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Abstract

Concentrating solar thermal technologies require complete and efficient engineering in
order to obtain the maximum performance of each facility. The thermosolar field is still
emerging, and, in many cases, the technology and facilities used are expérimenta
Therefore, it is necessary to apply advanced simulation tools to predict the behaviour of th
heat transfer fluid in the solar thermal installation and to define and optimise the operating
conditions of the system.

In this sense, Computational Fluid ymics (CFD) is applicable to a wide range of
situations, because it is able to reproduce extreme and complex operating conditions whic
are difficult to monitor. This problem may arise in any type of solar thermal facility.

Several different groups of coemtrating solar thermal technologies can be defined:
mediumconcentration solar technology, highncentration solar technology, and the one
devoted to solar fuels and industrial processes atthigiperature. Each facility has its
own singularities and ihay present a type of problem.

This chapter describes the application of the CFD modelling to solve design issues and t
optimise the operating conditions in different facilities belonging to the concentrating solar
thermal technologies mentioned. Siatitn results led to determine both the best design of
the facility and the operating conditions optimised for each system.

For the mediuntoncentration technology, two cases have been analysed. One of them
studies the influence of an air gap on the termpee monitoring of absorber tubes tested in

an experimental facility installed to characterise the absorber of par#ooigh collectors.

In the other study considered, the pressure distribution of a heat transfer fluid is evaluate
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when it is pumped tlough a test loop of parabolitough collectors in order to examine the
operating conditions of the pump.

Furthermore, a section of this chapter has been dedidat the thermal evaluation of
volumetric receivers related to the highncentration solatechnology. In this case, the
intended aims are to predict their thermal behaviour and to determine the influence of
different operating conditions on their thermal efficiency.

Finally, the optimisation of the flow distribution in a solar reactor-givemler was
developed by CFD modelling in order to avoid the impact of reactive particles on a quartz
glass window located at the entrance of the reactor. This facility was built for the steam
gasification of carbonaceous patrticles using concentrated solatioadi

The studies gathered in this chapter are some examples of the CFD application in solar
thermal engineering and, as previously mentioned, the potential use of this simulation tool
is increasingly widespread in the thermosolar field
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1. Introduction

Concentrating solar thermal (CST) technologies belong to an engineering field welnic
significantly contribute to the delivery of clean, sustainable energy worldwide: the so
called Solar Thermal Electricity (STE), which has been traditionally called Concentrating
Solar Power (CSP) als¢Figure ). It can produce electricity on demand when dggib

with thermal energy storage, providing a dispatchable source of renewable @hergyal
storage is relatively easy to integrate irf@9E technology, and allowSTE plants to
smooth variability, to firm capacity and to take advantage of peak powsrsp8TE
generation is similar for the power block to conventional thermal generation, ngkihg

well fitted for hybrideation with complementary solar field and fossil fuel as primary
energy sourceMoreover, CST technologiesan be applied inndustrial processes to
desalinig water, improve water electrolysis for hydrogen production, generate heat for
combined heat and power applications, and support enhanced oil recovery opgrafibns
This broad range of applications makes it necessary to imphevefficiency of the CST
technologies, which depends on dirbetam irradiation. Thus, it obtains its maximum
benefits in arid and serarrid areas with clear skies where STE plants are installed. These
facilities use curved mirrors to concentrate soldraton onto a receiver which absorbs the
concentrated radiation. A heat transfer fluid passes through the receiver and, for electricity
generation, it drives a turbine, converting heat into mechanical energy and then into
electricity[1].

There are four min CST technologies distinguished by the way they focise s unés r
and the technology used to raeethe solar energy: parabaclioughcollector (PT) solar

! Historically CSP universally referred only to and was used in place of STE. It is only in recent years that the
term STEis becomingwidespread and that some organizations moved the CSP definition to a higher level to
include both STE and CP{Concentratig Photovoltaig. However, some organizations still use CSP to refer to
and in place of STE, and in these cases CSP does not include CPV.
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tower(ST), linear FresnglLF) and parabolic disfPD). PT andLF reflect the solar rays on

a focal linewith concentration factors othe order of 680 and maximum achievable
temperatures of about 550°@ PD and ST plantsnirrors concentrate the sunlight on a
single focal point with higheroncentration factors (660,000) and opeiting tenperatures
(800-1000°C) [3]. However,in solar tower and linear Fresnel, the receiver remains
stationary and mechanically independent fromdtecentrating system, which is common
for all the mirrorsin PT and PD technologies, the receigad concentratig system move
togetherenabing an optimal arrangement togeen concentrator and receivegardless of
the position of thesun[1].
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Figure 1.CSP technologied].

A detailed description of each CSP technology is included in the following sections:

9 Parabolietrough collector

This is the most mature dStechnology, accountinfpr more than 90% of the currently
installed STE capacityworldwide. As illustrated inFigure 2,solar fields using trough
systems capture the solar radiation using large msirsbaped like a parabola. They are
connected together in long lines of up to 300 metres and traskuhe 6 shropghdutithe
dayalong a sintp axis (usually East to WegD, 3].

Theparabolic mirrorsendthe solar beam onto a receiver pipe whicloisated at the focal
line of the parabola and filled with a specialised heat transfer fluid. These red¢eivera
special coating to maximise energy absorption and minimise infrareidradiation In
order toavoid convection heat lossebe pipesvorkin an evacuated glass envelope.

The thermal energys removed by the heat transfewifl (e.g. synthetic oil, molten salt)
flowing in theheatabsorbing pipeand transferred to a steam generator to produce the
superheated steam that drivethe turbing[3]. Once the fluid transfers its heat, it is
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recirculated into the system for reuse. The steam is also cooled, condensed and reused.
Furthermore, the heated fluid in PT technology can also provide heat to thermal storage
systems, which can be used to geteegdectricity at times when the sun is not shirjRig

Most PT plants currently in operation have acifies betweeB80-100 MW, efficiencies of

around 1416% (i.e. the ratio of solar irradiance power to net eleotrtput) and maximum
operatingtemperatures of 390°C, which is limited the degradation of synthetic oil used

for heat transfer. The use of molten salt580°C and wateisteam at 500°Gor heat
transfer purposem PT plantsis underinvestigation High temperaturanolten s& may
increase both plant effiency (e.g. 15%1.7%) andhermal storage capacit$].

Parabolic-trough reflector

rrefl

Figure 2 Parabolietrough collector (a) and linear Fresnel.(b)

9 Linear Fresnel

LF plants (Figure2b) are similar to PT plants buise a series of groudshsed, fht or
slightly curved mirrors placed at d#fient angles to concentrate the sunlight onto a fixed
receiver located sevenaleters above the mirrordid. Each line of mirrors isquipped with

a singleaxis tracking system to conot&rate the sunlight onto thexéd receiver. The
receiver consists of a longelsctivelycoated tube whereding water isconverted into
steam (DSG or Direct Steam Generation). Sincefdleal line inthe LF plant can be
distorted by astigmatism, a secondary mitoplaced above the receiver to refocus the
sundés rays. Muglti-tudben recaiverts ean beaused t0 eapture sunlight with no
secondary mirrof3].

The main advantages aF comparé to PT systems are the lower castgroundbased
mirrors and solar collectors (including structural suppanid assembly)Vhile the optical
efficiency of theLF system is lower than that of the Bfstems (i.e. higher optical losses),
the relative simlicity of the plant translateisito lower manufacturing and installation costs
compared to PT plantslowever, it is not clear wheth&fF electricity is cheapeihain that
from PT plants. In addition, akF systems use direct steam generation, thermal gnerg
storage is likely to be more challenging and expenditeis, LFis the most recent S
technology with onha few plants in operatig3].
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9 Solar tower

In the ST plants (Figurea® also called central receiver systems (CRS) or power tawer,
large numler of computesassisted mirrors (heliostats) track the sun individually over two
axes and concentrate the solar radiation onto a single reeg¢ithextop of a central tower
where the solar heat drives a thermodynamic cycle and generates electricilgntSTcan
achieve higher temperatures th&T and LF systems because they have ligh
concentration factors. The CR&n use watesteam (DSG) or molten salt as the primary
heat transfer fluid. The use of higkmperature gas is also being consideedy.
atmospheric or pressurised air in volumetric receiVi@is)

In a direct steam ST, water is pumped up the tower to the receiver, where concentrate
thermal energy heats it to around 350The hot steam then powers a conventional steam
turbine [2]. When DSGis used as heat transfer fluid, it is not required a heat exchanger
between the primary transfer fluid and the steam cycle, but the thermal storage is mor
difficult.

Depending on the primary heat transfer fluid and the receiver design, maxipauatiog
temperatures may range from 2300°C (using watesaturatedsteam) and up to 565°C
(using molten saltand watersuperheated steamTemperatures above 800°C can be
obtained using gasés.g. atmospheric airJhus, he temperature level of theipary heat
transfer fluid determines the operating conditions (i.e. subcritical, supercritical or ultra
supercritical) of the steam cycle in the conventional part of the power plant.

ST plants can be equipped with thermal storage systems whose operafintpteres also
depend on the primary heat transfer flu
molten salt at 565°C fdryoth heat transfeandstorage purposes. This enables efficient and
cheap heat storage and the use of efficient supercritieahstgcled3].

High-temperature ST plants offer potential advantages over oth@rt&®nologies in
terms of efficiency, heat storage, performance, capacity factors and costs. In the long rur
they could provide the cheap&EE, but more commercial experice is needed to confirm
these expectationddowever, a large ST plant can require thousands of computer
controlled heliostats, that move to maintain point focus with the central tower from dawn to
dusk, and they typically constitute about 50% of thetpléns c o st .

Current installed capacity includes ST plaize of around 11 MW and 20 MWor
water/saturated steafa.g. PS10 and PS2@mmercialprojects in Spaingand 120 MW for
water/superheated steam (e.g., IVANPAH project in EEUU with 880 distributedin

three different solar towers).arger ST plants have expansive solar fields with a high
number of heliostats and a greater distance between them and the central receiver. Th
results in more optical losses, atmospheric absorption and angular dedigdion mirror

and surracking imperfectionsTherefore, ST still has room for improvement of its
technologyf2, 3].

1 Parabolic dish

The D system (Figure 3b) consists of a parabolic dish shaped concentrator that reflect:
sunlight into a receiver placed at the focal point of the dibl. receiver may be a Stirling
engineor a micreturbine. B systems require twaxis sun tracking systemadoffer very

high concentration factors and operating temperatiites main advantages PD systems
include high efficiency (i.e. up to 30%) and modularity @&0 kW), which is suitable for
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distributed generation. Unlike oth8E options, PD systems do not need cooling systems
for the exhaust heat. This makes PDs suitable for use in-a@tstrained regions, though
at relatively high electricity generation costs compared to othef @8hnologies.
However, the PD system is stilhder demonstration and investment costs are still[Bigh

. (b)

Figure 3 Solar tower (a) and parabolic dish.(b)

As previously mentined, more than 90% of the install8T E capacityin 2014 consised
of PT plants; ST plants total abdlit0 MW and LF plants about 40 MW. A comparison of
CST technology performance is shown in Tablg]L

Table 1.Performance of CST technologigs6].

PT PT PT ST ST ST LF PD
Storage no yes yes no/yes nolyes yes no no
Status comm comm demo demo comm demo demo demo
Capacity [MW] 1580 50280 5 1020 50370 20 5-30 0.025
HT fluid oil oil salt steam steam  salt sat. st na
HTF temp [°C] 390 390 550 250 565 565 250 750
Storage fluid no salt salt steam na salt no no
Storage time [h] 0 7 6-8 0.51 na 15 0 0
Storage temp [°C] na 380 550 250 na 550 na na
Efficiency [%] 14 14 14/16 14 16 15/19 11/13 25/30
Cap. factor [%] 2528 2943 2943 2528 2528 5570 2224 2528
Optical efficiency H H H M M H L VH
Concentration 7080 7080 70-80 1000 1000 1000 6070 >1300
Land [ha/MW] 2 3 2 2 2 2 2 na
Cycle sh.st  sh. st sh.st sat.st sh.st sh.st sat.st na
Cycle temp [°C] 380 380 540 250 540 540 250 na
Grid on on on on on on on on/off

sat. st=satured steam; sh. st=superheated steam; L=low; M=middle; H=high; VH=very high
na=not applicable
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So far, lineaFresnel and parabolic dish systems are starting to commercially develop, and
parabolic trough and solar tower account for the vast majority of operational STE capacity.
despite the fact that these technologies reach a mediumtselactrcity efficiency.
Therefore, innovations in this field must provide a reliable, efficient andcoogpetitive
technology.

In this sense, STE engineering is focused on optimising the thermal energy conversiol
cycle and thermal storage. Innovations in C8%hnhologies must increase efficiency by
using advanced optical components and systems operating at higher temperatures, a
improve dispatchability by deploying advanced thermal storage and hybridisation concepts
New heat transfer fluids such as gases @motten salts are proposed to be used in CST
plants, together with the introduction of dry cooling designs to limit the water consumption
and reduce the environmental footprint of solar operafibri].

Next sections inhis chapter describe the apptioa of the CFD modelling to solve design
issues and to optimise the operating conditions in different facilities belonging to the
concentrating solar thermal technologies mentioned. Simulation results led to determine
both the best design of the faciléyd the operating conditions optimised for each system.

2. Medium-concentration solar technology

This section focuses on the analysis of issues found in two experimental facilities installec
to test and characterisemponents for parabolicoughs (PT) slar fields.These systems
belong to mediuntoncentration solar technology.

2.1 Thermal analysis of a characterisation chamber for absorber tubes used in parabolic
trough collectors

As previously mentioned, PT collectors consist of a reflector arabaarber tube where

the solar radiation is collected. In order to characterise the absorber, a test chamber h:
been designed and installed at laboratory scale. The CFD study analysed the therm:
behaviour of the test bed, so as to determine the influgfrene air gap on the heat transfer
between the constituent elements of the test facility.

9 Facility description and procedure

The characterisation of different absorber tubes for PT collectors is based on the analysis
their thermal map when they receithe thermal energy from a constant heat source. In
order to study this characterisation process, an experimental facility has been installed.

In this case, the test bed consists of-metrelong absorber tube of 0.065 in inner
diameter and twaluminium pieces coming from the division of a tubular block with
0.060m in diameter, which are placed in contact to the absauber interior by four
springs. There are two longitudinal slots in each aluminium piece where four resistors of
6.3q [7] are inserted, so as to provide the thermal energy to the absorber tube. The twc
pieces are separated by an air chamber of aronma &ick (Figure 4).

The aluminium pieces are used to hold the four resistors and to ensure a uniform hes
transfer to the awrber tube. The fact that only the upper and lower parts of the absorber
inner surface are in contact to the aluminium pieces restricts the tube monitoring to thes
zones.Several differenthermocouples are placed along the inner and outer surfaces of th
absorber tube within these areas in order to control the temperature distribution. Some inne
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thermocouples have been bent to ensure that their tips are in contact with the absorber inner
surface and others have been welded to a small steel plategasaedhe contact surface
between their tip and the absorber inner surface. The outer thermocouples have been
flanged and electrowelded.

Absorber tube

Aluminium pieces

Air chamber

Resistorinlet

Figure 4 Characterisation device for absorber tubes

Preliminary results showed a temperature difference legtwener and outer surfaces of
around 40°C and a thermal gradient of 30°C between two different points of the outer
surface. These high temperature differences are in disagreement with basic heat transfer
equations if a good thermal contact existed betwbenaluminium pieces and the inner
surface of the absorber tube. In order to determine the source of this problem, several
different CFD simulations were developed considering various configurations that took into
account the existence of an air gap betwéhe inner surface of the absorber tube and the
aluminium pieces (Table 2).

Firstly, the ideal case without air gap was compared with a real one considering an air gap
of 1 mm between the aluminium piece and the absorber tube but both elements maintained
their connection in the upper and lower parts. After this evaluation, the two configurations
with a greater air gap were studied, as so to determine the influence of the air gap on the
heat transfer to the absorber.

In all cases, the boundary condit®owere obtained from the steady state of one test, which
are collected in Table3.

M Numerical modelling

The simulation domain consists of a thdémensional geometry that represents a part of
the absorber tube whose front and back surfaces are thesew&ms. The subdomains
defined in the ideal case are included in Figure 4. If there is an air gap between the
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aluminium pieces and the inner wall of the absorber tube, theghamber subdomain is
greater than the one defined in the ideal case (Figure 5)

Table 2 Proposed configurations

Cases Air gap Distance aluminium pieee Front view
absorber tube [mm]
Case 1l No 0

Case 2 Yes 1

Case 3 Yes 2

Case 4 Yes 2 mm with reduced contac
surface

GOV

Table 3 Steadystate onditions.

Pressure [Pa] Voltage [V] Current 1 [A] Current 2 [A] Total power [W/m]
96300 84.32 5.76 5.74 24127

A mesh generator discretises the solution domain by a 3D mesh of tetrahedral element
which have a better adaptation to small zones (Figure 6) and an appropriaizecelas
selected to obtain a goaplality mesh [8]. In all cases, symmetrical cross section has been
considered as boundary condition in front and back surfaces.
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Absorber tube

Air chamber

Resistor inlet

Figure 5 Simulation domain with air gap

Figure 6 Mesh and boundary conditians

The CFD model involves solving the continuity,(momentum %) [9] and energy3) [10]

equationsbecause the dynamical behaviour of a fluid is determined by the conservation
laws[11].

W % a8=s, )
¢ =
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