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1. Introduction

Solar energy harvesting for high-temperature heat — concentrating
solar power (CSP) — applications has been the subject of intense re-
search since the early 1970’s following the first oil crisis [1-3]. Proved
technologies for large-scale and centralized electricity production
(based on parabolic troughs, solar towers, and linear Fresnel systems)
have been deployed at the commercial level since the 1980’s [4,5].
Recently, a higher level of competitiveness and dispatchability of this
technology in relation to other renewable energy conversion technol-
ogies — viz., solar photovoltaics and wind power - is being achieved due
to the thermal energy storage (TES) capabilities featured by new CSP
plants [6,7]. These technologies offer a great potential for dec-
arbonizing the energy economy [8].

Concentrating solar power technologies make use of solar receivers
where the concentrated solar radiation is converted into thermal energy
(useful energy) [9]. Volumetric receivers are a promising class of re-
ceivers commonly used for non-linear solar concentrator systems, such
as the solar tower and parabolic dish CSP technologies (point-focus
systems). Volumetric receivers are composed by porous structures
(absorber matrix) through the pores of which the concentrated solar
radiation - redirected from the concentrator devices — penetrates and a
fluid passes under a forced convection flow regime. As the concentrated
solar radiation penetrates within the absorber volume, a fraction of
radiation is gradually absorbed by the solid structure, being transported
as thermal energy to a heat transfer fluid (HTF) by convection. The
high-temperature HTF from concentrating solar receivers can be de-
livered to downstream energy demanding applications (industrial pro-
cess heat) or can be coupled either in an open- or closed-loop fashion to
a power cycle block (conventional Rankine, Brayton, combined, or
Stirling cycles) [10]. By promoting a volumetric heating instead of a
surface heating — as in tubular receivers —, higher absorber tempera-
tures can be displaced to the interior of the receiver pore structure,
preventing long-wave thermal emission losses to the surrounding en-
vironment and improving the energy conversion efficiency — this phe-
nomenon is the so-called volumetric effect [11,12].

Volumetric receivers have been extensively investigated by nu-
merical simulations, particularly, in the last few years [13]. The main
goals of these works consist in finding advanced absorber structures and
suitable operating regimes to increase the solar radiation absorption
and reduce heat losses from the receiver unit — improve the receiver
optical and thermal performance [10,12]. The receiver performance
characterization by numerical simulations is generally a common pro-
cedure prior to any prototyping and initial experimental investigations
of improved or novel absorber designs. A large variety of models for the
prediction of the receiver hydrothermal performance has been applied
in the literature ranging from 1D (one-dimensional) continuum models
— lumped models in radial and angular directions — (see, for instance,
Refs. [11,14,15]) to 3D (three-dimensional) fully distributed and dis-
crete (pore-scale) models [16]. The most common modeling approach
has been based on the 2D (two-dimensional) or 3D volume-averaging
local thermal non-equilibrium (LTNE) modeling formulation — see ex-
amples in Refs. [17-19]. According to this modeling strategy, the ab-
sorber thermal performance is governed by the coupled heat transfer
behavior between continuum solid and fluid phases — absorber matrix
and heat transfer fluid, respectively. (Local thermal equilibrium (LTE)
models have been also applied in the literature — see Refs. [20,21] — but
are generally not as suitable as LTNE models due to the large tem-
perature deviations between the two phases that are observed mainly
near the irradiated/inlet receiver section. Consequently, LTE models
are known to predict excessive and unrealistic volumetric effects.) The
heat transfer fluid flow within the receiver volume is predicted re-
sorting to momentum balance equations that employ effective hydro-
dynamic external (empirical- or theoretically-derived) source terms —
permeability and inertial resistance coefficients [22-24]. Effective
thermophysical properties, such as thermal conductivities, specific
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heats, densities, and radiative properties are required being estimated
in accordance with the respective intrinsic properties of the single
phase and the volume fraction of each phase [25].

In volume-averaging LTNE models, heat transfer rates between solid
and fluid phases strongly rely on the application of external correlations
— derived from experimental measurements or from pore-scale numer-
ical simulations — for the evaluation of convection heat transfer coef-
ficients [26-28]. Moreover, since solar radiation transport and con-
vection heat transfer are the dominant processes in solar-to-thermal
energy conversion, the reliability and accuracy of such two-phase
(heterogeneous) volume-averaging model predictions become highly
sensitive to the values applied for the external heat transport coeffi-
cients. The same is equally true for the source terms of the momentum
balance equations for an accurate prediction of the fluid flow behavior
(and overall pressure drop) within the receiver unit. Some uncertainty
and reserve in relation to the predictive capabilities exhibited by this
class of models should be considered, specially for hydrothermal re-
gimes of operation and geometrical parameters far from those that were
considered at first instance to develop such transport correlations.
Moreover, there is little awareness in the literature to the physical di-
mensions of the absorber volume — where the volume-averaging model
equations are to be applied - in relation to the characteristic pore size of
the structure. This is particularly critical for cases where the overall
absorber dimensions are similar to the pore size dimensions (only a few
cell units per volume are considered), which should strongly discourage
the application of such correlations because they were derived under
the basic assumption of a minimum representative elementary volume —
several times higher (to be statistically representative of the entire
structure) than the characteristic pore size [29,30].

Conversely to volume-averaging models, pore-scale models do not rely
on external correlations neither on effective thermophysical parameters for
the description of fluid flow and heat transfer phenomena. Instead, these
models solve the Navier-Stokes equations for the fluid flow field solution
within the pore network of the receiver (gas phase), and solve the conjugate
heat transfer problem, coupling the energy balances of both solid and fluid
phases without external — eventually, unsuitable — Nusselt number corre-
lations [31]. These models are more computational demanding than vo-
lume-averaging models and require the digital reconstruction of the ab-
sorber complex pore network morphology - that can be acquired from
different volume imaging techniques (e.g., magnetic resonance imaging and
X-ray computer tomography) or developed from reconstruction algorithms.
For such reasons, pore-scale models are not widely used for engineering
purposes, namely for initial (preliminary) parametric and extensive in-
vestigations [32,16]. The micro-scale details of the fluid flow and heat
transfer within the intricate absorber porous structure are resolved applying
pore-scale models [33]. This kind of models allows to capture particular
features of pore-scale phenomena that otherwise — with non-intrusive ex-
perimental measurement techniques — would be very difficult to get access
[34]. The application of these models represents a great opportunity to shed
light and gain physical insight (improved understanding) on some open and
conflicting issues found in the literature, for instance, regarding the effect of
foam geometrical properties (porosity and mean pore size) on the receiver
thermal efficiency [17,19,35].

The role of solar insolation characteristics and concentrator devices
on the receiver hydrothermal performance has been theoretically con-
sidered through two fashions: the surface approach; and the volumetric
approach. The surface approach considers the absorption of the in-
coming concentrated solar radiation energy as a surface phenomenon
lumped at the absorber irradiated (front) section. This approach is
mainly applied along with volume-averaging receiver hydrothermal
models [26,36,37] and is scarcely found in the literature — in compar-
ison with the volumetric approach — due to the underlying limitations
for high-accuracy predictions. (For dense absorber structures, the sur-
face approach may eventually become more adequate but by definition
this approach is unable of reflecting the volumetric effect.) On the other
hand, according to the volumetric approach the incoming concentrated
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solar radiation energy is absorbed continuously along the porous (ex-
tinction) volume of the absorber. The volumetric approach has been
applied through the modified P, approximation [38,39], discrete ordi-
nates method [40,15], two-flux approximation [11], or through ex-
ponential (phenomenological) laws [24,25,41]. Additionally, ray tra-
cing methods considering continuum-scale [42,43] or discrete-scale
[44,45] approaches for the receiver morphological representation are
also frequently considered. The application of the surface and volu-
metric fashions requires a prior knowledge of the incident concentrated
radiation flux distribution — and, preferably, the incident concentrated
radiation angle distribution — at the receiver aperture section. This data
can be calculated taking into account the performance of the reflector
devices through Monte Carlo ray tracing (MCRT) techniques [39] or,
simply, assumed as constant [18,26] or described by Gaussian dis-
tributions [23,38] in line with experimental estimates. Alternatively,
the volumetric approach implemented with MCRT techniques can be
applied following to a one-step (fully coupled) manner from the solar
disc to the internal receiver walls. The application of MCRT methods
embracing simultaneous all concentrating solar collector components
comprises the most comprehensive procedure for modeling solar ra-
diation transport and absorption [43,46,47].

Only a few direct pore-scale numerical simulations have been spe-
cifically conducted for the evaluation of the hydrothermal performance
of volumetric solar receivers. Du et al. [48] have applied such a model
approach to an open volumetric air receiver composed by an open-cell
foam absorber reconstructed from computed tomography scans. The
authors have decoupled the solar field concentrator role from the re-
ceiver performance by simply assuming an already concentrated and
collimated incident solar radiation at the receiver front section and did
not give any value for the receiver optical or thermal efficiency. By
performing pore-scale numerical simulations in 10 ppi foams with dif-
ferent porosities, Du et al. [25] have recently developed a Nusselt
number correlation taking into consideration typical operating condi-
tions (realistic thermal boundary conditions) for volumetric solar ab-
sorbers. Zhu and Xuan [49] have applied a pore-scale model to evaluate
the effect of porosity, incoming concentrated radiation incident angle,
and receiver absorptivity with three types of structured packed bed
volumetric solar receivers. However, instead of solving the conjugate
heat transfer problem the model makes use of an external correlation
for the interface heat transfer coefficient. For honeycomb absorber
structures, Nakakura et al. [40] have analyzed five different channel
inlet geometries with a 3D multi-channel discrete model and found
potential performance benefits that were rationalized with lower sha-
dowing effects on the channel internal walls. Cagnoli et al. [46] and
Fend et al. [41] have applied 3D single-channel (pore-scale) models to
investigate the effect of different honeycomb channel dimensions (edge
length and wall thickness) on the hydrothermal absorber performance.
Capuano et al. [50] have investigated an innovative and optimized
volumetric solar receiver comprised by a pin-shaped inlet (irradiated)
zone followed by an inner staggered honeycomb structure, through 3D
discrete numerical simulations. The majority of these pore-scale nu-
merical modeling studies have neglected the optical role of the solar
concentrator on the hydrothermal receiver performance — an assump-
tion on the incident concentrated solar radiation distribution has been
commonly considered instead. Furthermore, in several works the solar
radiation absorption along the absorber structure has been computed
through simplistic approaches — such as the Beer’s law — and radiative
heat transfer modeling within the absorber volume has been ignored.

In this work, a comprehensive and fully predictive modeling ap-
proach is developed for accurate and reliable numerical performance
characterization studies of concentrating collector solar systems. The
current methodology is applied to investigate the optical, hydro-
dynamic, and thermal performance of a fully functional parabolic dish
solar collector system with an open volumetric air receiver composed
by a ceramic open-cell foam absorber. The 3D discrete geometric model
for the absorber structure is considered in this study either for the
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evaluation of the absorbed solar radiation distribution and for the
prediction of the hydrothermal performance. No assumption is required
on the incoming concentrated solar radiation features since the direc-
tional radiation characteristics as well as the heat flux distribution at
the receiver aperture section are completely predicted by the solar flux
model. A data managing strategy to deal with the high morphological
complexity details of the receiver is proposed in order to guarantee the
coherent coupling between the solar flux (optical) model results and the
receiver (hydrothermal) model. This strategy can be readily applied to
combine available CFD (computational fluid dynamics) and optical si-
mulation codes. The application of the current methodology only re-
quires intrinsic properties of the collector system and solar insolation
and receiver operating conditions. As far as the authors are aware, the
current work is the first of its kind to deal with a complete and fully
functional parabolic dish solar collector system (concentrator and re-
ceiver) resorting to pore-scale numerical models — to describe the hy-
drothermal performance of the receiver — and to a solar flux model
based on the Monte Carlo ray tracing technique to take into account the
solar insolation characteristics (solar model), the concentrator, and the
detailed receiver internal structure on the absorbed solar power —
without any averaging procedure to alleviate the solar flux calculations.
A comprehensive preliminary investigation is herein addressed out-
lining the best practice guidelines while applying this methodology and
covering a mesh independence study, a parametric investigation on the
accuracy of the thermal radiative heat transfer model, and a validation
procedure.

This document is organized as follows. The next section (Section 2)
provides a brief description for the physical models of the solar and
collector system that will be considered for the methodology applica-
tion. Thereafter, Sections 3 and 4 present the mathematical and nu-
merical modeling details, respectively, proposed to solve the overall
concentrating solar collector problem. The results and ensuing discus-
sion (including practice guidelines for accurate and reliable numerical
predictions with the current methodology) are addressed in Section 5.
This document ends in Section 6 with summary conclusions.

2. Physical models
2.1. Collector and solar systems

The concentrating solar collector system is composed by a con-
centrator (reflector) and a receiver. The concentrator collects and re-
directs beam (direct) solar radiation towards the receiver where the
concentrated solar energy is absorbed by a solid matrix (absorber
structure) and transferred to a flowing heat transfer (or working) fluid
under a forced flow regime. According to this process, the conversion of
solar energy to thermal energy is accomplished. In this work, the con-
centrator is an ideal parabolic dish and the solar receiver belongs to the
volumetric class. Fig. 1 illustrates a schematic representation of the
concentrating solar collector system. The supporting structures that
hold the receiver in place — which are commonly attached to the con-
centrator — are neglected. The receiver symmetry axis is collinear with
the parabolic dish axis (axis parallel to axis z) — no radial misalignment
(eccentricity) is considered between the concentrator and receiver
apertures. The receiver front (aperture) section is located at the focal
plane of the parabolic dish concentrator. The concentrator focal length
() and aperture radius (Rape;) — parameters shown in Fig. 1 and re-
quired for the geometrical definition of the parabolic dish - are equal to
3 and 0.2 m, respectively.

The sun shape effect — angular intensity distribution of direct sun
rays along the solar disc — is modeled according to the pillbox dis-
tribution with a solar cone half-angle (6;) of 4.65mrad. The sun position
is set in the collector symmetry axis. A value of 1000W m~2 is con-
sidered for the incident solar direct normal irradiation (DNI). Air is the
heat transfer fluid as it is commonly considered in open (atmospheric)
volumetric solar receivers.
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Fig. 1. Schematic representation of the concentrating solar collector system.

2.2. Volumetric solar receiver

The volumetric receiver is composed by the solar absorber and the
corresponding supporting structure (tubular housing structure). The
absorber structure corresponds to a ceramic (SiC) open-cell foam ma-
trix. Fig. 2 depicts the physical model of the solar receiver and absorber.
The absorber cellular structure has a cylindrical shape with a length and
diameter equal to 20 and 25mm, respectively. The absorber is fixed in
the middle of a 30mm long tube. In this study, the thickness of the tube
wall is neglected. Fig. 2 specifies where the irradiated receiver section is

_Recelver Irradiated Section (IS)  Outlet Section (OS)
Lateral View View View

we

Fig. 2. Physical model (including dimensions) of the receiver unit and absorber
structure.
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Table 1

Geometrical characteristics of the open-cell foam absorber.
Parameter Value
Cell density [ppi] 10
Porosity (¢) [%] 83
Specific surface area (ay) [m™] 669
Strut diameter (dsgryt) [mm] 07
Pore diameter (dpore) [mm] 48

located - see the label “IS” on the top-left inset. The morphology of the
foam absorber considered in this work was acquired by computed to-
mography scans of a real 10ppi ceramic foam sample, with a voxel re-
solution of 70um, followed by a segmentation procedure (image pro-
cessing techniques) carried out with the free and open-source software
ITK-SNAP [51]. Table 1 lists the geometrical characteristics of the open-
cell foam absorber. The open-cell foam porosity in Table 1 corresponds
to the hydrodynamic effective — hydrodynamically relevant — porosity
(macroscopic porosity). The foam ligaments are assumed as dense solid
(not hollow) structures and, hence, the inner micro-porosity (strut
porosity) is neglected and the total porosity becomes equal to the hy-
drodynamic porosity. The strut porosity — that depends mainly on the
manufacturing procedure — is in general very low in relation to the
hydrodynamic porosity (0.01% — 5%) [52,53] and it has been neglected
in many literature works. dp.r corresponds to the inner pore diameter.

3. Mathematical models
3.1. Overall concentrating solar collector model: governing equations

The overall problem under consideration is herein handled with a
single one-way coupling strategy between two sets of models: (a) the
receiver fluid flow and heat transfer model - shortly, the receiver
(hydrothermal) model; and (b) the collector solar flux model. The re-
ceiver model evaluates the fluid dynamics and thermal performance of
the concentrating solar collector. The solar flux model feeds the re-
ceiver model with the contribution of the concentrated direct solar
beams from the solar system, taking into account the optical and geo-
metrical role of the concentrator system and receiver unit.

3.1.1. Receiver model

For pore-scale fluid flow and heat transfer simulations, the governing
equations correspond to the conservation equations of mass, momentum,
and energy (in both phases) in a continuum medium. This set of equations
does not require external parameters (constitutive relations) for model
closure as volume-averaging (continuum) models do, namely viscous and
inertial permeability coefficients for the momentum source term, external
heat transfer (convection) correlations for coupling the solid and fluid en-
ergy balance equations, and effective thermophysical properties.

The steady-state governing equations assuming laminar and in-
compressible fluid flow conditions and neglecting body forces and vo-
lumetric energy sources in a differential form read as follows — see Egs.

(D-4.

V-(ov) = 0 @
Vi(ov® v)=V-o 2
V-(pEV) = V-(v:o) = V-(=k; VT}) 3)
V-(=k;VI) = 0 4

Egs. (1)-(4) correspond to the conservation equations of mass, mo-
mentum, energy in the fluid phase, and energy in the solid phase, re-
spectively. In these equations, p, v, o, E, k, and T are the fluid density,
fluid velocity, stress tensor, fluid total energy per unit mass, thermal
conductivity, and temperature, respectively. The subscripts f and s refer
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to the fluid and solid phases, respectively. The stress tensor is given by
Eq. (5), where p is the pressure and T the viscous stress tensor provided
by Eq. (6). In Eq. (6), u is the fluid dynamic viscosity.

c=-pl+T 5)

2
T = u[Vv + (V)] — =(V-V)I
UIVY + (V9] = 2 (V) ©
The fluid total energy per unit mass is related with the fluid specific
enthalpy (h) through Eq. (7).

E=h+ Sivie - 2
2 o @)
The fluid volume (air — heat transfer fluid) within the receiver void
space is regarded as transparent (non-participant) to radiative heat
transfer — the fluid medium does not emit, absorb, and scatter radiation
[17,31]. In this work, the net radiation method (surface-to-surface ra-
diative heat exchange model) [54] is employed to determine the net
radiation heat flux from each surface to the surrounding receiver sur-
faces and external environment.

3.1.2. Solar flux model

The solar flux model is based on the Monte Carlo ray tracing technique.
This method is widely employed by the concentrated solar energy research
community owing to its simplicity, flexibility, scalability, accuracy, and
capability of handling complex geometries [42,44,55]. This technique
consists in tracking a large amount of individual rays from a specified
emission source (solar disc) through, eventually, successive specular (in this
work) reflections in the collector system until the absorption of rays takes
place, at a particular collector surface, or the rays escape from the collector
system realm. Whenever a ray impinges on a surface, a particular event
probability for absorption and reflection is evaluated taking into account the
optical properties and a random number generator.

3.2. Boundary and conjugate conditions — receiver model

At the inlet section of the receiver, uniform velocity and tempera-
ture distribution profiles are considered (see Egs. (8) and (9), respec-
tively). The flow direction is set normal to the receiver inlet section (Eq.
(8)). At the receiver outlet section, a pressure outlet boundary condition
establishing a zero static (gauge) pressure is applied (Eq. (10)) as well
as a negligible fluid temperature gradient (Eq. (11)). (The reference
pressure corresponds to the atmospheric pressure.) Unless otherwise
stated, at the receiver internal walls, no-slip and impermeable boundary
conditions are applied for the velocity field (Eq. (12)). The receiver
external (tubular) surface is adiabatic (8T/dn = 0). At all wall bound-
aries an heat flux (energy source value) is applied. The local heat flux
value (q¢") has two contributions: one from the external (concentrated)
solar radiation (qe’;t) — computed outside the framework of the receiver
model, according to the solar flux model - and the other from the
thermal radiation (thermal emission) within the porous media and
between the internal receiver unit and the surrounding environment
(qi;'u) - see Egs. (13) and (14), where n corresponds to the unit normal
vector to the material interface. Eq. (15) states the temperature con-
tinuity across fluid-solid interfaces. (On the contrary, an heat flux jump
is observed at the absorber surfaces due to the application of energy
source values — see Eq. (14).) The boundary and conjugate conditions
are summarized as follows.

1. Inlet section:

V=Vt ®
Ty = Tf.in 9
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2. Outlet section:

p = pout (1 O)

V’I‘f'nout =0 an

3. Wall boundaries:
v=0 12)

3.1 Receiver external (outer) surface:

(ks VTIrn) + qg + g =0 (13)

3.2 Fluid-solid interface (absorber surface):

(ksVTyn) = q, + g + (kg VI m) a4

;=T (15)

3.3. Thermophysical, optical, and radiative properties

The dynamic viscosity of air at moderate temperatures and atmo-
spheric pressure is evaluated with the Sutherland’s law with parameters
taken from Ref. [56]. The ideal gas’ law is considered to calculate the
fluid mass density. The air specific heat and thermal conductivity are
computed according to Egs. (16) and (17), respectively, where T; cor-
responds to the absolute air temperature. These equations were derived
by polynomial fitting with the data gathered from Ref. [57] over the
temperature range 250 — 1600K. A maximum relative error below 0.4%
and 2% is guaranteed applying Eqgs. (16) and (17), respectively, in re-
lation to the reference values (raw data).

Cor [T kg1 K71 = 2.4422 X 10719T} — 9.6767 X 107'T} + 1.3251 X 107°T}
— 5.3090 X 1077} + 1.0703 x 10° (16)

ke [W m~1 K~1| = 3.4288 X 1071'T7 — 9.1803 X 10377 + 1.2940 X 10~*Ty
—5.2076 X 1073 17)

For the thermal conductivity of the solid matrix (foam absorber
solid fraction), the correlation reported in Ref. [58] for sintered « — SiC
is herein applied. This correlation is presented in Eq. (18), where the
solid temperature, T, is given in degrees Celsius. This correlation pro-
vides suitable values along the temperature range 0-2000 °C [58].

52000 X exp(—1.24 X 10-5T;)
T, + 437 18)

ks[Wm™1K1] =

In this work, foam strut walls are considered opaque surfaces. Due
to the absence of detailed spectral properties for solar optical and
thermal radiation heat transfer modeling purposes, every collector
system wall is considered as a gray surface - i.e., no spectral selectivity
is herein considered. Consequently, the receiver (absorber and housing
structure) walls’ solar absorptivity («) is equal to its thermal emissivity
(¢) — Kirchhoff’s law. The emissivity of the SiC foam is considered equal
to 0.93 [12]. For the receiver external wall (absorber metal housing
surface), an emissivity equal to 0.3 is taken into consideration in
agreement with previous works [17]. The concentrator surface re-
flectivity (p,,,.) is equal to 0.9 in accordance with the literature
[17,59]. The reflectivity values are assumed as averaged values over the
entire range of possible incident angles and, consequently, these values
are herein considered as independent of the angle of incidence [60-62].
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4. Numerical models
4.1. Receiver model: fluid flow and heat transfer models

The receiver mathematical model is numerically solved through the
commercial software package STAR-CCM+ (version 12.04), a finite
volume multi-disciplinary simulation environment, currently owned,
maintained, and distributed by Siemens. CAD modeling and computa-
tional domain discretization (mesh generation) are also carried out
within the capabilities of this package. The fluid flow governing
equations (Navier-Stokes equations) are solved with the built-in seg-
regated flow solver that makes use of the SIMPLE algorithm. The seg-
regated fluid temperature solver is applied to evaluate the fluid total
energy equation considering the temperature as the solved variable. A
second-order upwind discretization scheme is adopted for evaluating
convective fluxes. The heat transfer between the fluid and solid phases
within the receiver volume is solved through a conjugate — coupled or
adjoint — formulation (conjugate heat transfer). Such an approach is
required once each phase is governed by a different balance equation.
This procedure allows to determine the temperature and heat flux
distribution at the fluid-solid interface without resorting to externally
derived convection heat transfer coefficients.

Thermal radiative heat transfer numerical modeling is accounted for
through a native implementation of the net radiation method available
in the commercial code STAR-CCM +. The required view factors are
evaluated through a deterministic Monte Carlo approach that requires a
specified number of rays. The rays are emitted from the center of each
patch (individual surface) towards the enclosing space being traced
until they intersect another patch. The specified number of rays con-
trols the view factors accuracy.

4.2. Solar flux model and receiver model coherent coupling

The free and open-source MCRT software Tonatiuh (Version 2.2.4)
[63] is applied for the calculation of the solar irradiation absorbed
power on the collector surfaces. The procedure employed for computing
the absorbed solar flux distribution on the irradiated receiver surfaces is
briefly described in Fig. 3. The current approach allows to establish a
one-to-one correspondence between the boundary cell faces of the pore-
scale fluid flow and heat transfer model (receiver model) and the in-
dividual surfaces considered for MCRT model simulations.

The coupling procedure is initiated after the generation of a suitable
mesh geometry within the framework of the receiver model. All mesh
details regarding the receiver computational regions whose boundaries
are exposed to solar radiation can be exported from the STAR-CCM
+ environment, however only in a binary format. The software STAR-
CD (Version 4.14.010, developed by CD-adapco) was employed to
handle the binary mesh file appropriately in order to generate ASCII
plain text files (.bnd, .cel, and .vrt files) with all mesh features.
Consequently, from the .bnd file, it is possible to determine the
PROSTAR ID of each boundary cell and the corresponding boundary
cell face(s), and finally, with such information using the data from the
.cel file, the ID of each boundary cell face vertex is extracted. The co-
ordinates of all vertices are gathered from the .vrt data file. At the end
of this procedure, for each boundary cell face exposed to solar irra-
diation, the PROSTAR FACE ID is extracted as well as the coordinates of
its composing vertices.

This data is employed to generate the composite foam surface for
MCRT model simulation. The CAD_Shape surface import mode avail-
able in Tonatiuh was considered for defining each individual surface —
through the STereo Lithography (STL) file format — that corresponds to
each boundary cell face. The label assigned for each individual surface
defined in the Tonatiuh source file is the PROSTAR FACE ID of the
corresponding boundary cell face. This procedure is of paramount im-
portance for the solar flux model post-processing stage, namely for
importing the solar flux model results to the receiver model. This is
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0. FVM mesh generation

— 1. Extraction of mesh details from binary file

Boundary (.bnd) file
+—3p Cell (.cel) file
Vertex (.vrt) file

.ccm file Interpreter

The mesh (.ccm) file —p
( STAR-CD 4

— 2. Receiver structural reconstruction for MCRT simulations
2.a — Identification of each face (PROSTAR FACE ID) belonging to the
irradiated boundaries (with .bnd data file)

2.b — Identification of all vertices (and corresponding coordinates)
that comprise each cell face identified in 2.a (with .cel and .vrt data files)

2.c — Generation of the Tonatiuh source file (.tnh) containing all the data
required for MCRT simulations
Each boundary cell face identified in 2.a corresponds to an individual surface
defined in the .tnh source file (through the CAD_Shape procedur
in the .tnh source file is labeled with the corresponding PROST:

2.d — Generation of the Tonatiuh script file (.tnhs) for running the
simulation

Solar Flux Model

— 3. MCRT simulations (Tonatiuh)

With the Tonatiuh’s GUI, open the Tonatiuh source file and run the
seript file

Receiver Model

— 4. Evaluation of the absorbed solar flux at each individual surface 4

Calculation of the total absorbed heat flux from concentrated solar inso-
lation for each individual surface with Tonatiuh’s output data files

— 5. Heat flux definition at each boundary cell face
Since the label attributed for each surface in the .thn file corresponds to
the PROSTAR FACE ID, a direct and expedit correspondence between
the surfaces (in Tonatiuh) and boundary cell faces (in STAR-CCM+) can
be establish to import the MCRT simulation results to the receiver model

6. Pore-scale fluid flow and heat transfer simulation

Fig. 3. Methodology applied for coupling the receiver pore-scale model and the
solar flux model.

because the same surface in both modeling environments has the same
ID/label, which facilitates the import process to the receiver model, in
such a way that no boundary cell face is left behind during the whole
procedure (coherent coupling). FORTRAN programming was employed
to generate the extensive source files for Tonatiuh, with all data re-
quired for setting up the simulation — geometrical and optical properties
of the concentrator and receiver surfaces and parameters for the solar
model definition — and to create the script file for running the simula-
tion. The raw data from Tonatiuh’s simulations (enclosing the path
taken by each numerical ray within the solar collector system) was post-
processed resorting to Python scripting. Finally, the data import pro-
cedure to the receiver model was performed with externally coded
functions (written in FORTRAN) that were coupled to the receiver si-
mulation model developed within the STAR-CCM + framework.

5. Results and discussion

This section includes a mesh independence study on the receiver
hydrothermal numerical solution (Section 5.1), an investigation on
sensitive parameters for the thermal radiative heat transfer model
performance (Section 5.2), a validation procedure for the receiver and
solar flux models (Section 5.3), and finally, a detailed analysis on the
optical and hydrothermal performance of a particular, completely
functional, solar collector system (Section 5.4).

5.1. Mesh independence study

Different meshes were generated for performing a mesh in-
dependence study on the numerical results in order to ensure that the
results are independent from the domain discretization (mesh). The
most adequate mesh — for which negligible differences are observed in
relation to a more refined one - is selected for further simulations. The
current mesh independence study is conducted at three different stage
levels. The first stage analyses the effect of the mesh at capturing the
geometric features of the absorber such as porosity and specific surface
area — mesh independence study on the geometric fidelity of the
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absorber structure. The second and third stages consider the mesh in-
fluence on primary solution fields at isothermal conditions and adia-
batic conditions, respectively.

The computational domain corresponds to the physical model pre-
sented in Fig. 2 with the addition of two tubular (cylindrical) extruded
regions — with the same diameter as the receiver external wall —, one
placed upstream and the other downstream the receiver region. The
tubular (embedding) regions are included to avoid the application of
unsuitable hydrodynamic and thermal boundary conditions at the inlet
and outlet receiver sections. Therefore, spurious solutions are pre-
vented, flow structures are retained near the entrance and exit receiver
sections, and the numerical convergence behavior is improved [30].
This procedure is commonly applied in the literature — see, for instance,
Refs. [52,34,33]. For the upstream and downstream undisturbed cy-
lindrical regions, a length of 0.5D and 3D were considered, respectively,
where D corresponds to the receiver external diameter (equal to 2.5cm).
(The tubular external surface of the upstream (inlet) region is not
considered as a physical boundary and, consequently, free-slip (fric-
tionless) and adiabatic boundary conditions are therein applied, as well
as, a transmissivity value equal to one — transparent surface for radia-
tive heat transport purposes). The thickness of the outlet cylindrical
zone (equal to 3D) was adequate to prevent velocity and pressure
fluctuations as well as backflow issues during the numerical con-
vergence path, at the computational model exit section. Backflow at the
exit section can be developed due to a negative pressure at the absor-
bers’ wake in relation to the gauge pressure fixed at the exit section
(pressure outlet boundary condition).

Polyhedral cells were applied for discretizing the regions corre-
sponding to solid domain (absorber material) and fluid space belonging
to the receiver physical model. For every developed mesh, a layer of
prismatic cells was considered at the interface between solid and fluid
regions, immersed in the fluid side. The cells in the inlet and outlet
tubular regions were developed by extrusion from the polyhedral cells
generated in the central region (within the receiver region), considering
25 and 150 layers for the upstream and downstream tubular regions,
respectively, along with a stretching ratio equal to two.

A total of 12 meshes were generated in this study. Table 2 lists the
cell counts in the fluid and solid regions for each mesh. For the fluid
region, Table 2 shows the number of cells in the porous region (region
comprising the physical model of the receiver according to Fig. 2).
Meshes A-G, H-2, and I-J were developed with the same set of speci-
fications expect the mesh base size (which, consequently, gives rise to a
different total number of cells). These meshes are listed in Table 2 by an
ascending order of the total number of cells. Meshes H-1, H-2, and H-3
were created considering a different number of prism layers — two, five,
and eight for meshes H-1, H-2, and H-3, respectively —, while keeping

Table 2

Number of cells (in millions) for each mesh in different regions. All meshes have
five layers of prismatic cells except meshes H-1 and H-3 which have two and
eight, respectively.

Mesh Fluid Region Solid Total
Porous Region Total Region
A 1.04 1.22 0.17 1.39
B 1.54 1.80 0.26 2.06
C 2.55 2.97 0.45 3.42
D 3.59 4.17 0.64 4.81
E 5.33 6.17 0.95 7.12
F 10.54 11.96 1.98 13.94
G 13.51 16.51 2.22 18.73
H-1 12.82 17.81 2.41 20.22
H-2 16.48 21.74 2.41 24.15
H-3 20.13 25.67 2.41 28.08
I 18.86 25.74 2.60 28.34
J 20.93 29.02 2.83 31.85
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Fluid and solid regions: cross-section by the receiver axis
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Fig. 4. Representation of different mesh features. (Mesh B in consideration —
see Table 2.).

constant the remaining mesh parameters. Fig. 4 depicts several geo-
metric features considered for the meshes under consideration.

Fig. 5 presents the relative errors of porosity and specific surface
area calculated for different meshes and taking as reference mesh J —
finest mesh with about 32 million cells. From mesh F to mesh I, the
relative errors of porosity and specific surface area become negligible
(below 0.15%). A decrease on cell size contributes to enhance the
geometrical fidelity of the mesh geometry in relation to the physical
model of the absorber. For a coarse mesh, the smallest geometric details
of the physical model may not be accurately resolved — the smallest
pores and cell windows of the original foam geometry may become
occluded by the solid mesh which leads to a decrease of porosity and
specific surface area. The number of prismatic cells does not affect the
discretization of the interface between the solid and fluid domains;
therefore, meshes H-1, H-2, and H-3 feature equal values for the geo-
metric properties under consideration and equal relative errors on the
porosity and specific surface area — for this reason only mesh H-2 is
presented in Fig. 5.

5.1.1. Isothermal conditions: hydrodynamic behavior

For this set of simulations, the air superficial velocity (v;,) and
temperature (Tj;,) were uniform at the inlet section and equal to
0.1m s~! and 300K, respectively. A constant pressure at the outlet (p,,,)
was also considered.

Fig. 6 presents the pressure drop relative error computed for dif-
ferent meshes. The pressure drop was evaluated over the 30 mm re-
ceiver length. The friction on the receiver tubular enclosing walls has a
minor contribution on the pressure drop over the absorber. Relative
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Fig. 5. Porosity and specific surface area relative errors determined for dif-
ferent meshes in relation to the corresponding values obtained with mesh J.
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Fig. 6. Relative errors for the pressure drop along the absorber length de-
termined for each mesh.

errors for meshes A-G, H-2, and I (meshes H-1 and H-2) were computed
considering mesh J (mesh H-3) as reference. Fig. 6 shows that as the
mesh cell count and number of prism layers increase a decrease in the
pressure drop relative errors is observed. In particular, for mesh H-2 a
relative error of 0.11% and 0.10% is calculated in relation to mesh J
and mesh H-3, respectively.

Figs. 7a and 7b present velocity magnitude profiles for the reference
meshes (mesh H-3 and mesh J) and relative errors of velocity magni-
tudes for different meshes in relation to the reference ones, respectively,
along the axial direction of the receiver unit. The velocity magnitude at
each receiver axial position corresponds to the average value over the
entire transversal cross-section. In Fig. 7a et seq., the inlet section of the
absorber (foam matrix) is located at the axial position (z) equal to 0. In
Fig. 7a, similar results are observed for meshes H-3 and J. In Fig. 7b, the
relative errors are more significant near the absorber inlet section
(z ~ 0cm), middle of the receiver (z ~ 1cm), and at about 1cm down-
stream the absorber outlet section (g ~ 3cm) — absorber’s wake. The
same trend as before is herein registered: the relative error decreases
with the cell count. For mesh H-2, the average and maximum relative
errors are lower than 0.012% and 0.070%, respectively, taking as re-
ference either mesh H-3 or mesh J.

5.1.2. Adiabatic conditions: hydrodynamic and thermal behavior

In this case, a constant heat flux is applied at the inlet (front face),
internal, and outlet (rear face) surfaces of the absorber. The inlet con-
ditions (fluid superficial velocity and temperature) are the same as
those considered for the previous isothermal model simulations. The
heat flux value was evaluated through an energy balance taking into
account the actual air mass flow rate, inlet temperature, air thermo-
physical properties, and total absorber surface area, in such a way that
the outlet gas temperature would be equal to 900K. A total heat transfer
rate value of about 36.5W was calculated and applied at the absorber
walls. The external walls of the receiver are set as adiabatic surfaces in
accordance with the boundary conditions (see Section 3.2).

Fig. 8a presents the gas and solid axial temperature profiles for the
reference meshes (meshes H-3 and J) and Fig. 8b shows the relative
errors of gas temperature profiles along the axial direction of the re-
ceiver. The temperatures were evaluated as a surface average over the
corresponding region (solid or fluid) of the cross-section at each re-
ceiver axial position. In Fig. 8a, negligible differences are perceived
between the thermal profiles of each reference mesh. Fig. 8b shows that
the maximum relative errors are observed at the inlet section of the
absorber. A remarkable decrease of the relative errors near the absorber
inlet section is observed as the cell density increases. For mesh H-2, a
maximum relative error below 0.027% and 0.024% is reported in re-
lation to mesh J and H-3, respectively. The relative errors concerning
the solid temperature profiles were also computed (not shown herein).
For each mesh, the maximum and average relative errors are lower for
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Fig. 7. Performance of each mesh for the calculation of the velocity field: (a)
velocity magnitude profiles along the receiver axial coordinate for meshes H-3
and J; and (b) relative errors of velocity magnitudes for different meshes.

the solid temperature than for the gas temperature profiles. Although
not directly relevant for the current mesh independence study, the
pressure drop along the receiver equals to 2.37 and 2.38 Pa for mesh J
and mesh H-3, respectively. The fourfold pressure drop increase in re-
lation to the isothermal pressure drop values (see Fig. 6) is related to
the fluid viscosity increase with temperature.

The results from the mesh independence study — on the absorber
geometrical properties and on the hydrodynamic and hydrothermal
performance of the receiver — support the selection of mesh H-2 as a
suitable mesh for performing the forthcoming numerical simulations.
The absorber physical model geometrical fidelity and numerical model
results computed with mesh H-2 are similar to the geometrical fidelity
and results computed with meshes having higher cell densities and
more layers of prismatic cells.

5.2. Radiative heat transfer model

The accuracy of view factors strongly relies on the number of rays
dispatched from each patch (see Section 4.1). Therefore, the sensitivity
of the net radiation heat fluxes to the number of beams is herein in-
vestigated in order to establish an adequate value for further simula-
tions. Although it is possible to define a ratio between boundary cell
faces and patches, in such a way that each patch comprises a large
number of cell faces — to alleviate numerical calculations (however at
an expense of accuracy) —, in this work, each cell face represents an
independent patch. This setting represents, simultaneously, the most
accurate and expensive practice.

The temperature field solution computed in Section 5.1 with the
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Fig. 8. Performance of each mesh for the calculation of the temperature dis-
tribution: (a) gas and solid temperature profiles along the receiver axial co-
ordinate for meshes H-3 and J; and (b) relative errors of gas temperatures for
different meshes.

mesh selected from the mesh independence study is herein applied to
evaluate the effect of the number of beams on the radiation model re-
sults. Figs. 9a and 9b present the net radiative heat transfer rate profiles
calculated with 2048 beams and the relative errors of such profiles
calculated with a lower number of beams, respectively. A positive heat
transfer rate in Fig. 9a implies a local radiative heat loss from the ab-
sorber. High values near the entrance section of the absorber are jus-
tified because the receiver inlet section corresponds to an open
boundary to the surrounding environment at a temperature of 300K.
Near the exit section of the absorber the radiative heat losses also in-
crease because the absorber walls are exposed to downstream manifolds
at a slightly lower temperature (outlet gas temperature). At the middle
of the absorber, minimal radiative heat losses are observed due to si-
milar temperatures of neighboring absorber walls and to the optical
thickness of the medium that hinders radiative heat exchange between
local surfaces and surfaces located at higher distances, such the external
environment surfaces (inlet receiver section).

Fig. 9b shows a decrease of the average relative error upon in-
creasing the number of beams. For 1024 beams, an average and max-
imum relative errors of 0.11% and 0.74%, respectively, are registered.
The relative error of the total radiative heat loss from the absorber walls
computed with 1024 beams is about 0.01% in relation to the value
calculated with two times the number of beams. These values support
the selection of 1024 beams for computing the radiative heat transfer
rates in the upcoming simulations.
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Fig. 9. Effect of the number of beams in the performance of the radiative heat
transfer model: (a) net radiative heat transfer rate and average heat flux along
the absorber axial coordinate evaluated with 2048 beams; and (b) relative er-
rors for the net radiative heat transfer rate profiles computed with different
number of beams in relation to the solution computed with 2048 beams. The
inset of (b) presents the relative error of the total radiative heat loss from the
absorber walls for a different number of beams.

5.3. Model validation

The performance of the receiver and solar flux models is herein
compared against benchmark data gathered from the literature. For
validation purposes, the receiver unit operation is carried out under
isothermal and non-isothermal conditions in order to evaluate the hy-
drodynamic (fluid flow) and hydrothermal (fluid flow and heat
transfer) performance, respectively.

5.3.1. Receiver model

Before considering pressure drop values (and correlations) from the
literature as benchmark data for the current study, an initial in-
vestigation has to be conducted to ensure that the current absorber and
pore dimensions allow the treatment of the overall media as a re-
presentative elementary volume (continuum — homogeneous — medium
approach). If the overall dimensions of the absorber were not enough to
guarantee such an approach then a comparison with literature data —
obtained typically under the assumption of continuum media - should
not be performed due to the inherent lack of reliability. A similar
procedure suggested in Ref. [30] is herein followed.

Figs. 10a and 10b present the porosity and specific surface area for
five sets of elementary volume (EV) units (EV-1 to EV-5), as a function
of the EV characteristic length. A cylindrical shape for each EV is
considered with the characteristic length (lzy) equal to the EV radius



J.E.P. Navalho and J.C.F. Pereira

1007
90+
= [
‘3. L
L o8or
g 7 =12.5mm o
5 vz B —— EV2
A 70; EV-3 EV-5 —a— EV3 |
H 7/?5\]1 —v— EV4
7225w EV.s
607 L L L L L L L L | L L 1 ' L L
0 2x107° 4x107° 6x107° 8x10°  0.01
1lgy [m]
(a)
— 150
£
L 1l25p
)
-
x 100
8 f
5 75F
« r
4 sor
=] [
@ r
. 25,
o r
9 r
Q, r
1] O L L | L L | L L L 1 L Il 1 1 s
0 2x107° 4x107° 6x107° 8x107°  0.01
ley [m]
(b)

Fig. 10. Effect of the characteristic length (volume of the elementary units) on
the unit geometrical parameters: (a) porosity; and (b) specific surface area. The
insets in these figures show the central location for each elementary volume in
the plane xy. The central position for all EVs are located in the z mid-plane.

and half EV height. A different central (starting) position — from where
the volume of EV units is successively enlarged upon increasing lgy —
was considered for each EV set (see the insets of Figs. 10a and 10b). The
results show that the geometric features of the EV, namely porosity and
specific surface area become free from significant fluctuations as lgy
increases. This behavior is noticed even before Iy equals 0.01m. These
results strongly suggest that the overall absorber can be regarded as a
continuum medium and literature data can be readily used as bench-
mark.

Table 3 presents the pressure drop per unit bed (absorber) length
computed at a constant temperature of 300 K and for an inlet (super-
ficial) velocity of 0.1m s~'. In the numerical calculations for the de-
termination of the pressure drop per unit bed length, free-slip boundary
conditions were applied at the receiver external tubular walls. This
procedure is commonly adopted in the literature — see, for instance,
Refs. [52,34] - to avoid the contamination (falsification) of the results
with external components, namely at lower superficial velocities.
Nevertheless, if a higher volume for the sample were used (as it is usual

Table 3

Comparison between the pressure drop per unit bed
length calculated in this work and evaluated with lit-
erature data.

Ap/Al[Pam™!]
Present work 26.32
Ref. [64] 24.74

10
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in experiments), the effect of the fluid friction on the receiver external
walls would be marginal on the overall pressure drop. The benchmark
pressure drop value for the hydrodynamic conditions under con-
sideration was calculated according to the Forchheimer equation fed
with viscous and inertial permeability parameters evaluated with the
correlations provided in Ref. [64]. The comparison between the present
and reference pressure drop values leads to a relative error of about 6%,
which is considered as a highly acceptable error in the literature related
to the hydrodynamic characterization of open-cell foams — see, for in-
stance, Ref. [65].

The performance of the receiver model under non-isothermal con-
ditions (coupled fluid flow and heat transfer) is also herein compared
against reference data in terms of local convection heat transfer coef-
ficients. The simulation model results from the mesh independence
study (Section 5.1) are herein considered for this purpose. Local con-
vection heat transfer coefficients (h.ny) are computed according to Eq.
(19), where q” corresponds to the heat flux from the absorber surface to
the bulk fluid stream, T; is the solid temperature, and T,, is the mean
(bulk) fluid temperature. T, is calculated with Eq. (20) in agreement
with Refs. [52,57,66].

19

In Eq. (20), h is the fluid specific enthalpy and n (= 1¢,) is the unit
vector aligned with the receiver symmetry axis (axis z). Thus, the nu-
merator and denominator of Eq. (20) correspond to the integration of
the enthalpy advection rate and to the mass flow rate, respectively, over
the transversal cross-section. The temperature T,, is calculated in ac-
cordance to the corresponding mean enthalpy value (h,,). The integrals
are performed over the fluid phase of the receiver transversal cross-
sections.

S p(v-n)hdA

R (Tn) = fp(vn)dA

(20)

Fig. 11 presents the comparison between profiles of the local con-
vection heat transfer coefficient along the receiver length obtained in
this work and calculated according to two Nusselt number correlations
developed for open-cell foams and widely applied in the literature —
correlations reported in the Refs. [67] (Giani et al., 2005) and [64]
(Garrido et al., 2008). Fig. 11 shows that the convection heat transfer
coefficients evaluated in this work are well within the typical range of
values reported in the literature.

The hydrodynamic and hydrothermal performance of the receiver
model is in accordance with reference data and, consequently, the re-
ceiver model is validated.
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Fig. 11. Comparison between local convection heat transfer coefficients along
the receiver main flow direction obtained in this work against the values
evaluated from literature correlations.
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Fig. 12. Comparison of MCRT simulation results computed with Tonatiuh
against reference values on the concentrator focal plane: (a) ideal parabolic dish
(Peone = 1, no optical errors) with f= 1m for two rim angles (45 and 60°); and
(b) parabolic dish with f=5m, p,,. =1, and o; = 2mrad for three rim angles
(30, 45, and 60°).

5.3.2. Solar flux model

The solar flux model results computed with the MCRT software
Tonatiuh are herein compared with benchmark data evaluated by nu-
merical means and gathered from the literature. Two cases for the solar
flux model validation are considered. In both cases, the main goal is the
evaluation of the solar flux distribution on the focal plane of a parabolic
dish concentrator that is exposed to direct solar radiation. Figs. 12a and
12b present the comparison between the actual results computed with
Tonatiuh and the reference results for the two cases. Particularly, in
Fig. 12a an ideal surface is considered for the parabolic dish, whereas in
Fig. 12b the parabolic dish surface has a non-negligible slope error (o;).
The benchmark data for the results in Figs. 12a and 12b were gathered
from Refs. [68] (Jeter, 1986) and [69] (Johnston, 1998) and Ref. [70]
(Lee, 2014), respectively. For both cases, different dimensions were
considered for the concentrator. Figs. 12a and 12b show a very good
agreement between Tonatiuh results and benchmark data. Therefore,
the solar flux model is validated.

5.4. Collector optical and receiver hydrodynamic and thermal performance:
detailed analysis

In this section, the full optical and hydrothermal performance
characterization of the concentrating solar collector system introduced
in Section 2 is conducted. According to the coupling methodology, a
specific receiver mesh geometry — developed within the receiver model
framework — is employed for the reconstruction of the irradiated
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Table 4
Number of independent surfaces that comprise the overall receiver structure
within the MCRT model framework of simulations.

Surfaces Number of Boundary Cell Faces
Mesh A Mesh E
Absorber walls 131 421 510 866
Receiver tubular wall 18 708 56 490
Total receiver walls 150 129 567 356

surfaces for MCRT model simulations (see Section 4.2). The solar flux
model procedure allows to use the selected mesh for the receiver pore-
scale fluid flow and heat transfer model simulations. However, the level
of mesh refinement (geometric definition) that is required for the re-
ceiver model may be dramatically higher than that required for the
solar flux model. In this work, the previously developed meshes A and E
(see Section 5.1) are herein applied for the reconstruction of the re-
ceiver geometrical model within the MCRT model framework. The
number of boundary cell faces that are exposed to concentrated solar
radiation (directly and after successive reflections) for each mesh is
given in Table 4. The large majority of cell faces belongs to the defi-
nition of the complex absorber pore structure (absorber walls). The
remaining cell faces define the external tubular receiver surface that
encloses the absorber foam matrix. Mesh E is composed by about four
times more boundary cell faces than mesh A. If mesh H-2 (mesh selected
for receiver pore-scale hydrothermal model simulations) were taken as
reference to the solar flux model, more than 1.2 million boundary cell
faces would have to be considered as independent surfaces for MCRT
model simulations.

The effect of the number of independent (individual) surfaces for
the overall receiver geometrical definition and the number of rays from
the solar source on the solar flux model results is addressed in
Figs. 13a—c. Firstly, Fig. 13a shows for mesh E with 100 million rays the
solar irradiation heat transfer rate profiles on the absorber walls along
the receiver axial direction. (By “solar irradiation heat transfer rate” it
is meant the net (absorbed) heat transfer rate from solar irradiation on
the receiver surfaces.) The solar flux model computation time was
about 23h in 32 Intel® Xeon® Processor E5-2650 threads. (The running
time increases for higher surface reflectivities. For instance, if the ab-
sorber surface emissivity were equal to 0.65 — instead of 0.93 - the
computation time would increase to about 28.5h.) The solar irradiation
heat transfer rate decreases as the distance from the irradiated (front)
receiver section increases. The local peaks observed in the interior of
the absorber structure are related with the successive rows of pores
whose surfaces are particularly exposed to solar radiation. From the
middle of the absorber (z = 0.01m) up to the outlet (rear) absorber
section (z = 0.02m), negligible solar radiation absorption is accounted
for (less than 3% of the total solar absorbed power).

Fig. 13b compares the MCRT simulation results evaluated with
mesh A and mesh E with 100 million rays, through absolute errors of
the solar irradiation heat transfer rate axial profiles on the absorber
walls. The errors are higher near the irradiated section and, generally,
decrease towards the outlet section. The total solar irradiation heat
transfer rate on the absorber walls is equal to 87.01 and 87.75 W for
mesh E and mesh A, respectively. Fig. 13c presents the effect of the total
number of rays on the solar irradiation heat transfer rate profiles over
the absorber surfaces (mesh E) through relative errors computed in
relation to the results presented in Fig. 13a (results evaluated with 100
million rays). The objective is to evaluate the sensitivity of the number
of rays on the results, in order to select an appropriate total number
which allows to obtain statistically meaningful results. Along the first
quarter of the absorber length, very low relative errors are observed for
all total number of rays considered. The differences become more
striking from the middle of the receiver up to the outlet section. In
general, as the total number of rays increases the maximum and
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Fig. 13. Solar irradiation absorption by the absorber: (a) heat transfer rate
profiles along the absorber axial direction computed with mesh E and 100
million rays; (b) absolute error of heat transfer rate profiles between mesh A
and mesh E; and (c) relative errors of heat transfer rate profiles evaluated with
mesh E and with different total numbers of rays in relation to the solution
calculated with 100 million rays.

average relative errors decrease. For 80 million rays, the maximum and
average relative errors are equal to 4.74% and 0.59%, respectively. The
maximum relative error value is registered near the outlet absorber
section. It is noteworthy that independently of the number of rays
considered, the relative errors are more expressive in the absorber re-
gions subjected to negligible solar radiation fluxes (i.e., although the
relative errors are high, the absolute errors are small). The inset in
Fig. 13c shows the relative error of the total solar irradiation heat
transfer rate on all absorber surfaces for different total number of rays
in relation to the results computed with 100 million rays. For 80 million
rays the corresponding relative error is about 0.006%.
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Normalized Solar Irrad. Heat Flux, G} (= Gt/ Gol Max)
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Fig. 14. Normalized solar irradiation heat flux distribution on the receiver
walls: (a)-(c) absorber surfaces; and (d) receiver tubular surface. Gy iS
equal to 170 and 2 kW m~2 for cases (a)-(c) and case (d), respectively. Results
computed with mesh E and with 100 million rays.

The receiver structure generated within the solar flux model fra-
mework based on the geometrical features of mesh E along with 100
million rays for performing MCRT model simulations was considered in
this work for computing the solar flux distribution on the receiver
surfaces, which is required for the receiver fluid flow and heat transfer
model.

Figs. 14a—d exhibit the absorbed solar flux distribution on the re-
ceiver walls in a normalized fashion. Figs. 14a—c are concerned with the
absorbed solar flux distribution on the absorber walls, whereas Fig. 14d
addresses such distribution on the external receiver housing surface.
Figs. 14a-c show the penetration of concentrated solar radiation
through the pores of the volumetric absorber structure. This radiation
becomes entrapped in the solid matrix. The highest solar irradiation
heat flux values are observed at the inlet foam surface. Although not
clearly shown, even at pore surfaces not directly irradiated by con-
centrated solar rays a non-negligible heat flux distribution is registered.
This is particularly remarkable near the inlet section and is due to ra-
diation reflection once the solar absorptivity of the cellular surface
structure is not equal to one (o = 0.93). Fig. 14d shows that the highest
solar irradiation heat flux values on the absorber housing walls are
noticed near the inlet section of the absorber. These high values are a
consequence of radiation reflection from the foam skeleton and not
primarily from direct concentrated solar radiation. (This evidence jus-
tifies the high angular (circumferential) irregularity of the absorbed
heat flux at the receiver tubular wall.) Nevertheless, the heat transfer
rate from (direct or reflected) concentrated solar radiation on this
tubular surface is insignificant compared to the power registered on the
absorber surfaces — see the normalization factor (G y.x) in the figure’s
caption.

Table 5 presents the heat transfer rate from concentrated solar in-
solation on different surfaces of the receiver. A total power over all
receiver surfaces equal to 87.96W is calculated. The tubular surface
accounts for a negligible contribution of about 1% (0.95W) on the total
power. The power absorbed at the irradiated (front) absorber section
(17.15W) represents less than 20% of the total power absorbed by the
overall foam structure surfaces. This value strongly supports that the
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Table 5
Total absorbed heat transfer rates on the receiver walls from concentrated solar
radiation exposure. Results computed with mesh E and 100 million rays.

Total Solar Irradiation
Heat Transfer Rate [W]

Surfaces

Absorber walls

Inlet (front) surface 17.15

Internal surface 69.86

Total 87.01
Receiver tubular surface 0.95
Total receiver walls 87.96

surface approach — used in the literature to account for the concentrated
solar radiation in the absorber energy model formulation through
second-type boundary conditions (see, for instance, Refs. [17,36]) —
may become unsuited for an accurate thermal and hydrodynamic per-
formance prediction of the volumetric solar receiver. Due to the ab-
sorber internal pore structure and absorber length, a negligible fraction
of the incident radiation escapes through the rear absorber section —
negligible transmission losses (in full accordance with Fig. 13a which
shows an insignificant fraction of incident radiation that is absorbed
along the last few millimeters of the absorber). The power of the in-
cident concentrated solar radiation at the receiver aperture (power-on-
aperture, Q) is about 90.2W (not shown in Table 5). For comparison
purposes, if a planar disc surface with the same diameter as the receiver
unit and with the same emissivity than that considered for SiC were
placed at the receiver aperture section, the total absorbed power would
be equal to about 83.90W - about 5% less than the actual value of
87.96W. Likewise, to absorb the same power as the current entire vo-
lumetric receiver, the planar disc surface would have to feature an
apparent (effective) emissivity (eappa) of about 0.98 — instead of the in-
trinsic SiC surface value of 0.93. The different values between the dis-
crete geometric definition for the receiver (current case) and the cor-
responding simplified definition (planar surface) support the evidence
of a solar radiation entrapment effect in volumetric receiver applica-
tions [71].

The solar irradiation heat flux value on each boundary cell face of
the mesh selected previously for receiver model simulations (mesh H-2
—see Section 5.1) is calculated by interpolating the values computed for
mesh E. For the interpolated values on mesh H-2 in relation to the
values computed for mesh E, a negligible relative error of the irradia-
tion heat transfer rate on all receiver walls less than 0.56% is obtained.
If the optical solution evaluated with mesh A were interpolated on the
boundary cell faces of mesh H-2, the relative error of the total absorbed
power would increase to about 3.27%. These values reinforce the se-
lection of mesh E (instead of mesh A) for the solar flux model frame-
work of simulations.

The optical efficiency of a concentrating solar collector system is
defined as the ratio between the absorbed power by the receiver unit
(Gsol,rec) and the total incident power on the dish concentrator surface.
Since a negligible shadowing effect on the concentrator surfaces due to
the location of the receiver is expected — based on the area concentra-
tion ratio (less than 0.4%) — the total incident power on the dish con-
centrator surface can be evaluated as the product between solar flux
(direct normal irradiation — q") and the projected (aperture) area of the
dish concentrator (Agaper). Therefore, the optical efficiency can be
computed with Eq. (21). The optical efficiency accounts for energy
losses due to radiation absorption on the concentrator surface (ac-
cording to the actual value for o), reflection on the receiver surfaces
(€appa), and optical spillage (rays reflected from the concentrator that do
not intersect the receiver — agi (= 1 — Qo/(q, AaperPsonc))- (Optical losses
due to non-absorbed radiation at the absorber rear section — transmis-
sion losses — are negligible for the current absorber structure and in-
cident concentrated solar radiation characteristics.) In alternative to Eq.
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Fig. 15. Distribution of the fluid velocity magnitude field in two longitudinal
cross-sections of the solar receiver. The absorber structure is located in
0<2z2<0.02m.

(21), the optical efficiency can be computed as the product between
€appas» Peones aNd (1 — agpit). The optical spillage losses from the receiver
unit (otsp) amount to about 20% of the total power reflected by the
concentrator.
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For the concentrating solar collector system under consideration, the
optical efficiency is equal to about 70%.

Fig. 15 shows the distribution of the velocity magnitude on two
perpendicular longitudinal cross-sections intersecting each other along
the receiver centerline (symmetry axis). At the receiver walls, the ap-
plication of no-slip boundary conditions is observed by a stagnant fluid
layer adjacent to the walls. Local high velocity magnitudes are regis-
tered along the pore structure due to space confinement. Preferential
fluid flow paths can be determined based on these results. Downstream
the outlet section of the absorber structure (absorber’s wake), highly
uneven velocity magnitudes are noticed. The fluid velocity profiles tend
to become parabolic-shaped along the receiver outlet manifold. The
pressure drop along the receiver is equal to 3.63 Pa.

Fig. 16 shows the temperature distributions of the solid and fluid
phases in different longitudinal and transversal cross-sections. Highly
non-uniform temperature distributions — particularly, concerning the
fluid phase — are observed in the first millimeters of the absorber. For
the current operating condition, the solid and fluid phases are almost in
thermal equilibrium 1cm downstream the inlet absorber section. This
evidence is in full agreement with the solar penetration depth observed
in Fig. 13a.

Fig. 17 exhibits the surface temperature of the foam absorber.
Slightly higher temperatures are observed in the middle-left surfaces of
the absorber entrance region (near the receiver encasing wall). The
maximum receiver surface temperature is registered in this region (ca.
1170K). This hot-spot zone is the outcome of an imbalance between the
heat transfer from this region to the adjacent fluid (and towards con-
tiguous solid foam struts and upstream open environment) and the
power absorbed from solar insolation. In this hot-spot region, the
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Fig. 17. Surface temperature of the absorber structure.
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Fig. 18. Net radiative heat flux from thermal emission on the surfaces of the
absorber structure.

absorber morphology is responsible for promoting deficient local fluid
flow conditions leading to poor convective heat transfer rates in rela-
tion to the absorbed solar power. At the inlet section, the bare foam
struts are at a significantly lower temperature because these surfaces
have small areas exposed to concentrated solar radiation and, si-
multaneously, are in close contact with low fluid temperatures and high
convective heat transfer coefficients.

Fig. 18 presents the net radiative heat flux on the surfaces of the
absorber due to thermal emission. The surfaces at the absorber front
face present the highest values of radiative heat flux once these surfaces
are at a relatively high temperature and, mainly, because these surfaces
are exposed to the surrounding (upstream) environment at 300K. Albeit
the surface temperatures are even higher further within the absorber
unit than at the inlet section (see Fig. 16), the net radiative heat fluxes
are lower within the absorber unit because the surrounding environ-
ment (absorber surfaces) is at a similar temperature and the optical
thickness of the medium prevents heat exchange between absorber
internal regions and upstream and downstream locations.

Figs. 19a—c present the average axial profiles for the velocity mag-
nitude, gas and solid temperatures, and net radiative heat flux, re-
spectively, along the receiver main flow direction. Fig. 19a shows that
velocity magnitudes along the exit manifold are higher than at the re-
ceiver inlet manifold due to a higher temperature of the heat transfer
fluid. (Neglecting pressure differences between upstream and down-
stream regions of the absorber, the velocity magnitude increase is equal
to the ratio Tys out/ Tgas,in, Where Tgag in and Tias oue correspond to the HTF
average temperatures at the inlet and outlet, respectively, receiver
sections.) Fig. 19b reinforces the unsuitability of LTE models for an
accurate prediction of the receiver performance. This is because at the
inlet section of the absorber a significant difference between the solid
and fluid mean temperatures (above 400K) is established. The average
fluid temperature increases even upstream the irradiated absorber
section due to thermal conduction within the fluid phase. The solid and
fluid temperatures achieve equilibrium as the distance from the irra-
diated absorber section increases. The average outlet gas temperature is
about 1153K. A moderate volumetric effect is observed under the cur-
rent conditions since the average outlet fluid temperature (equal to the
average rear solid temperature) is higher than the average front solid
temperature (Tioin) — See the inset of Fig. 19b. The current ratio
Tyas,0ut/ Tsolin is about 1.02 — values up to 1.0325 were recently reported
for a novel volumetric absorber structure investigated through a de-
tailed experimental performance characterization [72]. Fig. 19c shows
that thermal radiation is a significant mode of heat transfer throughout
the first half of the absorber length and, consequently, should not be
neglected. This evidence is in accordance with recent literature findings
[73,74]. The radiative thermal (emission) losses are about 39.8% of the
total absorbed power on the receiver unit. About 84.7% of the total
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Fig. 19. Axial profiles of average velocity magnitude (a), average solid and gas
temperatures (b), and net radiative heat transfer rate and average heat flux (c).
The inset of (b) corresponds to the axial solid temperature profile.

radiative heat losses is emitted from the first 5Smm (= dpor) of the
ceramic foam absorber. The external tube (absorber housing) structure
is responsible for a negligible contribution (about 5.6%) on the total
emission losses.

The thermal performance of volumetric solar receivers is commonly
evaluated through the calculation of the so-called solar-to-thermal en-
ergy conversion efficiency — shortly, thermal efficiency — according to
Eq. (22). In this equation, Qpiq is the power transferred from the re-
ceiver walls to the heat transfer fluid (useful thermal power). The
thermal efficiency for the receiver under consideration is equal to about

15

Applied Energy 267 (2020) 114781

(22)

The relatively small thermal efficiency value is in agreement with
the high Qo/m ratio — approximately equal to 1560kJ kg~!. The actual
Qo/m ratio and ensuing thermal efficiency value are within the common
range of values found in literature (see, for instance, Refs. [75,76]).
(However, because no experimental data is available matching the
current operating conditions, geometrical parameters, and thermo-
physical properties — as far as the authors are aware —, any attempt to
strictly compare the actual receiver thermal performance against a
particular experimental data becomes inappropriate.) An increase in
the thermal efficiency for the current receiver unit can be attained in-
creasing the inlet fluid velocity — or decreasing the inlet fluid tem-
perature (more impractical) — in such a way that an interfacial heat
transfer enhancement between the solid and fluid phases is promoted
which leads to a decrease of the absorber matrix temperature and,
consequently, to a decrease of the thermal radiation losses. Alter-
natively, an increase in the thermal efficiency can be achieved by de-
creasing the receiver power-on-aperture, namely by redesigning the
concentration system. These alternatives to increase the thermal effi-
ciency have the side effect of decreasing the outlet fluid temperature
which can penalize the performance of the downstream heat transfer
fluid application. A simultaneous increase of the thermal efficiency and
outlet fluid temperature can be obtained by considering improved ab-
sorber geometric and material properties.

6. Conclusion

The optical, hydrodynamic, and thermal performance character-
ization of an open volumetric air receiver for parabolic dish applica-
tions was herein carried out resorting to a comprehensive and state-of-
the-art modeling procedure applied in the field of concentrating solar
thermal energy research. The receiver hydrothermal performance was
evaluated with discrete three-dimensional fully distributed pore-scale
(direct) numerical simulation models. The fluid flow and heat transfer
governing equations do not rely on external (empirical or theoretical)
correlations and local convection heat transfer rates between solid and
fluid phases are computed by solving the conjugate heat transfer pro-
blem. The absorbed solar flux distribution by the receiver internal re-
ticulated surfaces was evaluated through the Monte Carlo ray tracing
method taking into full consideration the role of the concentration
system and the solar insolation characteristics. The three-dimensional
absorber structure (ceramic open-cell foam) was obtained from com-
puted tomography scans. A set of procedures was developed to generate
the absorber geometrical model within the solar flux model framework
and for coupling the solar flux model results with the receiver hydro-
thermal model. Best practice guidelines for consistent and accurate
numerical predictions are provided. A mesh independence study on the
absorber structure geometrical fidelity and on the receiver hydro-
thermal performance was conducted. The receiver and the solar flux
models were validated against benchmark data. Considering the per-
formance of a complete concentrating solar collector set, it was ob-
served a solar radiation entrapment effect owing to the complex in-
ternal pore structure of the volumetric absorber. The thermal
performance was within the typical experimental values registered in
the literature. The volumetric effect was observed in this work.

The application of the current modeling approach allows to re-
markably improve the accuracy of numerical predictions for the per-
formance of volumetric solar absorbers. This is possible because the
local (microscopic) receiver scales are resolved according to funda-
mental transport equations instead of being spatially averaged taking
into account underlying assumptions. Consequently, the application of
this methodology represents a great tool to improve the performance of
concentrating solar collector systems and to shed light and gain
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physical insight on open issues in the field of volumetric solar absor-
bers.
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