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Abstract

In order to reduce the cost of the produced electricity, the Linear Fresnel Collector (LFC) system is a promising
Concentrated Solar Power (CSP) technology. In this paper a detailed study is conducted aimed at the assessment of
the heat losses from the receiver of a real 1 MWe pilot plant based on the Fresnel collector and cooled with a thermal
oil. The receiver unit, which consists of an absorber tube and a compound parabolic concentrator (CPC), is investigated
numerically in order to determine the receiver performance in different wind directions. Two receiver configurations
are analyzed: a simply encapsulated one and an evacuated one. In the latter case, high vacuum conditions are reached
in the gap between the absorber tube and the glass cover, whereas in the former case, air at ambient pressure fills the
gap. The spatial distribution of the heat flux absorbed by the absorber tube and by the glass cover is determined by
means of an optical analysis, conducted with the Monte Carlo based open-source ray-tracing tool Tonatiuh, and it is
the driver of the ensuing thermal fluid dynamic analysis. A reference operation condition is studied in detail by means
of a 1D model that solves the energy balance for the coolant along the entire length of the receiver. The characterization
of the 1D model requires an accurate, multi-dimensional computational fluid dynamic (CFD) analysis, based on the
commercial STAR-CCM+ code, which aims at determining the useful heat transferred to the coolant and the
convective and radiative heat losses as a function of the oil temperature. A 2D CFD model is used to simulate the
thermal behavior of the receiver at different locations along its axis in case of no wind or wind blowing across the
collector axis. A 3D CFD model is adopted to study the impact of the wind blowing along the collector axis. The
external air is considered in the computational domain in both CFD models, to be able to accurately assess the
convective share of the heat losses. At the end, the oil temperature profile along the receiver tube, as well as the heat
losses and the thermal efficiency trends, are presented and discussed. The 2D model is also exploited to perform an
annual analysis, varying the solar flux and the sun position, but considering just a single wind direction. The results
of our analysis indicate that the benefit of using an evacuated tube depends on the heat absorbed on the linear receiver,
which depends in turn on the solar flux and on the sun position. The annual-based performance improvement obtained
using an evacuated tube is not dramatic, due to the relatively low temperatures of the receiver. Moreover, this analysis
also concludes that the receiver performance is only slightly affected by the wind direction and intensity up to ~4 m/s,
due to the presence of the CPC that protects the receiver from the external air stream.
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1 Introduction

Among line-focusing technologies for Concentrated Solar Power (CSP), the parabolic trough is the current leader,
established at commercial level since the 80’s (SEGS plants in California, USA).

More recently, the Linear Fresnel Collector (LFC) has been proposed as a cost effective alternative to the parabolic
trough technology (Morin et al., 2012; Sait et al., 2015). The cost reduction allowed by the LFCs is due to their
constructive simplicity: there are no rotating joints or high-temperature moving components and the support structures
are lighter than in case of parabolic collectors (Qiu et al., 2015). The possibility to use lighter structure is in fact a
consequence of the low mirrors altitude and wind load (Lancereau et al., 2015).

A LFC system consists of a set of parallel-placed flat or slightly curved mirrors stripes, which focus the solar radiation
onto a fixed linear receiver. To minimize the shading and blocking effect due to the adjacent mirrors, the Compact
Linear Fresnel technology has been proposed (Mills and Morrison, 2000), which also allows reducing the land usage
since the mirrors stripes can be installed very close to each other. This technology employs two receiver lines for each
solar field; thus, the mirrors have two possible orientations that allow optimizing the solar field. From a thermal point
of view, the LFC is competitive with respect to the more widespread parabolic trough technology. Montes et al. (2016)
developed a 2D model based on a thermal resistance scheme to study the thermal behavior of a receiver mounted in a
CPC cavity closed at the bottom by a glass plate concluding that the LFC performs better than the parabolic trough in
terms of receiver thermal efficiency. Nevertheless, the overall efficiency of the LFCs is lower than the one achieved
with the parabolic trough collectors due the poor optical performance of the Fresnel systems. Innovative LFC layouts
have been proposed with the aim to overcome the gap in optical efficiency compared with the parabolic trough; as for
example in (Canavarro et al., 2014).

Two configurations can be identified for the receiver of the LFC: the single-tube receiver and the multi-tube receiver.
The former includes an absorber tube mounted in a cavity consisting of a secondary concentrator, like a Compound
Parabolic Concentrator (CPC). The cavity can be closed at the bottom with a glass plate, in order to reduce the radiative
(greenhouse effect) and convective losses. As an alternative, the absorber tube can be encapsulated in a glass envelope,
see (Grena and Tarquini, 2011; Qiu et al., 2015). Absorber tubes encapsulated in a glass cover are widely used in
parabolic trough systems, as they allow evacuating the gap between the absorber and the glass tube. This should lead
to a reduction of the convective losses and protect the selective coating of the absorber, since the stability in air of
these coatings at high temperatures is still an open issue (Raccurt et al., 2015).

This paper concentrates on a receiver with a single tube configuration, equipped with an encapsulated absorber tube,
aiming at studying the radiative and convective heat loss mechanisms that lower the receiver efficiency. According to
the current literature, the single tube still represents a promising design for the Fresnel linear receiver, especially
because it allows evacuating the absorber tube, which can be a key advantage in terms of heat losses reduction and
coating stability. The paper considers both the evacuated and non-evacuated (i.e. simply encapsulated) cases, with
thermal oil as the heat transfer fluid (HTF), and the two configurations are compared in terms of performance.

Several projects have been based on the single tube configuration, including the Fresdemo prototype (Bernhard et al.,
2008), that was built at the Plataforma Solar de Almeria in Spain to demonstrate the maturity of the LFC technology.
Heimsath et al. (2014) numerically investigated the heat losses from a single-tube receiver that employs a CPC cavity
with a flat glass cover (glass-plate receiver). The analysis was performed using both a CFD model coupled with a ray
tracing code that provided the absorbed heat flux over the secondary concentrator and a faster model based on a
thermal resistance scheme. In the CFD model, the absorber tube temperature was imposed and the computational
domain didn’tinclude the external air. The main conclusion of this work was that the impact of the heat absorbed by
the secondary concentrator cannot be neglected to accurately evaluate the heat losses from a glass-plate receiver.
Because of the different receiver design (glass-plate VS encapsulated), this result is not applicable to the cases
analyzed in the present paper.

Qiu et al. (2015) investigated the optical and thermal performance of a single-tube receiver with a CPC cavity and an
evacuated absorber tube coupling a Monte Carlo ray tracing code with a finite volume model. The results from this
study indicated that using cylindrical mirrors instead of parabolic leads to achieve nearly the same performance, but
it allows reducing the mirrors cost since the cylindrical shape is easier to be manufactured. In addition, this work
concluded that the heat losses strongly depend on the temperature difference between the coolant and the ambient,



while they are weakly influenced by the DNI (Direct Normal Irradiance) level (where the radiation is always assumed
at normal incidence) since most of the heat is in any case transferred to the HTF, and namely molten salts. Thanks to
the vacuum in the gap, they found that the thermal efficiency is always above 70%.

Recently, Montes et al. (2017) compared different single-tube receiver designs using numerical thermal resistance
models; all the designs considered were equipped with a CPC secondary concentrator. This study concluded that the
best thermal performance is obtained using an evacuated absorber tube, followed by the glass-plate receiver, where
the absorber tube is not encapsulated, but the cavity is closed at the bottom with a flat glass, and finally by the nude
receiver, where the absorber tube is not encapsulated and the cavity is exposed to the environment. However, the
performance differences among these designs becomes quite negligible if the absorber temperatures is low enough.
For this reason, they proposed a hybrid configuration, which employs a nude receiver in the first modules (low
temperature), while it adopts an evacuated absorber tube for the remaining modules at higher temperature. With
respect to the work of Montes et al. (2017), in this paper the simply encapsulated absorber tube is studied instead of
the nude tube and the effect of the wind direction is investigated by means of an innovative modeling approach.

The multi-tube receiver consists of an array of parallel absorber tubes arranged in a trapezoidal cavity that can be
closed at the bottom with a flat glass. This receiver design has the advantage of a larger absorber area with respect to
the single-tube configuration; however, there is no clear winner in terms of receiver performance between these two
designs on the base of the current literature.

A number of works have been carried out to study the heat losses from a multi-tube receiver equipped with a
trapezoidal cavity. According to (Qiu et al., 2016; Sahoo et al., 2013), the radiation mechanism dominates the heat
transfer from the cavity to the external ambient; thus, the coating emissivity, which has to be kept as low as possible,
plays a key role in reducing the heat losses. Based on that, the role of the radiative, as opposed to convective, losses
will be investigated in the present paper on the receiver configuration considered here, and a parametric study will
also be performed to investigate the effect of the coating emissivity.

Moghimi et al. (2015) considered a trapezoidal cavity provided with an array of parallel absorber tubes to demonstrate
how to use the CFD commercial software ANSY'S Fluent, based on the finite volume method, to perform both the ray
trace analysis (2D model) needed to compute the absorbed heat and the conjugate heat transfer analysis (3D model).
The accuracy of the optical model, which exploits the discrete ordinates method, was proved comparing the results
with the ones obtained using a Monte Carlo ray tracing code.

As stated before, the aim of this paper is to estimate accurately the heat losses that occur from the absorber tube to the
external ambient. A common approach available in the literature to perform such an analysis is to study the thermal
behavior of the receiver unit (absorber tube + cavity) performing a Computational Fluid Dynamic (CFD) analysis, see
for example (Haberle et al., 2002; Moghimi et al., 2015; Qiu et al., 2015, 2016). In these analyses, the coolant is
included in the computational domain and a fixed heat transfer coefficient is assumed to compute the convective heat
losses towards the external ambient. Other studies use 1D lumped models to predict the receiver behavior; these
models are based on thermal resistance schemes and they typically calculate the convective heat losses by means of
heat transfer correlations, e.g. (Heimsath et al., 2014; Montes et al., 2017, 2016; Singh et al., 2010).

In this paper a novel CFD-based approach has been adopted, which aims at estimating the convective heat flux towards
the external ambient in a more accurate way. To do this, the actual interaction between the external air flow and the
real geometry of the receiver unit has been simulated by means of a steady-state CFD model, considering both natural
convection and different wind conditions. The computed convective losses are then used to feed a 1D model that
allows the evaluation of the global efficiency of the Fresnel line. This method has been applied to investigate a
reference operation condition (fixed day/time) in a detailed way, while the influence of the DNI level and of the sun
position has been assessed simulating different days and times during one year, limiting the parameter space to a single
wind direction in order to keep an acceptable computational cost. The adopted approach allows, as a byproduct, the
evaluation of the suitability of the correlations used in literature to compute the convective losses, and the extension
of the 1D model also in the conditions (e.g. different wind directions) out of the correlations validity range.



2 Reference Fresnel plant

We concentrate our analysis here on a LMW, CSP-ORC pilot plant based on Fresnel collectors, under construction at
the Green Energy Park in Morocco (IRESEN, 2016), in view of the availability of data on the system geometry and
materials. Since this work concerns the solar field and mainly focusses on the receiver unit, a short description of the
linear receiver installed in the reference plant is here provided.

According to (Soltigua, 2015), the solar field of the pilot plant considered consists of 7 identical hydraulics loops,
which are placed in parallel, see Figure 1. Each loop is composed by 4 Linear Fresnel Collectors (model FLT10v
produced by Soltigua), which are of the standard type, i.e. the Compact Linear Fresnel technology is not adopted here.
The total length of the loop is about 270 m with a net collecting surface of about 1600 m?; the hydraulic loops have a
“U-shape”, as shown in Figure 1. Hence, the inlet and outlet of the working fluid, which is a thermal oil (DelcoTerm
Solar E15), are on the same side. The orientation of the solar field is 17.7° from the North-South (N-S) direction.
Although the N-S is alignment ensures the best optical performance, the available land at the plant site only made
possible to install the solar field with the mentioned orientation.

Single loop

Oil outlet l TOil inlet

Figure 1 — Solar Field of the 1 MWe pilot plant at the Green Energy Park (Morocco) which consists of 7 loops (Soltigua, 2015).
The zoom shows a single loop, while the yellow bullets identify the four Soltigua FLT10v collectors (01-04) in each loop.

The FLT10v collector is made of a number of basic modules consisting of 10 parallel mirrors rows, each including 4
mirrors in series, and a receiver unit that includes an encapsulated absorber tube and a secondary concentrator of CPC
type (see Figure 2). The width of each basic module is about 8 m, while the length is about 6 m. The main features of
the mirror field are summarized in

Table 1.
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Figure 2 — A lateral view of the Soltigua FLT10v Fresnel collector with a zoom on the single mirror and on the receiver unit
(ENEA, 2015; Soltigua, 2015)
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Table 1 — Description of the mirror field, w.r.t. the basic module of the FLT10v collector (ENEA, 2015)

Parameter Value
Number of parallel mirror rows 10

Length of basic module 6.17m
Width of the single mirror 0.625m
Width of the mirror field 8.05m
Mirror cross section shape Cylindrical

The encapsulated absorber tube, manufactured by ASE - Archimede Solar Energy, is mounted 4 m above the mirrors
and its geometric characteristics are summarized in Table 2. A selective coating (CERMET) is applied on the outer
surface of the absorbed tube (ENEA, 2015). The FLT10v basic modules are equipped with an evacuated absorber tube
(pressure in the annulus =10 mbar (ENEA, 2015)). However, the not-evacuated (simply-encapsulated) configuration
is also analyzed in this paper, to estimate the difference between the two options in terms of performance. Also the
simply-encapsulated option in fact turns out to be realistic, in view of the relatively low operating temperature of the
LFC system here analyzed (< 300°C), at which some selective coatings showed a good stability in air (Raccurt et al.,
2015). In the reference conditions (see Table 3), each parallel loop generates about 0.7 MW, increasing the
temperature of the heat transfer fluid from about 180°C (453 K) to 300°C (573 K), according to the turbine
requirements, which is designed to expand the working fluid from 300°C to 180°C. The power unit exploits then an
Organic Rankine Cycle (ORC) to convert the heat carried by the thermal oil into electricity.

Table 2 — Geometric features of the receiver tube (ENEA, 2015)

Parameter Value

Absorber tube outer diameter 0.070 m
Absorber tube thickness 0.002 m
Glass cover tube outer diameter 0.125m
Glass cover tube thickness 0.003m




Table 3 — Reference conditions for the 1 MWe pilot plant as defined in (Soltigua, 2015)

Parameter Value
Reference day March 21
Reference time GMT 12:00

Direct Normal Irradiance (DNI) 850 W/m?
Ambient temperature (dry bulb) 303 K (30°C)

Relative humidity 30 %
Ambient pressure 952 mbar
Wind speed 3.7mls
Direction of the wind North-South

3 Modeling approach

As mentioned above, two receiver configurations are addressed in the present paper:

e Encapsulated and evacuated;

e Simply encapsulated (non-evacuated).
For both configurations, the receiver performance is evaluated in terms of solar-to-thermal efficiency and temperature
reached by the working fluid at the outlet section of the collector string in reference (steady-state) conditions,
following the procedure summarized in Figure 3.

Location Geometry Meteorological Conditions
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Figure 3 — Scheme of the numerical procedure implemented to evaluate the receiver performance in different wind conditions

Taking advantage of the fact that all cooling circuit loops are in parallel, see Figure 1, we consider a 1D model (in the
direction of the absorber axis) of a single loop, as the simulation of the entire hydraulic loop with a 3D CFD model is
not viable, in view of the high computational cost. This model solves the steady-state energy balance equation for the
working fluid, which is driven by the heat flux transferred to the thermal oil.

The aim of the steady-state 1D model is to evaluate the oil temperature profile along the receiver axis. For this purpose,
the entire length of the single hydraulic loop has been discretized in finite volumes, see Figure 4, and the steady-state
enthalpy jump is calculated in each volume using an upwind scheme, according to
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where q'fy:4,i 1 the useful heat flux, in W/m, transferred to the thermal oil in the volume i, 7 is the oil mass flow
rate and Ah; is the enthalpy jump across the same volume and Az is the axial length of the finite cylindrical volume.
The enthalpy jump can be expressed as a function of the average specific heat (¢,;) and of the oil temperature
difference between the volume outlet/inlet (AT;).
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Figure 4 — Scheme of the 1D model with the terms of Eq. 1 highlighted

A good approximation of the oil temperature distribution along the receiver tube can be determined with this simple
1D model only if an accurate description of the heat transfer between the fluid and the environment is provided. The
thermal power per unit length transferred to the fluid is given by the difference between the solar flux absorbed by the
absorber tube (¢',s) and the heat flux transferred to the environment (q’;5ss)

q’fluid = qlabs - q,loss 2

To evaluate q'4;s, an optical analysis has been conducted using a Monte Carlo based ray-tracing software, which is
described in section 4.

The absorbed heat distribution is then exploited as a thermal driver in the CFD models to compute the thermal losses
q' 1055, S€€ Section 5 below, and, consequently, the heat transferred to the working fluid.

4 Heat flux to the receiver: optical analysis

The absorbed heat flux distribution is the most important driver of the thermal model, and it strongly affects the
receiver performance. Therefore, an accurate optical analysis has been conducted using the Monte Carlo based ray-
tracing software Tonatiuh (Blanco et al., 2005, 2010) to compute g’ Simulating the multiple reflections, scatterings
and absorptions that occur within the LFC system. The Monte Carlo ray-tracing approach has been widely used in the
literature to accurately determine the heat flux absorbed on solar receivers, and proven to provide reliable results in
the CSP context, see for example (Qiu et al., 2015).

Since Tonatiuh works under the assumption of elastic collisions, the energy is transferred to a certain surface only if
the photon is absorbed by it. Therefore, the energy flux deposited on a certain surface can be easily calculated from
the amount of absorbed photons. The heat flux distribution has been evaluated on the absorber tube and on the glass
envelope outer surfaces. The heat absorbed on the CPC surface has been neglected in view of the high reflectivity of
this surface (= 90%). In this way the temperature of the CPC surface turns out to be slightly underestimated and
consequently the heat transfer by radiation between the receiver tube and the CPC surface is slightly overestimated
(conservative assumption).

The optical analysis has been conducted considering the reference conditions reported in (Soltigua 2015) and defined
in Table 3, i.e. March 21% at 12:00 GMT, with DNI = 850 W/m?, and the actual plant location that in terms of latitude
and longitude corresponds to 32.129 N and 7.983 W, respectively.

Figure 5 shows the mirror field simulated in Tonatiuh. It consists of a portion of the entire field, i.e. to a basic module
of the FLT10v collector.
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Figure 5 — The LFC system as simulated in Tonatiuh

The geometry of the simulated system is described in Table 1 and Table 2.
The only difference with respect to the actual collector geometry is that each mirror row, which consists of 4 mirrors

placed in series, is simplified considering just a single mirror of equivalent length.
The secondary concentrator has been modeled starting from the CAD of the producer. Figure 6 shows the parameters

used to define the CPC shape in Tonatiuh, (their values are given in Table 4).

T [ ——

Figure 6 — Parameters to be set defining the CPC profile

Table 4 — Values of the parameters set to define the CPC profile

Parameter Symbol Value

Absorber tube external radius T 0.0350 m
Glass cover external radius Ty 0.0625 m
Acceptance angle 6 0.778 rad
Truncation origin to 0.065m

In Table 5, the optical properties of the materials set in Tonatiuh are listed. Note that the optical features of the absorber
tube are given by the selective coating applied on its outer surface. Regarding the slope deviation for the reflecting
surfaces, the value adopted has been determined in a previous study on a similar Fresnel system (Sabatelli et al., 2013).
Only the non-evacuated receiver typology has been analyzed. In fact, the optical model does not change with the
receiver configuration, apart from the different transmissivity in the gap between the absorber tube and the glass cover.
This region has been simulated in Tonatiuh assuming the default atmospheric transmissivity.



Table 5 — Optical properties of the system components (ENEA, 2015; Sabatelli et al., 2013)

Parameter Mirrors Glass cover Absorber tube | CPC
Reflectivity 0.94 0.00 0.05 0.90
Absorptivity 0.06 0.04 0.95 0.10
Transmissivity 0.00 0.96 0.00 0.00
Refractive index - 1.43 - -
Slope deviation (mrad) | 5 - - 5

The post-processing of the computed photon absorption distribution allows determining the absorbed heat flux maps
on the surfaces of interest. Starting from the outer surface of the absorber tube, a sensitivity analysis has been
performed to make sure that the final results are independent from the number of the simulated photons. The results
of this analysis indicate that 6x107 photons are enough to obtain a heat flux distribution independent on the number
of photons retained in the analysis. According to Figure 7a, the heat flux distribution is essentially 2D, as expected,
since no remarkable changes occur along the absorber tube axis. Therefore, the main interest is on the azimuthal heat
flux distribution, see Figure 7b.

Figure 7b highlights the presence of three peaks in the azimuthal heat flux distribution. The highest one is on the
bottom side and is due to the direct concentrated solar radiation from the mirror field. The two peaks in the upper part,
which are more or less symmetrical, correspond to the focuses of the parabolic concentrators of the CPC unit. The
average solar flux absorbed on the absorber tube surface is equal to 15.9 kW/m?,

Moving to the glass envelope, a larger number of photons (0.9 billion), are needed to ensure the independence of the
results on the number of photons. In fact, the glass cover has a very high transmissivity (see Table 5), then a small
number of the photons reaching the glass surface are absorbed on it, requiring a larger number of total photons to
obtain a good statistics, compared to the case of the absorber tube.
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Figure 7 — Heat flux distribution on the absorber tube, in kW/m?, with 6x107 photons simulated, (a) heat flux map and (b)
corresponding azimuthal distribution
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Figure 8 — Heat flux distribution on the glass envelope, in kW/m?, with 9x108 photons simulated, (a) heat flux map and (b)
corresponding azimuthal distribution

Looking at Figure 8a, the heat flux distribution on the glass envelope is again essentially 2D, as expected. The
azimuthal heat flux distribution is shown in Figure 8b. Similarly to the absorber tube case, also the heat absorbed on
the glass cover presents a very pronounced peak on the bottom side, while smaller peaks can be observed on the upper
side due to the solar rays concentrated by the CPC. The average solar flux absorbed on the glass envelope surface is
about 0.56 kW/m?, i.e. much smaller than the one absorbed on the absorber tube, as it was expected due to the high
transmissivity of the glass.

4.1  Annual optical performance

The annual profile of the optical efficiency n,,,, defined as,

Nopt = Qabs/(DNI "w) (3)

where Qs iS the power absorbed by the absorber tube in [W/m], DNI is the Direct Normal Irradiance and w is the
sum of the mirror widths, has been evaluated during the year considering the 4 reference days and the 5 different
hours for each day (from 9:00 to 17:00 ) with the Tonatiuh model previously described.

The days considered here are the only one for which the DNI data measured at the plant site are available (Soltigua,
2015); specifically, the DNI levels for the days/hours considered are shown in Figure 9a. The results of this analysis
are shown in Figure 9b: the resulting average optical efficiency is about 51%. The actual optical efficiency of the
entire solar field could be lower since the Tonatiuh model does not account for the tracking error and the cleaning
state of the mirrors. Moreover, the shadowing effect due to the neighboring loops (see Figure 1) is not taken into
account and the border effect at the beginning/end of the Fresnel lines is neglected.
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Figure 9 — (a) DNI data for the reference days at the hours considered, and (b) optical efficiency computed with the
Tonatiuh model during the day (from 9:00 to 17:00) (Soltigua, 2015) .

According to Figure 9b, the optical efficiency changes significantly on the base of the season and of the hour of the
day, best performance are reached in the summer period, as expected, between 10:00 and 13:00. The orientation of
the solar field, which does not coincide with the N-S direction, as already mentioned, contributes to reduce the
symmetry between the morning and the afternoon.

The heat fluxes absorbed on the glass cover and on the absorber tube have been determined post-processing the
Tonatiuh model for each simulated day/hour,in order to drive the CFD 2D model that is then exploited to study the
receiver thermal behavior during the year, see section 5.1.6, using thus a different strategy with respect to Moghimi
et al. (2015).
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5 CFD models of the heat losses from the receiver

The two CFD models (2D and 3D respectively) developed using the commercial CFD software Star CCM+ to compute
the heat losses from the receiver solve a steady-state conjugate heat transfer problem, which includes the convective
and radiative heat fluxes exchanged within the receiver unit and between the receiver unit and the external air.

The external air flow (wind) obviously has to be included in these models, together with natural convection, in order
to accurately determine the convective share of the heat losses from the receiver unit. Depending on the wind direction,
two approaches have been adopted in this paper to compute the heat losses and consequently the heat transferred to
the fluid:

e Inthe case of no wind, or of wind direction normal to the receiver axis, a 2D model (on planes perpendicular to
the receiver axis) is developed to simulate the receiver behavior at different oil temperatures. Then a correlation
is derived between the thermal power per unit length transferred to the working fluid and the temperature
difference between the oil and ambient, which will be finally exploited in the 1D model.

e In the case of wind direction parallel to the receiver axis, a 3D CFD model is developed to estimate the wind
effect on a small portion of the entire receiver length, close to the leading edge, i.e. the boundary of the receiver
unit that is first hit by the air flow. Indeed, there is no need to simulate the entire length of the receiver in this
case, since the influence of the wind on the convective losses reduces moving away from the leading edge, up to
a distance from which it can be just considered equal to a small fraction of the heat losses without wind (see
section 5.1.5).

5.1 2D CFD model
5.1.1 Case of no wind

The 2D steady-state model is suitable in the case of no wind conditions and of wind direction normal to the receiver

axis.

The computational domain, see Figure 10, includes the external air, CPC unit, with the air volume inside the unit, the

glass envelope, the gap between the absorber tube and the glass cover and the absorber pipe (see above for geometry

and dimensions of the receiver unit). The external air domain corresponds to a square with 2m long edge. The oil
region inside the absorber tube has not been simulated, in order to reduce the computational cost.

Both the evacuated and non-evacuated receiver configurations have been studied with the 2D CFD model. Only the

way to model the gap of the encapsulated tube changes:

e In the case of simply encapsulated (non-evacuated) tube, the gap region is filled with air at ambient pressure and
temperature (see Table 3), treated as an ideal gas.

e Inthe case of evacuated tube the gap region is still filled with air at ambient pressure and temperature, but the air
thermal conductivity is artificially reduced, in order to approximate the vacuum condition. The idea is to make
the convective heat transfer between the absorber tube and the glass envelope negligible, similarly to what is
typically done in the lumped parameter models, where a very low heat transfer coefficient is adopted to reach this
goal (see section 5.1.4). The imposed thermal conductivity is = 10 W/mK, which is a value already adopted in
the literature to simulate evacuated regions (Weerasinghe and Hughes, 2015).
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Figure 10 — Computational domain, boundary conditions (see also Table 6) and thermal drivers for the 2D model in the absence
of wind: whole domain (a) and a detail of the receiver unit (b). In addition, the different simulated regions are identified.

The boundary conditions and the thermal drivers applied in the model, in the case of no wind, are listed in Table 6,
but see also Figure 10.

Concerning the boundary condition imposed on the inner wall of the absorber tube, three different temperatures of the
thermal oil in the operational range of the plant have been considered, namely the nominal inlet temperature, i.e., 453
K, the desired outlet temperature, i.e. 573 K, and the mean temperature between the nominal inlet and outlet values
(i.e. 513 K)

The convective heat transfer coefficient i to the thermal oil, needed to define the Robin boundary condition prescribed
on the inner wall, has been calculated from the Gnielinski correlation for the Nusselt Number Nu

(f/8) - (Re — 1000) - Pry . (Pr1)0'11

Nu = 1 4

127, JGF/8) - (Pry/3 —1) \Pr2 )
with

f=(1.82-log;o(Re) — 1.64)2 5)

according to (Forristall, 2003), where the inner diameter of the absorber tube is adopted as characteristic length in the
definition of Nu. In Eq. 4, Re is the Reynolds Number, Pr; is the Prandtl Number evaluated at the oil temperature,
while Pr, is the Prandtl Number evaluated at the temperature of the absorber tube inner wall. The term f is the friction
factor for the inner surface of the absorber pipe, given by Eq. 5. The Gnielinski correlation works in the range of Re
between 3000 and 5x10° and in the range of Pry between 0.5 and 2000 (Incropera et al., 2012).

To check the validity of this correlation in our case, the dimensionless humbers of interest have been calculated at the
oil inlet and outlet sections (nominal oil temperatures 453 K and 573 K respectively). The results indicate that Re
ranges in the interval 4.5x10%- 1.2x10° and Pr; between 18 and 9, assuming an oil mass flow rate equal to 2.2 kg/s
that is the value corresponding to the reference conditions of the pilot plant, according to (Soltigua, 2015). Therefore,
the Gnielinski correlation should work properly in the case examined.

Table 7 summarizes the material properties adopted in the CFD model. The glass cover is not assumed to be completely
opaque to the thermal radiation; a transmissivity equal to 0.11 has been considered on the base of Kirchhoff’s law,
according to the thermal emissivity indicated in Table 7. The air regions (the external air, the volume inside the CPC
unit and the air in the gap of the encapsulated tube) have been modeled using the ideal gas approximation and assuming
that they are transparent to the thermal radiation.

The SST k-0 (Menter) turbulence model (Menter, 1994) has been adopted in the external air region and in the air
region inside the CPC, which is suitable to study air flows around complex shapes (CD-ADAPCO, 2014). In the gap
region, the Realizable k-¢ turbulence model (Shih et al., 1994) has been used, following (Francis et al., 2002). In
addition, the gravity effect (buoyancy) has been considered in all the air regions simulated.
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In order to numerically solve the thermal-hydraulic problem, the computational domain has been discretized with a
grid consisting of polygonal cells. Figure 11 shows a view of the grid generated for the case without wind. The
minimum number of cells to obtain grid-independent results turned out to be about 6x10*.

Table 6 — 2D model: boundary conditions

Location Description of the boundary conditions

Borders of the external Imposed ambient pressure and temperature, see Table 3 - “stagnation inlet” boundary
air domain condition , as in (CD-ADAPCO, 2014)

Inner wall of the The convective heat transfer with the oil flow, at fixed temperature, has been set,
absorber tube imposing a proper heat transfer coefficient.

Table 7 — Material properties implemented in the CFD model (AK Steel, 2016; CENER, 2015a, 2015h; ENEA, 2015)

. k p Cp . e .
Component Material [W/mK] [kg/m?] [I/kgK] Emissivity (g)
Absorber tube AISI 321 20 8027 500 £ =0.07513 + 2.2 x 107"T2;[°C]
Glass envelope | Borosilicate 11 2230 850 £ = 0.89
glass
CcPC Reflective 237 2702 903 e=01
aluminum
. . Air
Air regions (ideal gas) 0.026 1.086 1003.6 Transparent gas
Vacuum . Alr 10¢ 1.086 1003.6 Transparent gas
(ideal gas)

Figure 11 — Mesh used for the 2D CFD analysis in the absence of wind (zoom around the receiver unit)

In Figure 12, the computed velocity field around the receiver unit is shown in the absence of wind, for both the receiver
configurations studied here, for an oil temperature equal to 513 K. Of course they are both left-right symmetric,
because of the roughly symmetric load conditions. The expected natural convective motions around the glass envelope
and below the CPC unit can be observed. No significant difference can be observed comparing Figure 12a and Figure
12b, because the temperature reached by both the glass envelope (see Figure 13) and the CPC surface, does not change
significantly with the receiver configuration. In particular, the average temperature of the glass cover is only about 25
K lower in the case of evacuated tube, i.e. ~12% of the total temperature difference between ambient and oil

temperature.
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Figure 12 — Velocity field computed around the receiver unit in the absence of wind, assuming T,;; = 513 K in case of (a)
encapsulated and (b) evacuated tube, respectively.

0.33 0.41

The relatively small difference between the average temperature computed for the two cases can be explained
observing that the heat flux coming from the mirrors and directly absorbed by the glass envelope obviously does not
change with the receiver configuration. The average magnitude of this heat flux (~220 W/m) is higher than the average
heat transferred from the absorber tube to the glass cover (@ 513 K ~154 W/m in the simply encapsulated case and
~56 W/m in the evacuated case). Note that the glass envelope absorbs only a share of the radiative heat flux coming
from the absorber tube since the glass is partially transparent to the thermal radiation. Therefore, the temperature of
the glass envelope is strongly affected by the heat flux directly absorbed on the glass cover itself.

The temperature peaks on the glass envelope in Figure 13 correspond to the peaks of the azimuthal distribution of the
absorbed heat flux; see Figure 8b. Comparing Figure 13a and Figure 13b, no significant variations can be observed in
the qualitative temperature distribution, only a relatively higher temperature difference between the upper half and the
bottom half of the glass cover can be noticed in the simply encapsulated case. This is due to the temperature
distribution of the air inside the gap, which is hotter in the upper part due to the free convection; see Figure 14a.
Globally, the average temperature of the glass cover changes modestly between the two tube configurations (~411 K
in the simply encapsulated case vs. ~385 K in the evacuated case).

—. =y

>

@ (b)
Temperature (K)
375 386 397 408 419 430

Figure 13 — Temperature distribution computed on the glass envelope in the absence of wind, assuming T,;; = 513K in case of
(a) simply encapsulated and (b) evacuated tube, respectively.

Figure 14 shows the temperature field of the simulated regions around the receiver unit for both the analyzed

configurations. The external air temperature field does not change significantly in the two cases, due to the small
changes in the temperatures of the glass cover and of the CPC surface, as discussed above. The CPC unit prevents the
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hot air to easily leave the receiver unit upward, keeping the external air under the secondary concentrator hotter than
in the rest of the external air domain.

(@) (b)
Temperature (K)
305 356 407 458 509 560
L | |

Figure 14 — Air temperature field computed around the receiver unit in absence of wind, assuming T,;; = 513 K in case of (a)
simply encapsulated and (b) evacuated tube, respectively.

5.1.1.1  Validation against experimental data

In (CENER, 2015b) an experimental campaign is described, conducted to estimate the performance of a 4 m long
evacuated tube, like the one used in the reference plant considered in this paper. Those tests were performed heating
the absorber tube by means of electric heaters, until a steady-state condition with uniform temperature distribution on
the absorber tube and on the glass cover was reached, measuring the temperatures reached by the absorber tube and
by the glass cover and the power provided to keep the absorber at constant temperature. In steady-state conditions,
this power corresponds to the thermal losses from the absorber tube.
The experimental data can be used to validate the 2D thermal model of the evacuated tube in the case of the absence
of wind. However, some relevant differences can be detected between the 2D thermal model and the experimental
setup:
e The thermal driver in the tests is not the absorbed solar radiation, which involves both the absorber tube and the
glass cover and induces an azimuthally non-uniform temperature distribution.
e The convective heat transfer between the absorber tube and the thermal oil was not present in the experiments.
o In the experiment, the secondary concentrator was not present.
In order for the computational model to be representative of the setup of the experimental campaign, the heat flux
absorbed by the glass cover has been removed and the temperature of the absorber tube has been imposed as a thermal
driver. Then, the CPC unit has been removed from the computational domain. The external air temperature has been
imposed equal to that measured in the experiments.
With the above setup, the CFD model has been run monitoring the average glass temperature and the heat losses
towards the external ambient. The comparison of the results (see Table 8) shows a good agreement between the
numerical results and the experimental data. The deviation in the computed heat losses is always lower than 1%, while
the relative error in the glass temperature (considering the temperature jump with respect to the ambient) is ~ 4% and
10%, when the absorber tube temperature is 521.85 K and 567.85 K respectively. Although the relative error in the
glass temperature is not completely negligible, especially in the second case (Tas = 567.85 K), the absolute error is
really small, being always lower than 3 K.

Table 8 — Comparison between experimental data and computed results from 2D thermal model in terms of glass
temperature (Tg) and heat losses (q’i0ss) at given absorber temperature (Tabs)

Tans [K] Ty [K] 9 loss [W/m]
Experiment 521.85 315.15 70.2
CFD 521.85 314.40 70.4
Experiment 567.85 324.25 107.3
CFED 567.85 321.30 108.3
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5.1.2 Case of wind across the collector

In the case of wind direction normal to the absorber tube axis, the 2D CFD model described above can still be used,

with the only differences regarding:

e The dimensions of the external air region. The external air domain has been stretched along the wind direction in
order to fully describe the velocity field around the receiver unit, including in the computational domain also the
vortex released downstream the receiver. The resulting shape is rectangle 4 m high and 10 m width (see Figure
15).

e The boundary conditions applied to the external region: on the top, bottom and downwind borders the pressure
outlet boundary condition has been applied, imposing ambient pressure. The wind inlet side has been modeled
imposing a uniformly distributed wind velocity, set equal to the reference value of 3.7 m/s (see Table 3), and
assuming the wind direction normal to the border, see Figure 15. Regarding the air temperature, it has been set
equal to the ambient value; see Table 3.

The grid has been generated in this case keeping the same average size of the cells around the receiver as in the case

without wind, resulting in ~ 9.5x10* cells.

Pressure outlet (Ambient pressure)

Velocity
inlet

=
— Receiver Unit

= o\

4m

=
3.7m/s

EXTERNAL AIR

2m 8m
Figure 15 — Computational domain and boundary conditions for the 2D model in the wind across case

An example of the computed external air velocity field is shown in Figure 16 only for the simply-encapsulated
configuration since no remarkable differences can be detected in the evacuated case, similarly to what was observed
in the windless case. Moreover, in the presence of wind the glass surface temperature affects the external air motion
less than in the absence of wind, since this motion is not driven by natural convection anymore. As expected, vortexes
appear downstream of the receiver unit - they are practically extinguished at the end of the considered domain. Figure
16 also suggests that the CPC unit shields the receiver tube from the external air flow. In fact, the region under the
secondary concentrator is characterized by a relatively low air speed. As a consequence of the CPC shielding effect,
the convective heat losses is not expected to dramatically increase due the presence of the wind

»

) (N [——— /
wind

A . Velocity: Magnitude (m/s)

Figure 16 — Computed velocity magnitude contours around the receiver unit (case of wind across the receiver), assuming
T, = 513 K: simply-encapsulated tube.

Figure 17 shows the temperature field around the receiver unit for the two configurations analyzed here. The
comparison with the contours in the absence of wind (Figure 14) shows a similar temperature field, especially in the
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gap region for the simply-encapsulated configuration. The main difference with the no-wind case can be detected in
the bottom part of the receiver unit, where a stream of hot air leaves the region under the secondary concentrator, due
to the wind. This causes a reduction of the air temperature around the glass envelope (promoting the convective losses),
since the hot air leaving this region is replaced with fresh air at ambient temperature.

(b)
Temperature (K)
305 356 407 458 509 560

Figure 17 — Temperature field computed around the receiver unit (case of wind across the receiver), assuming T,;; = 513 K: (a)
simply encapsulated tube, (b) evacuated tube, respectively.

5.1.3  Receiver performance

The performance of the two receiver configurations has been evaluated both in the absence of wind and in the case of
wind across the collector axis.

Starting with the no-wind case, it is shown in Figure 18 that the evacuated tube performs better than the simply
encapsulated one, as expected: the total heat losses are always less than half of the non-evacuated case.

The difference between the two configurations can be easily identified in the convective share of the heat losses, which
is absolutely negligible in the case of the evacuated tube, see Figure 19. On the contrary, the radiative heat loss is
comparable, since the temperature of the absorber tube is practically the same (it depends mainly on the oil
temperature) and the temperature of the glass cover changes modestly.

Starting from the output data of the CFD analysis, a quadratic best fit has been computed to obtain a correlation
between the overall heat losses and the difference AT between the oil and the environment temperature (see Figure
18). The useful heat flux transferred to the working fluid has been also evaluated, deriving a correlation between the
thermal power transferred to the fluid and the difference between the oil and the environment. This correlation is
finally exploited to drive the 1D thermal model, see Figure 3.
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Figure 18 — Fit of the computed total (convective + radiative) heat losses from the absorber tube in the absence of wind as a
function of the difference between the oil temperature and the ambient temperature. The results for both evacuated (dashed line)
and non-evacuated (solid line) tube are reported.
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Figure 19 — Computed convective (solid lines) and radiative (dashed lines) heat losses from the absorber tube in the absence of

wind for the evacuated (open squares) and non-evacuated (solid circles) tube, respectively.

The receiver efficiency, according to Eq. 2, can be defined as

n= q,fluid/q’abs

(6)

Despite the different thermal behavior in terms of heat losses, the receiver efficiency is considerably high in both
configurations; see Figure 20. This is because the heat losses are in any case a very small share of the heat absorbed

by the absorber tube.
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Figure 20 — Receiver efficiency computed in the absence of wind as a function of the difference between the oil temperature and
the ambient temperature for the evacuated (dashed line) and non-evacuated (solid line) tube, respectively.

The same procedure described in the no-wind case has been applied in case of wind across the receiver to determine
the heat losses from the absorber tube and the useful heat transferred to the working fluid as a function of the difference
between the oil and the environment temperature.

Figure 21 provides a comparison between the overall heat losses from the absorber tube in the presence of wind (across
the receiver) and in the absence of wind.

The simply encapsulated configuration is clearly affected by the presence of wind: the increase in the overall heat
losses ranges between 37% (@ 453 K) and 72% (@ 573 K). However, the heat losses are still a very small share of
the power absorbed by the absorber tube; hence, the wind effect on the receiver performance is quite modest (the
efficiency decreases from 97.4% to 95.9% and from 92.6% to 90.7% @ 453 and 573 K respectively). On the other
hand, no significant changes occur in the evacuated case. This is because the glass cover in the simply encapsulated
configuration is less thermally decoupled from the absorber tube with respect to the evacuated configuration, which
takes advantages from the insulation effect provided by the vacuum in the gap.
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Figure 21 — Overall heat losses computed from the absorber tube for the evacuated (open squares) and non-evacuated (solid
circles) configurations: comparison between the case in the absence of wind and the case of wind (solid lines) across the receiver
(dashed lines).

5.1.4 Comparison with a lumped-parameter model based on correlations

To prove the reliability of the results obtained above from the 2D thermal model, they have been compared with the
ones obtained from the available correlations. This comparison can in turn provide useful information about the
accuracy of the existing correlations in this kind of problems, where a not common and quite complex receiver shape,
which also includes the secondary concentrator, has to be analyzed. For this purpose, a lumped-parameter model has
been built, based on the one developed in (Forristall, 2003) that describes the steady-state thermal behavior of a linear
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receiver for parabolic trough systems. The heat transfer phenomena considered in the model are identified in Figure
22a, while Figure 22b shows the equivalent thermal resistance scheme.
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Figure 22 — Lumped-parameter 1D model: (a) heat fluxes along the radial direction; (b) electrical network analogy.

With respect to the model developed by Forristall, the following assumptions have been made:

- The heat loss by conduction through the support structures has been neglected, according to (Osterholm and
Palsson, 2014).

- To calculate the heat loss by radiation from the glass envelope to the external structure, the ambient temperature
has been considered instead of the colder sky temperature. In fact, the glass cover does not see the sky above it,
but the CPC surface, that is slightly hotter than the ambient temperature.

- The assumption made by Forristall of completely opaque glass envelope has been removed. The transmissivity
of the glass at the thermal radiation has been set equal to 0.11, as discussed in section 5.1.1, in order to make the
lumped-parameter model as much as possible coherent with the CFD model.

The heat transfer between the absorber tube and the glass cover occurs both by convection and by radiation. The latter

(Q34,raa) is given by Eq. 7.

onD; (T3 — T

1 (7
/€3 + (1 — &4)D3/(e4Ds)

Q34,rad [W/m] =(1-1)

where ¢ is the Stephan-Boltzmann constant, T, is the temperature of the inner glass tube surface, D, is the inner
diameter of the glass cover, &5 is the emissivity of the selective coating applied on the absorber tube surface, while ¢,
is the glass envelope emissivity. Finally, the term 7 indicates the transmissivity of the glass envelope to the infrared
thermal radiation. On the other hand, the convective heat flux Qz4cony i calculated on the base of the receiver

typology.
In the case of a simply encapsulated receiver, we refer to Eq. 8.

2.425k4,(Ts — T,)(PrRa/(0.861 + Pr))'/*
(1 + (D3/D4)3/5)5/%

Q34,conv [W/m] = (8)

where ks, is the air thermal conductivity in the gap at the mean temperature between T; and T,. Pr and Ra indicate
the Prandtl and Rayleigh numbers, respectively, which are evaluated always at the mean temperature between T; and
T,. The characteristic length adopted to calculate the Rayleigh number is the outer diameter of the absorber (D).

In the case of an evacuated receiver tube, we refer to Eq. 9.

Q34,conv [W/m] = 7nD; h34(T3 - T4) (9)

where hs, represents the convective heat transfer coefficient in case of air at very low pressure (vacuum conditions).
A proper value proposed in the literature is 1.115x10* W/m?K (Forristall, 2003).
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The absorber tube also dissipates heat by radiation directly towards the external ambient, being the glass of the cover
partially transparent to the thermal radiation. This quantity (Qs¢.44) has been evaluated as in Eg. 10.

Q36,raa [W/m] =1-0e3mD; (T; - T64) (10)

where T; is the outer absorber tube temperature and T is the ambient temperature in reference conditions (see Table
3). Regarding the heat transfer between the outer surface of the glass envelope and the external ambient, both radiative
and convective losses occur. The radiative term has been evaluated using Eq. 11.

Qseraa[W/m] = oe,nDs (T — T) (11)
while the convective heat flux has been computed as shown in Eq. 12.
Qs6,conv [W/m] = nDshs(Ts — T) (12)

In Egs. 11 and 12, Dy is the outer glass tube diameter and hs is the convective heat transfer coefficient. The latter has
been evaluated as a function of the Nusselt Number, which in turn has been calculated depending on the dominant
convection phenomena (natural or forced).

According to (Forristall, 2003), the correlation developed by Churchill and Chu (Incropera et al., 2012) is used in the
absence of wind (natural convection), while the Zukauskas’s correlation (Incropera et al., 2012) has been applied in
the case of wind across the collector (forced convection). Both these correlations were developed considering
cylindrical tubes at uniform temperature.

The outcomes of the lumped-parameter model and of the CFD analysis have been compared in terms of heat losses
from the absorber tube. Starting from the no wind case, Figure 23 shows that a good match is obtained between the
outcomes of the CFD model and those of the lumped-parameter model for the evacuated configuration, while in the
case of the simply-encapsulated configuration, the lumped-parameter model tends to overestimate the overall heat
losses. This is due to the convective share of the overall heat losses (which is absolutely negligible in the evacuated
case) that is strongly overestimated by the correlations, see Figure 24a. In fact, the CFD model takes into account also
the effect of the CPC unit that allows keeping a relatively high temperature of the external air around the glass
envelope, which in turn determine a higher temperature of the glass cover at equal absorber tube temperature. Imposing
the same glass temperature, the difference between the convective heat losses evaluated by the two models is strongly
reduced. Regarding the radiative heat losses, the outcomes of the lumped parameter model are almost the same of the
CFD one, see Figure 24b. The radiative heat losses evaluated by means of the lumped parameter model are just slightly
overestimated due to the lower glass cover temperature.
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Figure 23 — Heat losses (convective + radiative) from the absorber tube calculated with the CFD (lines) and 1D lumped
approaches (symbols), for the evacuated and non-evacuated receiver configurations, respectively, in the absence of wind.
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Figure 24 — (a) Convective and (b) Radiative heat losses from the absorber tube calculated with the CFD (lines) and 1D lumped
approaches (symbols), for the evacuated and non-evacuated receiver configurations, respectively, in the absence of wind.

Moving to the case where the presence of the wind across the receiver is considered, the comparison between the CFD
and the lumped-parameter model provides the same results of the no wind case. In fact, looking at Figure 25, a good
agreement is obtained for the evacuated configuration, where the convective heat flux from the absorber tube to the
glass envelope is negligible, while in the simply-encapsulated configuration the overall heat losses are overestimated
by the correlations due to the lower glass temperature calculated by the lumped parameter model. In this case, the
higher glass temperature evaluated in the CFD model is linked with the shielding effect of the CPC unit that protects
the glass envelope against the direct external air flow.
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Figure 25 — Heat losses (convective + radiative) from the absorber tube calculated with the CFD and 1D lumped approaches, for
the evacuated and non-evacuated receiver configurations, respectively, in the case of wind across the receiver.

5.1.5 Sensitivity analysis: coating emissivity

According to what has been discussed up to now, the thermal efficiency of the receiver analyzed here is quite high in
both the evacuated and the simply encapsulated configurations. The selective coating (CERMET) applied on the
receiver tube plays a key role in obtaining high thermal performance, since it ensures a very low surface emissivity,
~0.09 in the range of temperatures of interest, that in turn limits the radiative heat losses.

Therefore, an interesting point is to evaluate how the receiver performance changes if a less performing coating is
adopted. In particular, a non-selective coating is considered, the Pyromark 2500 (Ho et al., 2013), whose average
surface emissivity is about 0.84 in the temperature range of this application. This sensitivity analysis has been
conducted for the evacuated and the simply encapsulated tube in the case of wind blowing across the receiver axis;
the results are shown in Figure 26.
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Figure 26 — (a) Radiative and (b) convective heat losses for an evacuated and simply encapsulated absorber tube in the
case of wind blowing across the receiver axis; comparison between CERMET (lines) and Pyromark (symbols)

According to Figure 26, the radiative heat losses strongly increases using a non-selective coating, as expected. The
increase is in the range of 6.7-8.3 times depending on the oil temperature and it is practically the same for the evacuated
and simply encapsulated configuration since the different emissivity affects the radiative losses, which are not directly
influenced by the thermal insulation provided by the vacuum in the gap.

The higher radiative heat flux that leaves the absorber tube leads to an increase of the glass cover temperature and
consequently of the temperature of the air in the gap (simply encapsulated configuration). For this reason, the
convective share of the heat losses is reduced when a non-selective coating is applied, as shown in Figure 26b.

5.1.6  Receiver performance at different DNI and sun position

In this section, the impact of the DNI level and of the sun position on the receiver performance is assessed considering
different days along the year and different hours within the day starting from the data reported in (Soltigua 2015); in
particular, the same days and times already explored in section 4.1 are taken into account here.

This study has been conducted only in the case of wind blowing across the receiver axis to maintain the computational
cost within a reasonable time. The wind-across case has been selected instead of the case in the absence of wind
because it allows observing larger differences in the thermal performance of the evacuated and simply encapsulated
tubes. The ambient temperature is imposed equal to the reference value (see Table 3), while the inner heat transfer
coefficient between the absorber tube and the oil flow is calculated according to Eq. 4, assuming a mass flow rate
equal to 2.2 kg/s .

The results of this analysis highlight that the heat losses are almost constant during the day for a given oil temperature
(see Figure 27); hence, they are practically not influenced by the solar load, as observed also in (Qiu et al., 2015). This
is because the heat losses depend on the absorber tube temperature, which does not change significantly with the DNI
level since it is strongly linked to the imposed oil temperature. In fact, thanks to the quite high internal convective
heat transfer coefficient (>750 W/m2K in any case), the absorbed heat is transferred to the oil flow by means of a
relatively small temperature gradient between the oil and the tube wall. For the same reason, no remarkable differences
can be observed among the different simulated days; hence, only the results obtained for March 21 are shown in
Figure 27.

Figure 27 indicates that the heat losses, which increase with the oil temperature, are always higher in the case of the
simply encapsulated tube, independently of the oil temperature.
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Figure 27 — Heat losses (convective + radiative) from the absorber tube calculated using the CFD 2D model for both the
evacuated (dashed lines) and non-evacuated (solid lines) configurations at different oil temperatures (453, 513 and 573 K)
for March 21.

Although the heat losses are more or less the same for a given oil temperature, the solar heat absorbed by the absorber
tube changes on the base of the DNI level and of the sun position, since that affects the optical efficiency (see Figure
9). This means that the thermal efficiency changes in a non-negligible way during the day, being higher where the
heat absorbed is higher. Figure 28 shows that the thermal efficiency decreases moving away from the noon, due to the
lower absorbed heat. However, the reduction of the thermal efficiency is more remarkable in the case of the simply
encapsulated tube, while the evacuated configuration suffers less the changes in the absorbed power. This is because
the evacuated tube benefits from the thermal insulation provided by the vacuum in the gap that leads to very low heat
losses, as visible in Figure 27, which represent a modest share of the absorbed heat also far from the solar noon.
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Figure 28 — Thermal efficiency calculated using the CFD 2D model for both the evacuated (dashed lines) and non-
evacuated (solid lines) configurations at different oil temperatures (453, 513 and 573 K) considering different days and
hours

The results from this annual analysis can be exploited to calculate an approximate value of the annual efficiency that
provides a first measure of the benefit given by an evacuated tube. The integral value of the annual thermal efficiency
is determined assuming that each day considered here is representative for the corresponding season and that each
hour simulated is representative of an equal time interval within the day. Therefore, the arithmetic average among the
considered points has been calculated, which is equal to ~0.85 in the case of the simply encapsulated tube and ~0.95
for the evacuated one; this means that the thermal efficiency increase due to the use of an evacuated tube is about
10%.

5.2 3D CFD model

The 3D steady-state thermal model has been developed with the aim of analyzing the case in which the wind direction
is parallel to the receiver axis, which cannot be handled with a 2D model. This situation is particularly important for
the reference plant analyzed in this paper. In fact, the dominant wind direction in the plant site is North-South, like the
solar field; hence, the wind will most likely flow along the receiver axis, and the study of its effect is particularly
important to evaluate the performance of the linear receiver.

The aim of the 3D model is to determine the percentage of heat losses increase due to an external air stream blowing
along the collector with respect to the no-wind case. The wind effect on the heat losses is expected to decrease moving
downstream from the leading edge and to reach an asymptotic value, due to the development of the boundary layer
which will then bring the flow to an almost fully developed condition, this problem being a sort of mixture between
internal and external flow. For this reason, it will be sufficient to simulate just a small portion of the entire length of
the hydraulic loop.
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The computational domain of the 3D model is obtained extruding the 2D cross section model along the receiver axis,
as shown in Figure 29. The extruded length is equal to 16 m. However, some simplifications with respect to the 2D
model have been made, in order to keep the computational cost within acceptable limits:

e The air volume inside the CPC unit (see Figure 10) has not been included in the computational domain.

e The imposed heat flux on the absorber outer surface has been replaced as boundary condition by the temperature
distribution computed along the axis post-processing the results of the 2D and 1D models in the absence of wind
(Figure 31). This simplification is justified by the fact that the temperature profile along the tube does not change
significantly in case of wind due to the modest increase of the heat losses (see below). Consequently, the thickness
of the absorber tube and the heat transferred to the working fluid have not been considered in the simulation.

L]

Imposed
temperature

"
q abs,glass

- Glass
Velocity inlet™ " (a) envelope (b)

Figure 29 — 3D model: simulated regions, boundary conditions and thermal drivers: (a) on the external air region and (b) on the
receiver unit.

As shown in Figure 29, only the receiver module first hit by the wind flow is considered in the model. The same figure
provides a sketch of the simulated regions, thermal drivers and boundary conditions. At the collector ends there are
no vertical plates that prevent the wind from entering in the cavity under the CPC. The mesh generated for the 3D
model (see Figure 30) has of about 3 millions of cells. The mesh base size in the refined area below the CPC has been
set equal to 5 mm, which is larger with respect to the 2D case (= 2 mm, see Figure 11) in order to keep an acceptable

computational time. A convergence analysis has been performed (not shown) to check the grid independence of the
results.

Receiver unit

(@)

(b)
Figure 30 — (a) Mesh generated for the 3D model; (b) zoom on the receiver.
All the borders of the external air domain have been set as pressure outlet, imposing the ambient pressure defined in
Table 3, with the exception of the wind inlet side, where the velocity inlet boundary condition has been applied,
imposing a wind speed equal to 3.7 m/s. The solar field is oriented at 17.5° from the North-South, while the wind

flows exactly along the North-South direction. In the model, it is assumed that the wind blows perfectly parallel to the
receiver axis.
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Figure 31 — 3D model: thermal driver applied on the outer wall of the absorber tube: axial temperature distribution for a specific
portion of the linear receiver evaluated post-processing the 2D model results.

The 3D model has been run first in the absence of wind (all the boundary conditions applied on the borders of the
external air domain have been replaced with the so-called “stagnation inlet”) in order to:

e Evaluate if the computed heat losses matched with the ones computes post-processing the output of the 2D model
e Provide a baseline to determine the heat losses increase due to the wind.

The computed results indicate that the deviation in the overall heat losses between the 3D and 2D models is about 3%
for the evacuated configuration, while for the simply encapsulated one the deviation is about 7% due to the
simplifications adopted in the 3D model.

In Figure 32, an example of the computed axial velocity field on different cross sections along the receiver axis is
displayed. It is shown that the boundary layer under the CPC unit tends to develop like in a close pipe moving away
from the leading edge. Of course, in the region under the receiver tube the boundary layer cannot be confined by the
CPC unit, i.e. it will continue to growth up to surface of the mirrors. As expected, Figure 32 shows that the air speed
around the receiver tube slows down moving away from the leading edge (wind inlet).

The development of the air flow under the CPC can be also observed in Figure 33, which shows the velocity profiles
on a horizontal plane passing through the receiver axis at different locations along the receiver length.
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Figure 32 — Contours of the z-component of the air velocity on the xy plane for the evacuated configuration, at (a) wind inlet
(z=0 m),(b)z=2 mand(c)z=4 m.
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The goal of the 3D model is to determine the heat losses from the absorber tube in the case of wind blowing along the
collector. The results of this analysis are provided in Figure 34 for the simply encapsulated tube and in Figure 35 for
the encapsulated configuration.
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Figure 34 — Simply encapsulated tube: (a) Computed heat losses (from the absorber tube) in case of wind blowing along the
receiver axis for the first 16 m of receiver length starting from the leading edge (solid line) and in the absence of wind (dashed
line); (b) percentage of increase of the losses in case of wind along the receiver with respect to the case in the absence of wind.
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Figure 35 — Evacuated tube: (a) Computed heat losses (from the absorber tube) in case of wind blowing along the receiver axis
for the first 16 m of receiver length starting from the leading edge (solid line) and in the absence of wind (dashed line); and (b)
percentage of increase of the losses in case of wind along the receiver with respect to the case in the absence of wind.
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According to Figure 34, in the case of a simply encapsulated tube, after about 14 m from the leading edge the heat
losses can be considered independent from the receiver axis coordinate. In this zone, the presence of the wind increases
the heat losses by about 5.3%, while at the wind inlet section this percentage approaches 40%. Thus, most of the
collector length (= 90%) is not dramatically affected by the wind. The evacuated tube (Figure 35) is even less affected
by the external air flow (negligible heat losses increase after 10 m), as already observed in case of wind across the
receiver axis, see Figure 21 and the discussion thereof.

Results from the 3D analysis have been used to correct the heat losses evaluated by means of the 2D model in the no-
wind case, as shown in Eq. 13.

’ — . q'
q loss,windAlong — ﬁ q loss,noWind (13)

where q'15s5 windaiong COrresponds to the heat losses, in W/m, from the absorber tube in the case of wind along the
collector, q';pss nowing are the heat losses evaluated thanks to the 2D model in absence of wind (see Figure 18), and
B is the correction factor determined from the 3D analysis as a function of the axial position, see Figure 34b and
Figure 35b.

The heat transferred to the working fluid has been then computed (see Eq. 2) and finally exploited in the 1D model to
simulate the entire loop also in the case of wind along the collector axis.

6 Analysis of the collector performance

The receiver thermal behavior has been analyzed along the entire length of a hydraulic loop by means of the 1D
thermal model described in section 3. A very small number of elements (~ 10) is required to simulate the whole
hydraulic loop (270 m) ensuring the grid independence of the solution. The results are evaluated in terms of oil
temperature distribution along the receiver axis for both the receiver configurations considered in the present study,
in the case of the absence of wind, wind blowing across the collector and wind blowing along the collector. In the first
two conditions, the 1D model is directly driven by the results of the 2D CFD analysis. The third case has been
simulated increasing the heat losses computed in the absence of wind with the detailed 2D model by the percentage
estimated in section 5.1.5 using the 3D model, see Eq. 13. Then, the useful heat transferred to the working fluid has
been calculated according to Eq. 2. The computed oil temperature profile along the hydraulic loop is shown in Figure
36 for the no-wind case; considering the presence of wind (across or along) the temperature profile along the receiver
axis does not change significantly (not shown). In fact, as observed in the previous sections, the presence of the wind
practically does not affect the thermal behavior of the evacuated configuration, while it reduces modestly the receiver
performance of the simply encapsulated configuration (the heat losses are a small share of the heat flux absorbed by
the absorber tube also in the presence of wind). As already observed, this modest impact of the wind on the
performance is mainly due to the shielding effect of the CPC unit, which protects the receiver tube from the external
air flow.
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Figure 36 — Thermal oil temperature evolution along the receiver tube in the absence of wind, for the simply encapsulated (solid
line) and evacuated (dashed line) tube, respectively.
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Comparing the oil temperature profiles for the simply encapsulated and evacuated tube in Figure 36, no remarkable
differences can be observed between the two configurations, as expected on the base of what has been discussed
above. Moreover, Figure 36 indicates that both the analyzed receiver configurations lead to an oil outlet temperature
higher than the desired operational value (573 K). In order to obtain the desired temperature at the outlet section, one
could think of increasing the oil mass flow rate in the absorber tube.

Knowing the oil temperature profile along the receiver length, the corresponding local heat losses (Figure 37) and the
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Figure 38) can be also evaluated, on the base of the correlations determined thanks to the CFD analysis. These
quantities have been evaluated for both the receiver configurations studied and for all the wind conditions examined.
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Figure 38 (simply encapsulated tube), in the case of wind along the receiver, the peak in the heat losses and efficiency
trends is due to the wind that impacts on the collector structure at the summit of the “U-shape” of the hydraulic loop
(see Figure 29). As observed in section 5.1.5, the first 14 m from the impact side are characterized by higher heat
losses, due to the relatively high speed of the external air around the receiver. Only in this small portion of the receiver
length, the influence of the wind on the receiver performance is appreciable. Overall, the heat losses and the thermal
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efficiency in the case of wind along the collector axis are ~ 6 % higher than those in the absence of wind. Moving to
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the evacuated tube, Figure 37 and Distance from loop inlet [m]

Figure 38 show that the heat losses and thermal efficiency in case of wind across or along the collector correspond
approximately to those obtained in the absence of wind at any location along the receiver. This is because in the
evacuated configuration at the CPC shielding effect is added the effect of the strong decoupling between the absorber
tube and the glass envelope, which is lapped by the external air flow. Also the peak due to the wind along the collector
in the region close to the leading edge, is not evident anymore, as already noticed in section 5.1.5.
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Figure 38, the evacuated configuration behaves better than the simply encapsulated one, especially in case of wind.
However, the reduction of the receiver efficiency is not dramatic; it leads to a reduction of the oil temperature increase
along the hydraulic loop of about 5% in the worst case (from 152 K to 145 K, not shown).

The fact that the differences in the thermal performance between the evacuated and simply encapsulated tube are not
really significant confirms the results obtained by Montes et al. (2017), who concluded that only a modest benefit can
be obtained adopting an evacuated tube at low temperatures, as the ones considered here.
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Figure 37 — Computed heat losses from the absorber tube along the receiver length for the simply encapsulated (solid
lines) and the evacuated (dashed lines) tube in the absence of wind (triangles), wind across the receiver (squares) and
wind along the receiver axis (x-marks), respectively.
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Figure 38 — Computed thermal efficiency along the receiver length for the simply encapsulated (solid lines) and the
evacuated (dashed lines) tube in the absence of wind (triangles), wind across the receiver (squares) and wind along the
receiver axis (x-marks), respectively.

7 Conclusions

In this paper different models (1D, 2D and 3D) have been developed and applied to the analysis of heat losses from a
Fresnel receiver equipped with a CPC, in the two configurations of evacuated and simply encapsulated receiver.
First, an optical analysis has been performed by means of a Monte Carlo ray tracer in order to determine the optical
performance of the collector and the heat absorbed by the receiver. On an annual base, the optical efficiency of the
LFC considered here is about 51%, although this value is probably quite optimistic due to the approximation
introduced.

A reference day and time (March 21, GMT 12:00) has been investigated in detail considering different wind directions
(along and across the receiver axis) as well as the case of absence of wind. The results indicate that the wind effect on
the receiver performance is absolutely negligible for the evacuated tube, which presents a strong thermal decoupling
between the glass cover and the absorber tube. Hence, a change in the convective heat transfer condition between the
glass cover and the external ambient does not affect the heat loss by the absorber tube. The worsening in the receiver
performance in the case of a simply encapsulated tube is modest, likely because of the screening action of the CPC.
Furthermore, in case of wind blowing along the collector, the effect of the wind is relevant only for a small portion of
the receiver tube, close to the “entry” region, which results in a total increase of the heat losses of only ~6%.
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The analysis of the reference day and time also leads to the conclusion that the evacuated tube perform only slightly
better than the simply encapsulated one. In fact, due to the relatively low temperatures reached by the receiver in the
system analyzed, the heat losses are a very small share of the absorbed heat in both receiver configurations. However,
the performance difference between the two receiver configurations depends significantly on the heat absorbed by the
absorber tube, which is in turn a function of the DNI level and of the optical efficiency that changes with the sun
position. Particularly, it has been noticed that the thermal efficiency decreases with the absorbed heat since the heat
losses are quite constant for a given oil temperature, but this reduction is much more pronounced in the case of the
simply encapsulated tube. On an annual base, the benefit of using an evacuated tube can be approximately quantified
as ~ 10 % increase of the thermal efficiency, at least in the case of wind blowing across the receiver axis.

The good thermal efficiencies reached by the receivers analyzed here also depend on the excellent behavior of the
selective coating adopted (CERMET) that ensures a very low surface emissivity. Using a non-selective coating, like
the Pyromark 2500, leads to a drastic increase of the radiative heat losses (~ 7 times higher) that lowers the thermal
efficiency.

The results obtained in this paper will provide the baseline for further economic analysis aimed to establish if the gain
in efficiency obtained with the evacuated tube justifies the additional manufacturing costs related to the evacuation of
the tube. In addition, as a future perspective, the sensitivity analysis with respect to the wind intensity is planned to be
extended considering also higher wind speeds, which should lead to more significant heat losses.
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