1.2 Design of parabolic trough collector

Parabolic trough collector (PTC) is one of the solar thermal technologies based on
the concentration process, that is the multiplication of solar radiation on the receiver
surface through a system of highly reflective surfaces in the shape of a parabola [7].
Direct solar radiation, through parabolic mirror (or mirrors), is concentrated on the
external surface of a linear absorber located at its focal point. The absorber consists
of atubular pipe made of steel, coated on the external surface with a selective
coating designed to absorb heat flux. Selective character indicates that the coating
is characterised by high absorptivity and low emissivity to reduce radiation losses
[8,9]. The absorber is usually situated inside a highly transmissive glass envelope,
allowing low pressure close to the vacuum to be maintained. The glass envelope and
the absorber pipe are connected by special brackets, which are capable of expanding
and shrinking to reduce material stress and avoid cracking the glass envelope as well
as unsealing the low-pressure area. A parabolic trough collector scheme is illustrated
in Figure 1.1.

The entire absorber along with the glass envelope and mounts is called the receiver.
The radiation multiplication process in concentrated solar power (CSP) technologies,
is enabled by the use of solar trackers that continuously follow the sun to use direct
radiation [10]. Parabolic concentrators along with receivers are connected in series
to form a solar loop. Solar loops connected in parallel are defined as solar field.

Parabolic mirror

Receiver \ Selective coating

Glass envelope
Linear absorber

Figure 1.1. Parabolic trough collector



Originally, parabolic trough collectors were used for large solar power plants to
produce steam and then, by expanding it in a turbine, to produce electricity [11,12].
The desired temperature of heat transfer fluid, which was used to absorb heat from
the internal wall of the absorber, at the outlet of the solar loop was 393 °C, assuming
an inlet temperature of 293 °C. These temperatures could be reached with a high
concentration ratio defined as [11]:

W,

c=—7>— 1.1
- dabs,e ( )

where W, is aperture width and dase is external absorber diameter. Installations
commonly used receivers such as the PTR 70 or UVAC manufactured by Schott, Solel,
Siemens and Rioglass, with an internal absorber diameter of 66 mm [13—-15]. In full-
scale PTC, parabolic collectors were typically used in EuroTrough (ET-150) technology
with an aperture width of 5.77 m and UltimateTrough with an aperture of
7.51 m [12,16,17]. The concentration ratio for ET-150 and PTR 70 according to
equation (1.1) was 26.2.

Technology evolutions have contributed to the development of more compact and
reduced-concentration solutions, to adapt this technology to lower-temperature
heat demands [18,19]. The potential of such facilities is mainly used for industrial
applications as a supplementary heat source, as presented in a later section of this
thesis. The design and operating principle of the installation are similar to the
reference, full-scale technology, with certain differences.

The first aspect is the smaller concentration ratio. Usually, for low-concentrated
parabolic trough collectors, the aperture of the parabolic mirror is a maximum of
3 metres. One example is Inventive Power, whose products PowerTrough 110 and
PowerTrough 250 have apertures of 1.1 m and 2.5 m respectively [20,21].
The PolyTrough concept is defined by an aperture of 1.8 m and the Absolicon T160
is a 1 m width collector [22,23]. The outer diameter of the absorbers used in low-
concentrated parabolic trough collectors is accordingly smaller than in the full-scale
previously mentioned receivers. The characteristic range is 33.4 - 38 mm.

Unlike full-scale PTCs, low-concentrated installations can be placed both at ground
level and on the roofs of buildings, expanding their area of application. Moreover,
the temperature and design flow is significantly lower than in full-scale installations,
which opens multiple paths in the application of alternative, previously
unconsidered materials with parameters that increase PTC loop efficiency or reduce
capital expenditure. It is therefore necessary to search for new methods of



intensifying heat absorption or adapting existing methods to the new operating
parameters.

1.3 Operational installations

1.3.1 Full scale CSP

Installations utilising direct solar irradiance can be divided into parabolic trough
collectors, solar power towers, linear Fresnel reflectors, dish/engine concentrators
while the two most significant are parabolic trough collectors and power
towers [24]. The International Energy Agency program SolarPACES, reports the total
capacity of CSP projects of 6314 MW operational and 1161 MW under
construction [25,26].

As previously mentioned, parabolic trough collectors have mainly been and still are
used in full-scale solar power plants, where electricity is produced. Currently,
79 operational PTC-based power plants with a total capacity of 4737.2 MW can be
listed [26,27]. The three largest installations based on linear concentration
technology are located in the United States of America and are as follows: Mojave
Solar Project (280 MW, California), Solana Generating Station (250 MW, Arizona) and
Genesis Solar Energy Project (250 MW, California) [28—30]. Until 2014, the largest
PTC-based installation was the US SEGS I-IX project, which was the largest and also
the oldest PTC power plant (353.8 MW) [31]. SEGS consisted of the nine installations
constructed since 1984, as shown in Figure 1.2. Currently, only SEGS IX is still
operational, the rest facilities are decommissioned [32].

The largest annual increase in capacity at PTC installations was recorded from 2011
to 2014 when power plants were established in Spain, mainly 50 MW nominal
capacity units. Currently, Spain has the largest installed capacity of PTC-based solar
installations. Forty-five operational power plants are characterised by a total
capacity of 3306.7 MW which accounts for 69.8 % of the total share of PTC-based
solar full-scale power plants [26]. The largest planned parabolic trough collectors-
based power plant named Noor Energy 1 will consist of 3 segments, each with
a capacity of 200 MW (in total 600 MW) and will be located in the United Arab
Emirates [33]. In addition to the 3 PTC segments, a solar power tower (100 MW) and
a PV panels field (250 MW) are planned to construct. Since 2014, a significant
increase in the capacity of installations based on power towers is noticeable. New
full-scale PTCs are also being created, but in significantly lower numbers than in
previous years.
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Figure 1.2. Concentration based full scale solar power plants capacity increment in specific
years, based on [26,27]

1.3.2 Low-concentrated installations

Compared to full-scale PTC power plants, the list of low-concentrated PTC-based
facilities cannot be considered fully comprehensive due to the lack of mandatory
reporting on these types of facilities, so the quantities described below may deviate
slightly from the current state of facilities. In the author's opinion, however, the
summary presented in this chapter seems to be complete in presenting the state of
development of these systems and also details the areas in which the potential of
CSP is currently being exploited and can be developed in the future.

The data presented is based on the solar heat systems for industrial processes (SHIP)
database operated by AEE INTEC in Austria and information obtained from the
realisations of individual manufacturers [34]. By the end of 2020, at least 891 SHIP,
with a total collector area of 1.12 million m?, have been installed all over the world
to meet various industrial process heat requirements [35]. However, these statistics
apply to all types of solar thermal installations producing heat of any energy
potential.

Installations based on low-concentrated parabolic trough collectors are presented
along with full-scale PTC-based and power tower-based power plants in Figure 1.3.
It should be emphasised that SHIP installations operate as a supplementary heat
source to reduce emissions, by partially covering the heat demand for industrial



processes. Unlike power plants, they do not generate electricity but only heat at
a particular temperature potential, so the data for solar fields, define them by
specifying the maximum thermal output that the plant can generate.

The Figure 1.3 shows the locations of 54 SHIP PTC-based facilities. The current
largest installation generating heat for industrial processes is located in Miraah
Oman and is characterised by a maximum thermal capacity of 1.021 MW4,, with
a solar field covering an area of almost 2 km? [36]. Steam produced is used for
thermal enhanced oil recovery to extract heavy and viscous oil at the Amal oilfield.
An authentic feature of this installation is the solar field covers to protect the
parabolic mirrors against desert dust. It is the only heavily deviated SHIP installation
with such a high thermal output. The second largest installation reported is located
in China with a maximum thermal output of 1050 kW/n.

Excluding the Oman installation, the average maximum thermal capacity of the
other 53 installations shown is 145 kW. The highest concentration of SHIP
installations is in Mexico, where 31 installations can be listed with a total maximum
thermal output of 3598 kW, as a result of the high popularisation and continuous
development of the technology, as well as the energy potential available in the
area [37].

Itis also important to highlight the deployment of PTC-based SHIP in other locations,
primarily those with lower energy potential [38]. Despite the much lower average
annual insolation, it is possible to list three PTC SHIPs in Switzerland, two in Germany,
and even in Sweden, which works as heat-generating installations for industrial
applications as well as demonstration installations [39-42].

Based on the available data for Europe, only two SHIP installations operate in Spain,
two in Greece and one in Portugal. Comparing this data to the locations of full-scale
CSP-based power plants, the unexploited potential that exists in these well-insulated
locations is visible. Europe, which is characterised by a highly developed industry,
has a huge heat demand, which can be partially covered by a low-concentrated
parabolic trough collector, as described in detail in the next chapter. However, to
expand this technology, it is necessary to develop methods of intensifying heat
collection to increase efficiency and also methods to reduce costs so that low-
concentrated PTC can compete with other thermal generation technologies.
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Figure 1.3. Solar installations using concentrated radiation technology,



1.4 Potential applications

In 2019, the final energy consumption was reported as 418 EJ, by the International
Energy Agency [43]. According to International Energy Agency (IEA) and
International Renewable Energy Agency (IRENA) reports, over 32% of final energy is
consumed by the industry sector, where 74% is in the form of heat and 26 % is in the
form of electricity [4,44]. Figure 1.4 highlights that the industry sector has the
highest share of energy consumption, compared to other sectors [45]. Heat supply,
which contributed more than 40% of energy-related global CO, emissions in 2020,
remains mainly dependent on fossil fuels, and renewable energies account for less
than a quarter. Therefore, the crucial step toward achieving a low-carbon production
system is integrating renewable energy into the industrial process heat sector.
As shown in Figure 1.4, the heat demand can be divided into 3 temperature levels
where the heat up to 400 °C is 52%. This part of the heat can be partly covered by
low-concentrated parabolic trough collectors. As Kumar et al. [45] and Kalogirou [46]
indicated, low-concentrated parabolic trough collectors, are well suited to operate
in the range of 60 - 300 °C, which can be used to produce steam, used in many
industrial applications. Depending on the concentration ratio, the analysed
technology can be used for sterilization, drying, bleaching, washing and
pasteurization. The industry type the low-concentrated parabolic trough collectors
can be used is broad, for example, dairy, paper and textile industry, chemical
industry (soaps and synthetic rubber production), oil refinery plastics and brewery.

Low-temp heat
(below 150°C)

FINAL ENERGY
CONSUMPTION

Medium-temp heat
(150 to 400°C)

High-temp heat
(above 400°C)
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~
~
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= Industry = Transport \~\
= Residential Other

Figure 1.4 Final energy consumption and its classification by type and temperature level
based on [45,47]



1.5 Selected heat absorption enhancement methods in
PTC

The development of methods to intensify the heat collection in the absorber in the
solar technology considered in this thesis is one way of increasing the efficiency of
the installation. The efficiency of the parabolic trough collector can be generally
represented as Eq. (1.2) [48]:

_ O
Qs’
where Q, is heat absorbed by thermal fluid and Qs is solar energy which reaches PTC

installation. Total solar energy received by a PTC installation is defined as
Eq. (1.3) [49]:

Qs = Aap “Gg, (1.3)

n (1.2)

where A, is aperture surface area, and Gg is direct solar irradiance. The heat
collected by the thermal fluid, can be calculated from the following Eq. (1.4) [50]:

Qu=m" Cp- (Tout — Tin)» (1.4)

where rm is the mass flow, ¢; is the specific heat of the working fluid, Tou is the outlet
temperature of the working fluid, Ti, is the inlet temperature of the working fluid.

Increasing the temperature at the outlet from the absorber, directly influences the
increase in efficiency of PTC. This can be achieved by using methods inside and
outside the absorber.

1.5.1 Inserts application

A frequently researched method to increase heat collection inside the absorber is
the use of different types of inserts. Research is being conducted on: fins, porous
inserts, wire coils, rings, cylinders/rods and twisted tapes [51]. Overall, the use of
inserts increases the thermal efficiency of parabolic trough collectors and increases
the pressure drop across the absorbers. The most challenging aspect is proving to
be the use of different types of inserts inside the absorber and optimising their
positioning taking all parameters into account. According to Allam et al. [51], fin
inserts achieve optimum thermal and hydraulic performance. Bellos et al. [52,53]
also demonstrated that finned inserts showed the highest average efficiency
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increase, which was 0.7% for the vacuum tube and 1.3% for the tube without a glass
envelope and vacuum layer. However, the challenge is found to be the cost of
manufacturing such an absorber, where instead of a traditional mass-produced tube,
the appropriate components have to be specially produced, which significantly
increases the required production time and requires the use of supplementary
equipment. When looking at the bigger picture, in this case, the required process
can be much more energy-demanding than the benefits of increased heat collection.

Twisted tapes, which are characterised by a relatively simple and rapid
manufacturing process, can provide an opportunity. What's more, twisted tapes are
widely used in industry, so their lower price can be just as important an advantage
as the increase in efficiency. Varun et al. [54] demonstrated a high research interest
in twisted tape inserts for various flow regimes and configurations. Conventional
twisted tapes as well as wire coil twisted tapes, double twisted tapes or perforated
twisted tapes were analysed in [55-58]. Most studies reported in the literature on
the subject, use several simplifications that introduce a significant error when
examining their application in linear absorbers.

The most frequent simplification in numerical studies is to assume a uniform heat
flux distribution around the circumference of the absorber or to specify a uniform
wall temperature, which completely incorrectly represents the heat flow in the
absorber, as well as the effect of twisted tape on its efficiency. The great majority of
publications related to linear absorbers are related to full-scale PTCs, for example
with a PTR70, LS-2 or UVAC absorber, where the boundary conditions are
substantially different from those of a low-concentration parabolic trough, so the
correlations provided in these studies do not apply to the case being considered,
which are low concentrated parabolic trough collectors. Moreover, there remains
a deficit of reports in the literature on the application of this type of solution for
solar loops, showing the actual impact of the inserts on solar plant operation.
Therefore, additional investigations are required to identify and optimise twisted
tapes in low-concentrated parabolic trough collectors.

1.5.2 Absorber coatings consideration

The external surface of the absorbers is covered with a selective coating, which is
characterised by high absorptivity and low emissivity, thus reducing radiation losses.
The procedure for applying the selective coating to the absorber surface usually
requires high costs due to the multi-stage processes involved [8]. Methods for
producing spectrally selective coatings include dip coating, spin coating, laser
sintering, chemical vapour deposition (CVD), atomic layer deposition (ALD), physical
vapour deposition (PVD), electroless plating, electroplating and lithography [59].
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The most widely used method of fabricating selective coatings, by which many types
of coatings can be obtained, is PVD [60]. Ordinarily, the process is based on the
application of multiple layers, semiconductor-metal tandems or cermet, which
requires a significant amount of time and an expensive manufacturing facility [8,59].
Solel, which is a cermet-based coating, reports an absorptivity of 0.96 and an
emissivity of 0.07-0.17 for temperatures ranging from 100-400 °C [9]. The coating
used in PTR70, also reports a high absorptivity of 0.957 [14].

Improving the efficiency of a parabolic collector can be achieved by using coatings
in various configurations. Yang et al. [61] proposed an absorber with two different
coatings on the concentrating and natural radiation absorbing side. The results
indicated an improvement in receiver efficiency from 64.7% to 68.1%. A cascade
arrangement of absorbers with different selective coatings was also considered [62].
Zhao et al. [63] presented a strategy to increase efficiency by cascading multiple
selective coatings based on their emissivity characteristics. The results showed
a229.3% reduction in heat loss and a 4.3% increase in thermal efficiency at
a temperature range of 290-550 °C. However, all of these analyses were carried out
for large-scale solar power plants with high concentration ratios and thermal fluid
temperature levels.

The high prices of coatings were not reduced in this analysis, as still any coatings
considered had to be applied by multilayer methods. An opportunity to reduce
investment costs may be the use of cost-effective absorptive coatings, the
application process of which is extremely cheap compared to solar selective
coatings. An example is the most commonly used high-temperature Pyromark solar
absorber coating in power towers, which achieves extremely high absorption of up
to 96.5 % [64,65]. However, the disadvantage of these coatings is their high
emissivity. Therefore, the development potential of these coatings only occurs in the
preliminary section of absorber loops, where the temperature of the heat transfer
fluid is relatively low.

1.5.3 Solar tracking requirement

As previously mentioned, concentrators mainly utilise direct radiation, so solar
tracking is required to achieve high-efficiency values. As an optical system, the PTC
is characterised by several parameters that can negatively affect its operation. These
optical errors are due to the design, fabrication of the reflector and absorber and
errors in the solar tracking system.

Assuming that the parabolic reflector and absorber are fabricated correctly, it is
essential to note that during operation, the PTC may deform due to the heating of
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the structure and some stresses caused by atmospheric conditions (wind, rain,
snow) [66]. The correct alignment of the solar tracker is based on measuring the
current position of the sun or based on the solar calendar data. Both methods can
lead to some errors [67,68].

Ongoing research is being conducted to improve the precision of positioning
systems. Wu et al. [69] implemented a two-axis tracker with an inclinometer for
automatic positioning with open-loop GPS tracking. Fuentes-Morales et al. [70] and
Lee et al. [10] underlined the importance of control algorithms to improve tracking
systems. Valentin et al. [71] studied the impact of wind on solar trackers. Research
is also being conducted to increase the optical efficiency of the PTC. Kaluba et al. [72]
introduced a hot mirror coating on the absorber glass to reduce energy losses.
Dabhlioui et al. [73] developed an anti-soiling coating on solar mirrors that increased
their clarity.

Operational faults can be reduced but not eliminated, so investigations are usually
limited to determining the sensitivity of the PTC to errors from the point of view of
optical efficiency, local concentration ratio (LCR) and heat loss in the PTC
absorber [74]. However, these are primarily analyses performed for commercial-
sized installations, which are the most frequently used in full-scale solar power
plants. Each scale of geometry must be considered individually in the solar tracking
aspect. Since there is still a lack of information in the literature on the different types
of defects and requirements for solar trackers for low-concentration geometries,
more research needs to be conducted to fill this gap.

1.6 Motivation and objectives

As demonstrated in the literature review, low-concentration parabolic trough
collectors are highly versatile systems that, when properly designed and
parameterised to suit the characteristics of a particular industry sector, can cover
a significant proportion of the heat demand at different desired temperature levels.
Despite the maturity of the concentration technology and the many studies related
to full-scale PTC, the different, reduced geometry and thermodynamic parameters
offer the potential for the application of new solutions and materials that will both
increase the efficiency of the technology and reduce the price of the selected
components, which may influence the spread of this type of solar installation even
in areas with lower average annual insolation. This could lead to an increasing share
of renewables in the total energy mix, resulting in lower emissions and higher
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independence from fossil fuels. The materials used in the concentrators are simple
to manufacture and later recycle, so this type of device has an additional positive
impact on the environment relative to other solar energy technologies. It is
essential, to search for areas and solutions that can intensify the heat absorption of
parabolic trough collectors and enable comparative studies of these devices under
stable and repeatable solar conditions. Therefore, this thesis aims to investigate
different types of heat intensification on the inner and outer sides of absorbers in
parabolic trough collectors and to examine their impact on entire solar loop
installations.

The scientific problems discussed in this thesis are related to three selected
elements of parabolic trough collectors, however, with comprehensive
consideration of the entire technology: heat extraction enhancement inside the
absorber through the use of inserts in a suitable arrangement, heat absorption
intensification through using highly absorptive non-selective coating, and analysis of
the influence of the crucial element in PTC such as the active solar tracker on the
efficiency of the heat concentration and absorption process.

The following research activities were formulated to reach the objectives of this
thesis:

e comprehensive design and construction of a solar radiation simulator test
stand, enabling tests to be carried out on different types of absorbers, under
stable and repeatable conditions,

e identification of processes and development of a mathematical model for
heat transfer in a parabolic trough collector,

e conducting a series of experimental analyses to validate the developed
models,

e investigating the impact of twisted tapes located inside a linear absorber
and their arrangement in a solar loop to maximise the efficiency of
a parabolic trough collector,

e investigating the effect of different types of highly absorbing coatings on the
outer surface of the absorber and their segmental application along the
length of the solar loop,

e development of a numerical optical parabolic concentrator model and
performance of a series of analyses to identify the impact of tracking error
on PTC efficiency.
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1.7 Scope of the thesis

The doctoral thesis consists of 6 following chapters.
Chapter 1 is this chapter.

Chapter 2 is devoted to a description of the test bench modelling required for
experimental research on parabolic trough collectors and the process of heat
absorption by heat transfer fluid in tubular absorbers. Due to the varying natural
atmospheric conditions over time, to investigate linear absorbers under constant
and repeatable conditions, the author of this thesis designed and then
comprehensively constructed a stand based on a solar radiation simulator enabling
the simulation of near-natural radiation not dependent on the time of year or day.
A series of numerical analyses were carried out using the Monte Carlo Ray Tracing
Method to determine the most suitable type of light source, the optimum geometry
of the parabolic cross-section reflectors and their arrangement against the parabolic
trough collector. The study considered the desired spectrum of the simulated
radiation analysis, its scattering and non-uniformity and how these factors affect the
radiation concentration process. This part of the thesis also identifies the estimated
cost of the radiation simulator, detailing specific components, which was missing in
the literature on the subject. The results of performed analyses were crucial in
further work, which was a comprehensive construction of the test stand by the
author of this thesis.

Chapter 3 presents the results of an analysis aimed at intensifying heat extraction
inside the linear absorber using twisted tape inserts, segmentally positioned in
different sections of the solar loop. A low-concentrated ratio installation was
considered, which could be used as an additional heat source for industrial
applications. The study was conducted using a CFD model and a two-dimensional
mathematical heat transfer model. The mathematical model of heat transfer is
described in detail in the next chapter. The calculations were validated with
experimental results, carried out on a developed laboratory station equipped with
a solar radiation simulator, which showed high agreement, confirming the validity of
using these models. Both temperature increment and pressure drop were validated.
This chapter also presents the developed and assembled test bench for absorbers
comparative research. In the numerical studies, the non-uniform distribution of
concentrated heat flux on the absorber surface, consistent with the real conditions,
was applied, which increases the accuracy of the calculations against most models
presented in the literature. The results obtained demonstrate the validity of the
segmented application of twisted tapes, by considering the additional pressure
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losses and the increased demand to cover installation own needs caused by higher
circulating pump demand. A long-term analysis of the specified conditions showed
the potential to increase the efficiency of the solar facility by approximately 0.27
percentage points.

Chapter 4 is focused on coatings applied on absorber external surfaces to increase
the absorptivity and thus the efficiency of the installation. The main objective of the
results presented in this chapter was to determine the possibility of replacing the
expensive selective coatings typically used in linear absorbers with cost-effective but
highly absorptive no-selective coatings in preliminary absorber sections, with
maintaining at least the same efficiency level. To determine the potential of such
a design, analyses were performed for parabolic trough collectors with different
geometries that reflect the varied nature of their application. To perform the
assumed analyses, a detailed heat transfer model in parabolic trough collectors was
developed, the calculation procedures of which are presented in the study
methodology. Furthermore, the model was developed with special consideration for
the separation of the heat flux supplied to the absorber surface into a concentrated
and natural form. In parabolic trough collectors with a low concentration ratio, this
separation significantly increases the accuracy of the results obtained, due to the
higher proportion of natural radiation compared to full-scale parabolic trough
systems. The results showed that, due to the lower temperature level of heat
transfer fluid, a high potential of the non-selective coatings co-application was
indicated. Furthermore, the use of a low-cost non-selective coating can provide
a significant reduction in the investment cost of the installation and impact the
development potential of concentrating solar power systems.

Chapter 5 deals with an aspect of solar tracking. Parabolic trough collectors, which
are one of the technologies based on concentrating solar radiation, require
continuous solar tracking due to the utilisation of mainly direct irradiance. As an
active component, the solar tracker is characterised by a certain degree of
positioning accuracy and is exposed to weather conditions, especially wind. Based
on a low-concentrated parabolic trough collector geometry, a series of optical and
thermodynamic analyses were conducted to determine the maximum positioning
deviations of the solar tracker to avoid reducing its efficiency. Ray tracing analysis
and heat transfer model was adopted for this purpose. The results are intended to
indicate assumptions for the design of low-concentrated parabolic trough tracking
devices. The study also compiled results for another way of reducing the cost and
weight of the installation, i.e. not using a glass envelope around the absorber pipe.
The increased level of non-uniformity of heat flux on the absorber surface was also
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discussed, which, because of the tracking error, can cause high-temperature
differences on the absorber surface and thus affect its potential damage.

Chapter 6 presents a summary and conclusions.

Chapters 2 to 5 highlight the most significant aspects of Articles | to IV, which are
included in the appendix section. Figure 1.5 shows a graphical visualisation of the
thesis scope.



Test stand modeling and assembling, experimental evaluation

Chapter 2

Chapter 3 Chapter 4 Chapter 5

Heat absorption enhancement inside (twisted tapes) and Tracking impact on heat
outside absorber (coating), cost reduction flux distribution

Figure 1.5. Graphical visualisation of the thesis scope
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Chapter 2

Modelling of the solar simulator
experimental bench for linear
absorbers testing - Paper |

Solar radiation simulation is a complex multi-dimensional process that requires the
consideration of a whole range of optical, spectral and thermodynamic
parameters [75,76]. Depending on the application planned, simulators differ and it
is not possible to directly adapt expensive prefabricated solutions. Primarily in solar
concentrators, where the desired rays should be as parallel as possible, optical
analyses are required to design the entire array of sources along with the
optimisation of their positioning, which was part of the first tasks presented in this
section of the doctoral thesis.

2.1 Formulation of test bench design assumptions

The considered research stand had to be multipurpose enough to be used mainly
for testing parabolic trough collectors but also in the future for testing photovoltaic
panels, so the main idea was that the light sources would be arranged on one plane
surface and illuminate the target below. Due to the high cost of prefabricated
solutions that could not be directly adapted to the planned tests, it was decided to
carry out a series of optical-numerical studies to perform a preliminary analysis to
check the validity of using different light sources and designing the test bench. The
objectives were that the illuminated area had to be a minimum of 1 square metre
(1x1 m), the radiation as uniform as possible, the spectrum as similar to solar
radiation as possible, and the heat flux provided to the absorber surface
corresponding to approximately 1000 W/m? direct normal irradiance.
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After an examination of the solutions available in stock, the available budget and an
in-depth analysis of the literature on the subject, which at the time provided
relatively limited suggestions, as well as the market for the individual components,
the two most promising cases were selected and the validity of their design was
checked using the (MCRT) Monte Carlo Ray Tracing method [77,78]. At that moment,
it was decided to study the use of 22 reflectors and metal halides of 200 W or 400 W
or 4 xenon lamps with 4 larger reflectors. A visualisation of this solution in the
arrangement of the entire test stand with a parabolic trough collector, is shown in
Figure 2.1.

Solar simulator

22 reflectors or 4 reflectors

Heat transfer fluid circuit

Vacuum
gap with
glass
envelope

Tubular
absorber
with
selective
coating

Parabolic mirror

Figure 2.1. The design of the solar simulator for testing parabolic trough collectors [79]

2.2 Limitations of simulated radiation

As mentioned earlier, radiation simulation is a multi-stage process with many
defining parameters. In this case, the most challenging aspect was to simulate the
radiation in such a form that the simulated rays would be as close to direct radiation
paths as possible, i.e. as perpendicular to the illuminated surface, so that they could
then reflect off the parabolic mirror at the appropriate angle and reach the absorber
external surface. This study required the design of a suitable light source model and
its arrangement in the reflector, based on manufacturer and literature data.

The light sources analysed generate radiation through a few millimetre-long arcs
between two electrodes, so a light source, even if positioned directly in the focus of
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a reflector with a parabola shape, will emit radiation which, when reflected, will not
be parallel in its full range, like natural direct radiation. Furthermore, over a large
area, emitting irradiance with high uniformity is an extremely challenging process,
as it is dependent strictly on the size and arrangement of the reflectors. Therefore,
when designing the stand, it was accepted that not all the radiation emitted by the
light source would be delivered to the surface of the absorber. Hence the need for
sufficient surplus heat flux. Figure 2.2 shows the heat flux distribution for the two
cases analysed, from which it can be concluded that the smaller the light sources,
the more uniform the radiation will be on the illuminated surface. Limitations due
to the specific dimensions of single-ended arc sources, and the production sizes
available, as well as the required components for each lamp such as power supply,
ballast, sockets and special wires, or parabolic reflectors, and the increased costs as
the number of lamps increased, necessitated the identification of an optimum. The
optical analysis indicated that the required heat flux delivered to the absorber
surface would be appropriate when using case one. Therefore, for that stage of the
analysis, it was decided to use 22 floodlights with 400 W metal-halide (HMI) sources
[80,81]. Moreover, the estimated cost of 22 reflectors with HMI sources and power
supply was approximately 8 000 € lower than for 4 larger reflectors with xenon arc
lamps.

Irradiance, W/m? Irradiance, W/m?
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Figure 2.2. Non-uniformity of simulated solar irradiance on analysed illuminated area:
a) 22 reflectors case, b) 4 reflectors case
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2.3 Conclusions for the next steps

Besides light sources and their positioning, the selection of appropriate power
supply, ballast and additional elements was analysed. Due to the lack of information
in the literature about these crucial components, Paper | presents an analysis
summarising the planned costs associated with the total construction of the
simulator installation to fill this gap [79].

Above and beyond this, the mechanical part of the installation was developed,
where the stand frame, the system for positioning the light sources relative to the
parabolic trough collector was designed. A comprehensive design of the parabolic
trough collector was also carried out, taking into account the hydraulic model on the
heat transfer fluid side, the parabolic mirror frame and its mounting method, the
design of the absorber together with the glass envelope and brackets to maintain
low pressure close to vacuum. The work carried out as part of the doctoral thesis
also consisted of selecting the appropriate measurement instrumentation for the
hydraulic part, including the flow meter, thermocouples and their arrangement,
pressure drop meter and, at a later stage, the power and control system as well as
data recording. An essential point to consider in the further development of the test
bench was to determine a method for measuring the heat flux supplied to the
absorber surface and also to establish a method for measuring the absorbers, to
obtain repeatable results.



Chapter 3

Heat absorption enhancement inside
tubular absorber by using twisted
tape inserts - Paper Il

The next stage of the research was the comprehensive construction of a test stand,
based on the assumptions and results obtained in the previous chapter, which
enables the influence of internal and external methods of heat intensification in the
tubular absorber to be determined. This part of the study presents a description of
the test stand, the experimental procedure and the influence of the applied twisted
tapes on the enhancement of heat absorption inside the linear absorber, along with
a long-term analysis for which CFD investigation and a mathematical model were
used.

3.1 Test stand construction and experimental campaign
under simulated solar conditions

The comprehensive assembly of the experimental stand can be divided into many
stages, but two main parts were the most demanding: the radiation simulator and
the parabolic trough collector.

3.1.1 Installation description

The final stand arrangement consisted of 18 ARRI spotlights, each with an HMI
OSRAM source of 575 W configured as shown in Figure 3.1. Because the final light
source used is of the same type and series but differs in power and size from
previous optical analyses, and the reflectors used were manufactured using different
technology, the study was repeated with additional experimental validation of the
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heat flux distribution to validate the use of these lamps in the correct
configuration [82]. This analysis was presented with an emphasis on the modelling
of the light source as presented at one of the scientific conferences in which the
author of this thesis participated. However, due to the purely optical character of
the article focusing on how the light source should be modelled, this article was not
included in the thesis scope, but the results highlight the possibility of using
reflectors in this configuration as well.

All tests were performed under solar simulator stable conditions, following
verification of the stability of the radiation emitted by the discharge sources, and
with the laboratory shaded to neutralise the influence of outdoor conditions.
The longer operation of the installation affects the ambient temperature, which,
however, was continuously monitored and considered in post-processing analysis,
the bench itself required continuous cooling and the heat was removed outside the
laboratory. Measurements of heat flux and its distribution were carried out
periodically to determine both the energy input to the absorber surface and the
changes associated with source degradation. Radiance distribution and evaluation
of individual reflectors were carried out using a pyranometer mounted on a 2-axis
scanner. When measuring the energy delivered to the outer surface of the absorber,
the measurement was carried out with a water-cooled heat flux meter, which
scanned the radiation along the length of the absorber and around the absorber
circumference, which was referred to as the boundary condition to the
mathematical model.

The mounting, on a highly reflective mirror, was designed and manufactured by laser
cutting to ensure that the parabolic shape was accurately reproduced. The absorber,
covered with a high-absorbing coating, is positioned in the focus of the parabolic
mirror and inside the borosilicate glass envelope, with the equipment maintaining
avery low surrounding pressure, close to the vacuum. This parameter was
monitored continuously during the study. The receiver was developed in such a way
that different configurations of the various intensification methods could be
studied [83,84].

Temperature increment measurement was carried out using two K-type
thermocouple sensors placed inside the absorber at a distance of 1 m from each
other, which enabled the temperature increment of heat transfer fluid to be
measured accurately. PT100 resistance sensors were used to monitor the
temperature in other characteristic points of the installation. The pressure drop
measurement was carried out by a pressure drop meter with an adjustable range,
which increased the accuracy of the measurements performed. The mass flow was
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calculated based on the measurement from the volume flow meter and
temperature. The test bench was constructed in such a way that selected segments
of the solar loop could be simulated. The inlet temperature of heat transfer fluid
could be adjusted by using additional electric heaters before the absorber.

All tests were performed for a steady state, which required sufficient time for
thermal stabilisation of the installation. Data recording was carried out continuously
to determine the stability of the measurement. The stabilisation time itself (about 5
- 10 minutes depending on the case studied) indicated the validity of using
a radiation simulator to test the linear absorbers. In the case of natural radiation,
the tests would have been purely statistical because of constantly changed insolation
conditions and the influence of wind, which would not have guaranteed
reproducible and stable results. The associated measurement uncertainty, in each
case, was calculated according to GUM (Guide to the Expression of Uncertainty in
Measurement) objectives [85].

Figure 3.1. Experimental bench: a) solar simulator and parabolic trough collector, b) linear
absorber placed in parabolic trough focal length, c) pressure drop meter and its connections
before and after linear absorber

Testing of twisted tapes in the linear absorbers was performed in a similar way to
the testing of reference ones. The inserts were fabricated using the fused deposition
modelling method, where PET-G was used. Due to this form and implementation of
the inserts, the tests were carried out at a lower temperature level.
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3.1.2 Limitations of solar loop testing

The performance parameters of the installation should also be highlighted. Because
a certain limitation was the area illuminated by the radiation simulator which was
due to the cost of the whole device, the tests could be carried out for specific
assumptions. Before selecting a suitable heat transfer fluid circulating pump,
a preliminary calculation was performed to estimate the temperature increment in
the absorber based on the geometry of the installation, the simulated insolation
conditions and the type of heat transfer fluid, which in this case and most of the
studies analysed was Therminol VP-1 [86]. The objective was to select a parameter
range for which the temperature increment is measurable in terms of instrument
accuracy. Therefore, studies of the full flow characteristic of reference low-
concentrated installations for solar thermal industrial applications were excluded
due to the very low-temperature increment in 1 metre of the absorber. Therefore,
the tests were performed in a volumetric flow range of approximately
50 — 550dm3/h, which provided a measurable temperature increment. The
difference in temperature increase between the reference absorber and the twisted
tape is within the error limits of the measurement instruments, which limits direct
comparisons of the different inserts based on experimental studies but enables
validation of the numerical and mathematical models. The experimental tests
performed are therefore primarily intended to enable the validation of the models
developed and to highlight their feasibility.

3.2 Heat absorption enhancement method

The application of flow-disturbing inserts inside the tubular absorber is one of the
known methods of intensifying heat absorption by the heat transfer medium.
The study analysed the use of tabulating inserts in a segmented arrangement along
the length of the absorber to identify a combination that maximises heat extraction
and does not cause excessive pressure drop. Twisted tapes are characterised by
a simple structure and potentially the highest chance of use in a solar loop due to
their simplicity of application and manufacturing process [87]. The characteristic
parameter which describes the twisted tapes is the twisted ratio defined as
Eq. (3.1) [88]:

(3.1)
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where H is the parameter describing the length of the insert and daws,iis the inner
diameter of the absorber. Both parameters are indicated in Figure 3.2.

H

dabs,i | W

dabs,e

Figure 3.2. Linear absorber with twisted tape insert

The impact of twisted tapes on the installation strictly depends on a variety of
parameters, which also limits the possibility of performing a broad multi-parametric
analysis. In the research conducted, geometries and parameters similar to those of
manufactured solar installations which are based on parabolic trough collectors
were assumed and for these assumptions, the validity of their use in the particular
sequence was presented.

3.2.1 Heat flux non-uniformity distribution

The parabolic collector causes direct radiation to be reflected and directed towards
the linear absorber, which irradiates only one part of the absorber, causing a high
temperature gradient, as shown in Figure 3.3 [89].
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Figure 3.3. Concentrated irradiance on absorber pipe external surface: a) relative heat flux
on absorber surface, b) visualization of concentration process in PTC
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In the analysis carried out, it was shown that the application of such a distribution
to the numerical model is necessary to analyse the heat transfer process properly.
Thus, for each geometry of the parabolic trough collector, a series of optical analyses
before performing heat flow calculations is required to obtain valid results.

3.3 Swirl flow impact on heat absorption

Twisted tapes applied inside the absorber loop create a swirl flow, which is
characterised by intensive mixing of the fluid and detachment of the near-wall layer,
thus intensifying heat absorption [90]. The analysis indicates the correlations of how
the Nusselt number increases with decreasing twisted ratio. A reduction in the fluid
temperature differential around the absorber circumference has also been
demonstrated, potentially extending the operating period of the absorbers and
reducing the internal thermal stress of the receiver.

3.4 Pressure drop and increasing self-demand

Each element placed inside the linear absorber results in an additional increase in
pressure drop, which requires additional power from the circulation pump. Thus,
when analysing the intensification of heat extraction inside the absorbers, it is
necessary to consider the power required for pumping. These energy needs can be
taken into account when determining the efficiency of the parabolic trough collector.
The analyses used the definition of efficiency according to the Eq. (3.2) [7,53,91]:

W

Qu Ty
Nprc = anel (3-2)

where W, is required pump power, and ne is reference electricity production
efficiency. For purposes of this analysis, the value 32.7% was selected [92].

In the results, the maximum range of applicability of the inserts in the solar loop
analysed was determined, which maximises the efficiency of the installation.
The applied solution was tested by performing a long-term analysis, with varying
weather conditions based on the NREL weather database [38].



Chapter 4

No-selective absorber coating
segmental application in solar loop -
Paper lli

The external surface of serially produced linear absorbers is usually coated with
a selective coating, which is a coating with high absorptivity and low emissivity [8].
This is a result of adapting regular parabolic trough collectors to their smaller-scale
equivalents and preserving this design feature. However, the lower temperature
level occurring in the preliminary sections of low-concentrated parabolic trough
collectors loop provides the opportunity to apply significantly cheaper coatings, of
a non-selective nature but with extremely high absorptivity, a low price and
a simpler application process. An analysis of the potential for applying this
previously not considered approach to reduce investment costs and, in some cases,
increase installation efficiency is presented in this chapter [47]. The tool that
enabled this analysis was the developed 2-dimensional heat transfer model,
especially for low-concentrated ratio parabolic trough collectors. This study was
partially carried out during the author's 3-month visiting research at KTH Royal
Institute of Technology in cooperation with KTH solar group scientists.

4.1 Heat transfer model approach

The advanced mathematical model developed includes parameters such as the
geometry of the parabolic collector installation, the materials used and their
thermodynamic and optical properties, the atmospheric conditions such as solar
irradiance, ambient and sky temperature, sun position and wind speed. The effect
of the positioning error, mirror and receiver dirt, type of coating, shading and
incidence angle modifier is also included in the model.
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The heat transfer model in the receiver includes convection between the inner
surface of the absorber and the heat transfer fluid, conduction through the absorber
pipe, radiation and convection losses between the external surface of the absorber
(including coating) and the internal surface of the glass envelope, conduction
through the glass envelope, convection and radiation losses from external glass
envelope to ambient and sky. Each absorber being analysed can be divided into
N sections, as shown in Figure 4.1 so that the accuracy of the results obtained
increases and it is possible to apply different parameters to each separate section.
For this analysis, the variable parameter was the absorptivity and emissivity of the
coating.
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Figure 4.1. Two-dimensional model of heat transfer in PTC receiver

So far, the mathematical models appearing in the literature on the subject do not
take into consideration the separation of heat flux into natural radiation and
radiation concentrated by a parabolic mirror [93,94]. This assumption is valid in solar
power plants, where the aperture of the mirror is up to 7 metres and natural
radiation contributes only a minor proportion of the total heat flux at the outer
surface of the absorber. In the case of low-concentrated parabolic trough collectors,
this parameter should be taken into account, which is the main novelty, increasing
the accuracy of the developed model. The heat absorbed by the parabolic trough
collector can then be described by Eq. (4.1) [47]:

Qu= (Qu,CSP + Qu,SP) — Qloss (4.1)
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where Q, csp is the concentrated solar energy, Q, sp is the non-concentrated solar
energy, Q)oss is energy losses.

Heat flux from concentrated solar irradiance including the shadow of the absorber
is defined as Eq. (4.2) and heat flux from non-concentrated radiation is presented as
Eq. (4.3) [95]:

Qucsp = (Aap - dabs,e "L)-Gp- Nopt,csp * COS 0 -1AM, (4.2)

Qu,SP = (dabs,e ’ L) G- Nopt,Sp» (4.3)

where A4, is the aperture surface area, d,ps e is the absorber external diameter, G
is the direct solar irradiance, 7op¢,csp is the optical efficiency for concentrated solar
power, 6 is the incident angle, IAM is the incidence angle modifier, L is absorber
length, nopt,sp is the optical efficiency for solar power.

Concentrated and non-concentrated radiation differ in the path from Sun to the
absorber surface, so optical efficiency must be considered separately, hence the
biggest difference in the proposed model. Two different optical efficiency equations
need to be used to calculate total solar power, which are shown as Eq. (4.4) and (4.5)
[96]:

Nopt,csP = Tc " Aabs * Nsh " Mtrack * Mref * Nd,m * Md,r (4.4)
Nopt,sP = Tc " Aabs " Nd,r (4.5)

where 1. is transmittance of glass envelop, a4, absorptivity, 1, shadowing, Nirack
tracking error, 1,.o¢ mirror reflectance, 14 , and 14 ;- dirt on mirror and receiver.

4.1.1 Calculations algorithm

The calculations are performed using the algorithm depicted in Fig. 4.2, consisting
of a series of equations described in more detail in the Appendix section. For an
assumed section, of a selected length (usually a few to several millimetres), an entire
calculation process is carried out generating results of high accuracy. Besides the
temperature increment of heat transfer fluid, the temperature of the absorber, glass
envelope, losses to ambient, and flow parameters are calculated. The analysis
includes the temperature-dependent parameters of the individual medium or
component, which determines high-quality and reliable results. This model was
validated based on experimental results shared by National Renewable Energy
Laboratory [14].
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Figure 4.2. Flow chart of the mathematical model [47]

4.2 No-selective coating application

The extremely high absorptivity of some non-selective coatings applied to the
external surface of the absorber compensates for the radiation losses resulting from
the high emissivity, which is dependent on the temperature of the heat transfer fluid
and absorber surface. The optimisation of the use of these coatings is highly
dependent on the nature of the flow, type of heat transfer fluid, temperature and
concentration ratio. Paper lll analyses the application potential of this solution for
three PTC geometries with different temperature stages, reflecting possible
applications in the solar thermal industrial process and one case reflecting a full-
scale power plant. The advantage of non-selective coatings such as the Pyromark
analysed is the very simple application method, in this case, it is a spray coating [64].
Compared to the multi-step application process of selective coatings, which requires
a series of expensive equipment, the potential for a reduction in investment cost
seems significant.
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4.3 Selected results discussion

The study analysed both the efficiency of the absorber in its length and the efficiency
of the entire solar loop, consisting of several absorbers. The first results showed the
potential in the application of a non-selective coating up to a heat transfer fluid
temperature range of about 115 °C for a single solar loop length of up to 45 metres.
At the same time, the results depended mainly on the reference coating and the
type of flow adopted, in accordance with the respective industrial installations.
Figure 4.3 shows the results where the inlet temperature to the solar loop was
100 °C and the minimum assumed outlet temperature was 200 °C. The analysis was
performed for Gg=800 W/m? and three different solar loop lengths consisting of 8,
16 or 24 absorbers. To obtain the minimum desired temperature for the same
conditions, the corresponding mass flow had to be adjusted. The application of
Pyromark in the preliminary absorber sections initially increases the efficiency of the
solar loop, but with too many absorbers, the efficiency decreases below the
reference value. Points A and B, respectively, determine the operating points that
maximise efficiency and maximise the number of absorbers while maintaining an
efficiency higher than the reference value. It was demonstrated that, for the
conditions analysed, a low-cost non-selective coating could be used in up to 25%,
50% and 62.5% of the absorbers. The results showed the high application potential
of this method at the same time demonstrating its high dependence on work
parameters.
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Figure 4.3. Solar loop efficiency as a function of number of absorbers with no-selective
coating, results for selected case
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Chapter 5

Evaluation of tracking deviation
impact on parabolic trough collector
efficiency - Paper IV

Since mainly direct solar radiation is utilised in CSP installations, the correct
irradiance concentration is a crucial process in achieving high efficiency [97].
Therefore, in this chapter, it was decided to analyse this phenomenon and
investigate the impact of the potential error that can occur with a solar tracker which
is vulnerable to atmospheric conditions, especially wind [98]. This research aims to
answer the following question:

e What is the maximum tracker error that does not affect installation
operation?

e What is the positioning effect on the low-concentrated parabolic trough
collectors’ efficiency?

e How does tracking error affect the radiation distribution on the absorber
surface?

5.1 Methodology of numerical modeling

The impact of solar tracking error was investigated using optical-engineering Monte
Carlo ray tracing software APEX, which uses a Bidirectional Reflectance Distribution
Function (BRDF) to describe the reflected beam behaviour [89]. This method allows
the energy accompanying each ray to be tracked and the total flux and distribution
to be calculated on the selected surface, in this instance the outer surface of the
absorber. The BRDF function describes the form in which the incident light over
a surface is scattered [78,99]. This method considers the material properties of
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individual parts, including reflectivity, transmissivity and absorptivity. In this study,
the radiation source was the sun model, including the solar half angle of 0.27°. The
parabolic trough collector geometry was consistent with the experimental test stand
and similar to many geometries used in industrial installations [83,100]. Figure 5.1
shows a model of the sun and the PTC installation, which enabled the impact of the
tracking error to be investigated by changing the position relative to the reference
one (ideal to the sun).

Circular
receiver and
glass envelope

Figure 5.1. Numerical investigation model in optical engineering software

5.2 Tracking deviation effect on optical system

Changing the position of the parabolic mirror relative to the direct solar rays shifts
the focus point of the absorber axis, in one direction as can be seen in Figure 5.2.
Certain rays are focused unevenly on the surface of the tubular absorber, while
others completely miss the surface of the absorber. The selected results graphically
visualise path rays that, when reflected from the parabolic mirror, entirely skip the
absorber surface for a tracker deviation of 4°. The usual distribution of heat flux on
the surface of the absorber generates a non-uniform distribution of radiation, but
still, one that has its axis of symmetry. In the studies carried out, it was shown that
an error in the position of the tracker generates areas with very high heat flux values.
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a)

Figure 5.2. Solar radiation path for selected tracker error presented in the cross-section,
tracker position deviation: a) 0° (ideal), b) 2°, c) 4°

Example distributions for a 33.7 mm diameter absorber are shown in Figure 5.3,
where 5 curves of heat flux can be distinguished. The highest maxima of the
radiation distribution occurred for a tracking deviation of 2°. The curve for 4°,
highlights the very high loss in the optical system. The results for the higher
concentration ratio, where the diameter of the absorber was 29.7 mm, and for the
cases without the glass envelope used, are analysed in detail in the Appendix section
(Paper V).
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Figure 5.3. Heat flux distribution on the absorber external surface for selected solar tracker
error Ox
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5.3 Tracking accuracy impact on heat flux

It is important to emphasise, however, how the tracking error affects the total heat
delivered to the outer surface of the absorber. Selected results for different Gg values
for the case with a glass envelope (Case 1) and without (Case 2) are shown in
Figure 5.4. The study showed that the total heat delivered to the outer surface of
the absorber decreases relative to the reference value for an error of more than
about 1.75°. Without the consideration of the glass envelope, transmission losses
are excluded, so the heat input is higher but, as shown in Paper IV, results in much

higher heat loss to the ambient and reduced efficiency.
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Chapter 6

Summary and conclusions

The doctoral dissertation is based on the author's four major monothematic
publications in the following journals: Paper | - International Journal of Energy
Research (publ. Wiley & Sons), Paper Il - Energies (publ. MDPI), Paper Il - Applied
Energy (publ. Elsevier), Paper |V - Renewable Energy (publ. Elsevier).

The main objective of this study was to identify the phenomenon of heat absorption
in a parabolic trough collector and to determine methods to intensify heat
absorption by analysing selected components of PTC. In the thesis, the primary
research interest was placed on parabolic trough collectors with low-concentration
ratios, which can produce heat with the potential for use in industrial processes.

Research activities which made the objective of the dissertation possible were the
development of a model of heat flow in a linear absorber, the description of this
model by a set of mathematical equations, the creation of 2 and 3-dimensional
models, and the development of an optical model of the phenomenon of radiation
concentration on the external surface of a tubular absorber. Validation of the
developed designs was possible by conducting a series of experimental tests on
a test stand, where a parabolic trough collector with multiple absorbers was tested
using a solar simulator. The experimental test stand created as part of the doctoral
study was comprehensively designed and manufactured by the author of this thesis.

The research work on analysing the performance of parabolic trough collectors was
initiated by conducting two activities simultaneously. The first involved analysing
and in-depth comprehension of the process of radiation concentration on the
external surface of the absorber and the phenomenon of absorption of this heat in
linear absorbers. The data resulting from this analysis directly influenced the parallel
research activity, which was the definition of assumptions and the design of an
experimental test stand on the previously mentioned heat absorption phenomenon.

In the paper |l included in the dissertation, the process of designing the test bench is
presented, which began with the analysis and selection of the light source type,
considering the spectrum of radiation as well as the operating characteristics.
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The analysis considered, three potential sources: tungsten halogen, metal-halide
and xenon arc lamp. In terms of, spectral distribution and the nature of the radiative
emission, tungsten halogen was rejected and the potential sources metal-halides
and xenon arc lamps were adopted for further consideration. At this stage of the
research, considering the assumed illuminated area of at least 1 m? and the variety
of commercially available HMI and Xenon sources, the use and corresponding
arrangement of reflectors with different coatings were considered. Two geometries
were selected, one for HMI and one for Xenon, taking into account the assumed
geometry of the parabolic concentrator and absorber, as well as possible reflectors
and their compatibility with the light sources. The subsequent step, was the
modelling of the optical system using the optical-engineering software APEX which
is based on Monte Carlo Ray Tracing Method. The analysis revealed that for both
cases, a portion of the simulated radiation has a scattered nature, and after
reflection from the parabolic mirror did not reach the absorber which highlighted
the need to oversize the light sources to achieve sufficient heat flux. It was
determined that the best conditions for radiation simulation were achieved for the
case where 22 units of 400 W HMI were considered. The analysis concludes that the
simulation of optical systems depends on many parameters and each of them affects
the nature of the simulated radiation. The use of a higher number of smaller
reflectors with metal-halide sources allows for a higher energy stream reflected from
the mirror of the concentrator and reaching the absorber tube. At the stage of
planning the test stand (2019/2020), the cost of the solar simulator was estimated
at around 20 000 euros.

The next stage of the work was the comprehensive construction of a test stand, in
which the parabolic trough collector, could be tested under constant and repeatable
conditions. This was the most time-consuming phase of the work because it took
about 3 years in total. Finally, in the stand 18 HMI 575 W sources of the same series
of types as those studied in the optical tests presented in the first part of the study
were used. Optical analyses were repeated for higher source power and fewer
reflectors and confirmed the feasibility of using this configuration. The experimental
stand was divided into 2 parts, a solar radiation simulator and a parabolic trough
loop. The incident radiation on the outer surface of the linear absorber
corresponded to a natural radiation value of 990 W/m?2. The results of the conducted
series of analyses were intended to validate numerical models developed
simultaneously, describing the process of heat transfer in parabolic trough
collectors. The research was carried out for stabilized conditions, where
intensification of heat absorption was considered through, for instance, the effect of
coatings on absorber efficiency, as well as the application of various inserts inside
the linear absorber on the heat transfer fluid side. Validation results showed high
agreement between models and experiments.
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At the same time, mathematical models of parabolic trough collectors were
developed. The proposed mathematical model was specifically adapted to low-
concentrated installations by considering concentrated and non-concentrated
radiation separately.

Regarding the analysis of heat absorption by the absorber, one can distinguish the
work carried out into ones focused on the inner and outer parts of the linear
absorber. Inside the absorber, the focus was on the application of twisted tapes,
introducing swirl flow, which results in the intensive mixing of heat transfer fluid
inside the tubular absorber, and a more intensive collection of heat from the inner
walls of the absorber. Twisted tapes with twisted ratios of 1, 2 and 4 were
considered, where the diameter of the absorber was corresponding to the
installation to heat industrial process applications. The temperature range of the
analyses performed was within the assumptions of heat for industrial processes and
was in the range between 60 °C and 250 °C. Analyses demonstrated that each of the
considered inserts results in an intensification of heat extraction, an increase in
efficiency and a reduction in maximum temperature peaks, which reduces stresses
in the installation. For the analyzed results, optimization showed that the most
optimal is to use an insert with twisted ratio 1 up to 190 °C of thermal fluid, and
twisted ratio 2 for higher temperatures. The results of the numerical analysis were
applied to a mathematical model to verify the long-term impact of this arrangement
on the PTC facility efficiency. The study was performed for southern Spain location
to highlight the applicability of low-concentrated PTC for heat industrial processed
in locations with extremely high application potential, highlighted in the
introduction section. The analysis was performed at a 1-hour frequency, considering
changing weather conditions, for a solar loop of 90 meters. Besides the 12-month
analysis for the one year period, results for three selected days were presented. The
average increase in the system's efficiency was 0.27%, including pressure losses in
the installation and the higher power demanded for its own needs. The studies
performed are limited to thermodynamic analyses. The study excluded an
evaluation of the cost of twisted tapes and the potentially higher cost of purchasing
a pump for circulating fluid, which provides the potential for further research into
the application of this method of enhancing heat collection. The analysis was
conducted for a specific thermal fluid and PTC geometry. Changing certain
parameters can significantly affect the optimal applicability of twisted tapes, so in
future work, more extensive analysis may be done.

On the outer side of the absorber, the application of previously unconsidered non-
selective coating was examined, which is characterized by high absorptivity but also
high emissivity. The Pyromark coating, which was also applied to the absorber in the
test stand, was used as an example in the study. The motivation for conducting
research on coatings was driven by the relatively high cost of selective coatings,
which are applied using multi-step methods, which increases their cost and also,
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because of the potential for using non-selective coatings in preliminary sections of
absorber loops. The analysis considered multiple concentration ratios and
temperatures to provide a preliminary assessment of the feasibility of using this
coating for various applications for facilities producing heat for industrial processes.
Preliminary analyses indicated the inability to apply the non-selective coating in full-
scale installation, which highlights the reason why such a solution was not
considered before. The geometries and operating parameters tested, reflected
entirely or were very close to industrially used solutions. For the case where the
aperture was 1 meter, the analysis showed that non-selective coating can be applied
in the whole solar loop. In that case, the low-temperature range of heat transfer fluid
60 - 120 °C was considered. The PTC system with a medium temperature range and
a concentration ratio of 17.3 has shown the possibility of optimization for absorbers
where the temperature of HTF is up to 115 °C. Changing the connection of 3 parallel
solar loops into 1 series increases the possibility of optimizing the number of
absorbers. In the best optimal case (800 W/m?), 15 of the 24 absorbers can be
coated with a Pyromark instead of the reference selective coating. The Pyromark
coating price for absorbers was estimated as 12.8 $/m?. In future analyses, it is worth
considering other non-selective coatings and demonstrating the potential of their
application to reduce investment costs.

In this analysis, case studies were performed for an assumption in which mass flow
is adjusted according to the parameters of weather conditions to reach a given
temperature level. In future work, which has already been done in part as
mentioned in the dissertation, a case can be considered where mass flow is constant
and the outlet temperature is dependent on weather conditions. Then an additional
heat source can be applied, which reheats the given heat transfer fluid to the desired
parameters. The application potential of this solution is broad, which also enables
a wide range of future research.

An analysis worth consideration in the future is to use both methods at once:
segmented positioning of twisted tapes and segmental applied no-selective coating
in an absorber loop.

The last parameter considered in the dissertation was aimed at determining the
impact of solar tracker deviation on PTC efficiency. The optical-engineering software
used enabled the determination of ray propagation paths and analysis of the
illuminated surface, considering the influence of individual optical elements and
their properties. The maximum angle deviation of the solar tracker positioning for
the tested geometry, not significantly affecting the operation of the linear absorber
for a diameter of 33.7 mm was reported as 1.5°, for 21.3 mm was reported as 0.9°.
Increasing the concentration factor by reducing the diameter of the absorber was
found to increase the system's sensitivity to optical errors. For an absorber diameter
of 33.7 mm, a tracking deviation of 3° results in a decrease in the irradiance
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concentration factor from 7.36 to 3.92. For the lower absorber diameter, a reduction
from 11.81 to 5.4 was calculated for a 2° defect. The maximum tracking deviation
for the 33.7 mm and 21.3 mm diameters and the geometry analyzed was 4.5° and
2.7°, respectively. At higher values, solar rays do not focus on the absorber surface
at all. In the parabolic collectors analyzed with higher solar tracking deviation, it is
possible to observe greater differences in the values of concentrated heat flux
reaching the absorber surface, which can cause greater temperature gradients in the
absorber and worse heat transfer from the internal absorber wall to the circulating
medium, but also cause high stresses in the absorber material. For 1000 W/m? and
a tracking deviation of 2°, the highest value of focused irradiance for the 33.7 mm
absorber, increases from 17.5 kW/m? to nearly 32 kW/m?.

The results emphasize the need for a highly accurate solar tracking system even for
low-concentration solar technologies. Potential future work related to the sun-
tracking process could be to optimize the shape of the parabolic mirrors and/or to
use a second mirror with an optimal geometry that would eliminate such a high
sensitivity of the optical system to deviations in the positioning of the tracker, which
could also increase the utilization of non-direct and partially diffuse radiation.

In conclusion, the extensive research reported in this thesis presented methods for
analysing parabolic trough collectors, primarily with low-concentration ratios,
methods for intensifying heat absorption on the inner and outer sides of a linear
absorber, as well as optimization of these methods for selected configurations and
the importance of the sun position tracking function in the context of the
concentration process. The methodology for the comprehensive design of solar
radiation simulators that enable the testing of parabolic trough collectors under
constant and repeatable conditions is also presented. The author's experience in
relation to the design and construction of solar radiation simulators results in current
collaboration with researchers from Solar Group in KTH Royal Institute of
Technology, where the author of this thesis is applying the gained experience and
co-designing a simulator for testing photovoltaic panels. At the beginning of 2023,
the dissertation author also began working with a researcher from the University for
Continuing Education Krems. As part of this cooperation, preliminary studies of the
solar calcination process were carried out on a test stand. The overall experience
gained resulted in the author's commitment to analysis related to energy storage,
a topic that is complementary to renewable energy production, which in the future
may provide a solid basis for further analysis in this direction.
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Summary

The development of renewable solar technologies determines the constant
need to improve and increase their energy efficiency. Determination of solar
systems performance characteristics must take place under given conditions
set by proper standards. Due to unstable weather conditions, including temper-
ature and solar radiation, it is necessary to simulate the laboratory conditions'
radiation. For these purposes, so-called solar radiation simulators are being
constructed. This article presents the results of solar simulator modeling for
parabolic trough collectors testing. A new approach presented here proposes to
use reflectors placed parallel on one plane to simulate both, total radiation and
direct radiation used in parabolic concentrator tests. The methodology adopted
from the normative approach for evaluating the quality of the simulator is
presented. The methodology used for solar radiation simulators was modified
to test concentrators in constant, repeatable conditions. The analysis was car-
ried out not only to assess the energy distribution on the plane area but also to
assess the energy reaching the tubular absorber external surface. The optical
engineering ray tracing software, based on Monte Carlo Method, was used for
the analysis. A selection of appropriate light sources, quantity, type, and
arrangement of reflectors and their coatings was carried out. Metal-halides
and xenon arc lamps were considered as sources. The distribution of radiation
intensity on the analyzed surface was determined for two cases, 22 reflectors
and 4 reflectors. The analyzed area was 1 square meter. The evaluation index
has been defined to determine the quality of the energy distribution. The influ-
ence of the simulator distance on the amount of energy reaching the absorber
surface was also analyzed. An estimation of the required financial outlays for
analyzed constructions of the simulator was performed. Research has shown
that in terms of maintaining the energy field's homogeneity and the price for
the entire radiation simulator, it is more reasonable to construct a simulator
consisting of 22 reflectors. The construction of such a simulator seems to meet
the assumptions required for the correct operation of the radiation simulator.

Novelty statement
Paper's novelty is the methodology to identify and evaluate solar radiation
simulators to simulate heat radiation for parabolic trough collectors. The

10074 © 2021 John Wiley & Sons Ltd.
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1 | INTRODUCTION

Currently, solar energy is gaining importance even in those
countries where solar conditions for many decades have
been preventing from satisfactory results of conducted
investment analyses. The main premise is the increasingly
argued need to reduce fossil fuel consumption in energy
production, of which combustion is responsible for the
emission of harmful substances, including greenhouse gas
emissions. Various support mechanisms, often defined at
central government levels, contribute to the promotion of
green technologies. Unlike wind power, which is also very
popular, solar energy is characterized by more proper cor-
relation of time characteristics: generation potential and
energy demand occurring in the countries power systems."

The literature on the subject is dominated by issues
related to the search for more and more efficient solutions
in photovoltaic solar cell technology. The development
of this technology, mainly in the last two decades,” was
accompanied by an increase in the energy efficiency of PV
panels and a decrease in the cost of their production.
These contributed to the popularization of technology,
mainly in the area of distributed energy systems. Solar cell
technology is responsible for highest dynamics of solar
power capacity growth in the segment of all renewable
sources.” Among European countries, Germany and Spain
have been implementing solar systems most dynamically.*

Simultaneously and independently of the world's
research in the field of development of PV technology,
research on the development of solar concentrators tech-
nologies is also carried out.”® The research profile is often
directed at obtaining high-temperature heat that can be
used in the energy sector. The research on concentrators is
propelled by the progressing popularization of ORC tech-
nology, Stirling engines, absorption heat pumps, or absorp-
tion refrigeration devices.'”’* Concentrated radiation is
also proposed as an energy source in thermochemical

ENERGY RESEARCH A 1B 2 A

paper specifies the evaluation index and the way of its interpretation, which
determines the radiation distribution on the simulated surface, which is crucial
in this issue. In a better and more accurate way, this factor assesses the energy
field in terms of quality. Modifying the normative measurement approach
of solar radiation on a flat surface, we propose the analysis of concentrated radi-
ation by performing optical analyses using software which are based on the
Monte-Carlo method. The location of light sources on the plane surface is a new
approach for PTC testing.

energy distribution, irradiance, parabolic trough collectors, solar energy, solar simulator

processes, where concentrated radiation is the energy
source for the pyrolysis process™ or the thermolysis pro-
cess.'* In the last two decades, the highest number of pro-
jects dealing with systems with solar radiation
concentrators have been launched in Europe, with research
institutes from Spain being the most active. Radiation con-
centrators are increasingly being considered as part of non-
energy production systems, where heat is used for drying,
sterilization, distillation, and pasteurization purposes."

The development of solar radiation simulators accom-
panies research on solar technologies. Such devices enable
to plan tests regardless the time of the day, season, or cur-
rent weather conditions. Research carried out at a given
location can be profiled to simulate solar conditions at any
geographical location. The functionality of solar simulators
goes beyond energy technology research. Radiation simu-
lators are used in the field of material research, as well as
research on biological and physicochemical processes.

Currently, the market offer of solar simulator manufac-
turers is flexibly addressed to the user's individual needs.
Such needs are considered at the design stage and allow
cost minimization by limiting the simulator's functionality.
The group of significant features defining such functional-
ity is standardized. The most often features that are consid-
ered are spectral matching, spatial nonuniformity, and
temporal stability. Construction costs are also determined
by the dimensions of the illuminated surface (or degree of
concentration) and the expected system automation degree.
Despite the extensive market offer, many research units
decide to design and make simulators on their own. The
simulator's design process is accompanied by a cognitive
aspect that could be an inspiration for solar research direc-
tions. A measurable effect may also be reduction of the cost
of the simulator.

Many publications devoted to the problems of simula-
tor optimization can be found in the subject literature.
Assessment criteria are often standardized or go beyond
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standards, considering the specifics of the research objec-
tives and the available budget. Due to the popularity of
photovoltaic cell research,'®'” a broad group of simulators
is designed to illuminate surface of the test stand homoge-
neously. It is crucial to obtain high stability and proper
radiation spectrum, simulating the natural solar radiation.
Sabahi et al'® analyzed the simulator based on 12 metal-
halide lamps, half of which are 1 kW lamps, while the
other half are 2 kW lamps. The working area of the test
stand is up to 7.56 m’. Effective regulation of radiation
intensity can be made by changing the distance of radiation
sources from the work surface of the test stand due to
the highly diffuse nature of radiation. An even more exten-
sive field of the working area, 17.46 m?, has a simulator
analyzed by Meng et al."” One hundred eighty-eight metal-
halide lamps were used in the simulator. Radiation inten-
sity regulation in the range from 150 to 1100 W/m? can be
implemented using a variable number of lamps turned on
and by changing the lamp-to-area distance.

A large group of simulators is a solution that enables
concentrating rays on the working plane. An example
is the simulator analyzed by Ekman et al.** The simulator
uses seven metal-halide lamps, each with an electric power
of 6 kW, installed in paraboloid reflectors. Point-focused
radiation allows reaching temperature up to 2000°C. In
Reference 21, Boubalt et al analyze a radiation simulator
with an electric power of 7.2 kW, using four ellipsoidal
reflectors. The simulator is used to test the materials
used to build radiation concentrators. The concentrator's
simple construction allows obtaining the low financial costs
required for the construction of the simulator, in this case,
$ 2.38 per radiative watt. A similar structure, but enabling a
much higher concentration coefficient, was implemented
by Li et al.** The simulator uses 18 point-focused mirrors
and can be used to study thermochemical processes.

Planning simulators to test parabolic or paraboloid con-
centrators is a big challenge. In these cases, the criterion
considering the angle of incidence of rays on the illuminated
plane is highly essential. Jin et al** analyzed a simulator
system for universal applications. The use of seven xenon
lamps, an optical integrator, and a collimating lens of radia-
tion in the optical system allows the simulator to obtain
both concentrated radiation and similar to solar radiation. A
simulator with compatible characteristics may be the large
area solar illuminator (LASI) unit offered by Sciencetech
Inc.”* The modular design allows for combining individual
units into large systems, enabling uniform illumination of a
square area of 0.25 m> The optical system uses one xenon
lamp with 1.6 kW electrical power in the module.

Okuhara et al*® propose a different approach to plan-
ning simulators to enable the study of absorption processes
in the absorber system linearly located in the focal para-
bolic mirror. In the case of the test stand, 20 optical systems

using reflectors with 5 kW xenon lamps, a spherical lens,
and a Fresnel lens, allowing a linear concentration of radia-
tion, were used. Another narrow focus of the solar simula-
tor is analyzed by Pernpeinter et al.*® In this case, the
radiation sources are six metal-halide lamps, which are
symmetrically arranged in a linear oval reflector, where the
tested absorber is also located. Linear simulators analyzed
by Onkuhar et al*> and Pernpeinter et al*® can be efficient
solutions for absorber testing. Undoubtedly, however, they
are not universal simulators.

The literature on the subject focuses mainly on the
study on parabolic trough collectors in natural solar radia-
tion. To determine the impact of individual elements of the
system on its operation, stable and repeatable measure-
ment conditions are necessary, which is difficult to obtain
in, for example, Polish climatic conditions. Hence, there is
a need to construct a solar radiation simulator. Only a few
research installations are presented in the literature use
simulators to test absorbers, but these are expensive devices
which are focused only on the simulation of concentrated
radiation for a given type of technology. Thus, the solutions
that are cheaper but not significantly inferior in quality to
simulated radiation are sought.

So far, simulators in which light sources were placed
on one plane were used only for aging tests or tests of
solar installations using total radiation, for example, solar
collectors or PV installations. Here, the authors propose
to use such a simulator in a versatile way, both for testing
the installations using total radiation and direct radia-
tion, which is a novelty. Modifying the normative mea-
surement approach of solar radiation on a flat surface,
we propose the analysis of concentrated radiation by per-
forming optical analyses using APEX software which are
based on the Monte Carlo method. The location of light
sources is a new approach for parabolic trough collector
(PTC) testing. This way of evaluating radiation simulators
aims to demonstrate the feasibility of constructing such
units using a method that makes the solution cheaper
and therefore more available for other researchers.

This article presents the simulator's concept and the
path for determining the characteristics of the essential ele-
ments of the simulator (reflectors, radiation sources). The
simulator is planned to be used in tests profiled on testing
prototype absorbers, of which, numerical optimization
leads to the intensification of heat absorption by thermal
oil. For this purpose, turbulization inserts, a vibrating ele-
ment, and thermal oil recirculation are used. The require-
ments for the planned simulator are as follows:

« The square surface area in the simulator's working
plane should be 1 m?;

« The total concentrated radiation power that reaches
the absorber surface located in the focal parabolic
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mirror should reach 800 W, which corresponds to DNI
of about 1000 W/m?

» The radiation intensity distribution in the simulator's
working plane should be as homogeneous as possible;

» The spectrum measured in the simulator's working
plane should be as close as possible to the spectrum
specific to solar radiation;

« The total cost of the simulator should not exceed
20 000 €.

2 | METHODS

This article presents the description of the assessment
methodology and the results of numerical modeling of
solar radiation simulator for parabolic trough collectors
testing. The purpose of the numerical analysis is to select
the appropriate set of elements for the construction of the
radiation simulator. The article aims to preliminary ana-
lyze the simulator quality and the costs associated with
its construction. The analysis is divided into three sec-
tions, as shown in Figure 1. The first section, input data,
concerns the light source in terms of its radiation spec-
trum, type, and size. This section is also analyzing para-
bolic reflectors and their coatings. In the second section,
numerical modeling is performed, in which, according to
the normative approach, the analysis of radiation distri-
bution on a flat surface above the parabolic mirror is per-
formed. The analysis is performed based on equations
defined by the standards and according to the proposed
evaluation index. Then, the radiation energy analysis

Solar simulator

modeling process

<
b ,
0 Light source T:frlzg?(l)l: Reflector
: :
S| e peisae e
O analysis
=z
—
o .
6 Z Power Evaluation t:g?;{;;z;
o - distribution of radiation regehing the
o onflat =) distribution ——)i absorger
= 8 surface on a flat wxdemal
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A summary of the construction costs for various
configurations of solar radiation simulators

INVESTMENT
COSTS
BALANCE

FIGURE 1 Solar simulator modeling method
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reaching the absorber surface was made. The last stage of
modeling concerns investment cost balance.

The installation for testing parabolic trough collectors
is planned to be constructed under the project founded
by the Polish National Science Centre. The test stand's
primary purpose is to assess the impact of various types
of geometry on the intensification of heat absorption in
a tubular pipe absorber located in the concentrators
focus. Figure 2 presents the design of the experimental
test stand. The pipe absorber is surrounded by a transpar-
ent glass tube. The tube is designed to reduce convective
heat losses by the vacuum. The absorber is covered by
selective coating to reduce the radiation loses. The length
of the absorber is 1 m. The heat transfer fluid flow
will be regulated by a circulating pump and measured
by an ultrasonic flow meter. It is planned to install a
heater at the absorber inlet. By using the electric heaters,
the installation is able to simulate each additional length
of the absorber being tested by preheating thermal heat
transfer fluid. Consequently, the obtained results will
illustrate the absorber's work on its full, appropriately
assumed length. The temperatures at the inlet and outlet
of the absorber will be measured. The heat exchanger
will be used to collect heat from the thermal fluid. The
critical aspect of the test stand is to provide heat in the
radiation form. For this purpose, a solar radiation simula-
tor will be constructed. The solar radiation simulator is
the subject of research, presented in this paper.

2.1 | Solar simulator—Input data

The concept of the test stand is considering using a solar
radiation simulator to obtain the conditions during the
measurements as constant as possible. The system should
also be able to simulate solar radiation of a range of power
values. Among the most important standards defining a
solar simulator’s quality are the following: JIS-C8912, IEC
60904-9, and ASTM-E927-10.?"° There are three condi-
tions determining solar simulators: 1-spectral mismatch
to all intervals, 2-spatial nonuniformity, and 3-temporal
short- and long-term instability. The simulator class is
defined by three symbols among A, B, and C. The best
class simulator corresponds to AAA. Symbols determining
the quality of the simulator with the corresponding ranges
are shown in Table 1.

21.1 | Selection of the light sources

A light source determines the spectral power distribution.
The most common sources used to simulate solar radia-
tion® are tungsten halogens, metal-halides, and xenon arc
lamps.
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22 reflectors or 4 reflectors
Vacuum
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absorber
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selective
coating
Parabolic mirror
FIGURE 2 The design of the solar simulator for testing parabolic trough collectors
TABLE 1 Solar simulators classes® >’
Solar simulators Spectral mismatch Spatial Temporal instability Temporal instability
classes to all intervals nonuniformity, % short term, % long term, %
A 0.75-1.25 2 0.5 2
B 0.6-1.4 5 2 5
C 0.4-2.0 10 10 10

Tungsten halogens are sources of a filament enclosed
in a transparent container with a mixture of inert gas and
halogen. They are most commonly used in multisource
solar simulators due to their low color temperature of
3400 K. The color results from high proportion of infra-
red and lower proportion of UV, which seems to be not
appropriate in the planned system. Lower color tempera-
ture, poor adaptation to the solar spectrum, and large
tungsten filament size disqualify this source for design
purposes.”’

A metal-halide lamp is a mercury arc source with
the addition of a metal halide. The color temperature of
sources depending on the model is equal to 5000 to
6000 K, which is close to the color temperature of sun
surface 5800 K.** The advantage of this solution is its
compactness. Both connectors are placed on one side,
which makes it easy to assemble and operate the device.
Spectral analysis shows high compliance with the solar
spectrum. Metal-halides require a suitable power supply
and ignition system, making it more expensive than
tungsten halogen lamps. Most metal-halide sources are
not suitable for the collimation process required in the
planned solar simulator. However, several MH bulbs

available on the market meet the assumptions of the
planned system.?"*?

Xenon arc lamps are the most popular sources
in solar radiation simulators.®® They provide a
stable spectrum, well suited to solar radiation. Source
power fluctuations do not significantly affect spectral
balance shifts. These sources are suitable for collima-
tion because they produce high-intensity light beams.
However, their relatively high price is significantly a
disadvantage. Xenon arc lamps and special power bal-
lasts are the most expensive among the other mentioned
light sources. High xenon pressure can be also danger-
ous.* Arc lamps have a cathode and anode pins on both
sides of the bulbs, which requires a special connection.
With many sources placed in a row, it may be impossi-
ble to position them without significantly affecting the
rays falling on the surface. Xenon lamps have a signifi-
cantly short lifetime and a high price, which does not
meet the assumption of constructing a low-cost solar
simulator.'®*?

A preliminary analysis was performed according
to the standards JIS-C8912, IEC 60904-9, and ASTM-
E927-10,”7% to select the right source matching the
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TABLE 2  Spectral power distribution for three analyzed light sources
Percentage of total
irradiance, % Light sources
Tungsten halogen®**" Metal-halide*"** Xenon arc lamp*®**>°
Solar Solar Solar
Wavelength  AM1.5 AM1.5 Per. of simulation  Per. of simulation  Per. of simulation
interval, nm direct global energy, % Class energy, % class energy, % class
400-500 16.9 18.4 3.5 — 21.7 A 13.8 A
500-600 19.7 19.9 ) = 18.4 A 12.7 B
600-700 18.5 18.4 12.7 B 14.1 A 12.7 B
700-800 15.2 14.9 16.2 A 10.6 B 12.7 A
800-900 12.9 12.5 19.7 B 16.4 B 15.3 A
900-1100 16.8 15.9 40.1 = 14.5 A 32.7 =
spectral power distribution to solar radiation. The results (A)
are shown in Table 2.
Tungsten halogens were rejected from further analy-
sis because of the high infrared energy share. Preliminary 4x@500

analyses were made for metal-halides and xenon arc
lamps.

Due to the limited availability of single sources with
different nominal power, it was decided to carry out ana-
lyses for metal-halides sources with relatively low electri-
cal power (200 W, 400 W) and xenon arc lamps of higher
electric power 1600 W.

21.2 |
selection

Reflectors models and coatings

In the designed device for simulation of solar radiation,
the critical aspect is the rays' angle on the surface of the
parabolic mirror. The assumption for the simulator is to
obtain the irradiation distribution as uniform as possible
and simulation of radiation as close to direct as possible.
Such conditions can be obtained for a given ratio of the
size of the light source to the size of the reflector. The
light sources used for numerical modeling are metal-
halide and xenon discharge lamps produced in a certain
series. This paper presents the most optimal solutions for
the required parameters, both those that meet the initial
assumption on geometry and the ratio of source-reflector
size and availability. Two configurations of parabolic
reflectors were considered, as shown in Figure 3. The
illuminated surface is a 1-m x 1-m (1 square meter) in
both cases. The first case considered using 22 parabolic
reflectors with a nominal diameter of 251 mm in the 4, 5,
4, 5, 4 arrangement. In this way, the entire surface of a
square meter is illuminated by incident rays. The second
case is considered using only four parabolic reflectors in

1000

NNV N TN

FIGURE 3
(B) 4 reflectors

Reflector distribution cases: (A) 22 reflectors and

a two-by-two system with a 500 mm diameter. This case
is a common solution presented in the literature that is
used for illuminating a 1 X 1 sqr meter area but is not
especially used for the research on concentrated radiation
technology. However, the analyses were performed due
to the relatively good availability of these devices on the
market. As can be seen in Figure 3, not whole of the
assumed surface can be illuminated.

Each of the analyzed reflectors is a parabolical
type. This means that, in the ideal case, the rays emitted
by a point source located in the focal point of the reflec-
tor should illuminate the surface with direct radiation.
Reflectors models in 3D are shown in Figure 4.

According to the standards,””* the spectrum's compli-
ance reaching the surface is specified in the range 400 to
1100 nm. These standards, however, describe issues related
to radiation simulation for photovoltaics research. For test-
ing solar collectors or, as in this case, parabolic trough col-
lectors where energy is expected in the form of transferred
heat, the spectrum should be extended to 200 to 4000 nm.
The software allows to choose reflectors’ coatings from a
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FIGURE 4 Reflector models
in 3D: (A) 22 reflectors and (B) 4
reflectors (adapted from
Reference 29)
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library of coatings that can be used for surface covering.*
The reflectivity of a given material as a function of wave-
length is shown in Figure 5. Considering the ranges of
information provided on the reflectivity and the spectrum
emitting by solar collectors, it was decided to choose
the Protected Silver (AG) coating. This coating is character-
ized by the highest reflectivity stability as a function of
wavelength.

2.2 | Numerical optical modeling

Numerical studies were performed using the optical-
engineering software APEX.*® Based on the Monte Carlo
method, numerical tests were carried out to analyze the
distribution of simulated radiation on a flat surface, just
above the concentrator's mirror, and then on the surface
of the absorber itself. In the numerical analysis, the
shape and coating of the reflector and light source as
well as the position distance of the source from the flat
surface above the mirror were considered. Figure 6
shows a visualization of the placement of the illumi-
nated test surface, as well as the geometry of the concen-
trator at an example of 22 reflectors. The size of the test
surface was 1 X 1m, and it was placed above a parabolic
mirror tangent to its arms, as shown in Figure 6. The
next stage of the study was to assess the energy reaching
the outer surface of the absorber. For the optical

FIGURE 5 Coatings reflectivity
as a function of wavelength
(adapted from Reference 29)

analysis, a tubular absorber with a diameter of 33.7 mm
and a parabolic mirror with the geometry shown in the
figure were used. The absorber is placed at the focus of
the concentrator.

2.21 | Mathematical quality estimation
of the radiation field

The quality of a radiation simulator is usually deter-
mined, according to standards, by the nonuniformity
index, which determines the radiation inhomogeneity of
illuminated flat surface. The highest quality solar simula-
tors have a field nonuniformity of up to 2% and are mar-
ked with A symbol. These values are determined using
the Formula (1)*7%:

Emax_Emin

SNE= o —
Emax + Emin

100%, (1)

where: E..—maximum value of irradiance, E.j,—
minimum value of irradiance.

Obtaining such a field results from the use of collima-
tors, such as multistage lenses that not only collimate dif-
fuse radiation but also establish an even distribution of
power over the surface. Equation (1) finds its application
in real simulator tests, where the number of measure-
ments is relatively small, and the irradiance result is the
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FIGURE 6 Geometry
visualization for numerical modeling

Position range
= >

average of the whole area of the measuring device, for
example, pyranometer or a reference PV cell (ie, about
1-4 cm?).

For accurate radiation distribution in the numerical
modeling, the field was divided into 40 000 measurement
points, each 5 X 5 mm size. Since large deviations in the
numerical measurements were expected and Equation (1)
only considers the highest and the lowest measured
value, it was assumed that the range of energy distribu-
tion reaching the surface deviates from the assumptions
in Table 1 and is not included in the ranges described by
the standard A, B, C. Therefore, the evaluation index was
defined for the assessment the nonuniformity of radia-
tion. The A index (2) is defined as the sum of squares of
differences in the expected value (average value on the
surface) and the measured value at a given point divided
by the sum of the average values:

Z?: 1(Eav _Ei)2

A=
2i1Bay

)

The evaluation index was determined for relative
values to compare both cases. Assuming the least-squares
method, the value of A should aim toward zero.

3 | RESULTS AND DISCUSSION

The characteristics presented in Figure 7 show the radia-
tion intensity distribution for twenty-two and four para-
bolic reflectors. For the 22 reflectors model, further known
as case 1, 22 metal-halides of low power were used. For the
four-reflector model, further, known as case 2, the modeled
sources were xenon arc lamps. The exact electrical powers

ENERGY RESEARCH MMV 1B =5 A

1000,00

250,00

Geometry of parabolic concentrator

of the sources are described later in this article. As shown
in Figure 7, total power reaching the surface for case 1 was
1081.1 W, for case 2997.0 W. A significant difference
between these cases can be seen. For case 1, the field is
more uniform on the analyzed surface. Only a small area is
low or not illuminated. Part of the energy from the reflec-
tors do not reach the target area of one square meter. It
was important not to leave empty fields and keep the rays
perpendicular to the surface. For case 2, a significant lack
of energy radiation on the surface is visible. Power peaks
are visible between the reflectors, resulting from the addi-
tion of irradiation from neighbor sources. Stable dispersion
of energy through a large angle of the beam falls the rea-
son. Although the center of the arc was modeled correctly
in the reflector focus, the source's size strongly influenced
the dispersion of energy. In both cases, the energy-emitting
field's actual dimensions were assumed based on the prod-
uct datasheets. However, this model can only be validated
in real measurements, that are planned in future work.

A comparison of results for both cases of reflectors and
the ideal case (sun), where it was assumed that the mea-
sured value is identical at each point, is summarized in
Table 3. The classification Agyn < A, < A4 indicates the
legitimacy of using case 1 with 22 reflectors. Figure 8 repre-
sents an ordered distribution of measurements according
to the relative value of the radiation intensity, where one
corresponds to irradiance’s average value. The number of
numerical results is divided almost equally into those above,
and below-average value, corresponding to 1. This indicates
that the median value is close to the average expected value.
The curve deviation from the expected value for case 2 is
more significant than for case 1. The range for case 1 is
from 0.34 to 1.52, for case 2 from 0.15 to 1.85.

Figure 9 presents the comparison method between
case 1 and 2 as percentage energy distribution, as a
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Irradiance, W/m?
1000.0 2000.0
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FIGURE 7

TABLE 3 Summary of results
Case A
4 reflectors 0.056
22 reflectors 0.021
Sun (ideal) 0

function of the deviation from the expected value. Since,
for both cases, it is not possible to determine an equal
average value on the surface, reference is made to relative
values. As the power of the light sources is reduced (so-
called dimming by means of power supplies), the angle of
incidence of the radiation does not change, and, there-
fore, the percentage distribution of the radiation will be
constant irrespective of the power applied to the plane
surface. Therefore, the results presented below may refer
to different expected values (average values on the sur-
face), but in this case, the results are described for one of
the standard conditions—1000 W/m?. In the analysis, the
average of the irradiation on a flat surface is treated as
the expected value. It should be interpreted as follows.
For case 1, 27.98% of the measurements taken are in the
range of 0% to 5% of the expected value. For case 2, it is
only 16.37%. For the expected value of 1000 W/m?, this
range corresponds to the range of 950 to 1050 W/m?.
For case 1 of 22 parabolic reflectors, the percentage
of results obtained decreases as the percentage deviation
increases. For case 2 of four parabolic reflectors, the
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(B) Irradiance, W/m?
3000 0 1000.0 2000.0 3000 0
w0 0
o o
» »
2 2
o o
£ £
> >
© w0
< <

X meters

Irradiance on the one square meter surface for two cases: (A) 22 reflectors—case 1 and (B) 4 reflectors—case 2

2.0
. [ |

% — 22 Reflectors - case 1| |
16 1\ -— 4 Reflectors - case 2 |
g 14 == Average / Expected value | |
= 1.
>
212 ‘§
©
o 1.0
[}
8 0.8 o~
c
S 06 N\
=04

0.2

0.0

0 10000 20000 30000 40000

Measurement N°

FIGURE 8 Ordered distribution of numerical results according
to the relative value of the radiation intensity

highest share of measurements is in the range of 5% to
10%, that is, 1000 W/m? from 900 to 950 W/m” and 1050
to 1100 W/m?2. For the reference system, the sun, where
each point should have the same value, 100% of measure-
ments, should be in the range of 0% to 5% and in particu-
lar for 0%.

Distribution of radiation intensity appropriate for the
two analyzed cases of reflectors configurations, shown in
Figure 7, relates to total radiation power measured on a
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FIGURE 9 Percentage energy 30
distribution as a function of the

deviation from the expected value 25 4

20 4

B 22 Reflectors - case 1
B 4 Reflectors - case 2

Percentage number of measurements, %

surface placed 1 m from surface defined by the reflectors'
focal length. Therefore, the qualitative assessment conclu-
sions drawn based on the results presented in Table 3,
Figures 8, and 9 cannot be decisive in the context of
the selection of the optimal configuration of the necessary
components of the simulator for parabolic concentrators
testing. It would be different in case of simulators used for
testing photovoltaic cells, where the angle of incidence on
the working plane has less critical role. Considering
requirements for the planned installation, the radiation
reaching the illuminated work surface must have the
character of direct radiation. Built-in simulators cannot
fully reproduce solar radiation due to the low degree of
concentration of sources radiation in the reflectors' focal
length. Radiation distribution depends on the geometric
relation of the arc of radiation source and reflector.?”
Dong et al show that this aspect is vital in radiation source
modeling. Figure 10 presents examples of transverse radia-
tion profiles for solar system simulator—parabolic trough
collector: real (a) and ideal (b) in which the radiation
source is focused in the focal length of the reflector. The
ideal case reflects the possibility of simulating radiation
if the light source were an ideal point. In such case, it
could be assumed that for the appropriate shape of the
reflector and the location of the light source at its focal
length, the radiation would take on a direct character.
Discharge lamp sources, however, are characterized by a
certain arc size with the geometry of the light-emitting ele-
ment. Therefore, the case described as real in terms of
solar simulation device shows that not all of the radiation
reflected from the parabolic mirror reaches the absorber
surface.

The angle of incidence on the mirror surface has a sig-
nificant impact on parabolic trough collectors’ operation.
For the modeled mirror geometry, an absorber with a
diameter of 1 in. was assumed. An angle deviation higher

oo oo oo ol

S° S g S
P oS B S
D S

o

s° 8
o

oo o oo
&S W S
& F AN A

Percentage deviation from expected value, %

(A)

FIGURE 10 Radiation profiles for system solar simulator—
parabolic trough collector; (A) real and (B) ideal, in terms of the
light source modeling

than 3° caused the scattered reflected radiation and missed
the pipe absorber's target. Since the use of lenses is not
planned, it can be suspected that the angle of incidence
may deviate from the required value. Using the APEX opti-
cal software, an analysis was performed to determine how
much energy, falling on the parabolic mirror's surface,
is reflected and reach the absorber external surface. In
the Figure 11, second Y-axis represents the corresponding
average intensity values of the concentrated radiation on
the absorbers illuminated external surface, considering the
constant concentration geometry factor of the parabolic
mirror and the absorber of 18.25. For comparison, a system
simulating the sun was modeled, where a right angle
of incidence of radiation on the absorber surface was
assumed. The yellow line (Figure 11) represent the results
of this analysis. For modeling purposes, it was assumed
that the parabolic mirror is coated with Protected Silver
(AG).*® Modeling was performed for four reflectors with
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four xenon arc lamps with a nominal electric power
1600 W each. For the first case, assuming 22 reflectors, the
analysis was performed for 22 metal-halides of nominal
electric power 200 W each and 22 metal-halides of 400 W.
Two cases were considered for metal-halides, a and b. Case
a and b mean the efficiency of converting electricity into
radiation at the levels of 64% and 22.6%, respectively. The
different values of efficiency results from imprecise data
in References 21 and spectral analyses®® delivered to
sources, which are mainly relative characteristics. A source
efficiency can be determined precisely after performing the
spectrometer analysis, which is planned in the tasks
related to the construction of the test stand.

The slope of the radiation simulator's characteristics
on relation to the slope of the characteristics representing
the sun indicates higher compatibility for a system of
22 reflectors. It can be assumed that the more reflectors
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used to simulate radiation, the higher compatibility. The
limit is the size of the sources that do not decrease pro-
portionally to a decrease in rated power. There may be
some technical problems with the construction of such
a simulator. The use of four reflectors is the least favor-
able because only about 35% of the energy falling on the
parabolic mirror's surface is reflected and reaches the
absorber. This is due to the large angle of incidence on
the mirror and missing the absorber after the reflection.
The first case with 22 metal-halides lamps seems to be
more efficient. For a maximum electric power for a
system with 400 W reflectors, assuming 22.6% efficiency,
the absorber surface receives 639.4 W, at a minimum
of 383.9 W, respectively, less for 200 W light bulbs.
According to the datasheets, the sources are dimmable
down to 40%, maintaining a constant temperature color.

For each case, a distance analysis of the simulator's
position relative to the absorber surface was performed.
The simulator's distance from the surface of the parabolic
mirror was changed from 0.3 to 1.7 m in 0.1 m intervals.
For each case, as the simulator distance increases, the total
power reaching the tubular absorber decreases. The ranges
in which the device operation can be adjusted by changing
the power and distance are shown in Figure 12(a) for effi-
ciency of lamp 64% and (b) for 22.6%.

4 | INVESTMENT COSTS BALANCE

Apart from the detailed analysis shown above, the
planned costs associated with the construction of the
radiation simulator were determined. The prices specify
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TABLE 4 Cost of materials for analyzed solar simulators models

Case

4 reflectors
Component(s) Cost, €
Light sources 6400°
Parabolic reflectors 2700"
Power supply with ignitors 18 000"
Cooling fans 360
Housing 270
Additional elements 360
Total 28 090

%4 x 1600 W xenon arc lamp.

22 % 200 W metal halides lamp.

€22 x 400 W metal halides lamp.

44 x Parabolic reflectors with diameter 500 mm.
€22 x Parabolic reflectors with diameter 250 mm.
f4 x Power supply with ignitors 1600 W.

£22 x Power supply with ignitors 550 W.

the range of the total cost related to the construction
of the simulator. In Table 4, a list of all essential elements
needed for the construction of the solar radiation simula-
tor together with their average costs is presented. Three
cases were considered: 4 reflectors with 4 Xenon Arc
Lamps 1600 W, 22 reflectors with metal-halides lamps
200 W, and 22 reflectors with metal-halides lamps 400 W.
The most cost-effective option is with 22 reflectors and
metal-halide lamps. Moreover, there is not much differ-
ence between 200 W and 400 W lamps, which suggests
choosing the option with more powerful light sources.

5 | CONCLUSIONS

The article presented a new approach for numerical model-
ing and assessment of a solar simulator for testing para-
bolic trough collectors. The use of reflectors set on a flat
surface for the purpose of testing tubular absorbers was
considered. Based on numerical tests indicated by the mod-
ified standards approach and the radiation on a flat surface,
an analysis of the power delivered to the outer part of the
absorber was performed.

Designing and manufacturing a solar radiation simula-
tor is a complex issue. Construction of the simulator
that perfectly imitates solar radiation is very challenging.
This is related mainly to different, concerning solar radia-
tion, characteristics of light sources, and optical systems
(mirrors, lenses). Construction of such a simulator would
also involve huge costs, especially when a large area should
be illuminated. Simultaneously, depending on the purpose

22 reflectors (200 W) 22 reflectors (400 W)

Cost, € Cost, €
1630° 1770°
8000° 8000°
8600¢ 8600¢

360 360
270 270
360 360
19 220 19 360

of using the simulator, specific requirements for the param-
eters of the simulated radiation can be limited. In the case
of planned tests of a parabolic radiation concentrator, the
most important is to obtain a light beam with the smallest
possible angle of incidence and spatial nonuniformity. In
the designed simulator, spectral mismatch to all intervals
and temporal instability is less critical. Several types of light
sources and two variants of reflectors arrangement were
analyzed. Calculations and optical modeling have shown
that the variant with a larger number of smaller reflectors
can reproduce the more homogeneous radiation reaching
the collector. The use of a higher number of smaller reflec-
tors with metal-halide sources allows for a higher energy
stream reflected from the mirror of the concentrator and
reaching the absorber tube. This is mainly due to the shape
of the light source with a higher degree of concentration in
the reflectors’ focal length. Modeling of the radiation simu-
lator allows determining the effect of the distance change
of the reflectors system from the collector, on the energy
reaching the tubular absorber surface. It can be seen that
by changing the headlight system's position, a relatively
small change in the energy stream reaching the absorber
is obtained. Depending on the analyzed case and the dis-
tance of the reflectors from the concentrator's surface,
the amount of energy reaching the absorber is different;
however, in the case of 22 reflectors, the assumed value of
800 W can be achieved. Therefore, other methods of regu-
lating the intensity of radiation incident on the concentra-
tor should also be used, for example, changing the electric
power of light sources or sequentially switching off the
light sources in reflectors.
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Significant technical and costs advantages of the vari-
ant with 22 metal halides reflectors, compared to the var-
iant with four reflectors with xenon arc lamps, suggest
choosing this option. Due to the higher energy potential,
metal-halides with a higher power (400 W) will be used
in the designed test stand.
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Abstract: This article presents the results of an analysis of heat enhancement intensification using
twisted tapes in linear absorbers for low-concentration parabolic trough collectors, a technology
frequently considered as a supplementary energy source for industrial heat production. This con-
tribution proposes a segmented application of different twisted tapes to intensify heat absorption.
A 33.7 mm tubular absorber placed in the collector focal point with an aperture of 1.8 m was se-
lected. The temperature range of the heat transfer fluid was chosen at 60250 °C. The impact of
inserts with twisted ratios of 1, 2 and 4 on system operation was analysed using the Ansys Fluent
and mathematical model. The models used were validated based on experimental results from a
parabolic trough collector with solar simulator test bench. The results indicated that for the range
of mass flow between 0.15-0.3 kg/s, the most optimal is applying twisted ratio 1, except for the
highest-temperature section. In this section, it is more optimal to use an insert with a twisted ratio 2,
due to the lower need for pumping and the higher efficiency increment. The long-term analysis for
the case study plant indicated that the proposed approach increased power gain by 0.27%.

Keywords: twisted tape; parabolic trough collectors; industrial heat; heat enhancement; numerical
analysis

1. Introduction

Increasing the share of renewable energy in heat generation is key to minimising
the carbon footprint and increasing energy independence and security. To achieve these
objectives, mature installations originally designed as large-scale power generation facil-
ities such as parabolic trough collectors are scaled down and used in distributed energy
installations [1]. It is becoming increasingly common to use low-concentration parabolic
trough collectors (PTC) to produce heat for a wide range of applications, primarily in areas
with high solar insulation [2,3]. The potential for heat utilisation is presented in recent
International Energy Agency (IEA) and International Renewable Energy Agency (IRENA)
reports, where it was shown that 74% of the energy consumed by industry is in the form of
heat and 52% is in the temperature range corresponding to solar installations, among other
PTCs [4-6].

Heat in the temperature range up to 400 °C can be used, for example, in the food,
processing and pharmaceutical industries. An example is the parabolic trough installa-
tion in Spain, where heat up to 250 °C is used for processing and preserving fruit and
vegetables [7]. In Germany, the heat generated in a facility with an installed collector area
of 108 m? is used for the manufacture of fabricated metal products [8,9]. Solar heat is used
for the production of steam. The installation in Switzerland uses heat up to 190 °C in milk
processing and the installation in Mexico is used for pasteurisation [8,10,11].

The determining factors for the use of such installations are primarily weather condi-
tions and the cost and payback period of the investment. Both of these factors are strongly

Energies 2023, 16, 3716. https:/ /doi.org/10.3390/en16093716 https:/ /www.mdpi.com/journal/energies
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connected, which is the reason why, based on the available data, it is noticeable that installa-
tions are distributed in areas with high average annual solar radiation [12]. To promote this
technology to less solar-rich areas, it is necessary to improve its efficiency and reduce costs.

In the case of price reduction, the costs associated with the material depend on the
market, but over the years, using full-scale solutions as an example, several studies and
analyses have led to cost reductions of 68% from USD 0.340/kWh in 2010 to USD 0.108/kWh
in 2020 [13]. A strong influence on the price was the structure, which must be durable
enough to carry the weight of the parabolic trough collector and be able to move to follow
the sun’s position. Gharat et al. [14] presented the development of tracker installations and
designs for PTC. For less concentrated PTCs, the technical solutions can be much simpler
and still maintain a high quality of solar tracking. Despite their smaller size, optical systems
where the main component is a highly reflective metal sheet can be vulnerable to wind
gusts [15]. For a low-concentrated PTC with an aperture of 1 m, it was shown that the
maximum angle to which the tracker can deflect without affecting the power reduction
delivered to the absorber is 1.5° [16]. To prevent scattering of the concentrated radiation,
Rodriguez-Sanchez et al. [17] proposed the use of a second mirror to re-concentrate the
radiation on the surface of the tube if the tracking system is not accurate or is strongly
susceptible to wind. Another example of cost reduction is not using vacuum covers for low-
temperature installations or sections of absorbers where the temperature is low. This results
in higher losses, but significantly reduces the investment and weight of the installation.
Concentrating solar power (CSP) installations are optical systems which, depending on
the environment in which they operate, can be affected by dust and other contaminants
that settle on the surface of highly reflective elements. An example of the reduction in costs
associated with periodic maintenance can be found in the solution proposed by Absolicon
in its T160 product. Instead of a tubular glass envelope, it uses a simple glass plate covering
the entire parabolic reflector including the absorber, which significantly improves periodic
maintenance [18].

A significant proportion of the price of the absorber is represented by a highly ab-
sorptive coating, usually a selective one, which is designed to increase the absorption of
radiation as well as reduce energy emission through its selective nature. Noc¢ et al. [19]
summarised a selection of developed selective coatings detailing their parameters and
production technology. Zhao et al. [20] proposed the cascade arrangement of different
coatings, optimising their positioning by varying their emissivity with temperature. The
results showed a reduction in heat loss of 29.3% and an increase in thermal efficiency of
4.3%. Selective coatings usually require a multi-step process such as chemical vapour
deposition (CVD), physical vapour deposition (PVD) or atomic layer deposition (ALD),
which are expensive and require sophisticated equipment. In low-concentration PTC instal-
lations, non-selective coatings can be used in the initial low-temperature sections, but with
a very high level of absorptivity, such as the Pyromark known in solar towers. For certain
sections, the high absorptivity compensates for the increased emission losses and the use of
a non-selective coating can reduce the investment outlay, as demonstrated in [21].

A method often investigated to increase the heat collection inside the absorber is the
use of different types of inserts. Research is being conducted on fins, porous inserts, wire
coils, rings, cylindrical/rods, helical axial fins and twisted tapes [22,23]. Heat transfer
mediums such as molten salt, thermal oils, water, air and other gases are analysed. In
general, using inserts enhances the thermal performance of parabolic trough collectors and
increases pressure drop in absorbers.

The biggest challenge is proving to be the application of the various types of inserts
inside the absorber and optimising their position considering all parameters. According
to Allam et al. [22], fin inserts achieve an optimum thermal and hydraulic performance.
Bellos et al. [24,25] also showed that fin inserts showed the highest average efficiency
gain, which was 0.7% for the vacuum tube and 1.3% for the non-vacuum tube. The
challenge, however, proves to be the cost of manufacturing such an absorber, where
instead of a traditional mass-produced tube, the relevant components have to be specially
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manufactured, which dramatically increases the required production time and requires the
use of supplementary equipment. Looking globally, in this case, the required process can
be much more energy-consuming than the benefits of increased heat collection.

Twisted tapes, which are characterised by a simple and fast production process, may
represent an opportunity. Furthermore, twisted tapes are used in industry, so their low
price can be just as significant an argument as the efficiency gains. Jaramillo et al. [26]
stated that twisted tape inserts are a good passive way to augment the heat transfer in
PTC. Varun et al. [27] showed a very strong research interest in twisted tape inserts for
different flow conditions and configurations. Both traditional twisted tapes and twisted
tapes with a wire coil, dual twisted tapes or perforated twisted tapes are analysed in [28-32].
Veera Kumar et al. [33] analysed Loose-Fit Perforated Twisted Tape and reported the peak
thermal performance of 62.33%.

The majority of studies in the literature make use of certain simplifications which intro-
duce a significant error when considering their application in linear absorbers. In numerical
studies, the most common simplification is to assume a homogeneous distribution of heat
flux around the absorber’s circumference or to specify a homogeneous wall temperature,
which completely misrepresents the heat flow in this device and also the effect of twisted
tapes on its efficiency. The vast majority of the studies related to linear absorbers concern
full-scale PTCs, for example with a PTR® or LS-2 absorber, where the boundary conditions
differ significantly from those in a low-concentrated parabolic trough, so the correlations
reported in these studies cannot be applied to the case under consideration. Furthermore,
there is still a deficit of reports in the literature regarding the application of such solutions
for solar loops, showing the real impact of inserts on plant operation.

Therefore, in this work, a comprehensive analysis is presented where, for a parabolic
trough collector geometry compatible with an industrial system, a series of numerical tests
were carried out demonstrating their real impact on linear absorber efficiency. The work
also presents experimental validation based on studies obtained by using a solar radiation
simulator along with a parabolic trough collector. The major novelty in this work is to
study and propose a segmented arrangement of twisted tapes in linear absorbers and to
determine their effect on the absorber loop, reflecting the parameters of a heat-generating
plant for industrial installations.

2. Methods

This article presents a strategy for a segmental application of flow turbulence inserts
in a solar absorber loop for low-concentrated parabolic trough collectors. The use of
twisted tapes with different twisted ratios is aimed at intensifying heat absorption while
simultaneously searching for the solution that generates the smallest pressure drop. This
research is divided into 5 steps, presented in Figure 1.

Numerical model Experimental Long term
Parameters umerical model [ CFD results gu
selection development validation analysis
Parabolic trough Test stand Swirl flow Twisted tapes
Heat transfer X Seemnenal
collector geometry description presentation gment
application
Flow parameters EEllEem Inserts fabrication Nusselt number fonsitermanalves
parameters increment (12 months)
with 1 hour
. . . calculations ste
Twisted tapes Grid test Heat absorption Evaluation p
_ and pressure drop parameters
Heat flux validation presentation
distribution

STEP 1 ) STEP 2 ) STEP 3 ) STEP 4 ) STEP 5

Figure 1. Methodology flow chart.
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The first step is to select the right geometrical parameters of analysed technology and
flow parameters as well as twisted tapes. Second is the development of a parabolic trough
numerical model. Third is numerical model validation. The next step is numerical results
presentation and the last one is application of these results to a mathematical model to
perform a long-term analysis.

Figure 2 shows the potential application of turbulent inserts of different twisted ratios
for particular segments of the absorber loop.

Reference case with no twisted tape inserts

v

_____ﬁ___'n_'lf__________
l

Segmental application of twisted tapes with changing twisted ratio

Figure 2. Strategy of twisted tape segmental application in PTC loop.

Twisted tapes are components made by twisting a flat strip, usually steel, causing a
given number of turns per length. An illustrative visualisation of the twisted tape built into
the linear absorber, along with the marking of the geometric characteristics, is shown in
Figure 3. A twisted ratio is defined as [34]:

H

Tr=——, 1)
dabs,i

where H is the length equivalent to 180° turn and d,p; is the internal diameter of the
absorber. In the case studied, inserts with twisted ratios of 1, 2 and 4 were considered.
Parameter 2H defines the full rotation of the twisted tape insert. The second parameter that
defines the insert is the width ratio, which is defined as [35]:

we="" @)
dabs,i

where W is the width of a twisted tape. One width ratio configuration of 0.9 was considered
in this analysis. For each case, the thickness of the insert was 1 mm. For the purpose of the
analysis, the insert was assumed to be placed directly on the axis of the absorber.

The analysis was performed for a parabolic trough collector; the geometric dimensions
and optical parameters are summarised in Table 1, which reflects the parameters of the
PolyTrough 1800 [36]. A linear absorber made of steel is surrounded by a glass envelope,
with very low pressure close to the vacuum in between. The studies were conducted for
three mass flow rates of 0.15 kg/s, 0.225 kg /s and 0.3 kg/s and five inlet temperatures of
heat transfer fluid: 60 °C, 100 °C, 140 °C, 200 °C and 250 °C, which corresponds to a large
percentage of installations with low-concentrated parabolic trough collectors [12]. The
radiation delivered to the absorber is described in detail later in this section. The parameters
of the selective coating used for the analysis correspond to the TiC-TiN/Al,O5 coating [37].
Therminol VP-1 was chosen as the heat transfer fluid. The selected fluid is an Eastman
product, widely used in parabolic trough collector installations. The composition of the
fluid is a eutectic biphenyl/diphenyl oxide mixture, where the operating temperature is
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12-400 °C. Table 2 shows the parameters of Therminol VP-1 as a function of its temperature,
based on the manufacturer’s data [38].

H

dabs,i w

dabs,e

Figure 3. Linear absorber with twisted tape insert.

Table 1. Geometrical and optical parameters of analysed parabolic trough collector.

Parameter Symbol Value Unit
Focal length fl 647 mm
Aperture width Wap 1800 mm
Absorber length Labs 1000 mm
Absorber external diameter dabs,e 33.7 mm
Absorber internal diameter dabs,i 30.7 mm
Absorber wall thickness thaps 1.5 mm
Absorber thermal conductivity Aabs 15 W/mK
Glass env. external diameter dee 56 mm
Glass env. internal diameter de; 51 mm
Glass env. wall thickness the 2.5 mm
Glass env. thermal conductivity Ac 11 W/mK
Transmittance of glass envelope Te 0.96 -
Clean mirror reflectance ref 0.9 -
Dirt factor 1dirt 0.97 -
Absorber absorptivity Xabs 0.92 -
Absorber emissivity €abs 0.11 -

Later in this section, the heat flow in the parabolic trough collector is briefly described,
compiling the main equations and evaluation parameters. The next section describes the
numerical studies and the assumptions and boundary conditions. The long-term analysis
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presented in the article section uses a previously developed mathematical model. A detailed
description of the model and its validation has been presented in previous analyses [21].

Table 2. Heat transfer fluid parameters Therminol VP-1 [38].

Parameter Symbol Correlation Unit
Specific heat cp 2.7137-T + 761.88 J/(kg-K)
Thermal conductivity k —1.36-10"4.T + 0.1773 W/(m-K)
Dynamic viscosity " 250,568,541-T 4407 Pa-s
Density 0 —0.856-T + 1316 kg/m?3

2.1. Heat Transfer in Parabolic Trough Collector

The parabolic trough collector is a device that utilises solar direct radiation. The
use of a tracking system to follow the sun during the operation period is required for
proper operation [39]. Direct radiation is reflected from the parabolic shape mirror and
concentrated on the outer surface of the absorber tube. A linear absorber with a circular
cross-section is placed in the focus of the collector. Multiplied reflected radiation results in
a non-uniform distribution of radiation on its outer surface. Radiation directly delivered
to the external surface from the side facing the sun also reaches the absorber. In most
cases, the heat delivered in this way represents a low proportion of the total power input.
Still, when analysing parabolic low-concentration devices, this heat represents a noticeable
proportion and must be considered. The heat flow model and thermal resistance for the
receiver cross-section are shown in Figure 4. Heat flow in the receiver assumes convection
between the inner absorber wall and heat transfer fluid, conduction through the absorber,
radiation loss between the external absorber surface and internal glass envelope surface,
conduction through the glass envelope, convection loss between the external glass surface
and ambient and radiation losses between the external glass envelope surface and sky. In
the case studied an ideal vacuum was assumed between the external absorber surface and
the glass envelope.

Natural solar radiation

aany

Absorber with coating Glass envelope
o~

S,
Radiation % Radiation

4 7 Sky

6 Air

Convection

T Convection
N~—o0u
1 — Heat transfer Fluid 4 —Inner glass envelope surface
2 — Inner absorber surface 5 — Outer glass envelope surface
3 — Outer absorber surface 6 — Surrounding air (ambient)
7 —Sky

Figure 4. Heat transfer in linear absorbers.

The following equations present the main heat flow correlations of the analysed
installation. The useful heat absorbed by the thermal fluid is calculated as Equation (3)
according to [40]:

Qu = m'cp(Tout - Tin)/ (3)

where Qy is the useful thermal energy collected by heat transfer fluid, m is the mass flow
of circulating fluid, cp is the specific heat and Tout — Tin is the difference between outlet
and inlet temperature.
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The heat flux can be also presented as a difference between solar energy reaching the
absorber and heat losses (convection and radiation) [41].

Qu: [(A ap dabs,e' L)'GB'Uopt,CSP'COS 0 IAM] + [(d abs,e’ L)'GB'Uopt,SP] - Qloss' (4)

where A,p is the aperture surface area, d,p,s is the absorber external diameter, Gg is the
direct solar irradiance, 77opt,csp is the optical efficiency for CSP, 0 is the incident angle, IAM
is the incidence angle modifier, L is absorber length and 77,pt,sp is the optical efficiency for
solar power. The equation was used as a boundary condition in a CFD simulation in the
twisted tape area.

This approach separates the concentrated and non-concentrated radiation that is
delivered to the absorber surface. The optical efficiency is therefore divided into two parts,
relating to the corresponding path through which the radiation passes on its way from
the sun to the absorber surface. A full description of our proposed model, detailing the
individual components, has been presented in our previous publications and, to maintain
the conciseness of the results from that study, is not repeated here [21].

Total solar energy received by a PTC installation is defined as Equation (5) [42]:

Qs: Aap'GB‘ (5)

The efficiency of the parabolic trough should consider both the heat absorbed by the
linear absorber and the power required to drive the heat transfer fluid pump. For this
purpose, Equation (6) was presented as follows [25,43]:

1pTC = T 6)

where 17prc is parabolic trough collector efficiency, Wy, is the required pump power and 7,
is the reference electricity production efficiency. For purposes of this analysis, the value
32.7% is selected [44].

The pumping work demand for the fluid movement is calculated as [25]:

AP

W
Pmop

@)

where AP is pressure drop and p is the density of fluid.
The pressure drop can be calculated using the friction factor and Darcy-

Weisbach equation:
AP = f. L .(%.p.,ﬂ), 8)

dabs, i

where f is friction factor and u is fluid velocity.
For smooth absorber the value of friction factor can be used by Petukhov’s
correlation [45]:
f=(0.79InRe — 1.64) 2. ©9)

The average Nusselt number is given according to Gnielinski’s correlation, which is
valid for low and high Reynolds numbers [46]:

Ny (F/8)(Re —1000)Pr

- ) 10
1+127(f/8)°% <Pr2/3 - 1) 1o

where Pr is Prandtl number.
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For evaluation of thermal performance at constant pumping, PEC (performance evalu-
ation criterion) coefficient was used [47]:

Nu
Nurcf

PEC =E p )% (11
Fret

PEC index is a flow criterion which evaluates the heat transfer coefficient enhancement
increase under the equivalent conditions of same pumping work demand.

2.2. CFD Model

Numerical calculations were performed with Ansys Fluent 19.2 using a discretised 3D
domain [48]. In the case of a PTC with a twisted tape, it is not possible to apply domain
optimisation techniques using, for example, the AxiSymmetric 2D feature, due to the
non-axisymmetric design of the studied structure. The research was performed at a steady
state and turbulent flow is modelled by the Reynold averaged Navier—Stokes (RANS)
equations [49]. A pressure-based solver was used, and the governing equations of mass
(12) and momentum (13) were defined as follows [50]:

oo =\

§+V~<pu>—0, (12)
Ui @ pyy— 9 2|, ol 9
ar Tay PU) = o0 Tag [P ax, T, 13)

where i, is the effective viscosity defined as the sum of the molecular viscosity p and the
turbulent viscosity y; according to the formula:

He = 1+ it (14)

CFD (computational fluid dynamics) calculations are carried out in the fluid region of
the absorber, in which there is forced fluid flow between the inlet and outlet boundaries at
a given mass flow rate and inlet temperature. The process of heating the fluid occurs as a
result of the external heat flux, the value of which depends on the position of the wall point
(x,y) in the plane normal to the inlet plane. The heat flux was implemented using the User
Defined Function (UDF) [51]. The twisted tape along the entire length of the absorber is an
area inert to the flowing fluid and is not involved in any heat transfer process. The energy
conservation equation is defined as:

Ohor _0p 0y v O 0T e oh) 9 L
FT 8t+axj(pulhmt)_ax' Nax; T Pri oy +axj[ul(fv )] (15)

]

Cabello et al. [52] performed an extensive analysis of different turbulence models
and their impact on modelling flow and heat transfer in a PTC with a twisted tape. The
authors showed that the accuracy of individual turbulence models varies with the values
of Reynolds (Re) and Twisted ratio (Tr). They also proved that the k-w SST model simulates
the desired phenomena with high accuracy in the range of Re > 17,000 and Tr < 4. Due
to the study of Tr in the range of <4 and the expected relatively high ranges of the Re
number, it was decided within the scope of this article that the k-w SST turbulence model
would be used [53]. The basic equations for turbulence kinetic energy k and specific rate of
dissipation w are defined according to relations (15) and (16) [54,55]:

opk ~ opUik , 9 u ok
ait‘F ax]' —kaﬁpa)k+aij }l+;k Tx] (16)
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dpw | pUjw 2, 0 ) dw
R iy A TN o b

]
+(1—F)2p Lk dw

Tw aX/' ax/-

17)

The inlet boundary condition included the mass flux of the Therminol and its temper-
ature. The mass flux 1 is expressed by the formula:

= p-u-A (18)

where A is the inlet cross-sectional area. Therminol parameters were calculated from
the material data shown in Table 2, which were implemented into the numerical model.
The flux and inlet temperature variables for the validation of the numerical model with
experimental data were implemented as external data arrays.

The computational domain was divided into subareas to optimise the numerical
grid. The sub-area covering the occurrence of a twisted tape was covered by additional
compaction of the elements of the numerical grid, especially around the edges of the
tape. An inflation layer was generated along the entire length of the numerical model. In
addition, the inlet area in front of the twisted tape was modelled to achieve fully developed
fluid flow. This area was not subject to the presence of an external heat flux applied to the
external surface of the model. An example of a numerical grid is presented in Figure 5.

A

A grid independence test was performed, during which the degree of influence of the
quality of the numerical grid on the results obtained was investigated. Table 3 presents the
details of the studied numerical grids.

Figure 5. Sample of mesh of the absorber tube used in this study.

Table 3. Analysed numerical grids.

No. Number of Elements Number of Nodes
1 244,283 83,908
2 1,320,067 407,364
3 1,933,627 557,723
4 2,337,226 649,766
5 3,076,697 807,738

Figure 6 shows a comparison of the results of PTC parameter calculations with a
twisted tape for different numerical grids under the same boundary conditions. The values
of the Nusselt number and friction factor were determined using Equations (8) and (9).
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Figure 6. Mesh test for: (a) Nusselt number and (b) friction factor.

It was shown that, as the number of elements and nodes of the numerical grid increases,
there is an asymptotic increase in the values of the calculated parameters. The largest
deviation from the limit of the result was recorded for grid 1 (about 6% for Nu values).
Between grids 3 and 5 there were no significant differences in the results, with a difference
of about 0.2% for the Nu value. Both the residuals and the parameters monitored during
the calculation were taken as the convergence criterion. The moment when the difference
between successive results of the average temperature of the fluid at the outlet did not
exceed a specific value was taken as the steady state. The same range of values is applied
to the parameter of pressure drop along the length of the twisted tape in the absorber.
As the number of numerical grid elements increased, the time to achieve the expected
convergence of steady-state calculations noticeably increased. Therefore, it was decided
that grid number 4 was optimal in terms of the accuracy of the results obtained and the
time required to carry out a single series of calculations. The selected numerical grid has
an average skewness value of about 0.21 with a maximum skewness not exceeding 0.5,
indicating the very good quality of the numerical grid elements providing satisfactory
accuracy of numerical calculations. The inflation layer cell of this mesh has a height of 0.05
mm (with a maximum of 10 inflation layer elements), and the value of the y+ parameter is
~1.6, which is the respected value for the turbulent flow model used [56]. The numerical
grid was used at the stage of validation of the mathematical model with experimental data.

The heat flux supplied to the linear circular absorber was determined using the optical-
engineering software APEX [57]. This numerical software allows tracking of the simulated
rays and analysis of the illuminated surface, considering the individual components of
the system and their optical properties [58]. The software enables the calculation of the
radiation distribution and power analysis of a selected surface, including parameters such
as shape, reflectivity, absorptivity, surface roughness and coating. The software adopts a
Monte Carlo ray tracing method [59,60]. The tool was selected based on its commercial
maturity, cooperation with Solid Works software and satisfactory accuracy. The selected ray
tracing method is also frequently used in the modelling of solar radiation simulators [61-63].
In the MCRT method, the Bidirectional Reflectance Distribution Function (BRDF) is used to
describe the reflected beam behaviour [64]. This method tracks the energy of each simulated
ray and calculates the total flux as well as its distribution. The BRDF describes the form in
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which light incident on a given surface is scattered. The BRDF function is defined as the
scattered radiance per unit incident irradiance and is described by Equation (19) [65].

_dL.(6,, D)

BRDF (6, @3, 0y, @) = = @ ) (19)
1 i’ 1

where dL.(0,,®;) is the unit of radiant energy per unit of solid angle (W/m?sr); the
irradiance dE; (6;, @;) is the incident power flux density per unit area (W/m?). The angles
0;, @i, 0; and P; are the polar and azimuth incident angles and polar and azimuth reflected
angles, respectively.

A numerical model of the respective solution is shown in Figure 7. The model includes
a parabolic mirror with assumed reflectivity, a tubular absorber made of steel and coated
with a selective coating, and a glass envelope with given transmittance. The calculations
were performed by modelling direct normal radiation. Sun model was used as a radiation
source, which included the solar half angle 65 = 0.27°. Figure 7a shows the radiation
distribution on the outer surface of the absorber, along with the marked angle used in
previously mentioned UDF. The radiation distribution is an input to the numerical model.
Figure 7b shows the simulated rays and their reflection from the surface of the parabolic
shape mirror. Rays number used in each model was 2:10® which provided highly accurate
results which were presented in the previous publication [16].
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Figure 7. Concentrated irradiance on absorber pipe external surface: (a) relative heat flux for different

position on perimeter of absorber and (b) visualisation of concentration process in PTC.

3. Results and Discussion
3.1. Model Validation with Experimental Research

Validation of the numerical model was carried out using the laboratory test stand
shown in Figure 8. The bench consists of two main components, a solar radiation simulator
and a parabolic trough collector [66]. The simulator consists of 18 metal halide lamps (HMI),
575 W each, with the possibility of reducing the power to 60% of the nominal value. The
variable distance of the light source from the reflector allows for a changing character of
radiation, from diffuse to direct. Furthermore, lenses are fitted to the reflectors to collimate
the radiation to ensure that the rays are as similar to natural radiation. The system is
air-cooled so that the impact of heat from the source on the ambient temperature can be
reduced. The construction of the solar radiation simulator stand was preceded by a series
of numerical analyses, based on the Monte Carlo ray tracing method and optimisation of
their location [61,67]. The optical numerical model was experimentally validated and the
results indicated high agreement.
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Figure 8. Experimental bench: (a) solar simulator and parabolic trough collector, (b) linear absorber
placed in parabolic trough focal length, (c) pressure drop meter and its connections before and after
linear absorber.

The second component of the stand is a parabolic trough collector with a low con-
centration ratio. It consists of a parabolic mirror and a linear absorber located at its focal
length, which is presented in Figure 8b. The mirror with an aperture of 1 m and a length of
1 m is made of highly reflective sheet metal. The linear absorber, with an external diameter
of 33.7 mm, is made of mild steel and coated with the highly-absorptive Pyromark coating,
often used in various solar installations [68]. The absorber is located in a glass envelope
made of borosilicate glass and connected by two brackets, at the beginning and the end of
the absorber. A low pressure, close to vacuum, is maintained between the steel tube and
the glass envelope to reduce heat loss. The value of the simulated radiation is measured
using a pyranometer and a heat flux meter (at the focus of the parabolic mirror). The
heat-transfer medium is Therminol VP-1. The quantities measured on the solar loop side
are the temperature increment with K-type thermocouples, the volumetric flow and the
pressure by the differential pressure sensor, shown in Figure 8c, which is crucial in assessing
the use of turbulence inserts as it measures the pressure drop in the absorber pipe.

For experimental validation, tests were carried out for three cases. The first one was
for the plane absorber, the second for the absorber with twisted tape where the twisted
ratio was 7.6 and the third was for the absorber and twisted tape with a twisted ratio
3.8. The twisted tapes inserts were fabricated using 3D printing technology, from a PETG
(polyethylene terephthalate glycol) material that had previously been selected from many
others as the most durable for Therminol VP-1. However, it needs to be noted that inserts
made of this material cannot be used in long-term analyses or for industrial applications.
It is necessary to manufacture them in steel, but at this stage of the analysis, 3D printing,
characterised by high accuracy, was used to perform fundamental tests. The inserts were
printed in sections of 190 mm and then joined on a 4 mm diameter threaded rod to keep
the insert stable. The total length of the twisted tape was 950 mm. Then, with the support
of appropriate adapters, the insert was placed inside the absorber in such a way that it was
positioned as close to the centreline as possible. The analysed inserts are shown in Figure 9.

Following an analogy with other studies using CFD presented in this article, models
were made based on the geometry of the inserts used for the experimental analysis. The first
parameter validated was the pressure drop as a function of flow. The pressure drop was
measured using an Aplisens APR-2000 ALW (Aplisens S.A., Katowice, Poland) pressure
drop sensor with a base error of 0.075% and a base range of —2.5 kPa-2.5 kPa. A Kobold
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DON-215HR33HOMO (KOBOLD Instruments, Warsaw, Poland) flow meter sensor with
accuracy reported by the manufacturer 1% was used for flow measurement. The results are
shown in Figure 10, where the pressure drop for the three cases is presented as a function of
mass flow, determined from the volume flow from the flow meter and temperature. For all
cases, the tests were carried out at constant temperatures and with the radiation simulator
off. The same boundary conditions were maintained for the CFD study. Experimental
measurements were made for each point separately, where a series of measurements
were carried out for stable conditions. Based on the accuracy of the measuring devices,
a measurement uncertainty analysis was carried out for each measurement. A-type and
B-type uncertainties were determined, as well as the compound uncertainty according to
the guide uncertainty measurement (GUM) [69]. The results are shown as uncertainty bars
in Figure 10.

Figure 9. Twisted tape inserts used for model validation.
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Figure 10. Experimental validation of CFD model for pressure drop as a function of mass flow.

The results obtained show a high correlation and agreement between the numerical
model and the experimental tests. Despite some deviations from the curve obtained in
the CFD studies, it should be noted that the shapes of the curves are consistent with the
characteristics obtained in the measurement. In the numerical model, the tube joints and
impulse pipe connections that occur in the actual stand were not considered. In addition,
during the tests, air bubbles may have appeared in the actual bench which could have
disturbed the measurement. Another factor affecting the differential pressure sensor was
the vibrations accompanying the pump operation. It was noted that, for higher flows, the
differential pressure sensor reacted to the vibrations accompanying the stand.

Validation of the temperature increase of the heat transfer fluid and thus the efficiency
of the absorber is shown in Figure 11. Tests were carried out in two cases: (a) where
an absorber without inserts was analysed and (b) an absorber with insert with Tr = 3.8.
The resulting temperature values were read for steady state and each measurement point
marked in chart is the average of at least 200 measurement points. For each case analysed,
there is a corresponding ambient temperature value and an inlet temperature that varied
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slightly. For each measured point on the experimental bench, tests were carried out using
CFD for the same boundary conditions parameters. The plotting of points on the graph
highlights the high accuracy of the model.
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Figure 11. Experimental validation of temperature increase in a linear absorber: (a) validation for
plane absorber and (b) validation for twisted tape with Tr = 3.8.

Based on the results presented, it can be concluded that the CFD model made repre-
sents the actual installation parameters well and can be used for testing twisted tapes.

3.2. CFD Analysis Results

Figure 12 presents mass flow vectors coloured by fluid temperature for four cases in
equal absorber cross sections. For each, the boundary conditions are the same but differ
in the twisted ratio. The figures represent the reference case without a turbulent insert (a)
and three inserts with twisted ratios of 4, 2 and 1, respectively (b), (c) and (d). It can be
noted that the flow vectors in the reference case are directed perpendicular to the absorber
cross-section. In contrast to this case, for the inserts used, the nature of the flow changes
and the vectors show fluid circulation around the absorber axis. For the reference case, it is
noticeable that there is a significant non-uniform temperature distribution in the absorber
due to the heat flux distribution on the absorber surface, which causes a large temperature
difference and can affect material stresses and reduce durability. The swirl flow, caused by
the twisted tapes, significantly reduces the temperature difference in the absorber and mixes
the fluid, improving the heat transfer conditions and reducing boundary layer thickness. A
noticeable trend is that the smaller the twisted ratio, i.e., the tighter the insert, the more the
temperature difference in the fluid decreases.

The use of twisted tapes has a significant effect on increasing the fluid velocity in the
absorber, resulting in an increase in the Reynolds number. Figure 13 shows the fluid path
lines coloured by heat transfer fluid velocity. Twisted tapes cause swirl flow and extend
the path of the stream in the absorber. As the twisted ratio decreases, the fluid velocity
increases, which has its maximum closer to the axis of the absorber. Intense mixing of the
fluid also occurs, which reduces local temperature maxima and improves heat collection.
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Figure 12. Mass flow vectors coloured by fluid temperature for Ty, = 140 °C, mass flow 0.225 kg/s:
(a) no twisted tape, (b) twisted ratio 4, (c) twisted ratio 2 and (d) twisted ratio 1.
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Figure 13. Fluid path lines coloured by velocity: (a) no twisted tape, (b) twisted ratio 4, (c) twisted
ratio 2 and (d) twisted ratio 1.

Figure 14 illustrates an example distribution of the local Nusselt number depending
on the position in the absorber tube cross-section and along its length at selected points
for Tr = 1. The results of the numerical analysis indicate a large variation in the local
Nusselt number which is due to the nature of the flow, the previously demonstrated
velocity difference and the non-uniform distribution of radiation on the outer surface of the
absorber. Figure 14a compiles the local Nusselt number for three selected cross-sectional
areas, where the maximum appears in the areas between the insert and the inner wall of
the absorber. The minimum can be identified closest to the twisted tape surface due to the
low speed. Figure 14b plots the local Nusselt number as a function of the length of the
absorber and presents the results for 4 Z-axes, where Z1 is the axis closest to the upper
surface and Z2, Z3 and Z4 occur closer to the surface with concentrated heat flux. For a
given axis, the maximum of the Nusselt number can be identified where the twisted tape
is close to the absorber wall, which is where the most intense heat extraction occurs. The
lowest heat transfer occurs at the Z1 axis, which is close to the wall on whose surface the
lowest heat flux is applied. Furthermore, comparing the local Nusselt number for the Z3
and Z4 axes, there is a lack of symmetry, which is caused by the particular direction of the
fluid flow in the absorber pipe, the twisted tape being twisted to the right. Therefore, as
can also be seen in Figure 12, the heat absorption is higher on one side.
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Figure 14. Local Nusselt numbers for example case: (a) along the absorbers tube’s circumference at
different stream wise locations and (b) as a function of stream wise length along the tube.

The placement of twisted tapes inside the absorber increases the fluid velocity, result-
ing in improved heat extraction conditions on the one hand and increased friction and
pressure drop on the other. The pressure drop generated in the system forces the circulating
heat transfer fluid pump to a higher power level and this reduces the efficiency of the
system. Figure 15a presents the friction factor for the reference case and different twisted
tapes, as a function of the Reynolds number. An increase in this factor occurs for smaller
Reynolds numbers and denser twisted tapes. For each case, the most significant decrease in
friction factor occurs through turbulisation of the flow. The curves shown in Figure 15a for
the individual inserts indicate a significant increase in flow resistance with a lower twisted
ratio. The increase in Reynolds number relative to the reference case is shown in Figure 15b,
where the Reynolds number for its equivalent for the plane absorber is compared for each
twisted tape case analysed. The greatest increase is noticeable for denser inserts and higher
flow parameters (higher mass flow and higher medium temperature).
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Figure 15. Hydraulic flow indicators: (a) friction factor inside the absorber and (b) Reynolds number
increment versus reference case.
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The PEC indicator shows heat transfer enhancement if its value is greater than 1. For
the analysed data set, i.e., mass flow, temperature range and twisted ratio, a positive trend
in PEC growth is maintained in each case, indicating that each analysed insert results
in an intensification of heat absorption by the fluid. When considering the PEC index
as a function of temperature, the greatest increase occurs for the highest mass flow and
inserts with a low twisted ratio. When considering the PEC index shown in Figure 16b
as a function of the Reynolds number corresponding to the flow from the twisted tape, it
can be seen that the given characteristic flattens out from a certain Reynolds number value.
However, the most intense growth can be indicated for the range up to a Reynolds number
of around 20,000.
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Figure 16. PEC coefficient for absorber with twisted tapes: (a) as a function of thermal fluid inlet
temperature and (b) as a function of Reynolds number.

The average value of the Nusselt number as a function of the Reynolds number, for
three mass flow scenarios and different absorber cases, with and without twisted tapes,
is shown in Figure 17. The Nusselt number increases with an increase in the Reynolds
number, which in this case is due to an increase in fluid temperature, an increase in mass
flow and twisted tapes with lower twisted ratios. That emphasises the intensification of
heat extraction for the entire range of boundary conditions analysed. On each characteristic,
each successive point is defined by an inlet temperature, successively 60 °C, 100 °C, 140 °C,
200 °C and 250 °C. It can be seen that with twisted tapes, the Reynolds number increases
for each of the corresponding points due to the increase in velocity in the absorber. The
largest increase occurs for an insert with a twisted ratio of 1.

The efficiency of the parabolic trough collector (Equation (6)) as a function of Reynolds
number for three analysed mass flows is presented in Figures 18-20. In this case, the
increase in Reynolds number was due to a change in fluid temperature in analogy with the
previously presented results. As the Reynolds number and fluid temperature increase, the
efficiency decreases which is due to the higher wall temperature and greater heat loss to
the ambient. The impact of twisted tapes is noticeable in each case. In overall terms, the
absorber with insert with twisted ratio 1 has the largest increase in efficiency relative to
the plane absorber. However, each of the cases analysed increases the efficiency of PTC
because it reduced the wall temperature and intensifies the heat absorption. The largest
efficiency gains are noticeable for low Reynolds number values. For higher flow rates and
Reynolds numbers, the impact of twisted tapes is lower but still noticeable.
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Figure 17. Nusselt number as a function of Reynolds number for mass flow: (a) 0.15 kg/s,
(b) 0.225 kg/s and (c) 0.3 kg/s.
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Figure 18. Parabolic trough collector efficiency comparison for mass flow 0.15 kg/s.
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Figure 19. Parabolic trough collector efficiency comparison for mass flow 0.225 kg/s.
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Figure 20. Parabolic trough collector efficiency comparison for mass flow 0.3 kg/s.

The efficiency value considers the additional friction created by the twisted tape
placement inside the absorber. For the vast majority of cases analysed, the increase in
pump power needed is lower than the benefit of increased efficiency, so for a wide range of
flow parameters the most optimal is to use the densest insert with twisted ratio 1. Surface
plots with isolines identifying efficiency levels for the analysed flows as a function of the
temperature of heat transfer fluid and twisted ratio are presented in Figures 21-23. This
estimation may allow the determination of optimum inserts with a different twisted ratio
to those analysed in the numerical analysis, but their explicit determination should be pre-
empted by additional numerical analysis. By analysing the efficiency of a low-concentrated
parabolic trough collector system as a function of the temperature of heat transfer fluid,
it is possible to identify an area where the power needed to run the pump is higher than
the possible efficiency gain compared to a less dense insert. The identified area is at the
end of the analysed data, for a mass flow of 0.3 kg/s and the highest heat transfer fluid
temperature. In this case, it would be more optimal to use an insert with a twisted ratio of
2. It can therefore be presumed that, for potentially higher temperatures or mass flow, an
increased self-requirement ratio may negatively affect the overall installation, so it may be
more reasonable to use inserts with a higher twisted ratio.

Tr1 7
o/
0.755 0_1436 / X
/ A
/ e
/
0.75 ,é"’
Tr2 Pt 3 R )
1% /' X3 TN
0 7 N L o S}
/ o ~
0.745 / S
/
/ >
Tra S N
0.74 - 0.752 o
iy 0.7 )
Cs 2
A UGS
0.735 0.748 R A
Tr4 Y
200 ref
250 ref 100 150 200
HTF temperature, C
(a) (b)

Figure 21. Efficiency comparison of parabolic trough collector as a function of heat transfer fluid for
mass flow 0.15 kg/s: (a) efficiency surface indication and (b) efficiency isolines.
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Figure 22. Efficiency comparison of parabolic trough collector as a function of heat transfer fluid for
mass flow 0.225 kg/s: (a) efficiency surface indication and (b) efficiency isolines.
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Figure 23. Efficiency comparison of parabolic trough collector as a function of heat transfer fluid for
mass flow 0.3 kg/s: (a) efficiency surface indication and (b) efficiency isolines.

To determine more precisely the effect of an overly dense insert on installation effi-
ciency, the PTC efficiency was compared to the reference efficiency for the same boundary
conditions for a mass flow of 0.3 kg/s in which the previously mentioned area was iden-
tified. Figure 24a,b compile this correlation as a function of temperature and the use of
isolines indicates the validity of using an insert with twisted ratio 2 for temperatures greater
than 190 °C.

When applying the results obtained to a solar installation, it should be pointed out
that usually the mass flow in such installations is adjusted to the atmospheric conditions
to achieve a certain temperature range at the outlet of the solar loop. When summarising
the results for different mass flows, therefore, it is important to consider them as a compre-
hensive solution and to pay particular attention to the extreme results. Based on average
weather data, the appropriate length of the solar loop and the conditions for adjusting the
mass flow as a function of insolation can be determined. It is most desirable to operate the
system for the highest designed flow rate, as this provides the highest efficiency. Therefore,
for the assumed boundary conditions, flow parameters, selected fluid and geometrical
dimensions, it was determined that up to a fluid temperature of 190 °C the most optimal
is to use an insert with twisted ratio 1 and for higher temperatures an insert with twisted
ratio 2. It should also be noted that efficiency gains relative to the reference case occur for
each of the twisted tapes analysed.
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Figure 24. PTC efficiency increment compared to reference efficiency: (a) efficiency surface indication
and (b) efficiency isolines.

3.3. Twisted Tape Application Evaluation in Long Term Analysis

To demonstrate the impact of using twisted tapes in a solar installation, a long-term
analysis was carried out and the results were compared with a reference case. A previously
developed mathematical model, successfully applied in the previous analysis, was used
for the study [21]. Based on the obtained Nusselt and Reynolds number increment data,
relative to the reference case, a series of correlations were developed for each twisted
tape and mass flow. Due to the limited range of numerical analyses, which was caused
by the high computing cost and thus analysis time, it was decided that using separate
correlations for each case, without estimating other mass flows, would give more reliable
data. Therefore, the results of this analysis are demonstrative, presenting the potential
for the use of segmental applied twisted tapes. The study analysed a case in which the
installation was assumed to consist of a single solar loop, where the PTC is consistent with
the geometric and optical assumptions shown in Table 1.

The solar loop consists of 90 absorbers, each 1 m long. The inlet temperature of the
solar loop, as assumed in the numerical study, is 60 °C and the outlet temperature depends
on the intensity of solar radiation and mass flow. Proceeding from previous assumptions,
it was determined that the facility could operate in three configurations: for mass flow
0.15 kg/s for DNI (direct normal irradiance) up to 500 W/ m?,0.225 kg/s for DNI between
500-750 W/m? and 0.3 kg /s for DNI > 750 W/m?. This assumption results in a relatively
constant temperature distribution along the length of the absorber. It should be noted that
twisted tapes are mounted in a specific section of the absorber and, with variable input
parameters, as is the case with renewable energy installations, there are different flow and
heat transfer parameters in a given section.

The first iteration of the analysis was to clarify in which absorbers the inserts with
twisted ratio 2 should be placed for the range from 750-1000 W/m?, for which the mass
flow is 0.3 kg/s. In the most sensitive case, the fluid temperature reached 190 °C after the
59th absorber, so it was determined that for the entire analysis, an insert with twisted ratio
1 was used for the 59 absorber sections and an insert with twisted ratio 2 was used for the
remaining 31. This ratio was maintained for the rest of the analysed cases.

The study was carried out for southern Spain location, near the town of Seville
(latitude 37.41, longitude —5.75), because of the high annual insolation and the many
existing installations there with concentrated PTCs [12]. The results presented here can be
used as a representation of the possible development path of these installations. Data on
DNI, temperature and wind, as well as the position of the sun, were acquired using NSRDB:
National Solar Radiation Database from NREL, with a resolution of 1 h [70]. Selected
climate conditions are presented in Table 4. The study was conducted for one year, 2019.
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Table 4. Selected climate condition parameters for each analysed month.

Amount of Solar Energy, o .
Month KWh/m2/Month Average Temperature, °C Average Wind Speed, m/s
January 154.17 8.77 2.06
February 174.13 11.47 1.92
March 213.03 14.25 2.01
April 173.57 15.30 2.49
May 281.52 22.46 2.24
June 294.85 24.44 2.46
July 252.75 27.99 2.36
August 272.55 28.17 1.97
September 193.01 25.32 1.96
October 179.61 20.11 1.89
November 101.79 13.19 2.63
December 113.21 11.91 2.51
Figure 25 shows the incremental heat gain of the solar installation presented by the Ay
factor, shown according to Equation (20):
Ay = Qu tape = Qu e 100, (20)
Qu,ref
where Qy is the heat gained in the installation for the case with segmental arrangement of
twisted tapes and without inserts, respectively.
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Figure 25. Heat increment coefficient during 12 months of analysis.

The graph is divided into 12 parts, reflecting the 12 months of the analysed year. In
each of the analysed operating hours, as long as the plant is running, an increase in the
efficiency of heat extraction is visible.

Figure 26 shows a comparison of heat production for three example days in June 2019
(1st, 2nd and 3rd). In this case, the power gain for the installation with twisted tapes is also
visible. The increment in heat take-up is a maximum of 0.3 kWh for the individual hours
of operation.
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Figure 26. Heat production difference for case with twisted tapes used and without for three selected
days in June.

Comparing the results in a long-term perspective, as shown in Table 5, the average
increase in the heat generation was 0.27%. The highest average increase in one month
was 0.29 in November and the lowest was 0.26 in January. The amount of heat generated
by the solar installation increased by a total of 797.49 kWh. The highest production of
heat occurred in June 36,093.89 kWh with no twisted tape and 36,188.97 with twisted
tapes applied.

Table 5. Long term analysis results.

Month Qref, kWh Qtwisted taper kWh aninr kWh Tﬂ
January 18,856.45 18,906.29 49.84 0.26
February 21,269.14 21,328.36 59.21 0.28

March 26,043.76 26,114.81 71.05 0.27

April 21,187.09 21,246.75 59.67 0.28
May 34,334.51 34,427.21 92.71 0.27
June 36,093.89 36,188.16 94.27 0.26
July 30,320.91 30,403.87 82.96 0.27
August 32,821.85 32,909.64 87.79 0.27
September 23,526.48 23,591.56 65.08 0.28
October 21,943.78 22,004.65 60.87 0.28
November 12,418.88 12,454.33 35.45 0.29
December 13,756.19 13,794.78 38.59 0.28
Summary 292,572.92 293,370.41 797.49 0.27

4. Conclusions

The article presents a strategy for the application of different twisted tapes with twisted
ratios of 1, 2 and 4 in the length of the solar parabolic trough collector loop. The analysis
used a CFD model and a mathematical one, both of which show high agreement with
the experiment. The aim of this study was to investigate the effect of twisted tapes on
the operation of systems with linear absorbers in PTC solar loops, especially with low
concentrated ratio. The following conclusions can be drawn.
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e Interms of the parameters analysed, twisted tape inserts have a beneficial effect on the
operation of PTC installations through a reduction of the temperature gradient in the
tubular absorbers; the implementation of a swirl flow which minimises the boundary
layer; and an increase in the velocity of the fluid which, through the nature of the
flow, intensifies the collection of heat by the heat transfer fluid. The maximum PTC
efficiency increment was reported as 1 percentage point.

e  The densest insert analysed, with twisted ratio 1, provides the highest efficiency gain.
It should be noted, however, that for the upper range of the tests carried out, i.e.,
mass flow of 0.3 kg/s and fluid temperatures above 190 °C, by significantly increasing
the pressure drop, the increased demand for the solar plant’s own needs results in a
reduction in efficiency relative to insert with twisted ratio 2.

e In the search for the optimum solution, where system efficiency is maximised, it was
determined that the best solution was to use an insert with a twisted ratio of 1 for
the entire range except for the section where, for a mass flow of 0.3 kg/s, the fluid
temperature reaches 190 °C. From this point, an insert with a twisted ratio of 2 should
be used.

e  The results obtained are valid for Therminol VP-1 heat transfer fluid, the geometry of
a parabolic trough collector and flow parameters presented in this study.

e Itis reasonable to assume that, for higher flow parameters, other inserts may prove to
be optimal, so it will be necessary to extend the analyses with further assumptions to
determine these parameters.

e  The long-term analysis showed that by using twisted tapes in the proposed config-
uration, heat production increases by 0.27% which was 797.49 kWh more during
12 months of operation.

e Anincrease in the total pressure drop in the absorber loop will affect the need for a
higher capacity pump use. Despite considering the increased pump power require-
ment, it is important to note the higher device price and the investment cost per
twisted tape.

e  The recommendation that can be drawn from these studies is, in particular, the need
to consider the power gain of the pump. Additionally, based on a literature search, the
authors suggest comparing the results of twisted tape applications for the same flow
parameters and for the same fluid and geometry. These parameters significantly affect
the obtained results. For long-term analyses, it is appropriate to consider operating
parameters with a time step of one hour or less. Long-term analysis for longer periods
of time, e.g., whole days, may yield uncertain results due to varying solar, temperature
and wind parameters.
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Nomenclature

A area, m?

ALD atomic layer deposition

BRDF Bidirectional Reflectance Distribution Function
p specific heat, J/ (kg-K)

CFD computational fluid dynamics
CSsp concentrating solar power

CVD chemical vapour deposition

d diameter, m

dE; incident power flux density per unit area, W/m?
dL, unit of radiant energy per unit of solid angle, W/m?sr
DNI direct normal irradiance, W/ m?
f friction factor, -

fl focal length, m

G irradiance, W/ m?

GUM guide uncertainty measurement
H twisted length, m

h heat transfer coefficient, W/m2K
HMI metal halide

IAM incidence angle modifier, -

k thermal conductivity, W/ (m-K)
k kinetic energy

L length, m

m mass flow, kg/s

MCRT Monte Carlo Ray Tracing

Nu Nusselt number, -

P pressure, Pa

PEC performance evaluation criterion, -
PETG polyethylene terephthalate glycol
Pr Prandtl number, -

PTC parabolic trough collectors

PVD physical vapour deposition

Q heat flux, W

Re Reynolds number, -

T temperature, °C

t time, s

th thickness, m

Tr twisted ratio, -

u fluid velocity, m/s

UDF User Defined Function

w width, m

Wp required pumping power, W

Wr width ratio, -

X X position

y y position

Subscripts

abs absorber

ap aperture

c glass envelope

csp concentrated solar energy

e external

el reference electricity production

i internal

in inlet

loss energy losses

opt optical

out outlet
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ref reference
s solar
sp non-concentrated solar energy
tape twisted tape
u useful
Greek symbols
o absorptivity, -
€ emissivity, -
n efficiency, -
0 incidence angle, °
A conductivity, W/(m-K)
P density, kg/m3
n viscosity, Pa-s
He effective viscosity, Pa-s
i turbulent viscosity, Pa-s
T transmittance, -
w specific rate of dissipation
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HIGHLIGHTS

o A strategy for partially replacing coating in parabolic trough loop is demonstrated.
e Low-cost coating for initial loop sections as LCOE reduction option is presented.

e A two-dimensional mathematical model of parabolic trough collectors is introduced.
o Four scenarios for solar heat industrial power installations were analysed.

o Potential for using low-cost non-selective coating was presented.

ARTICLE INFO ABSTRACT
Keywords: An important step to achieve low-emission production is the integration of solar energy into industrial processes
Concentrated solar power for decarbonizing the industrial sector. It is therefore necessary to attempt to minimize the cost of these solar

Parabolic trough collector
Industrial process heat

Solar selective absorber coating
Cost effective absorber coating

industrial process heat systems. The article presents a strategy to reduce the investment costs and thus increase
the popularity of parabolic trough collectors by partially replacing the expensive selective coating with a high
absorptive, low-cost, non-selective coating in the initial sections of the solar loop where the heat transfer fluid
temperature is lower. The analysis was performed for 4 case studies reflecting commercially available solutions
with varying temperature ranges for different industrial applications. Calculations were performed using the two-
dimensional developed mathematical model that validated with experimental data. The assumed heat transfer
fluid is Therminol VP-1. The results have shown the potential of partial use of the Pyromark coating for low and
medium-temperature industrial process heat systems with inlet-outlet temperature ranges of 60-120 °C and
100-200 °C. The analysis also showed that all the absorbers can be covered with a low-cost coating in the first
scenario. Efficiency increases from 1.5 to 5.5 percentage points have been observed. For the second scenario, 15
of the 24 absorbers can be covered with a low-cost coating, when the installation works at a solar irradiance of
800 W/m?>. Since the results are depended on the solar irradiance and the chosen regulation strategy of the flow,
the final number of absorbers possible to cover with non-selective coating requires a long-term analysis for each
case examined.

consumed by the industry sector, where 74 % is in the form of heat [3,4].
Fig. 1 indicates that the industry sector has the highest share of energy

1. Introduction consumption, compared to any other sector [5]. Heat supply, which
contributed>40 % of energy-related global CO, emissions in 2020, re-

In 2019, the final energy consumption was reported as 418 EJ, by the mains mainly dependent on fossil fuels, and renewable energies ac-
International Energy Agency [1]. Global energy consumption is pro- counts for less than a quarter [6]. Therefore, the crucial step toward
Jected to flatten on the coming decades and grow by 14 % to 2050 [2]. achieving low-carbon production system is integrating renewable

According to IEA and IRENA reports, over 32 % of final energy is
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Nomenclature amb ambient
ap aperture
A area, m> c cover (glass envelope)
c total cost, USD ca cover-air
C concentration ratio, - coat coating
s specific heat, J/(kg K) cov convection
d diameter, m CSp concentration solar power
f focal length, m d dirt
g gravitation constant, m/s> e external
Gg direct normal irradiance, W/m?> exp experimental
h heat transfer coefficient, W/m?K f fluid
IAM incidence angle modifier, - i internal
k thermal conductivity, W/mK in inlet
L length, m loss losses
m mass flow, kg/s m mirrors
N number of sections, - m mean (average)
Nu Nusselt number, - num numerical
P price, USD/m? opt optical
Pr Prandtl number, - out outlet
Q thermal flux, W r receiver
Ra Rayleigh number, - rad radiation
T temperature, K;°C ref reflectance
th thickness, mm s solar
v speed, m/s sh shadowing
w width, m sky sky
X number of absorbers in loop, - SP non-concentrated solar energy
Y results to RMSD comparison, °C;W/m track tracking
u useful
Greek w wind
[\ absorptivity, -
o thermal diffusivity, m?/s Abbreviations
B volumetric thermal expansion coefficient, 1/K ALD atomic layer deposition
€ emissivity, - CSP concentrated solar power
n efficiency, - CVD chemical vapor deposition
0 incident angle, ° HTF heat transfer fluid
A thermal conductivity, W/mK LCOE levelized cost of energy
1 dynamic viscosity, Pa-s PTC parabolic trough collector
v kinematic viscosity, m?/s PVD physical vapor deposition
p density, kg/m> RMSD  root mean square deviation
c Stefan-Boltzmann constant, W/m?K* SCC selective coating
T transmittance, - SHIP solar heat systems for industrial process
Subscripts
abs absorber

Low-temp heat
(below 150°C)

FINAL ENERGY
CONSUMPTION

Medium-temp heat
(150 to 400°C)

High-temp heat
(above 400°C)

~
~
~
~
~
~
~

= Industry = Transport >~
= Residential Other

Fig. 1. Final energy consumption and heat temperature level demand based on [3-5].
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energy into the industrial process heat sector.

The temperature range of the demand in the industry can be partially
covered by different types of solar thermal collectors: air collectors, flat
plate and evacuated tube collectors up to 100 °C and concentrating solar
thermal collectors as linear Fresnel collectors and parabolic trough for
temperatures up to 400 °C [7]. By the end of 2020, at least 891 solar heat
systems for industrial processes (SHIP), with total collector area of 1.12
million m?, have been installed all over the world to meet various in-
dustrial process heat requirements [8]. Selected parabolic trough col-
lectors (PTC) based SHIP are summarized in Table 1 from the online
SHIP database portal operated by AEE INTEC in Austria [9]. Usually the
process heat produced in these installations is in the range of 80-250 °C.
The location of SHIP plants depend on the solar irradiance. The largest
share of SHIP plants is in Mexico, India and United States. Despite the
lower solar radiation conditions, PTC for industrial processes can also be
found in Germany and Switzerland. The heat generated is commonly

Table 1
SHIP installations using parabolic trough collectors technology [9].
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used for manufacturing and fabrication processes, steam production,
space cooling, drying and sterilization [9].

The weighted average levelized cost of electricity (LCOE) for
concentrating solar power (CSP) plants was reduced by 68 % from USD
0.340/kWh in 2010 to USD 0.108/kWh in 2020 [28]. Although this is a
significant decrease, photovoltaic panels have an even lower LCOE (USD
0.057/kWh in 2020). For PTC technology, the solar field shares
approximate 39 % of the total installed costs of the whole power plant
[28]. Therefore, as one of the key components in the solar field, reducing
the costs of solar absorber could be an important option to reduce the
costs and increase the popularity of PTC system. For the full-scale, Ul-
timate Trough solar field, where the aperture is reported as 7.5 m, the
total installed costs were estimated at178 USD/m? whereas the
receiver tube cost was reported at 25 USD/m?, which is above 14 % of
total investment cost [29,30]. In the case of smaller installations such as
SHIP, where the aperture is two or three times smaller than the ultimate

Name Country Industry sector Installed Installed Temperature Solar thermal energy used ~ Ref.
collector area, thermal power, range, °C for
m? kW,
Papes Safor S.L. Spain Processing and preserving 175 134 200-250 pre heating, boiler [10]
of fruit and vegetables
SKF Technologies Mysore India Manufacture of fabricated 256.4 72 130-210 heat the water for [11]
metal products circulation through the
treatment tanks
Barcel S.A DE C.V. Mexico Manufacture of food 176.8 77.9 200 vegetal oil heating [12]
products
Lesa Dairy Switzerland Manufacture of dairy 115 67 190 milk processing [13]
products
NL Industries Inc. United Manufacturing 949 - 189 hectorite drying [14]
States
SILAMPOS, S. A. Portugal Manufacture of fabricated 108 67 180 process wash and drying [15,16]
metal products finished product
Emmi Dairy Saignelégier Switzerland Manufacture of dairy 627 360 140-180 steam for different dairy [13,17]
products processes
Cremo SA Switzerland Manufacture of dairy 581 330 125 or 170 milk processing, coffee [13,18]
products cream production
Honeywell Technology India Manufacturing 821 574.7 165 space cooling of production  [19]
Solutions hall
Bomans Lackering Sweden Manufacture of computer, 100 40 160 hot water for chemical [20]
electronic and optical baths
products
Solar steam boiler for China Manufacture of chemicals 2330 1050 160 steam generation [21]
Procter & Gamble and chemical products
PSG Hospital Laundry India Human health and social 50 35 150 drying and sterilization in [22]
work activities laundry
Alanod Solar Germany Manufacture of fabricated 108 75.6 143 production of saturated [17,23]
metal products steam
Parc Solaire Alain Canada Manufacture of paper and 1490 800 120-140 pre heating, steam boiler [10]
Lemaire paper products
SHIP for sewage sludge United Waste management and 151 98 90-100 drying sewage sludge [10]
drying States remediation activities
Nestle dairy plant Mexico Manufacture of dairy 2245 126 80-95 pasteurization [12]
products
Casa Armando Guillermo Mexico Manufacture of beverages 326.7 136.79 90 boiler preheating [12]
Prieto S.A de C.V.
COPAG Morocco Manufacture of dairy 110 61 80-90 pasteurization [10]
products
Laiterie Chagnon SHIP Canada Manufacture of dairy 82 46 80-90 pre heating, boiler [10]
products
Quesos la Ordena Mexico Manufacture of food 66 35.34 80 boiler preheating [12]
products
Alimentos y Productos Mexico Manufacture of prepared 412.5 179.85 60 water heating [12]
para Ganado Lechero animal feeds
Woltow, Parabolic trough ~ Germany Agriculture, forestry and 440 220 - water heating [24]
power plant for a fish fishing
farm
Miraah Oman Oman Mining and quarrying 630,000 300,000 - enhanced oil recovery [17,25]
Horizon Nut (project) United Food products 72 50 230 drying, roasting [26]
States
Frito Lay (project) United Food products 5068 3548 215 general process heating [26,27]

States
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trough, it can be estimated that the receiver’s share of the total invest-
ment is significantly higher. A significant part of the absorber’s price is
selective coating.

The application procedure of the solar selective coating to the
absorber surface usually requires a high cost due to the multi-step pro-
cesses [31]. Among the production methods of spectrally selective
coating, one can distinguish: dip coating, spin coating, laser sintering,
chemical vapor deposition (CVD), atomic layer deposition (ALD),
physical vapor deposition (PVD), electroless plating, electroplating and
lithography [32]. PVD is the most common method of selective coating
manufacturing which can produce many types of coatings [33]. Usually,
this process is based on multilayers applying, semiconductor-metal
tandems or cermet which requires time and an expensive production
line [31,32]. Commercially available selective coatings used in indus-
trial solar power plants are characterized by high absorbance and low
emissivity. Solel, a cermet-based coating, achieves an absorptivity of
0.96 and an emissivity of 0.07-0.17 for 100-400 °C [34]. PTR70
coating, also reports a high absorptivity of 0.957 [35].

Two paths can be taken to increase the attractiveness of PTC system,
both for solar power plants application and industrial heat production:
improve the efficiency or reduce the investment cost of installation.
Many research works have been devoted to the study of parabolic trough
collectors to increase their efficiency [36,37]. The optimization of
parabolic mirrors and the tracker system is a frequently studied aspect
[38-40]. Shaaban [41] optimized the parabolic shape and proposed the
optimal solution based on wind speed effect. Tang et al. [42] proposed
the secondary reflector in PTC concentrator to achieve uniform heat flux
distribution. The intensification of heat transfer and efficiency
improvement can also be realized by applying nanoparticles into the
heat transfer fluid [43,44]. The intensification of heat absorption pre-
sented by Norouzi et al. [45,46] may also involve rotating the absorber
to uniformize the heat input to its surface. Another way to increase the
PTC efficiency is to use different types of inserts. Twisted tape inserts are
widely studied and fins inserts are the solution which achieve an opti-
mum thermal and hydraulic performance [47]. Efficiency improvement
is also realized through the use of special coatings in various configu-
rations. Yang et al. [48] proposed the absorber with two different
coatings on the concentrated and natural radiation-absorbing side. The
results reported receiver efficiency increase from 64.7 % to 68.1 %. A
cascade arrangement of absorbers with different selective coatings was
also considered, where Stollo et al. [49] found that LCOE could be
reduced by 10.6 % and 12.3 %. Zhao et al. [50] presented the efficiency-
enhancing strategy by cascade applying multiple selective coatings
based on their emissivity characteristics. The results indicated a heat
loss reduction by 29.3 % and a thermal efficiency enhanced by 4.3 % at
290-550 °C. However, both of these analyses were conducted for large-
scale solar power plants with high concentration ratios and thermal fluid
temperature levels. The high prices of the coatings, however, were not
reduced in this analysis.

A possibility to reduce the investment cost could be the use of cost-
effective solar absorber coatings, whose application process is extrem-
ally cheap compared to solar selective coatings. One example is the most
commonly used high-temperature solar absorber coating Pyromark,
which reaches an absorbance of up to 96.5 % [51,52]. Martinez et al.
[53] compared the experimental results of four different low-cost, high-
absorbency coatings where a was up to 95 + 1 %. A disadvantage of
these coatings, however, is their high emissivity [54].

This paper aims to present the potential for partial replacement of
expensive selective coatings, with low-cost high absorption coatings in
low-temperature heat transfer medium regions, which has not been
proposed in the published literature to the knowledge of the authors.
Such a solution can significantly affect the cost of PTC installation and
reduce the required manufacturing process along with the energy
required to carry it out. Thus, it could be an effective way in increasing
the attractiveness of the PTC installations to produce high-temperature
heat for industrial applications. The research questions that this article
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aims to answer are:

- Is it possible to partially replace selective coatings, with low-cost
high absorbance and emissivity coatings in PTC-SHIP installations?

- For which installations and temperature range can this solution be
applied?

- What parameters can influence the optimal solution?

The main contribution of this article is to propose a method to reduce
the price of a PTC installation based on commercially available solutions
and to demonstrate a mathematical model suitable for low concentra-
tion PTC installation.

2. Methods

In this paper, the idea for reducing installation capital costs is to
partially replace expensive selective coatings with low-cost easily spray-
applied coatings. Fig. 2 illustrates the concept based on a single PTC
solar loop. In further sections of the solar loop, the temperature of heat
transfer fluid increases, which results in higher heat losses. The
following analysis is to examine how many absorbers can be replaced
with a non-selective coating while maintaining the baseline efficiency.
Section 2.1 describes the analysed cases in detail and section 2.2 pre-
sents the developed two-dimensional mathematical model along with
experimental validation.

2.1. Model parameters

Four geometries were analyzed, referring to installations currently
under operation in natural conditions. Cases 1-3 refer to SHIP in-
stallations that are designed to generate high-potential heat [9]. Cases
are distinguished by the various outlet temperatures required for the
industrial process and a specific concentration ratio C and geometry,
along with the parameters of the commercially available collectors. The
geometric concentration ratio is defined as Eq. (1) according to [55]:

W
T e [ =
where Wy, is aperture width, and dgs. is external absorber diameter.

Case 4 refers to a full-size CSP power plant with a high inlet (290 °C)
and outlet temperature (390 °C) in a solar loop.

The analysis was performed for 1 loop, where the total length L is
comparable for cases 1-3 but not the same due to the different di-
mensions of the collectors (42.84 m; 44.32 m; 41.6 m). For case 4, loop
length is comparable to full-scale solar power plants. Table 2 summa-
rizes all the assumed parameters. Absorber thermal conductivity of 15
W/mK made of stainless steel 316 and borosilicate glass envelope con-
ductivity of 1.1 W/mK were used in calculations to unify the assump-
tions. The assumptions regarding the optical parameters of the parabolic
mirror, glass envelope, and tracking were also unified. In each case, a
perfect vacuum between the glass envelope and absorber is assumed.
The parameters for these data are presented in subsection 2.2.

Table 3. summarizes the absorptivity and emissivity parameters of
the coatings for the various absorbers studied in this paper. For Power
Trough 110, these parameters are shared by the manufacturer [56]. For
Poly Trough 1800 and Power Trough 250, there is a lack of information
about selective coatings applied. Then, two different coatings reported
as suitable for SHIPs by Noc et al. [32] were used. The coating data for
Parabolic Trough (PTR70) were obtained from an experimental study
conducted and reported by The National Renewable Energy Laboratory
[35].

Pyromark 2500 was selected as a cost-effective alternative coating
for the first sections of the PTC loop because of its high absorptivity >
0.96 and maturity [52]. Pyromark is a silicone-based high-temperature
paint, and it is most widely used as a solar absorber coating for solar
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Fig. 2. Concept of reducing the investment cost by partially replacing selective coatings with cheaper alternative ones.
Table 2
Thermodynamic and geometric parameters of the analysed PTCs cases [35,56-59].
Parameter Symbol Unit Case 1 Case 2 Case 3 Case 4
Low Temp. SHIP Mid Temp. SHIP High Temp. SHIP CSP power plant
1A
Heat transfer fluid HTF - Therminol VP-1 Water (2 bar) Therminol VP-1 Therminol VP-1 Therminol VP-1
Outlet temperature Tout °C 120 200 250 390
Inlet temperature Tin °C 60 100 120 290
Collector type - - Power Trough 110 PolyTrough 1800 Power Trough 250 Parabolic Trough 70
Focal Length f mm 341 647 929 1710
Aperture width Wap mm 1100 1845 2500 5760
Absorber length Labs m 3.06 5.54 4.16 4.08
Number of absorbers in loop X - 14 8 10 150
Total absorbers length in loop L m 42.84 44.32 41.6 612
Absorber external diameter dabs,e mm 33.4 34 38 70
Absorber internal diameter daps,i mm 30.4 31 35 66
Absorber wall thickness Thaps mm 1.5 1.5 1.5 2
Absorber thermal conductivity Aabs W/mK 15 15 15 15
Glass env. external diameter dee mm 70 56 70 120
Glass env. internal diameter dei mm 65 51 65 115
Glass env. wall thickness the mm 2.5 2.5 2.5 2.5
Glass env. thermal conductivity he W/mK 1.1 1.1 1.1 1.1
Concentration ratio C - 10.5 17.3 20.9 26.2
Table 3 Table 4
Absorbers coatings and their optical parameters. Heat transfer fluid parameters Therminol VP-1 [66,68].
Absorber Coating data  Absorptivity = Emissivity Ref. Parameter Symbol Equation Unit
Power Manufacturer ~ 0.87 0.35 [56] Density p —0.856-T + 1316 kg/m>
Trough Specific heat [ 2.137-T + 761.88 J/(kg-K)
110 Thermal conductivity k —1.36E-04-T + 0.1773 W/(m-K)
PolyTrough Mo/Al;03 0.9 0.08 [61] Dynamic viscosity B 250568541-T 4407 Pa-s
1800
Power TiC-TiN/ 0.92 0.11 [62]
Trough Al,03 used medium. The pressurised water parameters were applied according
P. 251()) i NREL 0.957 0.062+(2E-07)-T, [35,63] to the IAPWS IF97 [67].
arabolic . .062+(2E-07)- 35,63 . . L
Trough 70 2 oo The main calculations were performed for the weather conditions as
e . . .
_ Pyromark 0.965 —4E-13-Tse + 1E-  [51,52] summarized in Table 5. The mass flow of HTF for each case was adjusted

09-T3pse-1E-06-Taps,
o2 4 0.0006-Taps e +
0.7506

central receivers [60] in even much higher temperatures than PTC re-
ceivers. Data for this coating were adopted from experimental studies
reported in [52].

For comparative analysis, the same heat transfer fluid was selected
for each scenario, the Therminol VP-1 oil. The selected fluid is an
Eastman product, widely used in PTCs installations [36,64,65]. The
composition of the HTF is a biphenyl/diphenyl oxide eutectic mixture
where the operating temperature is 12-400 °C. Table 4 shows the pa-
rameters of Therminol VP-1 as a function of its temperature based on the
manufacturer’s data [66]. Case 1 calculations were performed also for
pressurized water to compare the work potential. Case 1 has the lowest
temperature range and for its case, pressurized water is also a commonly

to achieve the expected temperature in the outlet.

2.2. Mathematical model

To determine the performance of parabolic trough collectors, a two-
dimensional mathematical heat transfer model was developed and its
fundamental parts are visualized in Fig. 3. The mathematical model

Table5

The weather and sun position data assumptions.
Parameter Symbol Value Unit
Direct normal irradiance Ggp 800 W/m?
Ambient temperature Tamb 23 °C
Wind speed Vi 2 m/s
Incident angle 0 20 °
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Flow direction

Inlet —_—

Outlet

(no-concentrated)

Natural solar radiation l

Receiver

Glass envelope

Heat transfer fluid

Coating

|
|
| Vacuum
|
|
| Absorber

Fig. 3. Two-dimensional model of heat transfer in PTC receiver.

includes all parameters such as geometric dimensions of PTC, materials
used in the installation and their properties and atmospheric conditions
such as solar radiation intensity, sun position, and ambient temperature.
The proposed model is based on previously developed algorithms but it
is improved with several new features [69-71].

Usually, in mathematical models, the energy delivered to the
absorber is only considered in concentrated radiation form. This
assumption has validity for use with highly concentrated parabolic
trough collectors, such as those used in industrial solar power plants. In
the case of high-concentrated PTC, natural radiation, not previously
concentrated but directly reaching the absorber surface from the sun
direction, is only a small part of the total energy input, so its inclusion
together with concentrated radiation does not introduce a large error
into the calculation. Since the following analysis also considers low
concentrated PTG, this aspect is included as it has a significant impact on
the results. The energy delivered to the absorber tube is the sum of

Absorber with coating

Fluid

Convection

1 - Heat transfer Fluid

2 —Inner absorber surface
3 — Quter absorber surface

Radiation

Convection

concentrated and non-concentrated solar energy, which is calculated
separately, which is the main novelty in the following mathematical
model and provides more detailed results. A further feature of the model
is the identification possibility of the absorber and glass envelope
average temperature in its specific section which enables the whole solar
loop to be analysed in very short segments.

Each analysed receiver is divided into N sections, which increases the
accuracy of the obtained results. Each case considered includes PTC
components separately, such as linear absorber with particular coating,
glass envelope, heat transfer fluid, parabolic mirror and its optical ef-
ficiency parameters.

Fig. 4 shows the thermal resistance model for the receiver cross-
section for stable operating parameters. The heat transfer in the
receiver includes: convection between the inner absorber wall and heat
transfer fluid, conduction through the absorber, radiation and convec-
tion loses between the external absorber surface and internal glass

Glass envelope

Radiation

7 Sky

6 Air

Convection

4 — Inner glass envelope surface
5 — QOuter glass envelope surface
6 — Surrounding air (ambient)

7 —Sky

Fig. 4. Thermal resistance for the receiver cross-section.
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envelope surface, conduction through the glass envelope and convection
loss between the external glass surface and ambient and radiation loses
between external glass envelope surface and sky. It should be empha-
sized that in all investigated cases, an ideal vacuum between the
absorber and glass envelope was assumed, therefore convection losses
were not considered in calculations, although they are also showed in
Fig. 4.

All the equations used in the proposed mathematical model are
presented as follows. The useful heat collected by the thermal fluid, can
be calculated from the following Eq. (2) based on [70]:

Q,=me cp e (T,,m - Tm)s @

where Q, is the useful thermal energy in the absorber, m is the mass
flow, ¢, is the specific heat of the working fluid, T, is the outlet tem-
perature of the working fluid, Tj, is the inlet temperature of the working
fluid.

The useful thermal energy can also be represented by Eq. (3), which
considers the optical efficiency of the radiation concentration and the
thermal loses in the receiver [69]. This model divides the concentrated
radiation on one part of the absorber and the natural radiation illumi-
nating the other part as presented in Fig. 3:

O = (Qucsp + Ousp)—Oloss 3)

where Q,csp is the concentrated solar energy, Qusp is the non-
concentrated solar energy, Q.- energy losses. The use of such separa-
tion of the energy input to the absorber has the greatest impact on the
results at low concentrated PTCs. Usually natural radiation is not
considered separately in CSP systems.

Solar power from concentrated solar irradiance including the
shadow of the absorber is defined as follows (4) [72]:

Oucse = (Agp — dapscoL)0Gg ® Hopr.csp ® cosd e IAM @

where, A,y is the aperture surface area, d,. is the absorber external
diameter, G is the direct solar irradiance, 7, csp is the optical efficiency
for CSP, @ is the incident angle, JAM is the incidence angle modifier.
Solar power from non-concentrated radiation as follows (5):

Qusp = (dupse ®L) @ Gy ® Nopr.sp (5

where, L is absorber length, 1, sp is the optical efficiency for SP. Since in
both presented cases the solar radiation sun-to-absorber path is
different, two different efficiencies have to be used (6) and (7) to
calculate solar power [69]:

Nopt.csp = Te ® Aabs ® Ny ® Mirack @ Nrer ® Nam ® Na (6)

Hoprsp = Te ® Gabs @ 1y, @

Some of the above efficiencies have a fixed value, some are variable
as a function of temperature. Table 6 summarizes the above coefficients,
based on research conducted by the National Renewable Energy Labo-
ratory (NREL) [73] and Kalogirou model [69] along with the assumed
values.

The incidence angle modifier (IAM) is a function of incidence angle
and the optical quality of the collector. It’s assumed that the IAM is

Table 6

Model optical assumptions.
Parameter Symbol Value
Transmittance of glass envelope Te 0.965
Absorber absorptivity Oabs f(Tabs)
Shadowing Nsh 0.99
Tracking error TNerack 0.994
Clean mirror reflectance MNref 0.935
Dirt on mirrors Nd,m 0.96
Dirt on receiver Nd,r 0.98
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determined by Duffie et al. [74]:

S W'
IAM(0) =1 — 7 <1 + 48}_Z)tan€ (8)

Total solar energy received by a PTC installation is defined as Eq. (9)
[75]:

Q; = Ay Gp. 9)

The total efficiency of parabolic trough collector can be described as
presented below [76]:

o
(o2
Energy loss in the receiver can be defined as Eq. (11) [73]:
Quoss = Qrad5-7 + Qeov5-6 an

n (10)

where Q457 is the radiation loses from external glass cover surface to
sky, and Qv 5-6- is the convection loses from external glass cover sur-
face to ambient. They can be calculated with the Eq. (12) and (13)
[77,78]:

Quisr=owecode s (T1,-T5) 12)
Qeovs—6=Ace ®hea ® (T = Tums) (13)

where o is Stefan-Boltzman constant, ¢ is the emissivity of glass cover
(0.9), T, is the cover external surface temperature, T,y is the ambient
temperature, h, is the convection heat transfer coefficient. The sky
temperature was calculated based on [79] and Koppen classification
[80] and presented in following correlation:

Ty = Tamp — 7. (14)

For heat transfer convective coefficient calculation, model proposed
by Forristall [81] was used:

kea
heo = y ® Nuy,, (15)

ce

where, h, is the convection heat transfer coefficient for air at temper-
ature of (Tce —Tamp)/2, kea is the thermal conductivity of air at tem-
perature of (Tce —Tqmp)/2, Nug,, is the Nusselt number based on the glass
envelope outer diameter.

For no wind cases, the correlation developed by Churchill and Chu
[81,82] can be used:

0.387Ray,,,'"®
Nug,, = { 0.6+ e (16)
[1 +(0.559/Pr.)" “"}
Tee = Tum) @ de’
Ra, _gepe (T, ») @ d., an
” (Ccq @ Vea)

where Rag,, is the Rayleigh number for air based on the glass envelope
outer diameter; g is the gravitational constant (9.81), m/s%; agq is the
thermal diffusivity for air at Tca, V¢, is the kinematic viscosity for air at
Tea.

For wind cases, the convection heat transfer is forced convection.
The Nusselt number is estimated with Zhukauskas correlation based on
[82]:

Pr, 1/4
Nu,,, = D e Re;," ® Pr,," o (ﬂ> (18)

Pre

where the equation coefficients are presented in Table 7.
Assuming that there is an ideal vacuum between the outer part of the
absorber and the inner glass envelope, the sum of radiation and con-
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Table 7

Equation coefficients for Nusselt number calculation.
Re D m
1-40 0.75 0.4
40-1 000 0.51 0.5
1 000-200 000 0.26 0.6
200 000-1 000 000 0.076 0.7
Pr n
Pr<10 0.37
Pr>10 0.36

vection losses from the glass envelope to the ambient is equal to the
radiation loss between the outer part of the absorber and the inner part
of the glass envelope [69]. Eq. (19) represents this correlation:

4 4
Qloss =" 7
1 1 g Aabse
Eabs + & ° Aci

19)

where eq, is the emissivity of selective coating on absorber external
surface. Thermal conductivity is calculated based on [83] for absorber
(20) and glass envelope (21):

2070 kaps ® (Tanse — Tavsi
0. = bs ® (Tas, bs.i) (20

M "
In (ﬁ)

Qloss =

(21)

INPUT DATA
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All the surfaces used in the equations are determined as follows:

Ai=rmed,eL (22)
where, dy represents dgys i, daps.e. de.i; andde¢; L is the absorber length. Eq.
(23) presents the method of determining the convection coefficient,
where the input values are model parameters for a given absorber sec-
tion [84]:

Qu

= 2
" el o L) o (T — 1) @9

Convection coefficient is calculated for mean (average) fluid tem-
perature [84]:

Tow + Tin

Tn=—"5

29

In the presented model, Eq. (25) was used for laminar flow and (26)
for turbulent flow due to their high conformity in the mathematical
calculation of PTC systems indicated by Tzivanidis et al. [71]:

0.0668 o Re o Pr e “si
1+ 0.04 o (Re o Pr o %xt)f

Nuy = 3.66+ (25)

Nuy = 0.023 o Re"® o Pr (26)

The Nusselt number can be defined according to Eq. (27), consid-
ering the convection coefficient [85]:
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Fig. 5. Flow chart of the mathematical model.
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Fig. 5 presents a flow chart visualizing the performance of the
developed two-dimensional mathematical model. The calculations pre-
sented in this model are performed for each section of PTC separately.
Any size of the PTC segment can be analyzed. In the blue field, boundary
conditions were determined for each PTC section studied. Boundary
conditions can be divided into 3 parts. Input data include geometric
dimensions of the tested PTC, ambient conditions such as ambient
temperature, sky temperature, irradiance, wind speed and temperature
heat transfer fluid in the inlet of the loop as well as mass flow. Optical
and material properties describe the performance of individual system
components in terms of their optical properties. Some of these param-
eters are characterized by constant values, and some of them are tem-
perature dependent. The algorithm at each step uses the appropriate
value as a function of a specific temperature. It is also possible to analyze
the system for varying properties as a function of solar loop length,
which provides the opportunity to study different coatings for specific
absorber sections. The third boundary condition is the properties of heat
transfer fluid. The algorithm enables performance calculations for
different mediums as a function of temperature. The corresponding
application of each boundary condition is visualized in Fig. 5.

The calculations presented in the algorithm are based on the
appropriately converted equations (2)-(27). The algorithm starts the
calculation by assuming the first external temperature of the glass en-
velope wall. Then after calculating the heat losses to ambient and
determining the flow parameters, the temperature outlet of heat transfer
fluid is calculated. The next step is to calculate the temperature of the
outer wall of the absorber and glass envelope. If the agreement is hight
and the set and calculated temperatures differs less than 10'4, the
calculated outlet temperature of the receiver section is the inlet tem-
perature for the next section where the calculation continues in the same
way. If the temperature does not match the assumed range, the calcu-
lation is repeated for a different temperature according to the correla-
tion shown in the algorithm. The first assumption of the absorber
temperature and the glass tube temperature is only the first step in
starting the calculation. Usually, the algorithm requires about 40-150
iterations per segment to achieve the required compliance, where the
segment depends on the analyzed receiver length. It is usually about
from a few millimetres to a few centimetres. However, the number of
sections is always determined before the calculation is performed,
guaranteeing high consistency and accuracy of the calculations.

2.2.1. Model validation
The mathematical model was experimentally validated based on
literature data[35] The experimental study was conducted by NREL and
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its main objective was to determine heat loss and glass envelope tem-
perature as a function of average absorber temperature. The PTR70
Schott, which is the receiver analysed in Case 4, was tested for model
validation. The geometrical parameters of the receiver are shown in
Table 2. The purpose of NREL study was to determine the emissivity of
selective coating as a function of receiver temperature and calculate the
heat losses. Fig. 6 presents a comparison of the results obtained from the
mathematical model and NREL experiment. The test was performed
indoors and an electric heater inside the receiver was used to simulate
the absorber temperature. In the experimental study [35], the power of
the electric heaters was varied to equalise the wall temperature along
the entire length of the absorber. The temperature was measured at a
dozen points along the length of the absorber and then averaged. For
steady-state conditions, the temperature of the glass envelope was
measured. The error associated with this measurement is shown by the
error bars for the individual points in Fig. 6. Knowing the parameters of
the tested absorber, the emissivity of the selective coating was deter-
mined and then the heat loss was calculated, which is marked as points
in Fig. 6. For the same conditions (absorber temperature, ambient
temperature and absorber parameters), the losses to ambient and the
glass envelope temperature as a function of the absorber wall temper-
ature were calculated using the developed mathematical model. These
characteristics are shown as a continuous line.

The study parameters were as follows: G = OW/m?, Tam, = Tgy =
24°C, Vying = Om/s, m = Okg/s. Heat losses and glass envelope tem-
perature were evaluated using the root mean squared deviation (RMSD)
presented as Eq. (28) based on the data from literature [86]:

n
fol

where n is the number of measurements, Y is results of measurement,
exp is the experimental results, num is the numerical result from math-
ematical model. The relation between the RMSD values to the average
results obtained was calculated as Eq. (29):

RMSD = ?

(Yerpi = Yuumi) (28)

n

RMSD

© 100%. (29)

ORMSD = Youma

The results presented in Table 8 summarizes RMSD and ogysp values.
Both demonstrate a high agreement between the model and the exper-
imental data. Therefore, the results of the calculations presented in this
paper can be considered as highly accurate and the determined losses
reflect the real conditions.
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Fig. 6. Mathematical model validation based on NREL experimental results [35].
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Table 8

Model validation results.
Parameter Glass envelope temperature Heat losses Unit
RMSD 2.54 3.52 -
G RMSD 4.27 1.85 %

3. Results and discussion
3.1. Partially non-selective coating application potential

The PTC efficiency changes with the length of the absorber, which
results from the temperature increase of the heat transfer fluid and the
absorber itself. Fig. 7 compares the receiver efficiencies as a function of
the medium temperature for the four previously described cases. This
efficiency refers to the specific section of the absorber The mass flow for
each case was adjusted to achieve the assumed outlet temperature from
the solar loop. For each case, two scenarios are compared: the red line
which represents the reference case that is the use of absorbers with a
serially produced selective coating, and the case represented by the
black line is the case that assumes the replacement of the selective

Applied Energy 331 (2023) 120472

coating with Pyromark 2500 over the entire length of the solar loop.
The greatest potential for cost-effective coating applications is shown
in cases 1 and 2. For low-temp SHIP, an increase in total PTC loop ef-
ficiency was observed for Therminol VP-1 and pressurized water by 4.44
percentage points and 5.29 percentage points, respectively (Table 9).
For this scenario, there is a visible increase in absorber efficiency along
the length. Despite the higher emissivity of Pyromark relative to the base
selective coating, for the temperature range of 60-120 °C, high ab-
sorption is more significant than low emissivity. It can be concluded that
in case of low-concentration installations, where the temperature of the

Table 9
Summary of average solar loop efficiency after replacing selective coating to
Pyromark 2500 consistent with data presented in Fig. 7.

Parameter Case 1 Case 2* Case 3* Case 4*
1A* 1B**

Nsce, % 69.36 70.05 73.85 74.61 76.44

NPYROMARK> %0 73.80 75.34 71.38 68.59 57.74

An, % 4.44 5.29 —2.47 —6.02 —-18.71

* Therminol VP-1; ** Water
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Fig. 7. Absorber efficiency as a function of heat transfer fluid temperature: a) Case 1 - low-temp. SHIP, b) Case 2 — medium temp. SHIP, c¢) Case 3 - high temp. SHIP,
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heat transfer fluid is relatively low, absorbers covered with highly
absorptive coating can be used instead of selective coating. In this case,
the greater potential for using water as a heat transfer fluid is also
demonstrated.

For medium-temperature SHIP (case 2), the potential for the
replacement of selective coatings with cheaper non-selective alterna-
tives is characterized in the range up to about 115 °C. Above this tem-
perature, there is a decrease in efficiency relative to the baseline curve.
Total replacement of coatings with non-selective ones results in a 2.47 %
decrease in loop efficiency, however, partial replacement can be
beneficial.

Case 3 and case 4 represents high-temp SHIP and CSP power plant
accordingly. The results show a significant decrease in average loop
efficiency after replacing the coatings with non-selective ones which are
caused by high losses due to the high-temperature range. For the pre-
viously assumed conditions, the decrease in efficiency of the solar loop
in case 3 is 6.02 %. For the case representing a solar loop from a high-
scale CSP power plant, the efficiency drops from 76.44 % to 57.44 %.
Due to the lack of optimization potential, these scenarios were not
considered in further work.

3.2. Results low-temperature SHIP

For the previously assumed boundary conditions, according to the
results presented in Table 9, case 1 is characterized by an increase in
efficiency when a high-absorptivity coating is applied to the entire
length of the absorber loop. Despite the high emissivity, compared to the
originally used selective coating, a significant improvement in the per-
formance of PTC can be noted. As shown in Fig. 8, the increase in effi-
ciency depends on solar radiation. As the solar radiation changes, the
mass flow is adjusted to produce heat at the assumed potential (mini-
mum 120 °C). For lower irradiance Gg, the solar loop efficiency de-
creases. For each case and irradiance, the mass flow was adjusted to
achieve the minimum assumed outlet temperature (absorbers in loop
with Pyromark coating = 0). For the determined mass flow, an analysis
of the partial replacement of the selective coatings was carried out. The
change in the solar loop outlet temperature and the mass flow values are
shown in Fig. 9. For each case, Tj, = 60 °C according to Table 2.

For case 1A, where the heat transfer fluid is Therminol VP-1 and Gg
=1000 W/m?, the efficiency gain is almost 5 %. For Gg = 400 W/m?and
Pyromark coating on all 14 absorbers, a slight decrease in efficiency can
be noted. If the average irradiance at the location where the installation
is to operate is 400 W/m? the use of a non-selective coating on 12

0.77
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absorbers can be considered. Pressurized water, as a heat transfer fluid,
is often used in low-temperature systems due to its good thermodynamic
properties and cost-effectiveness. Case 1B with water as heat transfer
fluid, reaches higher efficiency than Therminol VP-1 for the same tem-
perature range. In this example, the use of high-absorptivity coating
absorbers also increases the efficiency of PTC.

3.3. Results mid-temperature SHIP

As shown in Fig. 7, the case 2 shows the possibility of covering part of
the absorbers with a non-selective. Fig. 10 presents the solar loop effi-
ciency as a function of the number of Pyromark-coated absorbers.
Absorber non-selective coating is considered on the initial sections of the
solar loop. On the efficiency curve, two characteristic points can be
distinguished. Point A, indicates the number of Pyromark coated ab-
sorbers for which the solar loop efficiency reaches its maximum. Point B
is the maximum number of absorbers with Pyromark coating for which
the solar loop efficiency is not lower than the base efficiency. For the
assumed model input data, the results indicate that a low-cost coating
can be used on 2 of the 8 absorbers in the entire loop (25 %).

The analysis also considers scenarios where 2 and 3 parallel solar
loops, are connected in series. This modification affects the need for
increased mass flow in the absorber tubes which changes the flow and
heat transfer parameters. In this way, the lower temperature heat
transfer fluid section can be extended. For a doubling of the absorber
loop, Pyromark can be applied to 50 % of the absorbers. For a 3-times
absorber loop length increase, 15 of the 24 absorbers can be coated
with a non-selective coating. Furthermore, with the extension of the
solar loop, the overall efficiency of the installation increases. For single
loop, double extended and triple extended, the average reference effi-
ciency (absorber with Pyromark = 0) is 73.85 %, 73.97 %, and 74.03 %
respectively. For the most optimal non-selective coating absorbers cases
(point B), it’s 73.89 %, 74.06 %, and 74.08 %.

For an industrial process heat applications, the temperature levels of
heat transfer fluid are usually crucial. As shown in Fig. 11, for 1 loop
length, double and triple, the maximum temperature drop at the outlet
of the solar loop was 2.93 °C, 1.97 °C and 1.52 °C, respectively. The
outlet temperature itself is presented in Fig. 12. It is worth noting,
however, that considering the desired temperature level (assumed outlet
temperature minimum of 200 °C), the observed maximum temperature
drop at the outlet of the absorber does not seem to be substantial, even
when considering the entire absorber loop with a non-selective coating.
Previously reported temperature drop corresponds to the following
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Fig. 8. Loop efficiency of low temperature SHIP installation: a) Case 1A (Therminol VP-1), b) Case 1B (Pressurized water).
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Fig. 9. Heat transfer fluid outlet temperature of low temperature SHIP installation: a) Case 1A (Therminol VP-1), b) Case 1B (Pressurized water).
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relative error of 1.47 %, 0.98 %, and 0.76 %. Thus, by considering the
proposed strategy on temperature drop, it can be found interesting in

solar heat industrial power technologies. Consideration of the validity of

using non-selective coating should be conducted on a case-by-case basis.
It may also be considered to extend the absorber loop by an additional
length of the absorber to compensate for this loss. This case, however,
strictly depends primarily on the base price of the technology and the
possibility of exploitation of a larger area.

Fig. 13a represents useful energy and heat losses in the PTC loop (24
absorbers), for a different number of sections covered by Pyromark
coating. Due to the high emissivity of Pyromark, total losses increase as
this coating is applied to more absorber sections. However, an increase
in heat collected by the heat transfer fluid resulting from the high ab-
sorptivity of this non-selective coating is also observed. This indicates
that despite the increased emissivity losses, the high absorbance com-
pensates for these losses up to a certain point. The red curve represents
useful heat for the base case where only selective coatings were applied.

Fig. 13b presents the rate of solar energy utilization delivered to the
external absorber surface (Qsolar). This characteristic tends to increase
due to the larger area of the highly absorbing surface. When all ab-
sorbers are Pyromark coated, the increment of fully absorbed energy
rises by 5.41 %.

The optimal number of absorbers possible to cover by cost-effective
coating depends on the radiation conditions as shown in Fig. 14. As the
decrease of the solar irradiance, the number of absorbers with the
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possibility of non-selective coating without reducing the efficiency loop
also decreases. The reason for this is the reduction of mass flow to
achieve the desired outlet temperature. The weather conditions, loca-
tion and position of the installation must be considered while applying
the proposed method of reducing the investment cost. Long-term anal-
ysis is required for each separate location. A solution to increase the
number of non-selective coated absorbers may be adding a peak heat
source, which is a common technology in this type of installation.

The peak heat source reheats the medium fluid leaving the absorber
loop, so the mass flow in the absorber loop does not have to be adjusted
exactly to achieve a given temperature degree. Therefore, it is possible
to select a mass flow that achieves the maximum efficiency for the
weather conditions.

3.4. No-selective coating cost analysis

Linear absorbers in a parabolic solar concentrator system are com-
mercial products and the prices of specific solutions strictly depend on
the installation size, location and parameters. Prices for large-scale so-
lutions are known, as cited previously in the Introduction section,
whereas the receiver tube cost was reported at 25 USD/m? of aperture
for the Ultimate Trough with aperture of 7.51 m which results in 187.5
USD per 1 m length receiver [29].

At the same time, it is not possible to scale these prices for absorbers
for low-concentrated PTC for SHIP installations, due to the different
production approaches, materials and methods used.

However, it can undoubtedly be argued that non-selective coating is
able to reduce the cost of absorbers. As mentioned previously, the
application process for selective coatings consists of a number of steps
and the cost of this technology must include machinery, production time
and maintenance. The PVD process is carried out in a vacuum chamber
at high vacuum using a cathodic arc source [87]. PVD is characterised by
a process in which the material goes from a condensed phase to a vapour
phase and then back to a thin film condensed phase [88]. In the case of
non-selective coatings, the coating is applied by spray painting in air and
no special equipment is requires. Therefore, it can significantly reduces
the price at the manufacturing stage itself.

The considered coating is a commercial product with a known price.
The price for Pyromark 2500 is estimated as 12.8 USD/m? of covered
surfaces, based on market prices (474.75 USD/Gallon) and producent
covering data (400 ftZ/Gallon) [89,90]. The following equation de-
termines the coating cost per absorber:

Ceoatabs = Aabse ® Peoar (30)
where Ccoat, abs iS a cost of coating on absorber surface and p is a price for
coating. Table 10 represents estimated prices for coating in analysed
absorbers. These data can be used for further analysis and as a reference
for cost comparisons of specific coatings.

The cost associated with the purchase of the Pyromark required to
cover the absorber as used in commercial receivers represents only
around 1.5 % of the cost of the price of that receiver (estimation for

Table 10
Non-selective coating estimated prices for analysed absorbers.
Parameter Symbol Unit Case 1 Case 2
Absorber type - - Power PolyTrough
Trough 110 1800
Absorber length Labs m 3.06 5.54
Absorber external dabs,e mm 33.4 34
diameter
Absorber external Aabs,e m? 0.32 0.59
area
Coating cost per Ceoat, abs USD 4.11 7.57
absorber
Coating cost per 1 m Ceoat, abs / USDh/ 1.34 1.37
absorber Labs m
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Ultimate Trough and 70 mm OD absorber [29,89,90]). As the technol-
ogy for applying selective coatings requires high investment cost and the
PVD is a complex process, it is to be expected that the cost of applying
the selective coating to the absorber represents a significant share of the
cost of manufacturing the receiver. Knowledge of the cost structure
associated with the manufacture of commercial receivers, which is a
commercial secret of the companies, would make it possible to accu-
rately determine the level of savings that would result from replacing
selective coatings with non-selective ones. In addition, the use of the
methodology presented in this article would allow the identification of
potential heat generation cost reductions for different installations with
different process requirements. Without such specific knowledge, it can
be assumed that the use of non-selective coatings, especially for in-
stallations used for low-temperature heat generation, can lead to a sig-
nificant reduction in installation costs and, therefore, heat generation
costs.

4. Conclusions

In this paper, a concept of using high absorption non-selective
coating to partially replace traditional solar selective coating in para-
bolic trough collector based, SHIP systems is presented. Four different
PTC systems with varying concentration ratios, heat transfer fluid
temperatures, and applications have been analysed. The developed two-
dimensional mathematical model presented and used in this paper has
a strong agreement with the experiment (RMSD = 2.54 and 3.52).

Based on the results obtained, the following conclusions can be
drawn.

e Installations with concentration ratios of 10.5, and 17.3 where the
HTF temperature ranged from 60 to 120 °C and 100-200 °C have
shown the good potential of using low-cost and high absorption
coatings in part of the absorbers.

The application of the Pyromark coating in a low concentration
(10.5) installation is profitable along the entire length of the solar
loop. Depending on the solar irradiance, the efficiency increment is
in the range of 1.5-5 percentage points for Therminol oil and 2.5-5.5
percentage points for pressurized water. In the particular cases
where the installation is expected to operate in a medium-low irra-
diance location, 12 of the 14 absorbers in the analysed solar loop can
be covered by the non-selective coating.

The PTC system with a medium temperature range and a concen-
tration ratio of 17.3 has also shown the possibility of optimization for
absorbers where the temperature of HTF is up to 115 °C.

Changing the connection of 3 parallel solar loops into 1 series in-
creases the possibility of optimizing the number of absorbers. In the
best optimal case (800 W/mz), 15 of the 24 absorbers can be coated
with a Pyromark instead of the reference selective coating.

The study concluded that the proposed solution could not be applied
to high-temperature SHIP installations (assumed outlet temperature
250 °C) and CSP power plants due to too high losses and lack of
optimization potential.

The no-selective coating price for absorbers was estimated as 12.8
USD/m?, where for Power Trough 110 is. 4.11 USD and for Poly-
Trough 1800 7.57 USD.

This paper also demonstrates a high dependence of the application of
this concept on solar conditions due to the necessity of mass flow
adaptation. If a peak heat source operating with a SHIP plant is
considered, the potential of the proposed solution may increase. For this
solution, optimization must be performed separately for each SHIP plant
under consideration, its location, weather conditions, and required
process temperature parameters.

To determine the number of absorbers whose price can be signifi-
cantly reduced because of the low-cost coating, a long-term analysis
should be performed, which highlights opportunities for further work on
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the presented solution. Reducing the investment cost can significantly
affect the popularity of SHIP installations, where the market potential is
very wide and will grow.
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The parabolic-trough solar concentrating systems are often considered element of heat generation
systems from renewable energy sources. It is important to use appropriate optical systems and solar
trackers because parabolic trough collectors utilize only direct solar radiation. The paper presents the
results of an analysis of the effect of solar tracker error on the optical and thermodynamic efficiency of
linear absorbers. The results are presented for low concentrated geometry, popular among scientific
institutions, consistent with the existing facility operating under natural conditions. Two diameters of
the linear receiver were considered in the analysis: 33.7 mm and 21.3 mm. The research was carried out
in optical engineering software based on the Monte Carlo ray-tracing method. Thermodynamic analysis
was performed based on the mathematical model of the radiation absorption phenomenon by heat
transfer fluid. The maximum angle error of the solar tracker for the tested geometry, not significantly
affecting the performance of the linear absorber for a diameter of 33.7 mm is 1.5°, and for 21.3 mm is 0.9°.
The reduction in efficiency for 2° error is 4.7% points, and 42.5% points respectively. The analysis also
presents the results of the radiation distribution on the surface of the absorber tube.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Parabolic trough collectors are a mature solar concentration
technology, capable of producing high-temperature heat [1]. The
principle of their operation is the concentration of direct radiation
on the surface of the linear absorber. The concentrated radiation is
absorbed by the heat transfer fluid circulating inside the tubular
receiver. As the technology utilises direct radiation, it is necessary
to use a high-precision solar tracking device.

A PTC installation is an optical system in which various issues
can affect its operation, e.g. tracking error, no-ideal reflected mirror
surface, dusty glass envelope surface, wind affect on the installation
stability, the tracking mechanism usage and the accuracy of the
positioning sensor. Investigation of the solar radiation quantity
reaching the absorber in a parabolic trough concentrator system
can be carried out by analytical calculations [2—4], numerical
modelling [5] or by conducting measurements, e.g. photogram-
metric [6—8]. Different types of optical errors can be identified
during such tests. The mentioned optical errors result from the

* Corresponding author.
E-mail address: bartosz.stanek@polsl.pl (B. Stanek).

https://doi.org/10.1016/j.renene.2022.07.021

design, manufacturing of the reflector and absorber and from errors
in the solar tracking system [9,10].

Assuming that the reflector and absorber are manufactured
correctly, it should be noted that during operation, PTC may deform
due to the heating of the construction and some stresses caused by
weather conditions (wind, rain, snow) [11]. The correct positioning
of the solar tracker is based on the measurement of the current
position of the sun or the solar calendar. Both methods can lead to
some errors [12,13].

It should be highlighted, that the tracking error is directly linked
to the costs of the solar tracking system. The cost of these devices
increases with their accuracy. However, many studies are being
conducted to improve the efficiency of solar tracking and reduce
the cost [11]. Wu et al. [14] introduced dual-axis tracker with
inclinometer for automatic positioning with open-loop GPS
tracking system. Fuentes-Morales et al. [15] and Lee et al. [16]
highlighted the importance of control algorithms to improve the
tracking systems.

Errors in the optical system can be reduced but cannot be
completely eliminated, so many studies are usually limited to
determining the sensitivity of the PTC to errors from the optical
efficiencies point of view of the, the local concentration ratio (LCR),
and consequently the heat loss in the PTC absorber [17].

0960-1481/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The geometry of the PTC with circular receiver causes not uni-
form distribution of the sun's rays focused on the absorber [18], but
the errors in the optical system may also increase the maximum
differences in the values of the local concentration ratio [19,20],
indicating that the absorber may occur local overheating, which
may shorten the lifetime of the receiver. The most frequent errors
are: mirror shape error (not ideal parabola), slope error (e.g. surface
undulations), receiver deviation error (longitudinal circular axis of
the receiver is not at the focal line), reflection error (imperfect
reflection of the mirror), tracking error (optical axis of the mirror is
not centred on the solar disk), frame deformation (effect of wind on
the structure and surface of the PTC) [21].

Many studies are being carried out to increase the optical effi-
ciency of PTCs. Kaluba et al. [22] introduced the hot mirror coating
onto the absorber glass envelope to reduce the energy losses.
Dahlioui et al. [23] developed the anti-soiling coating on the solar
mirrors which increased the cleanliness. Valentin et al. [24] ana-
lysed the wind affect on solar trackers. Pawar et al. [25] proposed
the proteus ISI 7.6 software for tracking device to enhancement the
performance of dual axis solar tracker.

Numerical, optical methods enable very precise determination
of the circumferential distribution of radiation energy flux reaching
the absorber. It is possible to test many cases under idealized
conditions considering only one, selected type of error. In numer-
ical modelling of CSP installations, the Monte Carlo raytracing
technique is commonly used [3,26]. Zou et al. [27] performed an
theoretical analysis and discussed the effect of geometric parame-
ters based on Monte Carlo ray tracing method. Cheng et al. [28] also
used the MCRM to design more effective PTC.

Many papers can be found in the literature that analyse the
optics of parabolic trough collectors and the errors that can occur
within them [29]. However, these are mainly analyses made for
commercial size installations, which are mostly used in solar power
plants. Solar tracking errors are not so visible in this case, as the
results usually refer to long-term performance. In this aspect, each
scale of geometry must be considered individually.

In research institutions, low concentrated parabolic trough
collectors [30—33] are commonly used. Low concentration para-
bolic trough collectors are also use in SHIP installations to produce
high temperature heat for industrial processes [34—36]. The small
size also allows consideration of a 2-axis solar tracker installation
[37]. Although the temperature range of the heat transfer medium
and the power is lower, such a geometry allows comparative ana-
lyses of the different types of absorbers being developed [38].
However, to obtain high-quality results, it is essential to consider
the application of solar tracking, and include the influence of im-
perfections and errors on the results.

As there is still a lack of information in the literature of the
subject about different types of errors and requirements of solar
trackers for low concentration geometries, the following analysis
has been performed to fill this gap. The motivation for the analysis
was to determine the impact of the solar tracking error on the
existing research installation, including the optical efficiency,
thermal efficiency and concentrated radiation distribution on the
absorber surface calculations.

The main questions this article answers are: what is the
maximum tracker error that does not affect installation operation?
How does a positioning error affect the installation thermal effi-
ciency? How does the positioning error affect the radiation distri-
bution on the absorber surface?

The contribution of this paper is to provide researchers data on
the methodology of tracking error estimation, highlight the
tracking error affect on efficiency and to emphasize the validity of
using a proper tracking system. The paper shows a highly signifi-
cant dependence between imperfections in solar tracking systems
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and obtained results which emphasize the necessity of performing
such analysis.

2. Methods

The analysis of the impact of the solar tracker position error on
the performance characteristics of the concentrator is presented
based on a test facility of parabolic trough collector with low con-
centration ratio operating at the Silesia University of Technology,
located in the south of Poland. The installation shown in Fig. 1
consists of 3 parabolic trough collectors, each with a length of
1.5 m and an aperture width of 1 m, which can work both in parallel
and in series. The PTCs are installed on a 2-axis solar tracker. The
solar tracker operates with two actuators, one for each axis. The
installation allows tracking the sun in 2 ways: using a position
sensor or on a sun position database.

The purpose of the analysis is to determine the sensitivity of an
installation of a specific geometry to solar tracking system error.
The analysis based on numerical calculations was performed in
optical software APEX where the boundary conditions for ther-
modynamic model were evaluated. APEX software is based on the
Monte Carlo ray-tracing method, common in CSP installation
research. In the analysis, the concentrated solar power supplied to
the absorber surface as a function of the system position error was
determined.

Then, the mathematical model was used for calculating the ef-
ficiency of analysed installation. The methodology of each study is
presented in the following subsections. The information on solar
radiation and parabolic trough collectors geometry, crucial for the
analysis, is presented in section 2.1.

2.1. Solar radiation

The global solar irradiance Iz reaching the surface at any angle 8
to the horizontal surface is the sum of three radiation components:
direct Igg, diffuse Ipg and reflected Igg (1), [39].

(1)

Considering solar radiation concentrators, only radiation whose
rays are parallel to the optical axis of the focusing system should be
taken into account. Because the absorber is not a point heat
receiver, some deviations from the above assumption are allowed.
In practice, the diffuse radiation rays propagate in all directions, so
the concentrating optical system does not focus this radiation on
the absorber, regardless of the position of the system. It can be
assumed that the diffuse solar irradiance incident on the absorber
surface, corresponds to the value of this radiation on the horizontal
plane, regardless of the position of the optical system. The above
assumption is correct for the model of isotropic sky radiation,
which is true for low global irradiance reaching the horizontal
plane I, < 800 W/m? [40]. In Poland, such an assumption does not
cause significant errors, due to relatively short periods of higher
radiation occurrence, which takes up to 5% of the time between
sunrise and sunset, based on data provided by Photovoltaic
Geographical Information System [41] and the website of the
Ministry of Investment and Development, presenting Typical
meteorological years and statistical climatic data for energy cal-
culations of buildings [42]. The reflected radiation also spreads in
many directions, although in some cases this radiation may
constitute a significant part of the global radiation, e.g. when rays
reflected from the water surface or the glass facade of a building
reach the receiver. The rays of the reflected radiation are not par-
allel to the direct rays, therefore this radiation can be ignored when
analysing the operation of the solar concentrators per year,

Iﬁ 1135 + IDﬁ +1Rﬁ



B. Stanek, D. Wecel, £. Bartela et al.

‘i

2-axis solar tracker
—

|
l
A
)

=

125

Renewable Energy 196 (2022) 598—609

[ =
Thermal fluid

i
I

\*’ |

o

a4

& Thermal fluid @
inlet 1
EEEEE

\
= %

Fig. 1. Parabolic trough collector test facility with 2-axis solar tracker.

especially when concentrating optical system is tracking the sun's
movement.

Direct radiation is a component of global radiation that reaches
a given surface directly from the sun, without any refractions. Since
the sun is not really a radiation point source, not all direct rays
reaching a given focusing system parallel to its optical axis. It can be
assumed that all the focused direct rays will reach the absorber, by
selecting the appropriate proportions of the absorber dimensions
to the parameters of concentrating system. The concentration dis-
crepancies of the sun's rays result from the so-called the half angle
s, due to the distance between the Earth and the Sun R and the
Sun's radius r (Fig. 2).

During the year, the distance between the Earth and the Sun
varies within a range: 147.1 x 10° km (January 3) to 152.1 x 10® km
(July 4) [43]. Assuming a constant radius of the sun, the half-angle
varies during the year with the range fs = 0.266 + 0.004°. Usually,
the half angle is given for the average distance between the Earth
and the Sun, which is s = 0.267° = 16'.

2.2. PIC geometry

The geometry of parabolic concentrators enables the rays to be
concentrated in the focal point, but only if the optical axis of the
concentrator is parallel to the incident rays. The parabola is
described by the equation (2), [44]:

X =4y,

where f is the focal length.
In the case of a circular absorber, its center should be at the

(2)

mirror focus. PTCs are performed with various parameters defined
by: aperture width (W), focal length (f), height of the reflector/
mirror (h), which can be determined from geometric dependencies
in Eq. (3), [45,46]:

W2
= W

Instead of the height of the reflector, the rim angle (o) is also
given, which defines the "flatness" of the shape of a finite parabola.
Rim angle can be calculated from Eq. (4), according to Ref. [45]:

8(fw) L),

16(f/W)2 -

where, r, — maximum mirror radius.

A schematic of the investigated installation of parabolic trough
collector is shown in Fig. 3. The characteristic parameters and
values describing its geometry are marked in the figure. The solar-
half angle and 64 and 6, angles of the solar tracker position error are
also marked. Since the system under study has 2-axis solar tracker,
and according to Refs. [47,48], 6, up to 15° does not significantly
affect losses and solar radiation distribution, the analysis presented
here focuses on the effect of angle 04 on the system operation. The
installation dimensions for all cases are summarised in Table 1. The
individual cases differ in the size of the absorber, hence the con-
centration ratio of PTC, and the use or lack of a glass tubular
envelope.

h (3)

Pr = tan~!

(4)

Fig. 2. Suns half-angle presented as a Sun-Earth (concentrator) position.
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Fig. 3. Geometry of parabolic trough collector.

2.3. Optical analysis

Modeling the influence of solar tracker errors was performed
using the optical-engineering software APEX [49]. This numerical
tool enables tracking of the simulated rays, analysis of the illumi-
nated surface considering the influence of individual optical ele-
ments and their properties in complex 3D geometries. Considering
the shape, reflectivity, coatings of individual elements of the sys-
tem, the software enables calculating distribution and power
analysis on selected surfaces [50]. The software uses the Monte
Carlo ray-tracking method, which is a mature, well known method
for CSP and CPV system analysis [51—53]. Moreover the APEX
software has been extensively used in author's previous work for
optimization the solar simulation for PTC testing [54]. The results
presented in authors another previous work [55], where the APEX
software was used, indicated high compliance of the numerical
data with experimental ones, where simulated radiation in
designed solar simulator was measured. Therefore the numerical
results obtained in following analysis are considered highly reli-
able. Selection of the software was supported with its commercial
maturity, ease implementation and satisfactory accuracy [56]. The
embedded method is also reliable for complicated radiation sim-
ulations which was reported in other researchers papers
[54,57—59].

In the MCRT method, the Bidirectional Reflectance Distribution
Function (BRDF) is used to describe the reflected beam behaviour
[60]. This method allows to tracks the energy of each simulated ray
and calculate the total flux and its distribution. The BRDF function

describes the form at which the incident light over a surface is
scattered. The BRDF function graphically presented in Fig. 4 is
defined as the scattered radiance per unit incident irradiance, and is
described by Eq. (5) [61]:

dL.(6;, P
BRDF(0;, @, 07, @) :W (5)
1 1 1

where, dL;(6;, ®;) is the unit of radiant energy per unit of solid
angle (W/m?sr); the irradiance dE;(6;, @;) is the incident power flux
density per unit area (W/m?). The angles 0;, ®;, 0y, @, are the polar
and azimuth incident angles and polar and azimuth reflected an-
gles, respectively.

A model of the analysed device is presented in Fig. 5. The model
consisted of a parabolic mirror and tubular absorber placed in a
glass vacuum tube (glass envelope for case 1 and 3). Table 1, pre-
sents the dimensions of the analysed system along with the optical
properties assumed in the analysis.

A parabolic mirror with the dimensions specified in Table 1 is
characterised by the surface of reflectivity equal to 0.9. The
absorber covered with a selective coating with the absorption 0.96
is placed in the focal point of the mirror, the emissivity of the se-
lective coating is 0.1. The parameters of the analysed coating are
according to the data for four layer coating W/CrAISiNy/CrAISiOyN/
SiAlOx reported by Al-Rjoub et al. [62] The absorber is surrounded
by a borosilicate tubular envelope whose function is to minimise
convection losses. The refractive index of the glass tube with
respect to vacuum is 1.5163.

The calculations were performed by modeling direct normal

Table 1

PTC dimensions and optical model parameters.
Parameter Symbol Case 1 Case 2 Case 3 Case 4 Unit
Receiver internal diameter dri 29.7 29.7 173 173 mm
Receiver external diameter dre 337 337 213 213 mm
Glass cover internal diameter dei 63.6 - 63.6 - mm
Glass cover external diameter dee 70 - 70 - mm
Width w 1 m
Length L 1.5 m
Focal length f 0.25 m
Receiver emissivity er 0.1 -
Glass cover emissivity ec 0.88 -
Glass cover transmittance T 0.95 -
Receiver absorptivity o 0.96 -
Parabolic mirror reflectivity 4 0.9 -
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Fig. 4. Graphically presentation of Bidirectional reflectance Distribution Function
(BRDF) of the incident ray on the surface.
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Fig. 5. Numerical investigation model in optical engineering software.

radiation. Sun model was used as a radiation source, which
included the solar half angle 65 = 0.27°. The simulations were car-
ried out by changing the value of the radiation flux emitted by the
source in the range of 200—1000 W/m? and changing the angle of
the optical axis of the mirror, relative to the theoretical line con-
necting the center of the light source with the center of the
absorber (the so-called incidence angle 64) from 0° to 6°. This angle
was changed by rotating the concentrator around the absorber
longitudinal axis.

Based on the simulation, total solar power on absorber external
surface and distribution of solar irradiance on outer absorber
circumference were determined. Solar power absorbed by the
external surface of the receiver can be presented as Eq. (6) based on
[63]:
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Qre= Nopt *Aa-lp (6)

where, nopt—optical efficiency, Aq- aperture surface area, m?; Ig-
direct solar irradiance, W/m?.

The optical efficiency is the product of the individual optical
parameters of the system components (7) [64]:

nopt:(a'T‘C)’u()x (7)

where: « - receiver absorptivity; 7 - transmittance of glass enve-
lope; {- parabolic mirror reflectivity, ug,- coefficient resulting from
the tracking error (for 0x = 0°, ug, = 1).

The dimensions of the PTC allows to determine an important
parameter, the concentration factor C. This parameter describes the
radiation concentration process. In other words the concentration
ratio is the coefficient by which the incident energy flux Iy is
optically enhanced on the receiving surface.

Based on the geometrical dimensions of the mirror and the
absorber, a geometric concentration ratio can be determined as Cg
in Eq. (8). This parameter is usually indicated when describing PTC
systems [65]:

A
Ge= 4o ®)

Are
where: Ay, — external area of the receiver.

In the case of a cylindrical absorber, the concentration factor is
calculated for the entire surface area of the absorber (irrespective of
the part of the absorber on which the concentrated radiation falls)
and not only for its diameter. The solar radiation is not uniformly
distributed on the absorber surface [9] moreover, the optical sys-
tem has some imperfections, so other coefficients are provided
[66]. Based on the radiant flux values incident on the mirror surface
Ig and the average value of the radiant flux over the receiver, the
optical concentration ratio Copt (or flux concentration ratio) can be
determined as Eq. (9) according to Ref. [67]:

/ﬁ J Ilrdr.eAr‘e

Ig

9)

Copt =

where: [, — local radiant flux on the receiver.

2.4. Thermodynamic analysis

The equations presented in the following section of the paper
are intended to determine the effect of the tracker error of a
parabolic solar concentrator on its global efficiency characteristics.
The tracking error has a direct effect on the partial under-radiation
of concentrated solar radiation to the absorber surface, which leads,
to a smaller temperature rise in the analysed linear absorber. The
calculations were performed using a developed calculation algo-
rithm, based on [63,64,68].

The useful heat collected by the thermal fluid, which can later be
used in heating or other technological processes, can be calculated
from the following Eq. (10) as suggested in Ref. [69]:

Qu:m‘cp’(Tout*Tin): (10)

where, Q- useful thermal energy in the absorber, W; m — mass
flow, kg/s; ¢,- specific heat, J/kg K; Toyr — outlet temperature of the
circulating medium, K; Tj,- inlet temperature of the circulating
medium, K.

The useful thermal energy can also be represented by Eq. (11),
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which considers the optical efficiency of the radiation concentra-
tion and the effect of solar tracker error [64]:
Qu:nopt'Aa'IB = Qioss (11)
where: Q- energy losses, W.

The solar energy fed into the parabolic trough collector system is
described by Eq. (12) based on [70]:

Qs =Aqg-Ip. (12)

According to Kalogirou [46], the efficiency of parabolic trough
collector is defined as the ratio of useful thermal energy to solar
energy (13):

0
System losses can be described by both equations (14) and (15)
according to Refs. [45,71]:

n= (13)

Quoss =0+ e+ Ace * (T8~ Tay) + Ace * hea* (Te = Tamp) (1)
G-Acer (TH—TA

oss:% (15)
& e A

where: g- Stefan-Boltzman constant, W/m? K% e~ emissivity of
glass cover; ¢~ emissivity of selective coating on receiver external
surface; T.- mean cover temperature, K; T,,,,,- ambient tempera-
ture, K; T,- mean receiver temperature, K; h,- heat transfer coef-
ficient, W/(m? K).

The given temperatures are average values for the individual
absorber surfaces. These surfaces are determined as follows:
Ai:ﬂ"di‘L (]6)
where, d;- d;;, dre, dcj, dce; L-absorber length, m.

Eqgs. (14) and (15) refer to cases 1 and 3, where the glass tube
forms a vacuum envelope around the tubular receiver. In this cases,
the total losses are considered as the sum of the convective losses
from the surface of the glass tube to the ambient and the radiation
losses of the glass tube to the ambient. Another approach to this
issue is presented in eq. (15) where losses are defined as radiation
losses from the surface of the tubular receiver to the glass envelope.
By using a glass envelope and vacuum, convection losses from the
surface of the tubular receiver are eliminated.

In Cases 2 and 4, the installation did not include a glass vacuum
cover, the effect of its absence was investigated. Therefore, Eq. (17)
for these cases is as follows [45,71]:

Quss =0+ er Are + (T =iy ) +Are * hia- (T = Tam) ~ (17)

The heat transfer coefficient from the receiver inner wall to the
fluid is an important parameter in calculating the device efficiency.
Two correlations of the Nusselt number were used in the mathe-
matical model [68,72]. Eq. (18) was used for a laminar flow:

0.0668-Re-Pr-%:

Nu; =3.66 + 5 (18)
1+ 0.04- (Re-Pr-%)*
For turbulent flow, Eq. (19) was used:
Ny =0.023-Re®8 - Pri (19)
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The validity of using these two correlations is suggested by
Tzivanidis et al. [68], highlighting the high compliance with the real
model.

The Nusselt number can be defined according to Eq. (20),
considering the convection coefficient [73]:

(20)

where, h- convection coefficient; W/m?K; k-thermal conductivity,
W/m K.

Eq. (21) shows the method of determining the convection co-
efficient, where the input values are parameters extracted from the
model for a given absorber section [74].

o &
(medyiL)(Tr = Tin)

(21)

The calculation of the convection coefficient uses the average
temperature of the fluid [74]:

_ Tout + Tin
—

The analyses were carried out for thermal oil Therminol VP-1
[75]. It is a heat transfer medium with highly efficient heat trans-
fer properties used in large scale solar power plants [74,76] and in
the installation shown in Fig. 1. The characteristic parameters of the
fluid as a function of temperature, are summarised in Table 2.

To determine global characteristics for the technology analysed,
wide-parametric analyses were carried out for the variables shown
in Tab. 3.

Tm (22)

3. Results and discussion

The following section presents the results of the performed
analyses. The results of the optical analysis carried out in numerical
software are presented in first section. The next section presents
the results of the thermodynamic analysis of the parabolic trough
collector. The final chapter is devoted to a discussion of the radia-
tion distribution on the linear absorber.

3.1. Optical results

3.1.1. Study of ray quantity dependence

For the MCRT method, high accuracy can be obtained with high
rays number. To increase the accuracy of the results and optimize
the computational cost, the analysis of rays number was performed.
Fig. 6a presents the ray-tracing results for the selected absorber
section. Under ideal conditions, the intensity of radiation concen-
trated on the absorber length, assuming a single reference point on
the circumference, should be constant. Relative intensity depen-
dence analysis for rays from 20 million to 300 million was
performed.

The results indicated that the best case is the use of 300 million
rays. Considering 300 Mrays as a reference case, the relative error
for the 120 million rays case was a maximum of 1.21%, as shown in
Fig. 6b. Therefore, the 120 million rays option was considered to be
optimal in terms of performance and computational cost. Results
presented in the analysis were performed using 120 million rays.

3.1.2. MCRT results

Based on the simulation, a set of light rays were obtained. The
distribution of rays in the cross-section of PTC for selected three
tracking error is shown in the Fig. 7. Distribution is presented for
case 1.
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Table 2

Therminol VP-1 thermal fluid parameters [75].
Parameter Symbol Value Unit
Max. temp. for industrial applications Tmax 400 °C
Density p —0.856 T + 1316 kg/m>
Specific heat Cp 2.7137 T + 761.88 J/(kg-K)
Thermal conductivity k —1.36E-04 T + 0.1773 W/(m-K)
Dynamic viscosity 250568541 T ~ (—4.407) Pa-s

Characterization:

1
mixture of biphenyl and diphenyl oxides
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Fig. 6. Determination of the number of used rays in MCRT: a) rays presented between 20 Mrays to 300 Mrays, b) relative error with respect of the best estimate 300 Mrays.

For reference case (04 = 0°), the radiation distribution is uniform
about the y axis. A larger tracker error, and thus a higher angle 0y,
affects the concentration of radiation on one side of the absorber.
Part of the radiation is scattered enough that it does not focus on
the surface of the tubular receiver. Increasing the incident angle
(tracking deviation) to value of 4° causes that almost all rays pass
the absorber. The tubular glass envelope with assumed refractive
index and material parameters has a low impact on the overall
distribution of the simulated rays.

The total solar power on receiver external surface (Q;e) was
calculated for the entire length (L = 1.5 m) of absorber. Figs. 8 and 9
presents the results of the analysis. A small increase in the amount
of energy reaching the absorber was obtained for smaller diameter
of the absorber. However, a much greater sensitivity to the inci-
dence angle was observed. For an absorber with a diameter of
33.7 mm (Case 1 and 2), the change of the angle 64 to approx. 2°
does not cause any significant changes in energy reaching the
absorber, and the ability of the optical system to concentrate occurs

up to an angle of 4°.

In the case of an absorber with an outer diameter of 21.3 mm
(Case 3 and 4), the energy flux incident on the absorber does not
change to the angle of 1°, and the concentration is up to the angle of
2.5°. Reducing the diameter of the absorber pipe allows to increase
the concentration ratio, but at the same time causes greater
sensitivity to any concentration errors. An absorber with smaller
diameter, for a perfectly positioned concentrator, receive a slightly
larger total solar power on its surface, which is related to a smaller
shading of the mirror by the absorber.

For case 1 and 2, after reaching the 4° of solar tracker error, the
only radiation that reaches the absorber is non-concentrated ra-
diation - reaching directly the absorber without any reflection or
multiplication. For case 2 and 3, this value of tracker error is 2.5°.

Because the tubular glass envelope is not 100% transparent and
the light rays refract on its surfaces, the energy reaching the
absorber in the case 2 and 4 is over 10% higher than in the case with
the glass tube. In practice, the glass cover is an essential part of the

Fig. 7. Solar radiation path for selected tracker error presented in the cross-section: a) 6y = 0°, b) 6y = 2°, ¢) 0y = 4°.
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Fig. 8. Solar radiation supplied to the linear absorber including the PTC optical effi-
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Fig. 9. Solar radiation supplied to the linear absorber including the PTC optical effi-
ciency as a function of solar tracker error for case 3 and 4.

PTC used to limit convective heat losses, which is presented in
thermodynamic analysis results. The results of optical concentra-
tion ratio calculations are presented in Table 4.

3.2. Thermodynamic results

The results of the thermodynamic analysis are presented in
Figs. 10 and 11, separately for both geometries of the analysed ab-
sorbers. The efficiency profiles are presented as a function of (Tip-
Tamb)/Is = (AT/Ig), as polynomials of 2nd degree. The input pa-
rameters for the analysis performed were the results of optical
modelling. For each case, multi-parametric analyses were per-
formed for the same data set, shown in Table 3. In fact, the
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Table 3

Assumption for wide range thermodynamic analysis.
Parameter Symbol Value Unit
Irradiance Is 100—1000 W/m?
Mass flow m 0.01-0.15 kg/s
Ambient temperature Tamb 250—-310 K
Inlet temperature Tin 315—600 K
Convection coefficient hea/hra 10 W/(m?K)

temperature dependence of heat losses in quite complex, therefore,
these results should be considered as trend lines in various con-
ditions. These profiles can also be used for long term and system
analyses.

As AT/l increases, the total efficiency of the absorbers decreases
due to higher losses from the system. It should be noted, however,
that the efficiency of the absorber drops significantly in the absence
of a vacuum shield, which highlights the need for using one.

For a value of AT/I, close to zero, the efficiency in case 2 is about
0.3% points higher than for the case with the glass cover applied.
This is the only case where case 2 has a higher efficiency than case 1,
due to the very low radiation and convection losses in the system
and the lack of loss due to the transmissivity of the glass tube. The
efficiency for the glass envelope cases is significantly higher.

For reference value of 0y = 0°, the efficiency for case 1 is in the
range 78-67%. The maximum reduction in efficiency is therefore 11
pp. For the same example, but without the use of a vacuum shield,
the efficiency range is between 81% and 18%. The reduction in ef-
ficiency in this case is 63 pp.

The impact of the tracking system error was determined for all
cases. For case 1 and case 2, an error of 1° does not significantly
affect the global performance of the absorber. With an error of
0x = 2°, the reduction in efficiency averages 4.7% points. For an error
of 6x = 3°, the reduction is 36.2 pp. The error 6x = 4° is a 99.8%
reduction in efficiency relative to the reference case.

It is also worth noting that the error of the tracking system re-
duces the application spectrum of the parabolic concentrator in
some cases. This means that heat loss to the environment is almost
100% of the energy input to the receiver surface. For an error 0x = 4°
for case 1, for a value AT/l > 0.36, the device efficiency is 0%. For the
same error and case 2, the operating range as a function of AT/l is
only 0.06.

For cases 3 and 4, where a smaller diameter absorber is used, a
lower decrease in efficiency can be observed for the entire spec-
trum of application of the device (the slope of the curve is lower
than for the larger diameter receiver). For the reference condition
0x = 0°, where a vacuum cover is used, the efficiency is in the range
79%—72%. This means that despite the higher degree of concen-
tration, the reduction of the absorber's surface area, i.e. the loss-
emitting surface area, has a positive effect on its efficiency. What
is strongly noticeable, is that a small tracker error highly affects the
efficiency of the absorber. The error 6x = 1°, which did not affect the
operation of the device in case 1 and case 2, in these cases leads to a
reduction in efficiency of almost 1 pp, and 0y = 2°, 42.5% points.

3.3. Radiation distribution

For proper analysis of heat transfer along the entire length of the
absorber, it is advisable to determine the radiation distribution over
its entire surface. It is assumed that the distribution will be identical
along the longitudinal axis of the PTC. All calculations were made
with the assumption of a two-axis tracking system, therefore the
axis of the optical system is always oriented towards the sun.
During the simulation, only the influence of errors in the position of
the solar tracker in relation to the longitudinal axis of the PTC was
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Table 4
The results of optical concentration ratio calculations.
0x, © Case 1 Case 2 Case 3 Case 4
Cop( - Copnexlcopl,ex =0 Ccp[ - Copnex/Cup[,ex =0 Cop[ - Cop[vex/Cop[,ex =0 Cop[ - Copnex/copr,ex =0
0.0 7.36 1.00 8.28 1.00 11.81 1.00 1333 1.00
0.5 7.36 1.00 8.28 1.00 11.81 1.00 1333 1.00
1.0 7.36 1.00 8.28 1.00 11.68 0.99 11.68 0.88
1.5 7.36 1.00 8.28 1.00 9.38 0.79 9.38 0.70
2.0 6.91 0.94 7.79 0.94 5.40 0.46 6.25 0.47
2.5 543 0.74 6.14 0.74 1.08 0.09 1.08 0.08
3.0 3.92 0.53 447 0.54 0.28 0.02 0.28 0.02
35 227 031 2.64 0.32 0.27 0.02 0.27 0.02
4.0 0.55 0.07 0.64 0.08 0.27 0.02 0.27 0.02
4.5 0.28 0.04 031 0.04 0.27 0.02 0.27 0.02
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Fig. 10. Parabolic trough collector efficiency calculated for wide multi-parametric analyses, case 1 and 2.
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Fig. 11. Parabolic trough collector efficiency calculated for wide multi-parametric analyses, case 3 and 4.

analysed. As research shows, the change of the sun position in
relation to the transverse direction of the mirror, i.e. the change of
the incidence angle 6, value within the range of 15°, does not cause
significant changes in the radiation distribution on the absorber
surface [47,48]. Therefore, modeling with the variable angle 6, was
not performed. The results of the distribution of solar irradiance on
outer circumference of the absorber were presented in the Fig. 12.
The calculations were set for the value of the incident angle at
which the rays are still concentrated on the absorber surface. All
charts were created for solar irradiance 1000 W/m?. Fig. 12 also
shows the description of the angles around the circumference of
the absorber.

For each of the analysed cases, at an incident angle different

606

than 0°, the distribution of solar irradiance on outer circumference
of the absorber is non-uniform. It is caused by focusing the rays
only on a part of the absorber, shading of the mirror part by the
absorber and the non-parallelism of the sun's rays. The symmetry
in distribution of solar irradiance is only visible for the no solar
tracker error. Increasing the incident angle 60y changes the
concentrated flux distribution and results in obtaining much higher
local values of concentrated energy flux. With a higher solar tracker
error, the total solar power on absorber decreases significantly and
the area of the absorber to which the concentrated flux reaches is
reduced. The presented distributions confirm the greater sensi-
tivity of the system with a smaller absorber diameter to solar
tracker error. There are also greater differences in the local values of
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Fig. 12. Radiation distribution on the absorber external surface for selected solar tracker error (Is = 1000 W/m?): a) Case 1, b) Case 2, c) Case 3, d) Case 4.

concentrated energy flux for a system with a higher concentration
ratio.

4. Conclusion

The paper presents the optical and thermodynamic calculation
results of the small parabolic trough collector of geometry consis-
tent with operating PTC installation. The optical-engineering soft-
ware used allowed to determine the ray propagation paths and
analysis of the illuminated surface considering the influence of
individual optical elements and their properties.

The maximum angle error of the solar tracker for the tested
geometry, not significantly affecting the performance of the linear
absorber for a diameter of 33.7 mm is 1.5°, for 21.3 mm is 0.9°. It
was found that increasing the concentration ratio by reducing the
absorber diameter causes increasing the sensitivity of the system to
optical errors. For 33.7 mm absorber diameter, 3° tracking error
causes decrease in concentration ratio from 7.36 to 3.92. For smaller
absorber diameter, reduction from 11.81 to 5.4 is calculated for 2°
error. The maximum tracking error for 33.7 mm and 21.3 mm
diameter in this geometry is 4.5 and 2.7 respectively. For higher
values the solar radiation is not concentrated on the absorber.

The use of a glass cover reduces the energy value reaching the
absorber surface due to the transmittance of light rays, but also
glass envelope of this size did not affect the distribution of
concentrated energy flux significantly. The results show a strong
decrease in absorber efficiency in the absence of the glass envelope
with the vacuum barrier. For (Tip-Tamp)/Ib = 0.15 and 33.7 mm
absorber the decrease in efficiency for vacuum and co-vacuum case
was 10%. For 21.3 mm, the efficiency decrease from 77% to 73%.

In analysed parabolic trough collectors with larger solar tracking
error, the greater differences in the values of concentrated energy
flux reaching the absorber surface can be noticed, which may cause
greater temperature gradients in the absorber and worse heat
transfer to the fluid but also cause a high stresses in absorber
material. For 1000 W/m? and 2° tracking error, the maximum value
of concentrated irradiance for 33.7 mm increase from 17 500W/m?
to almost 32 000 W/m?. For 21.3 mm absorber the irradiance in-
crease from 20 000 W/m? to 34 000 W/m?.

The results underline the need for a highly accurate solar tracker
system even for low concentration solar technologies.
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NOMENCLATURE

A area, m?

C concentration ratio

Cp specific heat, J/(kg K)

d diameter, m; mm

f focal length, m

h height, m

hea/hra heat transfer coefficient, W/(m2 K)
I irradiance, W/m?

k thermal conductivity, (W/m K)
L length, m

Nu Nusselt number

Pr Prandtl number

Q power, W

r sun radius, km

R Sun - Earth distance, km

Re Reynolds number

It maximum mirror radius, m

T temperature, K
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W width, m
u tracking error coefficient
m mass flow, kg/s
o absorptivity,
€ emissivity,
4 reflectivity,
n dynamic viscosity, Pa-s
p density, kg/m?
T transmittance,
br rim angle
n efficiency,
a Stefan-Boltzman constant, (5.67 x 10— 8 W/m?K*)
[ angle, ©
Subscripts
A aperture
amb ambient
B beam (direct)
C glass cover
ca cover to ambient
D diffuse
e external
f fluid
g geometric
i internal
in inlet
loss losses
Ir local radiant
m mean
opt optical
out outlet
R reflected
r receiver
ra receiver to ambient
S sun/solar
u useful
X X axis/position
y y axis/position
z z axis/position
Abbreviations
CSP Concentration solar power
PTC Parabolic trough collector
SHIP Solar heat industrial process
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