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ARTICLE INFO ABSTRACT
Keywords: This paper presents a thermal study of a cavity receiver designed for a Fresnel-type linear solar
Solar thermal energy collector (LFC). The study utilizes a two-dimensional computational fluid dynamics (CFD) model
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implemented in ANSYS Fluent. The thermal behavior of air inside the cavity for a Fresnel col-
lector is extensively examined. The receiver consists of a trapezoidal cavity with a set of six
parallel absorber tubes, through which a thermal fluid circulates. The cavity has aluminum re-
flectors on the inner walls and glass window closing the aperture facing the primary reflectors of
the solar collector. The two-dimensional numerical model represents a cross-section of the
receiver, and aims to provide numerical results that allow to provide algebraic correlations for
predicting heat losses in the receiver from the wall temperature of each of the six individual
absorber tubes that compose it. The developed model is transient, utilizing the k-¢ turbulent
model. In addition, the study is completed with an analysis of the behavior of the air surrounding
and inside the cavity, to evaluate its thermal performance. For this purpose, the velocity and
temperature contours obtained with the two-dimensional model are discussed. Correlations are
obtained to know the heat flux between the tubes and the heat loss through the window for any
combination of temperatures for each pair of tubes, which has not been yet studied in the
literature. The study reveals that radiative losses contribute to 81% of the total heat losses, with
the outer tubes temperature being the main responsible for these losses. Furthermore, a dimen-
sionless analysis examines the relationship between the Nusselt and Rayleigh numbers in com-
parison to reference problems based on canonical geometries dominated by buoyancy-driven
flows. The performance is found to be similar to that of a downward hot flat plate.

1. Introduction

Fresnel collectors, along with parabolic trough collectors, are the two most technically and commercially developed types of line-
focusing concentrated solar thermal technology. A linear Fresnel solar collector (LFC) consists of an optical concentrator made up of
rows of flat or slightly curved reflectors called primary reflector, which are located at the ground level. These reflectors direct sunlight
onto one or more receiver tubes and may optionally include a secondary reflector at the height of the receiver. The primary reflector
follows the sun during the day, while the receiver remains fixed at a height above the plane formed by the primary reflectors [1].

In the last decade, several innovative Fresnel collectors have been proposed, especially in compact sizes, to be integrated into solar
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systems to supply heat to industrial processes [2].

The main objective of these developments has been to enhance the technology’s competitiveness compared to the other concen-
trating solar thermal system, such as parabolic troughs. New developments in Fresnel reflector systems, that aim to improve optical
and thermal performance can be classified into two groups. One group focuses on developing designs that involve innovations in the
optical concentrator and designs with new receiver configurations. The second group, which is the focus of this work, presents designs
and previous studies conducted by other authors.

The thermal performance of receiver designs for LFC has been studied by several authors, considering different modeling ap-
proaches and complexity. In the case of cavity receivers, one common approach followed in some studies is the simplification of the
geometry to a hot plate, or similar, to study the heat losses from the receiver to the ambient. This is the case of Reynolds et al. [3],
where the thermal behavior of a trapezoidal cavity is simulated assuming a constant temperature of the top cover (isothermal con-
dition), following an approach of the original problem: a bundle of tubes placed on the top side of the cavity, inside the insulation. The
side walls of the cavity are modeled as convection boundaries (convection coefficients are imposed), inside and outside the cavity. The
bottom surface is modeled as a combined convection/radiation boundary, using heat transfer coefficients obtained experimentally.
This study was conducted using ANSYS Fluent, considering laminar flow within the cavity. In Singh et al. [4], a trapezoidal cavity
receiver is also modeled, where the absorber tubes are placed beneath the cavity top wall. The work focuses on one hand, on the impact
that the paint applied on the absorber tubes surface has on heat losses. On the other hand, on the value of heat losses depending on
whether a single or double glass cover is used in the lower part of the cavity. To model heat transfer between the absorber tubes and the
inner glass surface, the tubes bundle is simplified as a flat plate. The flat plate representing the absorber pipes is at a constant tem-
perature in this study. Saxena et al. [5] studied a similar case, but carrying out several simulations with different temperatures for the
isothermal top cover and different aspect ratios of the cavity. The aim is to obtain non-dimensional correlations as a function of
non-dimensional parameters and geometrical characteristics.

Facao et al. [6] proposes an ANSYS Fluent CFD model, where absorber tubes are included, by means of a steady-state solver with
laminar flow. A heat transfer coefficient related to heat losses is obtained. The tubes are supposed to be at the same temperature. All the
aforementioned works are based on the Boussinesq model, that is, variation of density is only taken into account in the momentum
equation, being considered constant in the others. Manikumar et al. [7] studied the overall heat loss coefficient of a trapezoidal cavity
with and without a plate under the absorber tubes and analyzed the effect of black chrome coating on the absorber surface. A numerical
model is developed by using ANSYS Workbench and considering a steady-state two-dimensional non-Boussinesq model. A similar
model for a trapezoidal cavity is developed in the work of Natarajan et al. [8], where a two-dimensional non-Boussinesq steady-state
model is considered, imposing heat losses coefficients in the outer surfaces assuming a laminar airflow. They studied the thermal
performance of the air inside the cavity, obtaining contours of temperature and heat losses as a function of the aspect ratio of the
trapezoidal cavity. In the study by Reddy et al. [9] there are changes in the modeling approach to regarding the previously mentioned.
A steady state is assumed too, but air turbulent flow is imposed and solved by the standard renormalization-group (RNG) k— e.
Besides, external air is solved too, so external heat losses coefficients are not needed.

Unlike the previous works, single-tube absorbers have also been under study. In the work of Lopez Nunez [10], a compound
parabolic concentrator along with a single-tube receiver is analyzed. The numerical model is solved considering steady-state condi-
tions, laminar flow and variable air properties (in terms of entropy) inside the optical concentrator. Boussinesq simplification is
considered, the fluid domain includes the mirrors, and the generation of entropy is studied around the surfaces. In the work of
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Fig. 1. LFC prototype developed at PSA: (a) general view during flux measurement tests [14] and (b) schematic cross-sectional view of the cavity
receiver. Dimensions are in mm.



S. Alcalde-Morales et al. Heliyon 9 (2023) 18692

Velazquez et al. [11] meanwhile, a numerical investigation over a LFC with a monotube receiver (without a secondary concentrator or
trapezoidal cavity) is carried out. A finite differences scheme is developed in order to solve the equations, including a numerical
integration over the transversal axis.

A numerical thermal analysis of a cavity receiver for a LFC prototype is presented in this article (see Fig. 1). The solar collector
system has been developed at Plataforma Solar de Almeria (PSA) [12,13]. The receiver is composed of a bundle of parallel absorber
tubes installed inside a trapezoidal cavity with an aperture facing downwards to the primary reflectors, where there is a glass window
enclosing the cavity. The aim of the presented study is to obtain algebraic correlations by means of a two-dimensional CFD numerical
model for predicting heat losses as a function of absorber tubes temperature. These numerical correlations will be of interest to be
applied in future works for one-dimensional numerical models. They will make it possible to study the thermo-hydraulic behavior of
solar fields using LFCs as the one designed. With the correlations obtained, it will be possible to predict heat losses in this cavity
receiver whatever the tube’s temperature is. It is convenient to note that these type of correlations have not been reported in the
literature yet.

Section 2 of this manuscript presents the main physical characteristics of the receiver and the numerical methodology applied to
perform the study, whereas section 3 summarizes the numerical results obtained. The article ends with conclusions and some remarks
related to future work.

2. Materials and methods
2.1. Lineal-Fresnel collector’s receiver geometry

The solar receiver analyzed is composed of a double loop with 3 tubes each, so that, in the cross-section of the receiver there are 6
parallel 1" of outer diameter (OD) stainless steel pipe tubes (see Fig. 1(b)). The tube bundle is installed inside a trapezoidal cavity
formed by a sandwich panel consisting of an outer aluminum panel, a layer of insulating material and aluminum mirrors on the inner
walls of the cavity (sides and top), as well as a glass window to protect the cavity aperture in which the tube bundle is enclosed.

As previously mentioned, the goal of the numerical study is to obtain correlations to calculate heat fluxes (in W/m) in each of the
absorber tubes and through the glass to the ambient. Heat fluxes are modeled as a function of the temperature of the absorber tubes and
the ambient temperature, as follows:

qi =fi(T1, T2, T3, Tamp) @

where i is an index corresponding to each pair of tubes (there are three pair of tubes), i.e. t;, t2 or t3, (tubes number) and Ty, T» and T3
(temperature of the tubes) stand for the temperature of the wall of each pair of tubes which are numbered from 1 to 3 starting from the
center of the receiver to the left or right of the bundle. It is convenient to note that T,,, represents the ambient temperature.

2.2. Methodology

The ANSYS Fluent software [15] is used to carry out a set of simulations characterized by a combination of temperatures for Ty, T»
and T3 within the operating temperature range of the system, so that heat losses can be evaluated. The absorber tubes temperature
considered ranges from 300 K to 600 K, with 50 K increments, while the ambient temperature is maintained constant at 300 K. This
leads to 343 cases, where heat fluxes through the absorber tubes and glass window are evaluated. The working temperature range
considered covers the current design conditions of the receiver manufactured for the LFC prototype built at PSA.

2.3. Governing equations

The problem is governed by transient Navier-Stokes equations. The equation for the conservation of mass is written as shown in Eq.
(2), which represents the differential form of the mass conservation equation.
)
£ +V- p7 =0 (&)
ot
Conservation of momentum is described by Eq. (3) where p is the static pressure, 7 is the stress tensor given by Eq. (5) and p g is the
gravitational body force, with no extra external body forces taken into account.
opv
ot

+V-(pVV)=-Vp+V-(7)+pg 3)

The energy equation is solved as given in Eq. (4), where no sources of energy are considered. The effective conductivity is given by
keff = k + kq, with k, as the turbulent thermal conductivity, defined according to the turbulence model being used (see section 2.3.2).

Since temperature differences are higher than 100 K, non-Boussinesq model are recommended. So, variation of air density has been
taken into account in the equations, following the ideal-gas equation given by Eq. (6). Besides, variation of viscosity and conductivity
of the air, as a function of temperature, has been also taken into account.
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The stress tensor is given by Eq. (5)
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where 7 is the molecular viscosity, and I is the unit tensor [15].
The ideal-gas equation is given by Eq. (6),

oM

P=Rr ©

where R = 8.314 J/(K-mol) is the universal gas constant and M = 0.02897 kg/mol is the molar mass of air.
The variation of the viscosity concerning the temperature is modeled according to Sutherland’s theory for viscosity, applying the
three-coefficient method [16], whose expression is given by Eq. (7),

b <1) " <T0 + 5) @
Ko \n T+S
where T is a reference air temperature (Tp = 273.15 K), y,, is the viscosity of the air at reference temperature (4, = 1.72.107° kg/
(m-s)). S is the Sutherland temperature, which takes a value of 110 K.

2.3.1. Radiative model

The surface-to-surface radiation model has been used to obtain radiation exchange inside and outside the cavity. ANSYS Fluent’s
S2S radiation model assumes the surfaces to be gray and diffuse. Emissivity and absorptivity are independent of wavelength. Also, by
Kirchoff’s law, emissivity equals absorptivity. The energy flux leaving each surface is composed of directly emitted and reflected
energy. The reflected energy is expressed in terms of the energy flux leaving all other surfaces.

Goutk = €k0T: + Piink ®)

where gk is the energy flux leaving the surface and g;, x is the energy flux incident on the surface from the surroundings. This energy
is a direct function of view factor Fj, the fraction of energy leaving surface k that is incident on surface j. Equation (8) can be written in
terms of the view factors as follow:

N
Gourk = EkGT/? + Pk E qouthkj (9)

Jj=1
where N is the total number of surfaces.

2.3.2. Turbulence model

Rayleigh number (see Eq. (10)) governs the regime of fluid flow, it describes the behavior when the mass density of the fluid is non-
uniform. By definition, it is the ratio of the time scale for diffusive thermal transport to the time scale for convective thermal transport
at the characteristic velocity [17].

_ 8PATL]
o va

Ra (10)

In the case study presented, natural convection occurs above the absorber tubes inside the cavity, being not favored under the tubes
where viscous forces stabilize the fluid (air). To characterize the flow regime condition inside the cavity for the working temperature
range defined for the receiver, 300 < T < 600 K, the Rayleigh number is calculated at a mid-temperature within this range, i.e. at 450 K.
In Eq. (10), L, is the characteristic length, corresponding to the diameter of each tube (26.67 mm), AT is the difference between the
absorber tube temperature and the ambient temperature. Considering these values, the Rayleigh number obtained is Ra = 2.75-10°,
higher than 10°, so the problem is dominated by the turbulence.

The adopted turbulence model is the k — ¢, which uses two equations to determine the turbulence scale and the time scale, using the
RNG modification. The value of k refers to the kinetic energy associated with turbulence and ¢ refers to the dissipation ratio. It has been
found a better performance of the fluid inside the cavity by using k — ¢ instead of using k — @ SST model in terms of stability of the
oscillatory stationary solution. In the context of natural convection, where the flow is primarily driven by buoyancy forces, the RNG-
based k-epsilon model can better capture the turbulence characteristics and heat transfer phenomena [18,19]. The RNG modification
helps to enhance the model’s performance by introducing additional physics and improving the prediction of turbulent quantities in
low-Reynolds number flows. The scale elimination procedure in RNG theory results in a differential equation for turbulent viscosity,
that can be imposed on ANSYS Fluent to be used in order to include low-Reynolds number effects [15]. For an appropriate treatment of
the near-wall region, enhanced wall treatment, taking into account thermal effects are chosen (see section 2.7.1).
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2.4. Solution method

The equations are solved by applying the SIMPLEC scheme [20], a modification of the SIMPLE scheme, which follows the same
iterative steps to solve the discretized momentum equations. Both algorithms allow obtaining the velocity and pressure fields for an
incompressible flow, but in the SIMPLEC the velocity correction formulas omit terms less significant than those omitted in the SIMPLE
algorithm, being more efficient. The SIMPLEC scheme is chosen, due to it allows a correction in the calculations to take into account
the curved zones of the domain (tubes), which is necessary to obtain greater efficiency in the whole resolution of the problem.

2,500 7,500

(a) ()

L B

(b) (d)

Fig. 2. Mesh of the fluid domain in the ANSYS Fluent 2D model of LFC receiver: (a) and (c) for the receiver design presented in Ref. [21], considered
for validation of the modeling approach; and (b) and (d) for the cavity receiver of the LFC prototype installed at PSA.
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2.5. Validation of the model

To validate the proposed model, its results have been compared to the experimental results provided by Flores et al. [21]. Fig. 2(a)
and (b) show the mesh adopted to reproduce this experimental problem.

Table 1 summarizes the following results for the six cases solved, including the following: (i) the total heat loss in the cavity; (ii) the
mean temperature of the air inside the cavity (Tcqir), and (iii) the mean temperature of the lateral surface of the cavity (Tinner),
compared all them with the mean temperature of the tubes (Tppe).

The mean errors obtained for the temperature of the air of the cavity and its lateral faces are 1.22% and 1.04% respectively. These
results indicate that an appropriate approach has been followed, especially considering that a 2D model was used to model a physical
3D problem. The errors associated with heat losses are below 1% (0.98%), confirming the suitability of the modeling approach for the
current application.

2.6. Initial and boundary conditions

A set of boundary conditions have been implemented in the model: absorber tubes temperature, non-slip condition on the solid
surfaces, the ambient temperature set to 300 K far away from the cavity, atmospheric pressure and null-velocity in the borders of the
domain. Insulation of the cavity wall is modeled as an adiabatic zone, so null heat flux is imposed. The emissivity values of the different
surfaces considered in the problem are: 0.93 for the tubes surface, 0.88 for the glass cover and 1 for other surfaces.

The condition of null-velocity has been set for the outer border of the domain, so that external conditions can be reproduced. For
that purpose, an extensive domain is required. On the other hand, it has been found that considering insulation as an adiabatic zone is
the best choice, in order to achieve a significant reduction in computing cost, and the difference in the heat losses results is minimum,
as it can be seen in Table 2. In this table, measured heat losses are highlighted as a function of selected values of Tyy., which are
reported in Ref. [21], and calculated for each of the approaches followed to model the cavity wall and in comparison. The results
corresponding to insulation being meshed and non-meshed (contour) correspond to the ones where the cavity is an adiabatic zone. As it
can be seen, if the insulation is only considered as a contour, an adequate performance at low temperatures is found. For this reason,
the insulation will be considered in the modeling approach of the cavity receiver presented in this study as a contour and is not meshed
(see Fig. 2(c) and (d)). Mathematically, boundary and initial condition can been expressed as follows: P, = Pgm, T.o = 300 K, T(x;,yi,
t) =T, u(x,y,0) = 0 and u(x;j,y;,t) =0, where o refers to the outer borders of the domain (far field), i refers each pair of tubes and j the
all the surfaces, where the non-slipt condition is imposed. Fig. 3 shows a diagram detailing the boundary conditions set inside the
cavity.

2.7. Meshing

Fig. 2(c) and (d) show the fluid domain and the optimal meshing defined to model and simulate the cavity receiver of the LFC
prototype installed at PSA. As it has been done for the receiver considered in the validation (see section 2.5), the mesh size is finer the
closer the element is to the critical parts of the receiver (absorber tubes, cavity walls and glass cover). In addition, on the surface above
the cavity, the mesh has also been refined to be able to correctly reproduce the thermal plume emanating upwards from it, which
significantly influences heat losses from the cavity. Mesh size must be large enough so that the conditions imposed at the far field do
not affect the solution near the cavity. To extrapolate the characteristics of the mesh to a similar problem, the aspect ratio between the
size of the cavity and the size of the mesh will be obtained.

2.7.1. Near-wadll treatment: y™

To determine how the near-wall treatment is, two options are available: the use of wall functions or the utilization of a near-wall
model. The first option, wall functions, allows for a lower number of nodes in the vicinity of the walls, with the requirement that y "
value falls between 30 and 60 [15]. However, when dealing with heat transfer problems, which involve the calculation of temperature
gradients and heat fluxes, the use of a near-wall model is required [15]. To solve properly the viscous sublayer, it is necessary to have a
mesh with a y* value between 1 and 5 on the surfaces. To achieve the appropriate element size in the vicinity of the surfaces, the y*
definition given by Eq. (11) is used:

Table 1

Validation results of the modeling approach: Comparison of CFD numerical results to experiments from Ref. [21].
Tpipe (K) Heat losses (W) Teaviey (K) Tinner (K)

Experiment Simulation Experiment Simulation Experiment Modeling

383.9 180.8 185.9 329.5 332.8 335.1 331.1
429.2 355.6 369.6 349.9 351.0 347.7 348.3
445.4 433.1 408.2 358.6 354.3 357.0 352.4
471.7 586.1 565.5 371.9 375.2 369.9 371.8
510.7 828.5 763.1 394.0 390.9 391.2 389.0
558.0 1132.5 1127.8 420.5 432.6 418.9 428.5
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Table 2

Validation results of the modeling approach: Comparison of numerical results to experiments from Ref. [21].
Tpipe [K] Experimental heat losses (W) Simulated heat losses (W)

Insulation meshed Insulation non-meshed No-insulation

384.0 186.2 227.6 196.3 220.7
428.6 356.3 406.9 370.1 303.4
444.9 429.9 446.0 406.9 427.6
469.8 579.3 577.0 572.4 519.5
480.8 646.0 797.7 703.4 717.2
496.5 744.8 859.8 760.9 772.4
524.8 921.8 995.4 995.4 951.7
557.1 1128.7 1142.5 1131.5 1234.5

A
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Fig. 3. Configuration of boundary conditions inside the cavity receiver.

Ur
y+ =222 an
u
where y is the length of the elements in the surface and U, is the characteristic transverse velocity, given by Eq. (12),
Up= [ (12)
P
being 7, the wall shear stress, given by Eq. (13).
1
7w =3CPUs 13)

2

The friction coefficient Cy for a Reynolds number based on the diameter of a tube is given by Eq. (14), and for a flat plate is given by
Eq. (15),

Cy ube =0.079Re, "> 14)
Cy piaze = 0.058Re; 0 (15)

where Rey is the characteristic Reynolds number for air around the tubes, while Re; is the characteristic Reynolds number for the air
close to a flat plate. Characteristic velocity is set at U, being the magnitude order of the velocity obtained in preliminary works. Air

Table 3
Summary of the mesh independence test results.
Number of cells Heat losses (W/m) % change in heat losses
14,484 20.31 -
53,604 17.08 18.93
81,473 16.23 5.18
100,324 15.91 2.04
141,137 16.44 -3.21
202,332 16.55 0.67
211,002 16.49 0.38
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properties are obtained for the maximum temperature in the cavity (600 K), which leads to the following values: Re; = 8.85 and Re; =
2246.8. Employing previous equations, the size of mesh elements must be such that the value of y is within the following range: 0.0020
m <y < 0.01 m, for absorber tubes, and 0.0029 m < y < 0.0147 m, for flat plate (glass cover). With these values, a mesh convergence
study is carried out. A growth rate equal to 1.2 is imposed. Besides, the domain size outside the cavity must be large enough to obtain
accurate results near the cavity. For this problem, it has been found that a fluid domain that is 80 times higher and 13 times wider than
the cavity yields accurate results. Consequently, the dimensions of the fluid domain are 17 m x 8.4 m.

2.7.2. Mesh convergence test

With the aim of assessing the level of mesh refinement level, a convergence test has been conducted. Table 3 presents the results of
this analysis, specifically displaying the convective heat losses for each case.

It can be observed that a 141,137 cells mesh, yields results that are virtually the same as those obtained with finer meshes.
Furthermore, Table 3 provides the variation (%) of the results compared to the previous mesh with fewer cells.

3. Results

The main and most significant results derived from the CFD numerical simulations carried out are shown, as well as the algebraic
correlations obtained through non-linear regression to calculate the heat fluxes from the absorber tubes to the glass window. The
problem turns out to be transient, where a periodic behavior has been observed. Therefore, a transient solver is recommended. As a
matter of example, Fig. 4 shows heat losses through the glass window of the cavity versus time for one particular case. It also shows
heat fluxes through each tube. In order to have a representative value of the heat flux time series and the subsequent heat losses, the
values are averaged for the last 15 s of the simulation.

Owing to the existing temperature range, radiation is the dominant heat transfer mechanism. On average, it represents 81% of the
total heat losses in the cases studied. This is due to, on the one hand, by definition, radiation is proportional to the fourth power of the
temperature and convection is linearly proportional to the temperature. On the other hand, the higher the temperature of the absorber
tubes, the more intense the air stratification is inside the cavity (see section 3.4). In these cases, the convection is less relevant, while
heat transfer by radiation increases due to the temperature rise.

3.1. Algebraic correlations for heat losses

The main interest in obtaining algebraic correlations to calculate heat losses for the LFC receiver cavity is to later consider this
formulation in one-dimensional models, where the thermo-hydraulic performance of the systems will be analyzed in transient con-
ditions. From numerical results obtained in the CFD simulations, correlations for heat fluxes in each element are obtained through non-
linear regression for convection and thermal radiation separately. The correlations given by Egs. (16)-(18), are used to model radiative
heat fluxes, while the correlations given by Egs. (19)-(21), are used to model convective heat fluxes.

The formulation considered for radiation correlations takes into account linear and fourth power terms of the temperature dif-
ference between all cavity elements. For convection, the use of cubic power term has been found to be more suitable.

In all these correlations, T; (in K) is the temperature of each pair of tubes (i = 1,2,3) (note that both tubes of each pair are at the
same temperature), and ¢, and q., represent net radiant and convective heat flux (in W/m) respectively, leaving from the pair of
tubes with index i.

Gy =Cro+Cri - (T1 = T) + Coa - (T} = T3) + Cp3 - (T1 — T5)+

(16)
Cra- (Tf - Tﬁ) +Cps - (Tl - Tamb) +Crp- (T? - T:mb)

3000 [~ ‘ Y 4

29501 NN ]
S| e Heat flux in T}
= 2900 Heat flux in T5 ]

PO - Heat flux in T3

2 2850 1
E ——Total Heat Losses

3

Sam0)
=

Q

T 2750

time (s)

Fig. 4. Heat fluxes inside the cavity and heat losses for T, = 600 K.
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Gy =Co+Coi - (L —T\)+Cps - (Té‘ - Tft) +Cos- (T, —T3)+

17)
Cra (T3 =T + Cos - (To — Tuwy) + Crs - (T4 = T2 ,)

Gy =Cro+Cri - (I3 =)+ Cpz - (Ti — T;) +Cos- (T —T)+ (18)
C,<74 . (T;1 - T?) + Cns : (TS - Tamb) +Crp- (T;t - T:;nb)

Geyy = Ceo+Ce - (Zl —D)+Cph- (T — T2)3 +C.3- (T *37‘1)+ (19)
Ceq (T1 = T3)" + Ces - (T — Tup) + Ce6 - (T — Tamp)

ey, = Cep+ Cet - (Zz —Ty)+Cr- (T» — Tl)3 +Cs-(T» . T;)+ (20)
Ces (To —=T3) + Ces - (T — Tayp) + Ces - (T2 — Tams)

Gery = Ceo+Cey - (Ts = To) + Cep - (Ts = o)’ + Cez - (Ts — Ty )+ @1

Coa (T3 =T1)* + Cos - (Ts — Tums) + Cos - (Ts — )’

The correlations in Egs. (19)-(21), furthermore are useful in order to provide a better understanding of the convective transport
inside the cavity. They have been formulated taking into account the temperature of all parts of the cavity that are exchanging heat (i.e.
absorber tubes and glass cover). To obtain the proposed flux correlations, the CFD numerical results have been fitted using non-linear
least squares. Table 4 shows the values of each fitted coefficient C,; (i = 0,1, ...6), for modeling the radiative heat fluxes, whereas
Table 5 shows the correlations coefficients C.; (i = 0,1, ...6), for modeling the convective heat fluxes.

Given any combination of temperatures in the cavity, the total heat fluxes can be obtained by adding radiative and convective heat
losses, as given by Egs. (22) and (23) respectively. Therefore, the total heat loss in the receiver cavity is given by Eq. (24).

3

G= dn 22)
3

9e= D .\ des (23)

q9=4q, + 4. 24)

3.1.1. Influence of fluid flow direction on heat losses

Due to its practical interest, it is convenient to evaluate how each tube, its temperature and its position within the cavity contributes
to heat losses. For that purpose, the evolution of heat losses has been displayed versus the combination of the temperature of the tubes.
Note that in a real facility, only two scenarios can be given: T; > T, > T3 (when the heat transfer fluid enters the receiver bundle
through the tubes located at both sides) and T; < T» < T3 (when it does it through the pair or tubes at the center, please see Fig. 1(b)).
According to that, the main objective is to know what of the two cases is more convenient in terms of thermal efficiency. Figs. 5 and 6
show the evolution of the radiative and convective heat losses, g- and q. respectively (Egs. (22) and (23)) as a function of some
combinations of temperature in the tubes.

Blue curves (hollow circle) represent heat losses as a function of T; given a constant temperature for T and T3, where Ty < Ts. In
each case, as long as T is smaller than T, (see vertical solid line), the second scenario (flux inlet at the center) is being represented.
Alternatively, red curve (using + as symbol) represents heat losses as a function of T3 given a constant temperature for T; and T,
where T; > Ts. In each case, as long as T3 is smaller than Ts, the first scenario (fluid flow inlet through the tubes located in both sides)
is being represented. For each particular case, blue and red curves are displayed for the same combination of temperatures, so Tpip,
which is the average temperature of the three values of Ty, is the same for both scenarios. Therefore, as long as T; (blue curves with
hollow circles) or T3 (red curve with “+7) are smaller than T,, both scenarios are being compared at same conditions. In other words,
left part of the curves, divided by a vertical-black line, is the representative zone of the curve.

In all the cases shown in Figs. 5 and 6, the first scenario considered (T; > T2 > Ts3) leads to lower thermal energy losses, so the
optimum situation is that when the heat transfer fluid enters through the pipes located at both sides of the receiver bundle.

3.2. Goodness of the heat losses fitting

It is of interest to describe how the provided heat losses correlations differ from the calculated numerical values by the CFD code.
Table 6 shows differences between the simulation results and those obtained by evaluating the radiative and convective heat losses

Table 4

Fitted coefficients of the radiative heat fluxes algebraic correlations.
Tube Cro Cra Cr2-10"° Crs 410" Crs Crs-10°
t 0.24 —0.0040 18.93 0.0194 12.21 —0.089 36.34
ta 0.47 0.0413 19.40 0.014 19.32 —0.099 36.91
t3 2.92 0.0725 12.34 0.066 18.98 —0.156 41.49
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Table 5

Fitted coefficients of the convective heat fluxes algebraic correlations.
Tube Ceo Cea Ce2-10° Ce3 Ces-10° Ces Ce:107
t1 —6.27 0.52 2.10 0.52 1.88 0.12 —6.64
t —4.49 0.53 1.97 0.51 1.90 0.11 -5.13
t3 —-4.17 0.52 1.88 0.52 2.00 0.11 -5.29
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Fig. 5. Evolution of radiative heat losses as a function of the combinations of T, T, and Ts.
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Fig. 6. Evolution of convective heat losses as a function of the combinations of Ty, T, and Ts.

correlations obtained by least-squares fits, using Eqs. (16)-(21) and coefficients detailed in Tables 4 and 5. To facilitate the repre-
sentation and interpretation of these comparative results, the differences are displayed versus the sum of the tube temperatures T;, T
and T3. Results presented include the mean of the deviations obtained in each case (combination of temperatures that delivers the sum
given) and the minimum and maximum deviations obtained from the results of 343 simulation cases analyzed.

To compare the results, the mean absolute error (MAE) is calculated for all data sets processed. That is, the mean of the errors
obtained in all the cases for each tube t;, with i = 1,2, 3. Table 7 shows the mean absolute errors calculated for both radiative, MAE,,
and convective, MAE,, heat losses. These results indicate that the correlations proposed to describe heat losses are a suitable tool to
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Table 6
Representative differences of results provided by the radiative and convective heat losses correlations when compared to CFD simulations’ results.
T1+ To+ T3 (K) Radiative heat losses, differences (W/m) Convective heat losses, differences (W/m)
Mean Minimum Maximum Mean Minimum Maximum
900 0.5 0.2 2.9 5.0 4.7 7.0
1000 1.5 1.4 2.9 3.3 3.1 3.8
1100 1.2 1.1 1.7 3.9 3.5 4.2
1200 1.4 1.3 1.6 3.5 3.5 3.7
1300 1.9 1.7 2.2 2.9 2.7 3.2
1400 2.6 2.5 2.9 2.6 2.3 2.8
1500 2.6 2.5 2.8 3.4 3.2 3.7
1600 2.1 2.1 2.5 2.6 2.5 2.6
1700 1.6 1.5 3.4 3.7 2.9 4.1
1800 0.4 0.2 2.6 6.2 6.0 7.8
Table 7
Radiative and convective heat losses comparison in terms of mean absolute errors.
Tube MAE, (W/m) MAE, (%) MAE, (W/m) MAE, (%)
t 1.46 0.59 3.03 2.42
ta 1.48 0.54 291 2.33
t3 1.58 0.59 2.97 2.37

estimate them by simply using an algebraic expression in such a complex multivariate problem. The errors corresponding to the
convective losses correlation are slightly higher than those for radiative losses. With regard to radiation, the MAE value is around 1.5%,
whereas for convection, it goes up to 2.4%, but in any case, the correlations are acceptable for their purpose.

3.3. Comparison of heat losses in the cavity receiver

To prove the effectiveness of the thermal performance analysis of the cavity in terms of heat losses, the results are compared to
findings from previous studies of similar solar collectors receivers. Specifically, the configurations proposed by Flores et al. [21] and
Sahoo et al. [8] are considered under similar operation conditions. Fig. 7 depicts the heat losses calculated using the modeling
approach and cavity receiver geometry presented in this study compared to the results from the two cited works [21,22] are compared,
for a similar range of temperatures Tpp,.

In general terms, it can be reported that heat losses calculated by means of the algebraic equations proposed in this study are within
the range of values reported in the works by Flores et al. [21] and Sahoo et al. [22]. However, there are some differences that can be
explained as follows: Firstly, the number of tubes composing the absorber plays a significant role in heat transfer mechanisms, both to
the fluid and to the surrounding environment, the latter being the case under analysis. The receiver given by Sahoo et al. [8] has the
highest number of tubes, resulting in higher heat losses. This is because the surface area of the tubes in relation to the cavity size is
larger, leading to more heat exchange. Conversely, the receiver proposed by Flores et al. [21], has a lower number of tubes, leading to

1400

—6—Flores et al. [19]
~—~ 1200 | —6— Current Work
Sahoo et al [8]

= 1000

800
600
400

Heat losses (W

200

0
350 400 450 500 550
Tpipe (K)

Fig. 7. Comparison of heat losses results for the cavity receiver and applying the algebraic correlations of this study and results from Flores et al.
[21] and Sahoo et al. [8] with similar solar receivers.
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lower heat losses.

Additionally, the positioning of the absorber tubes inside the cavity influences the air temperature distribution within the cavity
environment. Placing the tube bundle higher inside the cavity reduces heat losses. When the tube bundle is located at the top of the
cavity, natural convection is hindered, resulting in minimal heat losses due to convection. If the bundle of tubes is on the top of the
cavity, the natural convection is impeded, so heat losses by convection are minimum. Furthermore, the radiative heat losses are
affected by the form factors between the absorber tubes and the window.

3.4. Non-dimensionalisation

To provide a clearer understanding of the problem inside the cavity, a dimensionless analysis has been conducted. This analysis
allows us to set a comparison with analogous problems discussed in the literature, particularly, cases where all tubes have the same
temperature. Two important dimensionless numbers in buoyancy-driven flows have been considered: the Rayleigh number (Ra)
defined in section 2.3.2 and the Nusselt number (Nu), which accounts for the ratio of convective to diffusive heat transfer [22] and is
given in Eq. (25).

To establish a comparison between both dimensionless numbers, a canonical problem has been taken. This problem involves a flat
plate with the same width as the bundle of tubes, in an environment where the infinite temperature is the temperature of the glass
cover. The adopted characteristic length L. for the Nusselt number is the width of the bundle of absorber tubes,

ReonvLe
Nuy=——— 25
X (25)
where h.on, represents the convective heat transfer coefficient, given as follows:
hconv = Geony (26)

AT

Note that qony (W/m?) represents the heat fluxes from the tubes due to convection and AT is the difference between the tubes
temperature and the glass cover temperature.

The value of the dimensionless numbers, the Nusselt number and Rayleigh number, as a function of the temperature difference
between glass cover’s temperature and bundle’s temperature (AT), is presented in Fig. 8. Fig. 8(a) illustrates the relationship between
the Nusselt number and AT, where it can be observed that the Nusselt number decreases as AT increases. Fig. 8(b) shows the variation
of the Rayleigh number with AT. The Rayleigh number initially increases with AT until a critical value is reached, after which it starts
to decrease. The drop of the Nusselt number with increasing AT means that higher temperature differences enhance heat transfer
through conduction. The evolution of the Rayleigh number indicates that there is a critical AT value beyond which the time scale for
diffusive thermal transport decreases due to the stratification of air inside the cavity. Additionally, considering that the conductivity of
air increases with temperature, the decrease in the Rayleigh number is justified.

Fig. 9(a) shows the temperature distribution along a vertical line in the middle of the cavity for selected cases represented in Fig. 8.
This plot allows for the observation of temperature gradients within the cavity. Fig. 9(b) displays the vertical component of the velocity
field along a horizontal line in the middle of the cavity, between the tubes and the glass cover. This visualization enables a comparison
of the intensity of convective transport for different cases. By analyzing Fig. 9(a), it can be observed that as AT increases, the tem-
perature gradient becomes more pronounced, indicating enhanced diffusive transport. However, in Fig. 9(b) it can be noticed that the
increase of AT does not lead to a significant growth of the velocity, that is related to convection. Note that all the profiles represented
are virtually overlapping each other. It means that convective effects do not increase in the same manner as diffusive terms do, so there
is a characteristic value of AT where maximum for the Rayleigh is obtained.

Since no forced convection is given inside the cavity, it is of importance to analyze the relationship between the Nusselt and
Rayleigh numbers for the problem (green dots in Fig. 10). It also shows the Nu(Ra) relationship for two canonical problems: (a) a hot
surface facing upwards (blue dots) and (b) a hot surface facing downwards (red dots) [23]. Comparing the trend of the Nu(Ra) curve for
the tubes inside the cavity with the hot surface facing downwards, there is a similarity in behavior. However, in general, the Nusselt
number calculated for the cavity is lower than the one obtained for the hot surface facing upwards. This mismatch can be attributed to
the effects of the enclosure and the stratification of air inside the cavity. To establish a functional relationship for the Nusselt and
Rayleigh numbers, considering the form Nu = a- Ra’ (with a and b being two free parameters), the numerical CFD results for the
current problem have been fitted. The fitted correlation, expressed by Eq. (27), is displayed in Fig. 10 (black trace). The fitting process
was conducted using non-linear least squares fitting [24] to obtain the best agreement between the correlation and the numerical data.

Nu=17.43 - Ra®*®* 27)

A detailed description of CFD results is presented for two particular cases in Figs. 11 and 12 This figures illustrate the temperature
contour (a) and velocity field (b) for the case where the Rayleigh number is low or high respectively. By comparison, it can be seen that
temperature fields are more symmetric in the horizontal direction when temperature is 600 K (Fig. 12). However, in both cases,
stratification effects are evident when observing the temperature distribution along the vertical direction. For air velocity contours, it
implies that convective cells are non-uniform in space and time, so it is expected that flow will show a higher degree of turbulence. This
performance of air inside the cavity justifies the presence of a higher Rayleigh number when the tube temperature is approximately
400 K (Fig. 11). In both cases, the structure of the fluid is similar, but for Ty, = 400 K higher velocity gradient in the convective cells
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Fig. 10. Nusselt number as a function of the Rayleigh number.

have been reported. For example, in the circulation of the air around the external tubes, where the difference in the magnitude of the
velocity vector is more significant compared to the case of T,;. = 600 K.

4. Conclusions

In this work, a numerical thermal analysis of a cavity receiver of a linear Fresnel solar collector (LFC) prototype has been proposed.
The receiver is formed by arrangement of 6 parallel tubes. On one hand, from the results of a two-dimensional thermal model
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Fig. 11. Contours of air temperature (a) and velocity (b) for AT = 58 K (Types = 400 K).

implemented in a CFD tool, a set of algebraic correlations has been proposed to accurately approximate heat losses in the receiver from
the surface temperature of the tubes. On the other hand, a non-dimensional analysis has been carried out to gain a better understanding
of the thermal performance and how the flow behaves inside the cavity. Velocity field and temperature contour have also been
presented.

First, it is worth mentioning that a sufficiently large mesh is advisable to reproduce the natural convection phenomenon. It has been
implemented this way to guarantee that the far field boundary conditions do not significantly affect the convective transport around
the cavity. Fig. 2 shows the dimensions of the mesh adopted. With regard to the heat transfer mechanism in the receiver cavity, it has
been found that radiative losses account for 81% of the total heat losses. Considering the operating conditions of the system, this was
expected because the glass window closing the cavity aperture, significantly limits convective losses. From the constructive and
operational point of view, as shown in section 3.1.1, outer tubes temperature has been found to be the main responsible for heat losses.
To reduce them, T3 must be as lower as possible. For this reason, in real applications with this design of the LFC receiver cavity and
tubes bundle, it is recommended that the heat transfer fluid enters the receiver through the two outer tubes of the bundle and exits the
receiver through the two central tubes.

Finally, to complete a comparative analysis of the convective transport inside the cavity, a non-dimensional analysis has been
carried out. As shown in Fig. 10, it behaves similarly to an analogous problem in which the air moves with a hot plate located on the
upper part, and the temperature of the cold source is the average temperature of the air in the lower part of the cavity. Knowing this, a
correlation has been obtained to relate the Nusselt and Rayleigh numbers, which allows us to predict convective heat transfer inside
the cavity from the surface temperature of the absorber tubes.

This work is useful to predict heat losses in an installation with a low longitudinal gradient of temperature from tube temperature
(as it has been made for validation, where the temperature of tubes is constant and known), and also, will be useful to be applied as a
boundary condition in a simulation of an installation composed by this receiver. Nevertheless, it has been assumed that the cross-
sectional temperature distribution of tubes is constant, so, the application of this model always implies an error that must be quan-
tified. The higher the temperature difference is across the cross section, the higher the error will be. In this sense, in future works, it can
be considered to divide tubes into several parts taking into account all the possible combinations of temperatures. It would reduce
errors but it would increase computational cost. Besides, it will be of interest to take into account different ambient temperature and air
velocities in the surrounding of the receiver for a better knowledge of the impact of these magnitudes on the heat losses.
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Nomenclature

Symbols

a free parameter for Nusselt correlation
b free parameter for Nusselt correlation
Cr friction coefficient

C; coefficient i

e internal energy (J/(mol-K))

g gravity (m/s?)

h air enthalpy (J/(mol-K))

k thermal conductivity (J/(mol-K))

L. characteristic length (m)

M molar mass of air (g/mol)

Nu Nusselt number

q heat flux through a surface (W/m)

R constant of ideal gas (J/(mol-K))

Ra Rayleigh number

S Sutherland’s temperature (K)

T temperature (K)

t; tube i

T; temperature of tube i (K)

Tpipe mean temperature of the tubes (K)
Uy characteristic velocity (m/s)

U, characteristic transverse velocity (m/s)

v air velocity (m/s)
y* mesh characterization parameter
Greek letters

thermal diffusivity (m?%/s)

€ emissivity (—)

p density (kg/m3)

v kinematic viscosity (m?/s)

u dynamic viscosity (kg/(m-s))
T stress tensor (N)

Subscript

amb ambient

c convection

cavity air in the receiver cavity
glass glass cover

i natural number

inner inner side wall of the receiver cavity
r radiation

Acronyms

CFD computational fluid dynamics
LFC linear Fresnel collector

MAE mean absolute error

oD outer diameter

PSA Plataforma Solar de Almeria

RNG Re-Normalization group theory
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