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ARTICLE INFO ABSTRACT

Keywords: This study investigates the impact of lateral wall heat losses on the performance of volumetric solar absorbers.
Concentrated solar energy The effect of absorber dimensions, absorber geometrical parameters and thermophysical properties, and
Volumetric solar receiver receiver operating conditions on the promotion of lateral heat losses is analyzed. Additionally, the effect of
Ic—)lz:?icc;:ilezoam external heat transfer conditions at the absorber lateral wall for a non-insulated receiver is studied. Finally,
Insulation the combined effects of insulation material and thickness and external heat transfer conditions on the receiver

thermal performance are thoroughly investigated. The results show that heat conduction from the absorber
solid phase to the absorber lateral wall is the most relevant heat transfer route from the absorber internal region
to the lateral wall. A considerable decrease in the receiver thermal efficiency is observed if no insulation were
applied — the minimum efficiency decrease in relation to the adiabatic efficiency is about 5.6 percentage
points (predicted under natural convection and with black walls). Inappropriate insulation materials may
inadvertently promote lateral wall heat losses. An applied insulation layer can effectively transport heat
from downstream to upstream absorber regions, potentially aiding in the uniformization of the solid-phase
absorber temperature field. The one-dimensional approximation for heat diffusion in the insulation layer yields
reasonable results.

Numerical simulation

1. Introduction energy is absorbed is the same from which thermal energy is extracted
to the heat transfer fluid.) Porous materials, particularly open-cell foam

Concentrated solar energy can be harvested to produce thermal and honeycomb monolith structures — that are used in a wide variety
energy for mechanical and electrical power generation, industrial pro- of applications such as for hydrogen production [5-7] and exhaust
cess heat (heat required for energy-intensive industrial processes), and gas pollution control [8] — have been highly applied as volumetric
for driving highly endothermic chemical reactions to produce solar solar absorber materials [9-11]. In addition, wire meshes, packed
fuels [1-4]. Optical concentrating devices (mirror or reflector surfaces) beds, and corrugated metal foils have also been applied as volumetric
are required to focus a high amount of solar radiation on a particular solar absorbers [12-15]. Alternative (innovative) volumetric absorber

surface (absorber) in order to make available such highly concentrated
thermal power for a heat transfer fluid circulating in close-contact with
the absorber surface. Volumetric solar (directly irradiated) absorbers
are a particular type of solar absorbers that allow the penetration
of point-focused concentrated solar radiation into the corresponding
porous structure volume. The cold heat transfer fluid that is provided
to the solar (porous) receiver, withdraws by convective heat transfer
a particular fraction of the absorbed concentrated solar irradiation
increasing its temperature as it flows from the inlet to the outlet
sections. (In volumetric solar absorbers, the surface onto which solar

designs have also been proposed — see elsewhere [16-18].

The initial development of volumetric solar absorbers (dated back
to late 1970’s — mid 1980’s) was strongly based on experimental (trial-
and-error) testing procedures, hand calculations, and proprietary and
problem-specific codes [9,19,20]. For approximately the last 15 years,
the computing power increase and the availability of sophisticated,
highly-reliable, user-friendly, and general-purpose numerical simula-
tion software have contributed to the progress of volumetric solar
absorbing technology [9,21]. (This evidence is in full agreement with
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Nomenclature

A Area, m?; parameter A of Eq. (12), Wm™2

B Parameter B of Eq. (12), m™2

¢ Specific heat, J kg™! K~!

d, Foam mean cell diameter, m

d, Foam mean pore diameter, m

G, Collimated (incident) solar irradiation,
Wm™2

Gy Diffusive irradiation, W m=2

H, Collimated (incident) solar irradiation on a
wall, Wm™2

h Specific enthalpy, J kg™!; convection heat
transfer coefficient, Wm=2K~!

Riag Radiative  heat transfer coefficient,
Wm2K!

h, Volumetric convection heat transf. coef.,
Wm™ K-!

i Unit vector in the direction of coordinate
X;, —

Ly Absorber length, m

i Mass flow rate, kgs~!

n Unit outward normal vector, —

Pioss Power loss, W

P::g{s” Power regain through the insulation layer,
\%

p Pressure, Pa

(o} Total concentrated solar power provided to
the receiver, W

q(’)’ Concentrated solar heat flux at the receiver
front section, W m~2

Grad Radiative heat flux vector, W m2

R Ideal gas constant, Jkmol™' K~!

Rps Absorber radius, m

Re Local Reynolds number, —

r Transversal (radial) coordinate, m

T Temperature, K

T, Surrounding surfaces and adjoining fluid
temperature, K

t Time, s

U Overall heat transfer coefficient, W m=2 K~!

u Axial component of superficial velocity
vector, ms™!

u; Superficial velocity component in the direc-
tion of coordinate x;, ms™!

u Superficial velocity vector, ms~!
Radial component of superficial velocity
vector, ms~!

w Molar weight, kgkmol™'

x Longitudinal (axial) coordinate, m

Greek symbols

g Extinction coefficient, m™!

the fact that the majority of works found in the literature on this topic
is heavily [or exclusively] based on theoretical [numerical] research.)

Different mathematical models have been adopted to predict the
hydrothermal performance of volumetric solar receivers (and ther-
mochemical reactors) [9,22]. The volume-averaging (or continuum)
approach has been largely preferred mainly due to its well-known

Insulation layer thickness, m
Foam strut surface emissivity, —

Ey Lateral wall surface emissivity, —

ih Thermal efficiency, —

K Absorption coefficient, m™!

A Thermal conductivity, Wm~!' K~!

u Dynamic viscosity, Pas

p Density, kgm™3

c Stefan-Boltzmann constant, W m~2 K~*
o, Scattering coefficient, m~!

¢ Foam porosity, —

Subscripts and Superscripts

1D One-dimensional (insulation model)
A Adiabatic absorber lateral wall

avg Average

eff Effective

ext External surface; external environment
g Gas

in Inlet section

ins Insulation

int Internal surface

latWall Lateral wall

MD Multi-dimensional (insulation model)
NA Non-adiabatic absorber lateral wall
out Outlet section

rad Radiation

S Solid

tot Total

trans Transmission

w Wall

trade-off between accuracy and computational cost. According to this
approach, no distinction is considered between the actual space occu-
pied by fluid (gas) and solid phases at each local absorber position
— therefore, this modeling strategy does not require the definition
of the actual complex geometry of the porous structure but mean
(global) geometrical parameters. For the calculation of local absorber
temperatures, the absorber gas and solid phases may be considered at
the same temperature (local thermal equilibrium [LTE] approach) [23—
25] or at different temperatures (local thermal non-equilibrium [LTNE]
approach) [26-28]. The later approach — that requires the solution
of two coupled energy balance equations and suitable correlations
to compute convection (interphase) heat transfer rates — is largely
preferred in the literature because it provides more reliable results
at the expense of a minor increase in the computational cost [22].
Radiative heat transfer (including solar radiation transport) in the
receiver porous volume — that plays a fundamental role in the receiver
performance — has been generally accounted for through different
strategies: (i) the P1 approximation (for absorption, emission, and
scattering of radiation other than solar radiation [long-wave radiation])
and the Monte Carlo ray tracing method [29,30] or the Beer’s law [31]
(for solar radiation [short-wave radiation] transport); (ii) Rosseland
(diffusion) approximation or discrete ordinates (long-wave radiation)
and Beer’s law (short-wave radiation) [32-34]; or, alternatively, (iii)
including, simultaneously, long- and short-wave radiation contribu-
tions through the modified P1 approximation (considering collimated
incident solar radiation) [26,35,36], discrete ordinates method [32],
two-flux approximation [27,37] or Monte Carlo method [27]. The
solar radiation contribution has also been included in the absorber
hydrothermal model formulation according to the so-called surface
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approach, through a second-type [Neumann] boundary condition for
the (solid-phase) energy balance equation [36,38] despite the fact that
it leads to exaggerated receiver front surface temperatures, particularly
for very high porosities and mean pore sizes [29]. Several works
have neglected long-wave radiative heat transfer within the absorber
volume [39-41] even though this heat transfer mechanism is very
relevant at high temperatures.

Several works have compared the results predicted by different
model formulations. In particular, comparisons of numerical predic-
tions have been performed in the literature considering: (i) LTE vs.
LTNE modeling approaches [42,43]; (ii) different correlations to com-
pute convection heat transfer coefficients [42-46], pressure drop (vis-
cous and inertial momentum losses) [42], and effective and intrin-
sic thermophysical properties [27,38,46]; (iii) different radiative heat
transfer models [27,47,48] and the effect of radiative heat transfer
within the absorber volume [42]; (iv) different methods to apply the
concentrated solar heat flux distribution (volumetric [collimated and
non-collimated] and surface approach) [29,49]; (v) different physi-
cal model dimensions (one- vs. multi-dimensional models) [43]; (vi)
different boundary conditions [30,36,50] including to evaluate the
role of radiative heat loss from the front (irradiated) solid absorber
section [36]; and (vii) different computational domains (including or
excluding an fluid entry length upstream the absorber region) [43].

In alternative to the volume-averaging approach, pore-scale (direct)
numerical simulations can significantly improve the accuracy of results
at the cost of remarkably higher computing power. This modeling
strategy eliminates the need for externally derived correlations and
effective properties to evaluate transport rates. However, this modeling
technique requires the geometrical description (representation) of the
intricate three-dimensional foam pore network. Fluid flow and energy
governing equations are applied to the actual physical space occupied
by the fluid phase while the heat diffusion equation are applied to the
solid region with consistent conjugate heat transfer conditions between
both phases. Since this modeling approach is more elaborated and
requires high computational power, only a few works have applied
this modeling strategy to the current subject — see elsewhere for
simplified (idealized) open-cell foam geometrical models [51,52] and
for realistic open-cell foam absorber structures comprising a particu-
lar volume of an absorber unit [53-55] and comprising a complete
concentrating solar facility (complete solar receiver unit [absorber
and absorber enclosure], parabolic dish concentrator [solar collector
system], and solar insolation field characteristics) [11]. Currently, this
class of models are not suitable for extensive parametric investigations
— typically addressed at early design studies — but it can offer valuable
insights into unresolved issues and contradictory findings reported
in the literature. (More reliable information on the performance of
volumetric solar absorbers can be obtained applying pore-scale models
rather than experimental investigations, as experimental [intrusive]
measurements can affect and perturb the actual receiver performance.)
In addition — and as an alternative to exhaustive experimental cam-
paigns —, this class of models has also been widely applied to develop
transport correlations and effective properties that are required for
volume-averaged models — see elsewhere works directly related to this
research field [53,56,57].

Numerical works have been highly concentrated on the effect of
geometrical properties (pore size and porosity) of uniform open-cell
foam absorber porous structures on the corresponding radiative, hydro-
dynamic, and thermal performance [26,39,58]. Non-uniform absorber
porous (multi-layer open-cell foam or graded) structures along the
radial and longitudinal receiver directions have also been highly in-
vestigated, particularly, regarding the effect of pore size and porosity
distributions [32,34,59,60]. The relevance of thermophysical properties
on the receiver solar radiation transport and hydrothermal performance
has also been investigated, in particular, the effect of the heat transfer
fluid [41,54], the effect of the actual absorber material thermal con-
ductivity [26,61,62], and foam strut (solid ligament) surface emissivity
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under spectral non-selective [52,61,63] and selective conditions [37,
52]. The impact of working conditions has also been extensively in-
vestigated, namely the role of the inlet fluid velocity [26,39,47,52,58,
62], inlet temperature [33], and concentrated solar heat flux distribu-
tion (concentrated solar irradiation distribution at the receiver front
section) [25,39,47,62,64,65]. The large majority of numerical works
have investigated the operation of porous foam solar absorbers under
steady-state conditions but transient studies can also be found [62,65—
671.

Large temperature gradients (and very high local temperatures [hot-
spots]) in the absorber solid-phase porous structure can be established
during steady-state operation primarily due to highly non-uniform
concentrated solar flux distributions at the receiver front (irradiated)
section [68,69]. Large solid-phase temperature gradients (local over-
heating) promote high material stress levels which may lead to the
receiver structural failure (receiver destruction) [69]. Different works
have investigated strategies to improve solid-phase temperature unifor-
mity at the receiver front section and the receiver thermal performance.
Chen et al. [28] investigated the potential to reduce solid tempera-
ture gradients along the radial direction at the absorber front section
through the application of a composite absorber porous structure —
absorber composed by a porous foam in the inlet near-wall region with
different structural parameters (porosity and mean cell size) than those
of the foam at the core of the absorber. They reported a decrease in
the solid-phase temperature gradient along the radial direction at the
absorber front section and an increase in the mean outlet fluid temper-
ature utilizing the composite absorber structure in comparison with a
uniform absorber structure. Du et al. [60] investigated radial-graded
volumetric solar receivers through both experimental and numerical
methods to address non-uniform solar flux distributions. They found
that the efficiency (and the outlet fluid temperature) can be increased
considering two cylindrical porous layers along the radial direction
with the inner layer having a lower pore density (higher pore diameter)
than the outer layer in comparison with the performance evaluated
with uniform porous structures. In addition, the authors performed
an optimization study considering five cylindrical porous layers along
the radial direction and determined the optimal pore diameter for
each layer to maximize the thermal efficiency. Nimvari et al. [70]
investigated the effect of the inlet fluid velocity radial profile on the
solid temperature distribution — the authors propose the operation of
volumetric solar absorbers with higher inlet velocities at the central
region than at the annular (outer) region to compensate the higher
concentrated solar flux values at the central region in relation to
the outer region. Similar findings were reported by Shi et al. [71]
while improving the matching between the concentrated solar heat
flux Gaussian profile and a Gaussian-like inlet fluid velocity profile.
For closed-loop (windowed) volumetric solar receivers, Li et al. [72]
suggest the application of an annular inner window to reshape the flow
field in such a way that higher fluid velocities are attained at locations
where high concentrated solar irradiation values are observed (central
region).

The porous medium absorber structures of volumetric solar re-
ceivers and porous solar thermochemical reactors (volumetric solar
receptors) typically have a cylindrical shape with the heat transfer
fluid flow (or reacting flow) main direction aligned with the cylindrical
porous structure axis. Heat losses through the lateral walls of solar
absorber porous media have been generally neglected in the literature.
This is observed because the main research focus on this field has been
related to absorber internal design considerations and operation condi-
tions — e.g. effect of porous medium type, effect of receiver/reactor
geometry and dimensions, effect of porous media geometrical and
thermophysical parameters, effect of the inlet fluid velocity, effect of
operating pressure, etc. Additionally, neglecting lateral wall heat losses
is a convenient approach for model simplification in numerical works.
Exceptions are found in works related with the overall receiver/reactor
design and ensuing performance characterization and works combining



J.E.P. Navalho et al.

experimental measurements with numerical predictions — proper con-
sideration of the receptor insulation is required to enhance the accuracy
of numerical results. Zhang et al. [73] studied the relevance of foam
geometrical parameters (pore size and porosity) on the thermochemical
performance of solar-driven methane dry reforming. They considered
in the model formulation power losses from the lateral wall of the
reactor but its relevance — particularly against the adiabatic lateral
wall condition — has not been investigated neither the role of external
heat transfer conditions and insulation layer parameters. Moreover,
the authors simplified the heat conduction through the lateral (tubu-
lar) insulation layer which could affect the results accuracy. Lougou
et al. [74] concluded that the insulation thermal conductivity and
insulation thickness have a relevant role on the thermal efficiency
of thermochemical reactors for the CO,-splitting process considering
constant external heat transfer conditions. Similar conclusions were
drawn by Dessie et al. [75] which considered different insulating
materials and thickness values on the performance of a solar reactor.
Ma et al. [76] analyzed the dynamic performance of a CO,-splitting
solar thermochemical reactor (during the reduction step) and reported
non-negligible heat losses by convection from the outer surface of the
reactor insulation domain. Other works — particularly related with
solar thermochemical reactors — that take into account heat losses
through a thermal insulating lateral region to the surrounding envi-
ronment can be found in the literature [77,78]. (The literature works
presented before considering heat losses through an insulation layer
consider the local thermal equilibrium approach).

The vast majority of numerical works available in the literature on
common porous media applications in concentrated solar energy (as
volumetric solar receivers or solar thermochemical reactors) consider
an adiabatic absorber lateral wall — i.e., any heat loss mechanism is
neglected at the absorber/receiver lateral wall. Therefore, the deviation
between numerical predictions for the receiver performance in relation
to the total solar energy conversion condition is only due to energy
losses from the front and rear sections — generally by reflection, back-
scattering, re-emission, and transmission and for windowed volumetric
solar receiver by convection from the window. As far as the authors
are aware, no detailed, thorough, and rigorous investigation has been
carried out on the relevance of power losses through the volumetric
solar receiver lateral wall considering multi-dimensional heat conduc-
tion models for the insulation layer and different surface heat loss
mechanisms and external conditions. Comparison between the thermal
performance of receivers with adiabatic and non-adiabatic absorber
lateral walls is incomplete. This work intends to fill this gap.

In this work, the impact of absorber lateral wall heat losses on the
performance of volumetric solar receivers is comprehensively investi-
gated at different levels. Firstly, the effect of the absorber dimensions,
absorber (porous foam) geometrical parameters and thermophysical
properties, and receiver operating conditions on lateral wall heat losses
is investigated. To conduct this study, two extreme heat transfer condi-
tions are considered at the absorber lateral wall: (i) adiabatic condition;
and (ii) constant temperature (equal to the external environment tem-
perature) condition — maximum lateral wall power loss condition.
Subsequently, the effect of external heat transfer conditions — that
govern convection and radiation thermal energy losses from the ab-
sorber lateral wall — is investigated neglecting the application of
any insulation layer onto the absorber lateral wall. Finally, the com-
bined effects of insulation material, insulation thickness, and external
heat transfer conditions on the receiver thermal performance are thor-
oughly investigated according to the results of a multi-dimensional
heat conduction model for the insulation layer. In addition, this work
also analyzes the prediction performance and suitability of the one-
dimensional heat diffusion approach for the insulation layer — this
model is more competitive and advantageous in terms of computational
cost than multi-dimensional models.

The structure of this paper is as follows. In Section 2, the physical
model of the volumetric solar receiver considered in this work is
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Fig. 1. Two-dimensional (axisymmetric) schematic representation of the volumetric
solar receiver.

introduced. In Section 3, mathematical and numerical model details are
presented, and model validation — taking into account reference data
available in the literature — is provided. Section 4 covers the results
and discussion. Finally, this paper concludes with concise findings
outlined in Section 5.

2. Physical model

Fig. 1 presents the physical model of the volumetric solar receiver
under consideration. The receiver comprises a cylindrical-shaped ab-
sorber for solar radiation and a thermal insulation material applied to
its lateral surface. The absorber is composed of a porous foam structure
with a forced air flow directed along its axis. The absorber radius and
length are referred to as R,,; and L,,, respectively. In Fig. 1, Section
x = 0 corresponds simultaneously to the absorber fresh air inlet section
and to the absorber solar irradiated (front) section. The front section
center point of the volumetric solar absorber (origin of the coordinate
system in Fig. 1) is placed at the focal point of a parabolic dish con-
centrating system. To improve the accuracy of numerical predictions,
the gas region is extended upstream the absorber front section along
0.03m (L) — Le., the fluid region entrance section is positioned at
x = =Ly, The receiver outlet section (absorber rear section) is located
at x = Ly,. (Previous investigations revealed that extending the fluid
domain downstream the porous structure exit section does not lead to
significant accuracy benefits [43].) The insulation layer has a thickness
of 6;,, — the insulation region extends from r = Ry, to r = Ry, + 6in
and has a length equal to L, — see Fig. 1. Radiation and convection
power losses from the receiver lateral wall are accounted for at the
outer surface of the insulation layer (r = R, + &;p¢)-

3. Mathematical and numerical models

The volume-averaging approach is considered for the mathematical
model of the absorber fluid and solid phases. Since the receiver has
constant geometrical parameters, properties, and conditions along the
circumferential (angular) direction, a two-dimensional axisymmetric
model is considered. The following assumptions are applied: (i) the
receiver operation is stationary (time-independent); (ii) the fluid (air)
behaves as an ideal gas; (iii) the fluid flow is laminar and incom-
pressible (weakly compressible); (iv) body forces (e.g gravitational
force) play a negligible role on the governing equations; (v) the porous
medium geometrical parameters and thermophysical properties are
constant and homogeneous; (vi) the solid porous matrix structure is
assumed as a gray and an optically dense medium with absorption,
emission, and isotropic scattering; (vii) gas (fluid phase) is radiatively
non-participating (transparent to radiation); (viii) thermal contact re-
sistance between the absorber domain and the insulation region is
negligible; and (ix) the internal surface of the absorber lateral wall and
external surface of the insulation layer are opaque, gray, and diffusive.
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3.1. Governing equations

3.1.1. Continuity and momentum balance equations

Fluid flow is governed by the mass conservation (continuity) equa-
tion and momentum balance equations that are given by Egs. (1) and
(2), respectively. In Egs. (1)-(2), u, p, Hgs Pys and ¢ represent the super-
ficial velocity vector, pressure, dynamic viscosity, density, and poros-
ity, respectively. (Air density and dynamic viscosity are temperature-
dependent thermophysical properties, and consequently, the velocity
and pressure field distributions are dependent on the fluid temperature
field distribution [solution of the fluid energy balance equation].)

dp,
$—-+V - (nll) =0 M
t
9 (pg) B,
;t Z 4V (pgu,-u) =V. { Hg Vui+
) (2)
[ug (va)" - p- FHV 17] i } +Sw;

The momentum balance equation source term (S);;,) — which ac-
counts for momentum losses in the porous medium — is computed
with Eq. (3), where d_ is the porous foam mean cell diameter. This
correlation was developed based on both experimental and numerical
results and is suitable over the ranges for porosity and Reynolds number
given by 0.66 < ¢ < 093 and 10 < Re = p,[i|d./u, < 400,
respectively [79]. This correlation has found extensive application in
existing literature [30,49,80].

S 1039 — 1002¢ 0.5138¢‘5~739p |
M= — Uyl —
i d2 g™ d, g

17| u; ()]

Egs. (1)-(2) are applied to the absorber (fluid) region and the
absorber upstream (single-phase) region. Upstream the absorber re-
gion (where no porous structure is available), the porosity and the
momentum balance equation source terms are set to unity and zero,
respectively. Despite being applied to incompressible flow and steady-
state conditions, the set of governing equations herein presented retains
the corresponding terms for thoroughness and generality.

3.1.2. Energy balance equations

The local thermal non-equilibrium approach — that requires sep-
arate energy conservation equations for the absorber solid and gas
phases — is herein applied to evaluate the receiver temperature dis-
tribution as it is commonly recommended in the literature [27,43].
In addition, since the receiver is composed by an insulation layer
surrounding the absorber lateral wall, the corresponding temperature
distribution is obtained with an independent energy balance equation.

Gas-phase energy balance equation. Eq. (4) corresponds to the energy
balance equation for the receiver gas phase. The effective gas ther-
mal conductivity is given by Eq. (5) as commonly considered in the
literature [26,38,81]. In Egs. (4)-(5), Ty, Ty cpgs hy, and A, are the
gas temperature, solid temperature, gas specific heat, volumetric con-
vection heat transfer coefficient, and clear (intrinsic) fluid thermal
conductivity, respectively.

0 (pgcyoTy) _
® gal;g £ 4v. (pgcp’guTg) =V (AgestVTy) + hy (T, - T,) 4
Agerr = PAg ©)

For the porous medium structure and hydrothermal conditions un-
der consideration, the local convection coefficient can be calculated
with the correlation obtained by Wu et al. [56] through pore-scale
numerical simulations that is given by Eq. (6). This correlation has
seen widespread application in the literature [29,38,43,49] and is valid
along the ranges 0.66 < ¢ < 0.93 and 70 < Re = p, || d./u, < 800 [56].

y R(:‘O'438
hy=—S—on e (32.504¢°%8 — 109.94¢" + 166.65¢>* — 86.98¢™%) (6)

C
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Solid-phase energy balance equation. Eq. (7) corresponds to the absorber
solid-phase temperature governing equation. The effective solid ther-
mal conductivity is given by Eq. (8) [81,82]. In Egs. (7)-(8), Cps and
A, correspond to the solid intrinsic (single-phase) specific heat and
thermal conductivity, respectively. The source term of Eq. (7) (S,,q)
takes into account the net radiative power contribution in the absorber
structure. This contribution is evaluated through the application of a
particular radiative heat transfer model — see Section 3.1.3.

(pscp,sTS)

d
(1-9) ot =V (}‘s,effVTs) —h, (Ts - Tg) + Srad @

@m=§u—@« ®

Insulation energy balance equation. Eq. (9) corresponds to the energy
balance equation for the insulation region. In Eq. (9), pinss €pinss Tinss
and 4;,; correspond to the insulation density, specific heat, temperature,

and thermal conductivity, respectively.

ot

=V (/linsVTinS) ©)
3.1.3. Radiative transfer equation

For high-temperature concentrated solar energy applications, the ra-
diative heat transfer equation has been solved through various models
in the literature [22,43]. Particularly for volumetric solar absorbers,
the modified P1 approximation has been widely considered in the
literature [26,27,47,73,83,84]. The modified P1 approximation is given
by Eq. (10), where «, o,, G4, and G, correspond to the porous medium
absorption coefficient, porous medium scattering coefficient, diffusive
irradiation, and collimated solar irradiation, respectively. Eq. (10) is
applied to the absorber region.

-v. <3(K1—M)VG“> =k (40T, - Gy) + 0,G, (10
~ S

The solar irradiation local value in the absorber domain is given
by Eq. (11). In this equation, q(’)’ is the incident concentrated solar
radiation flux at Section x = 0 (see Fig. 1), while f# denotes the porous
medium extinction coefficient.

G, (r,x) = g5 (r)exp (=fx) aan

The incident concentrated solar radiation flux at the receiver front
section is computed with Eq. (12). This equation has been largely
applied as a curve fitting for concentrated solar irradiation profiles
obtained with parabolic dish assemblies [31,60,85,86]. In Eq. (12),
constants (parameters) A and B specify the profile maximum value
(registered at the receiver centerline) and the profile shape along the ra-
dial direction, respectively. (Parameter B equal to zero corresponds to a
uniform profile while increasing this parameter leads to an increasingly
non-uniform profile along the radial direction.)

qy (r) = Aexp (-Br?) 12)

The radiative source term required in Eq. (7) is computed with
Eq. (13). Eq. (13) requires the solution for the diffusive irradiation field
according to the application of the modified P1 approximation.

Spad ==V Grag = — [46T* — (G4 + G,)] a3
3.2. Thermodynamic, transport, and radiative properties

The gas density and dynamic viscosity are evaluated through the
perfect gas law (Eq. (14)) and Sutherland law (Eq. (15)), respectively.
In Eq. (15), uy, Ty, and S are equal to 1.71 x 107> Pas~!, 273K, and
110.4K, respectively, in accordance with Ref. [87].

_ P
Pe = R,

14
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£:<E>3/2<T0+S> as)
Ho Ty T,+S

The gas specific heat and thermal conductivity are temperature-
dependent properties calculated in accordance with Egs. (16) and (17),
respectively. In these equations, the actual gas temperature (7,) is
provided in kelvins [11]. The gas specific enthalpy is computed with
Eq. (18).

e (T kg™ K™') =1.0703 x 10* - 5.3090 x 107" 7+

16
1.3251 x 10’3Tg2 —9.6767 x 10’7Tg3 +2.4422 x IO’IOT; (16)
Ay (Wm™ K1) = =5.2076 x 107 + 1.2940 x 107*T,,—
g g (17)
9.1803 x 10—8Tg2 +3.4288 x 10‘”Tg3
T,
hy (T,) = / cpe (T) dT 18)
T.

ref
The porous foam absorption, scattering, and extinction coefficients are
calculated according to Egs. (19), (20), and (21), respectively. (In this
work, no distinction is made between the mean cell diameter and mean
pore diameter, i.e. d,=dasitis usual in the literature [29,30,88-91].)

_3(-¢)
"7 T, 19
_32-9(-¢)
"= (20)
pzrto = 0=D @1
dP

3.3. Boundary and interface conditions

At the fluid entrance section (x = —L,y, — see Fig. 1), the fluid
velocity components and temperature are prescribed in accordance
with Egs. (22)—(23) and (24), respectively.

u=u, (22)
v=0 23)
Ty =Tyin (24)

At the receiver centerline (r = 0), Egs. (23) and (25)-(28) are applied
in order to represent axial symmetry conditions. (In these equations, 7
represents the unit outward normal vector to the boundaries where the
equations are applied.)

Vu-n=0 (25)
VT, -7 =0 26)
VT, =0 @7
VG, =0 (28)

At the absorber lateral wall (r = Ry,), the no-slip (and impermeable
[impenetrability]) conditions are imposed (see Eq. (29)) and thermal
equilibrium between the absorber solid and gas phases is considered
(Eq. (30)).

u=v=0 (29)

T, =T, (30)

The Marshak’s boundary condition (Eq. (31)) is applied at the bound-
aries of the domain (other than the symmetry axis) where the governing
equation of the diffusive irradiation (modified P1 approximation) is
solved — boundaries x = 0, x = Ly, and r = R,,. In Eq. (31), T, and
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e, correspond to the temperature and surface emissivity, respectively,
of the boundary under consideration. Particularly, for the front section
(x = 0) and rear section (x = Ly,), T,, is equal to Tyin and to the
average outlet gas temperature (downstream manifold effective surface
temperature), respectively. At the absorber lateral wall (r = Ry),
T, is equal to the local absorber gas (and solid) temperatures. The
surface emissivity (e,,) is assigned a value of 1.0 at the absorber front
and rear sections and referred to as ¢ ;, for the internal surface of
the absorber lateral wall. At the lateral wall the collimated irradiation
(H,) is negligible because the concentrated (collimated) solar radiation
provided to the receiver is aligned with the receiver axis.

ey (40T} —Gy) +4 (1 —&,) H,
2(2-¢y)

At the absorber front section (x = 0) and rear section (x = Lg,),
the absorber solid phase is adiabatic — i.e., Eq. (27) applies. At the
outer surface of the upstream (single-phase) fluid region (x < 0 and
F = Ry), Egs. (23) and (25)-(26) are applied. At the fluid outlet
section, negligible axial gradients for solved fluid scalars and zero static
gauge pressure are considered.

The remaining boundary condition that must be defined corre-
sponds to the boundary condition for the solid temperature governing
equation (solid-phase energy balance equation) at the absorber lateral
wall surface (r = Ry, and 0 < x < Lg,). This boundary condition is
defined in accordance with the particular model applied to take into
account the insulation layer — see Sections 3.3.1-3.3.2.

(€19)

o - 1 -
qrad'nE_ﬁVGd'n=_

3.3.1. One-dimensional insulation heat conduction approach

According to the one-dimensional insulation model, the boundary
condition for the solid temperature at the absorber lateral wall surface
is given by Eq. (32). This equation represents an energy balance to
the absorber lateral wall surface taking into account conduction heat
transfer from the absorber solid and fluid phases, net radiative heat
transfer to the absorber lateral wall surface, and power losses through
the insulation layer.

As,efl'VTs 'ﬁ=_ig,effVTg';i+‘_jrad"_i_U (Ts_Too) (32)

The one-dimensional insulation model considers heat diffusion in the
insulation layer exclusively along the radial direction. Moreover, under
steady-state conditions and no heat generation in the insulation layer,
the thermal resistance concept can be readily applied to develop an
overall heat transfer coefficient (U) between the absorber lateral wall
surface and the external environment (fluid and surrounding surfaces)
defined in relation to the absorber lateral wall surface — see Eq. (33).
According to Eq. (33), convection and radiative heat losses are ac-
counted for at the insulation outer surface (r = R, + 6;,,). At the
insulation outer surface, the adjoining fluid and surrounding surfaces
are at the same temperature (environment temperature, T,,).

U ={ Rabs { In [(Rabs + 6ins) /Rabs] +

A

ins

(33)

1 -1
(Rabs + 8ing) (71 + hraa) } }

The radiative heat transfer coefficient — strongly dependent on the

surface temperature — is computed with Eq. (34), where ¢, is the
emissivity of the insulation external surface.

2 2
Rpag = Ewext0 (Tins,exl + TOO) (Tins,ext + TDO) €2

The external surface temperature of the receiver lateral (insulation)
wall (T}5.) — ie., the receiver temperature at r = Ry, + &y —
required in Eq. (34) is computed in accordance with Eq. (35).

Ains (Tl
= (Ryps + Oins) X
In [(Rabs + 5ins) /Rabs] w " (35)

4 4
[Ew,exto- (Tins,cxt - qu) +h (Tins,ext - Too)]

ns,int — ins.ext)
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In this equation, Tj,;,, corresponds to the internal surface temperature
of the receiver lateral (insulation) wall — that is equal to the absorber
solid-phase temperature (7,) at r = R, since a negligible thermal
contact resistance is considered. While the lateral wall convection heat
transfer coefficient is considered constant, the radiative heat trans-
fer coefficient value varies along the longitudinal coordinate because
the lateral wall internal surface temperature (T} ;,) — required to
compute T;, ., and then A4 (see Egs. (34)-(35)) — depends on the
distance from the absorber front section. For a particular combina-
tion of insulation thermal conductivity, insulation thickness, external
convection heat transfer coefficient, and lateral wall external surface
emissivity, the solution for Eq. (35) was computed for T, in the
range between T, and the maximum absorber lateral wall temperature
computed with no lateral wall power losses, considering a temperature
increment equal to 1K. Afterwards, the radiative heat transfer coef-
ficient was calculated (according to Eq. (34)) and a table storing the
correspondence between T, and A, was obtained. Linear interpo-
lation was considered to obtain the radiative heat transfer coefficient
for any value of Tj;, stored in the referred table.

The boundary condition given by Eq. (32) is also applied for the adi-
abatic absorber lateral wall condition considering a negligible overall
heat transfer coefficient.

3.3.2. Multi-dimensional insulation heat conduction approach

According to the multi-dimensional insulation model, the boundary
condition for the solid temperature at the absorber lateral wall surface
is given by Eq. (36). In this equation, the last term on the right-hand
side corresponds to the heat conduction flux to the insulation layer.
The multi-dimensional insulation model solves the temperature field
at the insulation layer in accordance with the heat diffusion equation
— see Eq. (9). For the insulation temperature governing equation,
Egs. (37) and (38) are applied at the insulation inner surface and at the
insulation outer surface, respectively. The insulation boundaries x = 0
and x = L, are assumed as adiabatic surfaces — Eq. (39) is applied
at these boundaries.

Asett VT, - i = =Ag ot VT - i+ Grog - i — AingVing - 7 (36)
T =T, 37)
AingVing - i = —h (Tipg = Toy ) — o0 (Tt = T2) (38)
VT, -i=0 (39)

3.4. Numerical models

Governing equations provided with boundary and interface con-
ditions and closure models are numerically solved with the software
STAR-CCM+ — CFD software developed by Siemens Digital Industries
Software. STAR-CCM+ was applied for geometry and grid development.
Convective terms of governing equations are discretized in accordance
with the second-order upwind differencing scheme. SIMPLE algorithm
is considered to take into account the pressure-velocity coupling and
the solution of the complete system of discretized model equations.
The passive scalar feature available in STAR-CCM+ was exploited to
implement the radiation model considered in this work (modified P1
approximation). Overlapping solution domains — with similar spatial
discretization (mesh) features — were considered for the absorber
fluid-phase transport equations, absorber solid-phase energy balance
equation, and diffusive irradiation governing equation. This procedure
coupled with data (solution fields) storage in constantly (every iter-
ation) updating tables provides a reliable and accurate access to the
solution fields of different sets of governing equations (data mapping).
Within the STAR-CCM+ package, field functions were developed to
evaluate thermophysical properties, volumetric external (interphase)
heat transfer coefficients, source terms for transport equations, and
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boundary conditions. To establish a converged solution, the maximum
value for residuals was set below 10~ for all solved governing equa-
tions. Wolfram Mathematica was applied to evaluate the insulation
outer surface temperature according to the one-dimensional insulation
model.

3.5. Model verification

Verification corresponds to the procedure of establishing that the
mathematical model equations are solved accurately — confirming
that numerical models implemented in the software are functioning
correctly [92]. Model verification is herein assessed comparing the
current model results with reference results available in the literature.
Two sets of benchmark results related to the performance of a partic-
ular volumetric solar receiver are herein considered. The volumetric
solar receiver has a length (L,,,) equal to 0.05m and radius (R,,) of
0.03 m. The two sets of results differ only on the operating condition,
particularly, on the inlet gas velocity profile (u;, (r)) considered: one set
of results is related with a constant inlet gas velocity profile (equal to
0.8 ms~1), while the other is related to a non-uniform inlet gas velocity
profile (equal to 2.4ms~! for 0 < r < R,,,/3 and 0.6 ms~! otherwise).

For both sets of results, the inlet gas temperature and solar irra-
diation profile at the receiver front section correspond to 300K and
1.5exp (—2560r2) MW m~2, respectively. The absorber (SiC open-cell
foam) porosity and cell size are equal to 0.9 and 2.0 mm, respectively.
Results gathered from Chen et al. [28] and Nimvari et al. [70] are taken
into account for verification purposes — both works provide data for
the constant inlet velocity profile condition and only the later for the
non-uniform velocity profile condition. (Required thermophysical in-
trinsic and effective properties and interphase transport correlations are
in agreement with those provided in such references.) For the constant
inlet velocity profile case, Figs. 2(a) and 2(b) present the corresponding
axial solid- and gas-phase temperature profiles at the receiver center-
line and solid temperatures along the radial direction at the irradiated
section of the receiver, respectively. The results computed in this work
are in very good agreement against the benchmark results, particularly
against the results reported by Chen et al. Concerning the pressure drop
along the absorber structure, this work predicts a value approximately
equal to 151.7 Pa while the works conducted by Chen et al. and Nimvari
et al. report 151.3Pa and 147.0 Pa, respectively. For the non-uniform
inlet velocity profile, Fig. 3 presents the centerline solid- and gas-
phase temperatures along the absorber longitudinal direction computed
in this work and reported by Nimvari et al. A fairly good matching
between both results is observed. A successful verification of the actual
mathematical model implementation is concluded by comparing the
obtained results with benchmark results available in the literature.

4. Results and discussion

In this work and unless otherwise stated, the receiver operating
condition, geometrical parameters, and thermophysical properties take
the reference values presented in Table 1. The reference values listed in
Table 1 have been widely considered in the literature — see Refs. [28,
30,63,70,85]. (Particularly, the values considered for the intrinsic ther-
mal conductivity and strut surface emissivity are typical values for SiC
open-cell foam structures [27,52,70,85].) In addition, the temperature
of the lateral wall external environment (adjoining gas and surrounding
surfaces, T,) is equal to the receiver inlet gas temperature (300 K). For
the stated reference values, the total power provided to the receiver
(Qy) accounts for about 1656.96W, while the relative transmission
power loss (]!—"I‘O':‘Sns /Qo = exp (—BLy,)) is negligible.

The relevance of lateral wall heat losses on the solar receiver
thermal performance will be comprehensively investigated considering
the following hierarchical approach. The effect of parameters, proper-
ties, and conditions not pertaining to the insulation layer and lateral
wall external environment realms — i.e., parameters, properties, and
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Fig. 2. Receiver model verification considering a uniform inlet gas velocity profile:
(a) centerline solid and fluid temperature profiles; and (b) solid temperature profiles
along the radial direction at the absorber front surface. ((a) and (b): top and bottom,
respectively. This labeling scheme will apply throughout this document.) Benchmark
results gathered from Chen et al. [28] and Nimvari et al. [70].
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Fig. 3. Receiver model verification considering a non-uniform inlet gas velocity profile:
centerline solid and fluid temperature profiles. Benchmark results gathered from
Nimvari et al. [70].

conditions exclusively related to the inner region of the receiver (ab-
sorber region) — is firstly investigated considering two extreme power
loss conditions through the absorber lateral wall — see Section 4.1.
Afterwards, the effect of lateral wall external heat transfer conditions is
investigated neglecting the application of an insulation layer (negligible
insulation conduction resistance) — see Section 4.2. Finally, the effect
of the insulation layer thickness and insulation thermal conductivity is
investigated with a fully distributed (multi-dimensional) heat diffusion
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Table 1
Reference values for the receiver operating condition, geometrical parameters, and
thermophysical properties.

Op. condition / Geo. parameter / Ther. property Value
Inlet gas velocity, u;, (ms™") 1.0
Inlet gas temperature, T,;, (K) 300.0
Parameter A(Wm™2) — Eq. (12) 1.5% 10°
Parameter B(m~2) — Eq. (12) 2560.0
Absorber length, L, (m) 0.05
Absorber radius, R, (m) 0.03
Mean cell diameter, d_ x 10> (m) 2.0
Foam porosity, ¢ (-) 0.8
Intrinsic solid thermal conductivity, A, (Wm™' K™!) 80.0
Strut surface emissivity, & (—) 0.90
Lateral wall internal surface emissivity, &, ;, (—) 0.80

model for the insulation layer, while considering different lateral wall
external heat transfer conditions — see Section 4.3. In addition, the
prediction suitability (model solution accuracy) of a one-dimensional
approach for heat conduction along the radial direction of the insula-
tion layer is assessed by comparing the corresponding results against
the multi-dimensional model results — see Section 4.4.

4.1. Effect of receiver internal parameters, properties, and conditions on
lateral wall heat losses

The effect of absorber dimensions, absorber structure (porous
medium) geometrical parameters and thermophysical properties, and
receiver operating conditions is herein investigated. In this study, two
limit heat transfer conditions at the absorber lateral wall are consid-
ered: (i) zero power loss condition through the absorber lateral wall
— shortly referred to as the adiabatic absorber lateral wall condition;
and (ii) maximum lateral wall power loss condition — shortly referred
to as the non-adiabatic absorber lateral wall condition. The later
condition is achieved neglecting the overall thermal resistance between
the absorber lateral wall (r = R,,,) and the external environment —
i.e., simultaneously neglecting the application of an insulation layer
(6, = 0) and considering an infinite external overall heat transfer
coefficient (U,,, = h + hq). (Under such conditions, Egs. (32)-(33)
state that the absorber lateral wall and the external environment are at
thermal equilibrium [T, =T,].)

Fig. 4 presents the solid- and gas-phase temperature distributions for
the adiabatic and non-adiabatic absorber lateral wall conditions com-
puted considering the reference values stated before. A non-uniform
temperature distribution along the radial direction for the adiabatic
lateral wall condition is mainly observed due to the non-uniform con-
centrated solar flux distribution at the absorber front section — the
no-slip velocity boundary condition applied at the lateral wall also
contributes to non-uniform velocity and thermal profiles but in a
significantly lower extent. For the non-adiabatic receiver, heat losses
through the lateral wall contribute even more remarkably to increase
the temperature variations along the radial direction. These two limits
for the receiver operation provide a solar-to-thermal energy conversion
efficiency — shortly, thermal efficiency (see Eqgs. (40)-(41)) — approx-
imately equal to 83.3% and 19.8% for the adiabatic and non-adiabatic
conditions, respectively.

. avg _ pavg
m (hg,out hg.in)

Nth = o, (40)
av pohudA
hgg = /A £ .§> (41)
m

For the adiabatic absorber lateral wall, the power loss is mainly due to
a net radiative heat transfer from the receiver internal porous structure
through the receiver front section toward the external surroundings
— radiative heat losses from the absorber through the outlet section
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account for less than 1% of the total power loss (P1:)0;s = Q, (1 - ﬂth)).
For the non-adiabatic absorber lateral wall, radiative power losses
through the inlet section amount to 20.6% of the total power loss
while most of the remaining fraction (about 79.2%) is observed through
the lateral wall (Pll(';‘s‘:v““) — radiative power losses through the outlet
section are negligible (<0.5%). The power loss registered through the
lateral wall is computed in accordance with Eq. (42) and has the
following three contributions: (i) diffusive heat flux from the absorber
gas phase; (ii) diffusive heat flux from absorber solid phase; and (iii)
net radiative heat flux from the internal absorber pore structure.

loss

platWall _ _/A (is,effVTs -n+ Ag,effVTg n- qrad . I_'i) dA (42)

The most relevant contribution to the lateral wall power loss is due
to the heat conduction from the solid phase (about 96.8%). Heat con-
duction from the gas phase is the most negligible contribution on the
total lateral wall power loss — it accounts for about 0.3%. Solid-phase
heat conduction has a higher contribution than gas-phase conduction in
accordance with the higher effective solid thermal conductivity (about
5.333Wm~! K~!) than the effective gas thermal conductivity (about
0.021Wm™' K~ at 300K).

Fig. 5 presents the centerline solid- and gas-phase temperature
profiles for the adiabatic and non-adiabatic absorber lateral wall con-
ditions. Both sets of the profiles are qualitatively similar. For the
non-adiabatic condition, the centerline gas and solid temperatures at
the receiver outlet section (x = L,,) are about 200K below the
corresponding temperatures for the adiabatic receiver. (The difference
is even higher [about 291K] considering the radial average outlet
gas temperatures for both cases.) Strikingly, the maximum solid and
gas temperatures observed for the non-adiabatic condition are higher
than the corresponding maximum temperatures for the adiabatic con-
dition — i.e., the absorber with higher heat losses is the same that
achieves higher temperatures. This outcome is promoted by the effect
of temperature on gas thermophysical properties, and consequently, on
the velocity distribution. Fig. 6 shows velocity streamlines for both
absorber lateral wall conditions. Since a fluid region is considered
upstream the absorber (entry region) — in such a way that solved
scalar gradients are negligible at the inlet section and first-type bound-
ary conditions can be safely applied to governing equations featuring
diffusive transport mechanisms [43] —, the incoming flow adapts
to downstream conditions even before reaching the absorber front
section. Consequently, the flow preferentially bypasses the absorber
hot (central) region through the much colder region in the vicinity
of the walls — see Fig. 6. This preferential (lower resistance) flow
path is observed for both absorber lateral wall conditions but it is
much more meaningful for the non-adiabatic absorber lateral wall
condition — see in Fig. 6 the curvature of the streamlines at the
absorber front section for both lateral wall conditions. For the non-
adiabatic condition, lower gas velocity values near the centerline —
mainly due to the flow bypassing this region — lead to lower interphase
heat transfer rates (higher convection heat transfer resistance between
phases), and consequently, higher solid temperatures. The maximum
gas-phase temperature for the non-adiabatic condition is also higher
than for the adiabatic condition due to the lower gas velocities that
lead to higher residence times. (The higher maximum temperatures
registered for the non-adiabatic condition are also supported by the
diffusive [and radiative] heat transport mechanisms that are unable
to flat the temperature distributions.) Therefore, lateral wall power
losses promote an increase in the maximum temperatures (observed at
the receiver centerline and near the front section) and a decrease in
the minimum temperatures along the radial direction (at the absorber
lateral wall) and along the longitudinal direction (at the absorber outlet
section) — i.e., the uniformity of the absorber temperature distribution
deteriorates if lateral wall power losses are observed.
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Fig. 4. Solid-phase temperature distribution (top) and gas-phase temperature distri-
bution (bottom) computed considering adiabatic and non-adiabatic absorber lateral
walls.
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Fig. 6. Streamlines with the velocity magnitude for the adiabatic and non-adiabatic
absorber lateral wall conditions.
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Fig. 7. Effect of absorber dimensions (radius and length) on the thermal efficiency for
the adiabatic and non-adiabatic absorber lateral wall conditions.

4.1.1. Effect of absorber dimensions

The effect of the absorber length and radius on the absorber lateral
wall heat losses and overall thermal performance is herein investi-
gated. Fig. 7 presents the thermal efficiency for both adiabatic and
non-adiabatic absorber lateral wall conditions considering different
absorber lengths (ranging from 2 to 8 cm) and different absorber radius
values (ranging between 2 and 5cm). Fig. 8 presents the relative power
loss contribution of the lateral wall (1[’1];‘5‘5Wall /P) — only relevant
for the non-adiabatic condition — for the absorber length and radius
values considered in Fig. 7. By varying the absorber radius, the total
concentrated solar power provided to the receiver (Q,) is also changed.
Therefore, to study the effect of the absorber radius, the ratio Q,/m
— where m (= ”Razbs”g“in) corresponds to the total mass flow rate —
was kept constant and equal to the value computed with the reference
values. Thus, an increase in the absorber radius implies simultaneously
an increase in the total power provided to the receiver and a consistent
decrease in the inlet gas velocity — note that according to the stated
conditions: u;, &~ —9.998x10™*R_2 [exp (—2560R2, ) — 1] ms™!, with Ry,
provided in meters.

Fig. 7 shows that increasing the absorber length the thermal effi-
ciency for the non-adiabatic wall condition decreases significantly —
and moves away from the adiabatic thermal efficiency profile that
becomes length-independent. The thermal efficiency decrease as the
length is increased for the non-adiabatic wall condition is justified by
the increase in the available lateral wall surface area through which
heat losses occur — note that the relative power loss contribution of
the lateral wall increases with the absorber length (see Fig. 8). For an

10
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Fig. 8. Effect of absorber dimensions (radius and length) on the power loss contribution
from the lateral wall (non-adiabatic absorber lateral wall condition).

adiabatic lateral wall, the effect of the absorber length is only relevant
for low values (below 3 cm) for which the thermal efficiency is slightly
reduced upon decreasing the absorber length. This evidence is due to
the increasing relevance of thermal emission power losses through the
absorber outlet section on the total power loss as the absorber length is
decreased — note that relative transmission power losses are negligible,
even for the lowest length considered (P12 /Q, is about 0.25% for Ly,
equal to 2cm).

Regarding the absorber radius, Fig. 7 shows that as the absorber
radius is increased the thermal efficiency decreases for the adiabatic
condition and increases for the non-adiabatic condition. For the adia-
batic condition, the stated trend observed upon increasing the absorber
radius is due to the progressively lower convection heat transfer rates
that arise as a consequence of decreasing the inlet gas velocity. Ac-
cordingly, solid temperatures at the vicinity of absorber front surface
increase and heat losses by radiation take advantage — note that con-
vective and radiative heat transport mechanisms are in competition for
the absorbed concentrated solar radiation by the solid foam matrix. For
the non-adiabatic condition, the reduction of convection heat transfer
rates upon increasing the absorber radius is also observed — which
deteriorates the thermal efficiency — but moving the lateral wall away
from the centerline region where very high temperatures are observed
(i.e., increasing the absorber radius) overlaps the former effect along
the radius range considered and the thermal efficiency is enhanced. In
agreement, Fig. 8 reveals that the power loss contribution through the
lateral surface to the total power loss diminishes as the absorber radius
is increased, suggesting that energy losses through the absorber front
section become more significant with an increasing absorber radius —
since transmission losses and power losses through the outlet section
are negligible.

4.1.2. Effect of absorber geometrical parameters and thermophysical prop-
erties

The foam porosity (¢) and cell diameter (d.) are the absorber
geometrical parameters under consideration. For the receiver thermo-
physical properties, the bulk (intrinsic) solid thermal conductivity (4;),
foam surface emissivity (¢), and lateral wall internal surface emissivity
(£y,ne) are considered. Figs. 9(a) and 9(b) present the thermal efficiency
for both adiabatic and non-adiabatic absorber lateral wall conditions
computed with different values for the absorber geometrical parameters
and thermophysical properties, respectively. Fig. 10 presents the rela-
tive power loss contribution of the lateral wall for the cases considered
in Figs. 9(a)-(b).

For the adiabatic condition, Fig. 9(a) shows that as the porosity
increases (from the lowest value considered) the thermal efficiency in-
creases as well reaching a maximum at about 0.925 and then decreases.
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Fig. 9. Effect of absorber geometrical parameters (a) and thermophysical properties
(b) on the thermal efficiency for the adiabatic and non-adiabatic absorber lateral wall
conditions.
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condition).

As the porosity is increased, radiative power losses through the inlet
section decrease — since the concentrated solar irradiation distribution
within the absorber (G.) becomes more uniform — and an increasing
trend is simultaneously observed for: (i) radiative power losses through
the outlet section — radiation emitted from the absorber internal
pore structure; and (ii) transmission (concentrated solar) power losses.
(Particularly, increasing the porosity from 0.90 to 0.95 the relative
transmission power loss (Pllors*‘sns /Qy) increases from about 0.06% to
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about 2.35%.) This tradeoff is responsible for promoting the stated
maximum on the thermal efficiency profile. Literature studies on the
effect of porosity — available for porosity values up to about 0.90 and
considering adiabatic absorber lateral walls — are in full agreement
with the reported trend on thermal efficiency (and total heat losses)
— see Refs. [26,27,30,32,85]. (A similar maximum for the thermal
efficiency varying the porosity is reported in Ref. [39].) Regarding the
effect of the porosity on the absorber performance for the non-adiabatic
condition, Fig. 9(a) shows that the thermal efficiency increases progres-
sively from about 11% to about 46% as the porosity is increased from
0.65 to 0.95. This trend is a result of a decreasing contribution of heat
losses through the lateral wall as the porosity increases — as suggested
by Fig. 10. This is justified by a decrease in the effective solid thermal
conductivity as the porosity is increased (see Eq. (8)) which results in
lower conduction heat transfer rates to the lateral wall — note that heat
conduction from the absorber solid phase to the lateral wall is the most
relevant lateral wall power loss contribution.

Regarding the cell diameter, Fig. 9(a) shows that as the cell diameter
increases the thermal efficiency for both lateral wall conditions also in-
creases. (For the adiabatic absorber lateral wall condition, the reported
thermal efficiency trend upon increasing the cell diameter is in line
with the literature [27,30,60,70,85].) This is mainly due to the fact that
increasing the cell diameter the extinction and absorption coefficients
— computed with Egs. (21) and (19), respectively — decrease which
promotes a more uniform distribution and absorption of concentrated
solar radiation within the absorber volume [29,93]. (For very low cell
diameter values, the extinction coefficient is very high and the solar ra-
diation penetration dept is very low — solar radiation is only available
near the vicinity of the irradiated section and at very high power values.
As a consequence, very high solid-phase temperatures establish at the
receiver inlet section which contributes to increase the radiative power
losses and reduce the receiver thermal efficiency.) Note that the cell
diameter also affects the interphase momentum and heat transport rates
(source terms of the momentum and energy balance equations) but to
a lower extent on the overall receiver thermal performance (thermal
efficiency) in comparison to the effect of the cell diameter on radiative
heat transport rates. Along the range considered in this study for the
cell diameter, the relative transmission and radiation emission losses
through the receiver outlet section are negligible ((P™ + P2") /Q, <
0.1%) and thus energy losses are only significant through the fluid
entrance section and lateral wall — the later contribution is available
only for the non-adiabatic absorber lateral wall condition. For the
non-adiabatic condition, Fig. 10 shows that the contribution of heat
losses through the absorber lateral wall on the receiver total power loss
slightly increases upon increasing the cell diameter due to a relevant
decrease of power losses through the absorber inlet section.

Contrarily to the absorber geometrical parameters that affect simul-
taneously several transport mechanisms, the thermophysical properties
herein investigated only affect a specific (heat) transport mechanism.
Therefore, the role of such properties on the overall thermal behav-
ior for both lateral wall conditions is much more straightforward to
analyze. In particular, the solid thermal conductivity only influences
heat diffusion rates in the absorber solid phase. Fig. 9(b) shows that
an increase in the solid thermal conductivity results in a different
thermal efficiency trend for the two wall conditions. For the adiabatic
condition, an increase in the solid thermal conductivity promotes a
slight increase in the thermal efficiency. The reported effect of the
intrinsic solid thermal conductivity is in full agreement with results
available in the literature [62,65,83]. (Nevertheless, note that the
particular effect of the intrinsic solid thermal conductivity on the ther-
mal efficiency depends on the actual combination of the geometrical
parameters, thermophysical properties, and operating conditions under
consideration, as well as on the range considered for the thermal
conductivity [27,37].) The thermal efficiency slight increase upon in-
creasing the solid thermal conductivity is observed because an increase
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in the solid thermal conductivity contributes to decrease the high-
est solid temperatures (flattening the solid temperature distribution)
avoiding very high solid temperatures, and consequently, high radiative
power losses to the surrounding environment through the inlet and
outlet sections. However, for the non-adiabatic condition an increase
in the solid thermal conductivity also contributes (in a more significant
extent) to increase conduction heat losses to the lateral wall — note in
Fig. 10 the increasing relevance of lateral wall heat losses on the total
power loss as the solid thermal conductivity increases. Therefore, an
increase in the solid thermal conductivity results in a dramatic thermal
efficiency decrease for the non-adiabatic lateral wall condition.
Concerning the foam emissivity, Fig. 9(b) shows that regardless of
the absorber lateral wall condition the highest possible value for the
foam emissivity is recommended to achieve a high thermal efficiency.
This evidence is in line with literature results [52,61]. Particularly for
the adiabatic condition, a significant increase in the thermal efficiency
(about 20 percentage points [pp]) is observed increasing the foam emis-
sivity from 0.3 to the maximum theoretical value. For the non-adiabatic
condition, although the total power losses decrease while increasing
the foam emissivity (as supported by the slight increase in the thermal
efficiency), the heat losses through the lateral wall increase — see
Fig. 10. An increase in the foam emissivity promotes higher absorption
rates of solar radiation (since the absorption coefficient increases) for
an identical solar irradiation distribution within the absorber (given
by Eq. (11)) — note that the extinction coefficient required in Eq. (11)
is independent of the foam emissivity. Backscattering losses through the
inlet section are decreased as the foam emissivity is increased.
Finally, the lateral wall internal surface emissivity plays a particular
role on the receiver operation through the Marshak’s boundary condi-
tion — see Eq. (31). Fig. 9(b) shows a modest increase of the thermal
efficiency for the adiabatic condition and a negligible decrease of the
thermal efficiency for the non-adiabatic condition upon increasing the
lateral wall emissivity. In accordance, the relevance of the lateral wall
heat losses on the total power loss from the receiver increases almost
imperceptibly (less than 1 pp) as the lateral wall emissivity increases
from 0.0 to 1.0 — see Fig. 10. The insignificant role of the lateral wall
emissivity on the overall absorber thermal performance is due to the
reference combination of absorber dimensions, geometrical parameters,
and thermophysical properties that particularly lead to high optical
thickness values hampering high rates of heat transfer by radiation from
high-temperature regions to the absorber lateral surface.

4.1.3. Effect of operating conditions

The inlet gas velocity (u;,) and the concentrated solar radiation flux
profile — fully defined by parameters A and B (see Eq. (12)) — are the
receiver operating variables herein investigated. Fig. 11 presents the
thermal efficiency for both adiabatic and non-adiabatic absorber lateral
wall conditions considering different inlet gas velocities and different
parameters A and B. (Fig. 11 presents results for parameters A and
B varying freely and, additionally, for parameter B correlated with
parameter A in such a way that the total concentrated solar power
provided to the receiver is kept constant and equal to the reference
value.) Fig. 12 presents the relative power loss contribution of the
lateral wall for the cases considered in Fig. 11.

Fig. 11 shows that an increase in the inlet gas velocity promotes
an increase of the receiver thermal efficiency independently of the ab-
sorber lateral wall condition. For the adiabatic condition, a significant
increase of thermal efficiency (about 23 pp) is observed increasing the
inlet gas velocity from the lowest to the highest considered values. A
further increase in the inlet velocity continues to improve the thermal
efficiency for the adiabatic condition but at a much lower pace. (These
results are in full agreement with the literature [26,39,52,60,63].)
For the non-adiabatic condition, a dramatic increase of the thermal
efficiency is observed along the entire inlet velocity range considered.
Moreover, the results suggest that the thermal efficiency of the non-
adiabatic absorber would continue to increase at a significant rate
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Fig. 11. Effect of receiver operating conditions (inlet gas velocity and concentrated
solar irradiation profile) on the thermal efficiency for the adiabatic and non-adiabatic
absorber lateral wall conditions.

if the inlet gas velocity were increased beyond the maximum value
considered. The increase in thermal efficiency registered for both ab-
sorber lateral wall conditions upon increasing the inlet velocity is due
to the promotion of convection heat transfer rates — concentrated
solar power captured by the solid phase is preferentially transported
to the bulk fluid phase (due to an increase in the convection heat
transfer coefficients) instead of being lost by re-radiation through the
inlet section (and by conduction and radiation to the absorber lateral
wall for the non-adiabatic condition). Although heat losses through
the inlet section and lateral wall decrease as the inlet gas velocity
increases, Fig. 12 shows a maximum for the relative contribution of
lateral wall power losses at about 0.85ms~!. Below (above) this value,
an increase of the inlet velocity results in a higher (lower) decrease
of energy losses through the inlet than the decrease of the energy loss
through the lateral wall. Therefore, increasing the velocity from low
values is particularly effective in reducing the heat losses through the
inlet section while a reduction of power losses through the lateral wall
is particularly significant increasing the velocity from medium values
(u;,, 2 0.85ms~!). (Although not shown, the increase of the thermal
efficiency as the velocity is increased results in lower average outlet
gas temperatures due to the decrease of the gas residence time in the
absorber.)

Regarding the role of parameters A and B when varied freely,
Fig. 11 shows that an increase of A or a decrease of B deteriorates
the thermal efficiency for both lateral wall conditions — even though
the average outlet gas temperature increases (not shown). As parameter
A is increased (or parameter B is decreased), the total solar power
supplied to the absorber increases which results in higher rates of
solar radiation absorption, higher solid temperatures, and ultimately,
higher radiative power losses through the receiver inlet section —
lower thermal efficiency values. (The current results for the adiabatic
absorber lateral wall condition are in full agreement with the lit-
erature [33,94].) However, if the total concentrated solar power is
kept constant — and equal to the reference value (Qy = Qg ) —
and considering the adiabatic condition, a decrease of parameter B
which implies a consistent decrease of parameter A leads to a contrary
trend on the thermal efficiency to that concluded for a freely varied
parameter B — under such conditions the thermal efficiency for the
adiabatic condition increases upon decreasing the parameter B. This is
observed because as parameter B is decreased the concentrated solar
flux profile becomes more uniform for the same total power. For the
non-adiabatic condition, Fig. 12 shows that the relevance of heat losses
through the lateral wall on the total power loss decreases as the value
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Fig. 12. Effect of operating conditions (inlet gas velocity and concentrated solar
irradiation profile) on the power loss contribution from the lateral wall (non-adiabatic
absorber lateral wall condition).

of A increases. This evidence means that the increase of power losses
through the inlet section becomes more relevant than the increase of
heat losses through the lateral wall as parameter A is increased. (Note
that emission and transmission power losses through the outlet section
are negligible for the cases under consideration.) Regarding parameter
B, either freely varied or correlated with parameter A, Fig. 12 shows
that the relative power loss through the absorber lateral wall decreases
as the value of parameter B is increased — i.e., as the concentrated
solar flux profile becomes more non-uniform for a constant maximum
value at the receiver centerline (parameter B varying freely) or for a
constant total power (parameter B correlated with parameter A). This
is observed because as parameter B is increased (freely or correlated)
lower concentrated solar flux values are provided near the absorber
lateral wall. The decrease of the relative power loss through the lateral
wall is more remarkable as parameter B is increased correlated with
parameter A because power losses through the inlet section increase
more remarkably than power losses through the lateral wall. (Note
that as the correlated parameter B is increased solar flux values at
the absorber central region [near the centerline] must increase to
compensate the solar flux decrease near the lateral wall — in order
to keep constant the total power provided to the receiver.)

4.2. Effect of external heat transfer conditions

The receiver external heat transfer conditions herein investigated
are established by defining a particular value for: (i) the convection
heat transfer coefficient at the receiver external lateral wall (h); and
(ii) the external surface emissivity of the receiver lateral wall (g ¢y,)-
These parameters control convection and radiation heat losses from
the external surface of the receiver lateral wall. (The external [envi-
ronment] fluid and surrounding surface temperatures are both fixed at
300K.) An insulation layer between the absorber porous region and the
external environment is not applied (6;,, = 0 in Egs. (33) and (35)).
Therefore, differences on the receiver thermal performance in relation
to the performance obtained with an adiabatic absorber lateral wall
condition are solely due to the role of external heat transfer conditions.
In this study, the reference values previously stated for the absorber
dimensions, absorber geometrical parameters, absorber thermophysical
properties, and operating conditions are considered.

Fig. 13 presents the effect of the lateral wall external surface emis-
sivity and convection heat transfer coefficient on the receiver thermal
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efficiency and average lateral wall temperature. In this figure, the
individual (exclusive) effect of emissivity and convection heat transfer
coefficient can be observed. The single effect of surface emissivity
on the thermal efficiency and average lateral wall temperature is ob-
served considering a negligible convection heat transfer coefficient and
varying the emissivity between its theoretical limits. In addition, multi-
mode (combined) heat loss conditions (mixed convection and radiative
heat loss mechanisms) are also presented for emissivity values equal
to 0.5 and 1.0. The range considered for the convection heat transfer
coefficient takes into account typical values for gases under the free
(natural) convection regime (2-25Wm~2K~!) and forced convection
conditions (25-250 W m—2 K~1).

Fig. 13 shows a progressive decrease of the receiver thermal ef-
ficiency and lateral wall temperature as the convection heat transfer
coefficient increases. This is observed independently of the surface
emissivity value. Such a decrease is slightly more accentuated for lower
convection coefficients and lower surface emissivity values. Neglecting
convection heat losses and increasing the surface emissivity between
0.0 and 1.0 the receiver thermal efficiency decreases from its adiabatic
absorber lateral wall value (83.3%) to approximately 79.0%. This
reduction of about 4.3 pp on the thermal efficiency (corresponding to
about 71.2W) is the maximum possible difference while varying only
the surface emissivity between the corresponding theoretical limits for
any convection heat transfer coefficient value. This is observed because
the effect of external surface emissivity (lateral wall radiative heat
losses) on the thermal efficiency is limited and becomes less relevant as
the convection heat transfer coefficient increases. (Note that in Fig. 13
as the convection heat transfer coefficient is increased the difference
between the thermal efficiency profiles for emissivity values equal to
0.0 and 1.0 decreases. Particularly, for a convection coefficient equal
to 250 Wm~2K~! the thermal efficiency decreases from 55.4% to 54.4%
[only about 1 pp] as the surface emissivity is increased from 0.0 to 1.0.)
For a particular surface emissivity value, as the convection coefficient
is increased the surface temperature of the lateral wall decreases and
the corresponding radiative heat transfer coefficient also decreases.
Therefore, an increase in the convection coefficient leads to a decrease
in the relevance of radiative heat losses (and in the importance of the
actual surface emissivity value) on the receiver thermal performance.
(Similarly, an increase in the surface emissivity — which promotes an
increase in the radiative heat transfer coefficient — leads to a decrease
in the relevance of convection heat losses [and in the importance of
the actual convection heat transfer coefficient] on the receiver thermal
performance. This is concluded in Fig. 13 by a smoother decrease
of the thermal efficiency with the convection coefficient for higher
surface emissivity values.) This is observed because convection and
radiative heat transport mechanisms are competing for the same power
available at the receiver lateral wall. It is worth mentioning that for all
external heat transfer conditions herein considered, the total power loss
through the absorber front section remains approximately constant —
P]i(;‘ss /0y ~ 16.6%. (This evidence was not observed in Section 4.1 while
varying the absorber internal parameters and properties and operating
conditions.) This means that the actual external heat transfer conditions
at the lateral wall do not affect radiative heat losses from the front
absorber section.

Fig. 14 presents the solid- and gas-phase temperature distributions
for two combined convection-radiation external heat transfer condi-
tions with a surface emissivity equal to 1.0 and convection heat transfer
coefficients equal to 5W m~2 K~! (low value within the natural convec-
tion regime) and 250 Wm~2K~! (upper limit of the forced convection
regime). The highest and lowest gas- and solid-phase temperatures
are both registered for the higher convection coefficient case. (This
evidence is aligned with the findings presented in Section 4.1 according
to which temperature fields become more non-uniform in the presence
of lateral wall heat losses.) In relation to the adiabatic absorber lateral
wall condition, the thermal efficiency is reduced in 5.0 and 28.8 pp
for the lowest and highest convection heat transfer coefficients under
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consideration — i.e., the lateral wall power losses account for about
82.8 W and 477.2 W, respectively.

An average convection heat transfer coefficient suitable for the
natural convection regime between the external surface of the receiver
lateral wall and the adjoining quiescent fluid medium (stationary air)
can be estimated based on the Nusselt number correlation provided by
Churchill and Chu [95]. This correlation is reasonable for the current
absorber placed in the horizontal position and with a constant external
surface temperature. Under such conditions and assuming a surface
emissivity equal to 1.0 (black surface), the convection heat transfer
coefficient is approximately equal to 8.8 Wm=2K~! — for an average
absorber lateral wall temperature approximately equal to 601.2K (in
full agreement with the correspondence between the convection co-
efficient and average lateral wall temperature presented in Fig. 13).
According to Fig. 13, this external heat transfer condition results in a
thermal efficiency of about 77.7%, which corresponds to a decrease of
about 5.6 pp in relation to the adiabatic absorber lateral wall value. For
the forced convection regime, the Nusselt number correlation provided
by Churchill and Bernstein [96] that is suitable for the absorber in
cross flow with air can be applied to estimate the average convec-
tion heat transfer coefficient. Therefore, for a wind velocity equal to
20ms~! and the absorber lateral wall external surface emissivity equal
to 1.0, the convection heat transfer coefficient is approximately equal
to 70.7Wm~2K~! — for an average absorber lateral wall temperature
approximately equal to 563.8K (in full agreement with Fig. 13). Ac-
cording to Fig. 13, this external heat transfer condition results in a
thermal efficiency of about 69.6%, which corresponds to a decrease of
about 13.7 pp in relation to the adiabatic absorber lateral wall value.
(The previous convection coefficients for free and forced convection
regimes were estimated neglecting border effects particularly near the
inlet section, as well as the shear-driven flow due to the external air
suction at the absorber inlet section. Moreover, required temperature-
dependent air thermophysical properties at atmospheric pressure were
gathered from Ref. [97].)

The prejudicial effect on the receiver thermal efficiency caused by
lateral wall convective and radiative heat losses — even assuming a nat-
ural convection regime — shows the great relevance of an appropriate
insulation layer application at the absorber lateral wall.

4.3. Combined effects of insulation material, insulation thickness, and ex-
ternal heat transfer conditions

In this section, an insulation layer is applied onto the absorber lat-
eral wall to investigate the corresponding effect on the receiver thermal
performance. In particular, the effects of the insulation material ther-
mal conductivity (4;,,) and insulation layer thickness (6;,,) are analyzed
under different external heat transfer conditions. The thermal perfor-
mance of the insulation layer is predicted solving the two-dimensional
Laplace equation — two-dimensional, steady-state form of Eq. (9)
in cylindrical coordinates, with a constant thermal diffusion coeffi-
cient — subjected to the boundary and interface conditions given
by Egs. (37)-(39). The reference values for the absorber dimensions,
absorber geometrical parameters, absorber thermophysical properties,
and operating conditions are herein considered.

Figs. 15(a)-(c) present the effect of the insulation layer thickness,
insulation thermal conductivity, and external heat transfer conditions
on the receiver thermal efficiency. In these figures, three different
thermal conductivity values are considered for the insulation material
(0.1, 1.0, and 10.0Wm~'K~!) and the insulation layer thickness is
varied from O to 0.1 m. Nine different external heat transfer conditions
are considered — given by the combinations between three different
convection heat transfer coefficients (0, 10, and 100 W m~=2K~!) and
three different surface emissivity values (0.0, 0.5, and 1.0). Figs. 15(a)-
(c) show that the application of an insulation layer does not necessary
lead to a reduction of power losses from the absorber lateral wall —
i.e., the application of an insulation layer may result in a promotion
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of lateral wall heat losses (decrease of the receiver thermal efficiency).
Particularly, these figures show that applying an insulation layer made
of a high thermal conductivity material results in a deterioration of
the receiver thermal efficiency in relation to the case without any
insulation layer — compare the results obtained with the highest ther-
mal conductivity material (10 W m~! K~!) against the results observed
without applying any insulation layer (6;,; = 0) for the same external
conditions. This is due to the fact that two contrary effects on lateral
wall heat losses are observed while increasing the thickness of the
insulation layer: (i) the external surface area from which convection
and radiation heat transfer is observed to the surrounding environment
is increased — promoting an increase in heat losses; and (ii) the resis-
tance to conduction heat transfer across the insulation layer increases
— promoting a decrease of heat losses. For high insulation thermal
conductivities (and low insulation thickness values), the former effect
dominates and the receiver thermal efficiency decreases. (For one-
dimensional heat conduction along the radial coordinate of a tubular
[cylindrical] insulation layer, the two referred opposite effects lead
to the well-known concept of critical radius — defined as the ratio
between the thermal conductivity and the external overall heat transfer
coefficient [r, = A;,o/Uex]- Accordingly, if the absorber radius — that
is equal to the insulation inner surface radius — were higher than
the critical radius, the application of the insulation layer improves the
thermal efficiency since heat losses are reduced. Otherwise, if the ab-
sorber radius were lower than the critical radius heat losses may or may
not increase depending on the actual insulation thickness.) Assuming a
one-dimensional heat conduction approximation, to observe a decrease
of heat losses independently of the applied insulation thickness for
external overall heat transfer coefficients (U,,,) equal to 10Wm=2K~!
and 100Wm~=2K~! the insulation thermal conductivity should not be
higher than 0.3Wm~!K~! and 3.0 Wm~' K~!, respectively.

The application of an insulation layer is particularly effective in
reducing lateral wall power losses under high convection heat transfer
coefficients and high surface emissivity values — see in Fig. 15(c) the
thermal efficiency profiles for the lowest thermal conductivity value
according to which the thermal efficiency increases more expressively
for the case with the highest convection coefficient than for the case
with the lowest convection coefficient as the insulation thickness is
increased. (For such external conditions [convection coefficient and
surface emissivity equal to 100Wm™2K~! and 1.0, respectively], a
remarkable increase in the thermal efficiency from about 66.4% (naked
absorber) to 80.0% is achieved applying only a 5mm thick insulation
layer with the lowest thermal conductivity [0.1 Wm™! K~1].)

For a particular insulation thickness and external heat transfer
conditions, Figs. 15(a)—(c) show that as the insulation material thermal
conductivity is decreased the receiver thermal efficiency is increased.
Moreover, the relevance of the actual external heat transfer conditions
on the receiver thermal efficiency is reduced as the insulation mate-
rial thermal conductivity is decreased or as the insulation thickness
is increased. In the limit of a negligible thermal conductivity, the
absorber lateral wall is adiabatic and the actual external heat transfer
conditions as well as the insulation thickness become irrelevant to the
receiver thermal performance. On the other hand, the application of
an extremely thick insulation layer with a finite thermal conductivity
— in such a way that negligible heat losses from the insulation outer
surface to the environment are observed — would not provide the
same receiver performance as that obtained considering an adiabatic
absorber lateral wall condition. While heat losses from the outer insu-
lation surface are absent for an extremely thick insulation layer, the
insulation layer may still support heat transport along the receiver
longitudinal coordinate from high-temperature (downstream) regions
to low-temperature (upstream) regions.

Fig. 16 presents the insulation layer temperature distribution for
different insulation thermal conductivities, insulation thicknesses, con-
vection heat transfer coefficients, and external surface emissivities. For
the cases under consideration in Fig. 16, Figs. 17(a)-(b) present the
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document.).

radial heat flux profiles at the insulation layer inner surface (r = Ry,)
and outer surface (r = Ry, + &,,) along the receiver longitudinal
coordinate, while Fig. 18 presents the relative lateral wall power loss,
the relative power regain, and the inlet power loss difference. The
power regain — power transferred from downstream absorber hotter
regions to upstream absorber colder regions through the insulation
layer — is calculated in accordance with Eq. (43).

latWall =
S~ [ e, o)A VT A (43)

Fig. 16 shows that a more uniform temperature distribution in the
insulation layer is observed increasing the insulation thermal conduc-

tivity and decreasing the insulation thickness, convection heat transfer
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Fig. 16. Effect of the insulation thermal conductivity, insulation thickness, convection
heat transfer coefficient, and external surface emissivity on the insulation temperature
distribution. Reference (mid) values: A, = 1LO0OWm™' K™ ¢, = 0.5; 5, = 0.02m;
and h = 10Wm™2K~!. Lowest/highest values: 4, =0.1/10.0Wm™' K~'; &, ., =0.0/1.0;

81 = 0.005/0.1m; and h = 0/100 W m~2K~!. (For ease of visualization, the case with an
insulation thickness lower/higher than the reference value was stretched/compressed
along the radial direction to match the reference insulation thickness.)

coefficient, and external surface emissivity. The isothermal lines show
an increasing relevance of axial heat conduction in the insulation layer
as the insulation thermal conductivity increases and as the convec-
tion heat transfer coefficient or external surface emissivity decreases.
Figs. 17(a)-(b) and 18 show that local heat flux values and the total
power loss at the insulation outer surface decrease with the decrease
of the insulation thermal conductivity, external surface emissivity,
and convection heat transfer coefficient. As the insulation thickness is
increased, Figs. 17(b) and 18 also show a decrease of local heat flux
values and total power loss at the insulation outer surface. (However,
this trend is highly dependent on the ratio A;,,/U,,, — as concluded
before for thermal efficiency — and the opposite trend is registered if
the highest thermal conductivity value were considered as the reference
value [not shown].)

Figs. 17(a)-(b) show that the insulation is providing power to the
absorber over a longer extent near the absorber front section for higher
insulation thermal conductivities and insulation thicknesses and lower
external surface emissivities and convection heat transfer coefficients.
(In Figs. 17(a)-(b), power is being provided from the insulation layer
back to the absorber where —g’ (r = Ry, x) > 0.) Accordingly, Fig. 18
shows that the power regain and inlet power loss increase by decreasing
the convection coefficient or surface emissivity — i.e., by increasing
the lateral wall external thermal resistance (= 1/U,,). Note that the
power regain and the lateral wall power loss are competing against
each other for the same source of power. Therefore, if the thermal
resistance between the insulation outer surface and the external envi-
ronment increases (by decreasing the convection coefficient or surface
emissivity) the power regain is benefited. As the thermal conductivity
increases the power regain also increases, while the inlet power loss
may decrease (for high values of 6;,,U,,/4i,) Or increase (for low
values of 6,;U.y/Ains @s shown in Fig. 18). Regarding the insulation
thickness, two different behaviors are observed while increasing the
insulation thickness: (i) if lateral wall power losses are decreasing (or
are negligible) the power regain increases (case shown in Figs. 17(b)
and 18) or remains negligible (not shown) and the power losses through
the inlet increases; or (ii) if lateral wall power losses are being pro-
moted the power regain and inlet power losses may increase (for small
thickness values) — benefiting from the increase of the insulation cross-
sectional area — or decrease if power losses to the environment lead
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to a significant reduction of the absorber lateral wall temperature (not
shown).

Among all combinations considered in Figs. 15(a)-(c), the highest
power regain (approximately equal to 89.37 W) is observed for the case
with the highest insulation thermal conductivity (10 Wm~! K~1), high-
est insulation thickness (0.1 m), and convection coefficient and surface
emissivity equal to zero. (This is in full accordance with the effect
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of insulation thickness, insulation thermal conductivity, and external
heat transfer conditions on the power regain as previously stated.)
The absorber performance for this particular combination of insulation
parameters and properties and external heat transfer conditions can
be readily compared with the reference case of the adiabatic absorber
lateral wall to conclude about the role and relevance of the power re-
gain. Therefore, Fig. 19 presents the solid temperature distributions for
the highest power regain case and the adiabatic absorber lateral wall
condition. Fig. 19 shows that the power regain promotes an increase
of solid temperatures, particularly at the absorber top-front region (up
to 70K at the absorber lateral wall) at the expense of a slight decrease
of temperatures at the absorber top-rear region (up do 16 K observed
at the absorber lateral wall near the receiver exit section). Therefore,
the power regain is indirectly responsible for a slight increase of power
losses from the inlet section because it contributes to increase solid
temperatures at the absorber front section. However, such inlet power
loss increase is only about 2% of the power regain. (Consequently,
a negligible thermal efficiency decrease [ca. 0.13 pp] is registered
for the case with the insulation layer in relation to the reference
case with an adiabatic absorber lateral wall due to the contribution
of the power regain on the power losses through the absorber front
section.) The weak relevance of the power regain on the inlet power
loss increase is due to two contrary behaviors developed while the solid
(and fluid) temperatures increase at the absorber top-front region: (i)
re-emission losses through the inlet section increase near the top-front
region; and (ii) re-emission losses through the inlet section decrease
near the centerline-front region because the flow distribution becomes
more uniform along the radial direction and higher fluid velocities are
observed at the receiver centerline (where the highest temperatures of
the solid phase are observed) — note in Fig. 19 that solid temperatures
near the centerline are lower for the highest power regain case than
for the adiabatic lateral wall condition. However, the former effect is
dominant and a slight increase in the inlet power loss is observed.
It should be noted that for the cases with high lateral wall power
losses the power regain (if non-negligible) may be unable to promote
a significant temperature increase near the absorber front section. In
such cases, the power loss through the inlet section decrease in relation
to the adiabatic absorber lateral wall even though the total power loss
increases due to the relevance of power losses through the insulation
outer surface.

The previous investigation of the power regain effect on the thermal
performance of volumetric solar receivers (with negligible receiver
lateral wall power losses) shows that a more uniform temperature
distribution at the receiver front section can be effectively achieved in
relation to the adiabatic absorber lateral wall condition — see Fig. 19.
Low solid temperature gradients are strongly beneficial to avoid high
thermal stresses and ensure a long-term structural integrity of the
absorber porous structure. The issue of non-uniform solid temperature
distribution (hot-spots development) at the absorber front section —
driven by an inhomogeneous solar flux distribution — has been ad-
dressed in the literature. Different strategies to obtain a more uniform
absorber front temperature distribution have been proposed — see
Section 1. As far as the authors are aware, the strategy related to
the application of a high thermal conductivity material around the
absorber porous structure to enhance the uniformity of the temperature
distribution at the front section of volumetric solar absorbers was not
previously reported.

4.4. One-dimensional insulation model suitability

In this section, the receiver performance predicted applying the
one-dimensional (1D) model for the insulation layer (1D heat con-
duction approximation along the radial direction) is compared with
the receiver performance computed considering a multi-dimensional
(MD) insulation model. The results are necessarily different because
the temperature profile along the receiver longitudinal direction at the
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Fig. 19. Absorber solid-phase temperature distribution predicted for the insulation
parameters and properties and external heat transfer conditions that lead to the highest
power regain case (top) and for the adiabatic absorber lateral wall condition (bottom).
The top inset shows the absorber regions of the highest power regain case that have
a higher and lower solid-phase temperature than the adiabatic absorber lateral wall
condition — regions where AT, > 0 and AT, < 0, respectively.

absorber lateral wall (r = R,,) is not uniform. This implies that heat
conduction in the insulation layer cannot be precisely 1D, even though
a 1D heat conduction approximation — that requires a negligible
computational cost — can be regarded as a suitable approximation.
Figs. 20(a)—(c) present the difference between the receiver thermal
efficiency predicted with the 1D insulation model and the receiver
thermal efficiency predicted with the MD insulation model (47, = .° -
nf‘k’lm) for the same insulation parameters and properties and external
conditions considered in Figs. 15(a)—(c).

For all insulation parameters and properties and external condi-
tions considered, Figs. 20(a)-(c) show that the 1D model (slightly)
overpredicts (or accurately predicts) the thermal efficiency — i.e., the
thermal efficiency computed with the 1D model is (slightly) higher than
(or approximately equal to) the thermal efficiency computed applying
the MD model. (Note that among the combinations considered the
maximum difference is less than 0.4 pp.) The MD model computes
higher (or similar) total power losses in comparison with the 1D model.
For all combinations considered, inlet power losses predicted by the
MD model are higher or approximately equal to those computed with
the 1D model. This is due to the contribution of the power regain.
(Note that the power regain cannot be accounted for through a 1D heat
conduction approximation.) In Fig. 20(a), the differences observed for
the cases with a negligible external overall heat transfer coefficient (2
and ¢, ., equal to 0) are solely due to the effect of the power regain. For
such cases, note that for a particular insulation thickness the difference
increases as the thermal conductivity increases which is in full agree-
ment with the power regain increasing relevance with the insulation
thermal conductivity, as concluded in Section 4.3. Additionally, note
that the 1D insulation model results for a negligible external overall
heat transfer coefficient are independent of the insulation thickness and
are equal to the results computed with an adiabatic absorber lateral
wall. For a particular combination of insulation thickness and external
heat transfer conditions, the thermal efficiency difference between both
models decreases as the insulation thermal conductivity decreases. For
the lowest insulation thermal conductivity value combined with non-
negligible lateral wall power losses (U,,, # 0), the differences between
both modeling approaches are negligible for the considered insulation
thickness range. For a specific insulation thermal conductivity, the
thermal efficiency difference becomes independent of the external heat
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Fig. 20. Effect of the insulation thickness, insulation thermal conductivity, and external
convection heat transfer coefficient on the difference between the receiver thermal ef-
ficiencies computed with the one-dimensional and multi-dimensional insulation models
for three lateral wall external surface emissivity values: (a) 0.0; (b) 0.5; and (c) 1.0.

transfer conditions as the insulation thickness is increased. This is
particularly noticeable in Figs. 20(a)-(c) for the intermediate insulation
thermal conductivity value.

Fig. 21 presents the absorber solid- and gas-phase temperature dis-
tributions computed with the 1D and MD insulation models for an insu-
lation thermal conductivity, insulation thickness, external surface emis-
sivity, and convection heat transfer coefficient equal to 10Wm™' K1,
0.02m, 1.0, and 10Wm~2K~!, respectively. This set of values cor-
responds to one of the poorest combinations for the suitability of
the 1D insulation model — this case has a thermal efficiency differ-
ence of about 0.31 pp (see Fig. 20(c)). In Fig. 21, the temperature
distribution for the insulation region is also presented for the MD
modeling approach. Fig. 21 shows that both modeling strategies predict
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Fig. 21. Temperature distribution for the absorber solid phase and insulation material
(top) and absorber gas phase (bottom) computed with the 1D and MD insulation
models for an insulation thermal conductivity, insulation thickness, external surface
emissivity, and convection heat transfer coefficient equal to 10Wm~!'K~!, 0.02m, 1.0,
and 10Wm™2 K™, respectively.

a comparable absorber thermal performance despite the case under
consideration is one of the worst cases concerning the accuracy of
the 1D insulation model for the thermal efficiency prediction. For this
case, the difference between the (surface) average outlet temperatures
between both models is only about 1.1 K. These results show that the 1D
insulation model provides reasonable thermal performance predictions
for volumetric solar receivers with lateral wall heat losses.
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5. Conclusions

The non-ideal volumetric solar absorber operation is generally as-
cribed to power losses observed exclusively from the receiver inlet
and outlet sections. Power losses from the absorber lateral wall have
been commonly neglected in the literature — with benefits related to
a simplified model formulation. In this work, the relevance of lateral
wall heat losses on the operation of volumetric solar absorbers is com-
prehensively investigated. Volume-averaging and local thermal non-
equilibrium models are considered with radiative heat transport taken
into account through the modified P1 approximation. For the insulation
layer applied at the absorber lateral surface, a multi-dimensional and
one-dimensional heat diffusion models with consistent boundary and
interface conditions are considered. Common values for parameters,
properties, and conditions available in the literature are considered to
conduct this study. The following conclusions can be drawn:

» An absorber with lateral wall heat losses presents higher tem-
peratures at the absorber centerline and lower temperatures at
the lateral wall than an absorber with an adiabatic lateral wall
— this is observed because lateral wall heat losses promote a
temperature decrease near the wall which leads the flow (whose
properties are temperature-dependent) to preferentially deviated
from the centerline region to the near wall region; consequently,
more uneven temperature distributions (and higher solid-phase
thermal gradients) are observed when lateral wall heat losses
are registered which can promote an earlier absorber structural
failure.

Heat conduction from the absorber solid phase to the absorber
lateral wall is the most relevant heat transfer route from the
absorber internal region to the absorber lateral wall when lateral
wall heat losses are considered; therefore, decreasing the effective
solid thermal conductivity — achieved by increasing the absorber
porosity or decreasing the intrinsic solid-phase thermal conduc-
tivity — results in lower power losses to the lateral wall (higher
thermal efficiency).

As the inlet velocity increases lateral wall heat losses decrease
and the corresponding thermal efficiency approaches the thermal
efficiency for the adiabatic absorber lateral wall condition.

As the incident concentrated solar flux becomes more non-
uniform for a constant maximum value (observed at the cen-
terline) heat losses through the inlet section, and particularly,
through the lateral wall decrease since lower solar flux values are
provided to the receiver particularly near the lateral wall; as the
incident concentrated solar flux becomes more non-uniform for a
constant total solar power provided to receiver, lower solar flux
values are observed near the wall and higher near the centerline,
and consequently, lateral wall heat losses decrease and inlet
power losses increase — for low maximum solar flux values this
tradeoff leads to an increase in the thermal efficiency.

Radiative heat transfer from the receiver lateral (external) surface
has a limited effect on lateral wall power losses; the actual
value for the external surface emissivity becomes less relevant
on the receiver thermal efficiency as the convection heat transfer
coefficients increases; the maximum thermal efficiency decrease
from the adiabatic value (83.3%) due to radiative heat transfer is
about 4.3 percentage points (observed for negligible convective
heat losses in the absence of any insulation).

Neglecting the application of an insulation layer and assum-
ing a black lateral wall external surface, a decrease of about
5.6 percentage points on the thermal efficiency in relation to
the adiabatic absorber lateral wall condition is estimated un-
der natural convection conditions; moreover, this value increases
significantly in the forced convection regime.

19

Solar Energy 282 (2024) 112937

+ The application of an insulation layer at the absorber lateral wall
made of an unsuitable material for a particular set of external heat
transfer conditions results in an actual promotion of heat losses
and a decrease of thermal efficiency.

The application of an insulation layer, particularly of a high
thermal conductivity material, with a high insulation thickness
and in an environment with a low external overall heat transfer
coefficient promotes heat transport from downstream absorber
regions to upstream absorber regions through the insulation mate-
rial; advantage can be taken from this mechanism to uniformize
(homogenize) the solid-phase temperature distribution, particu-
larly near the absorber front section, to avoid excessive mate-
rial thermal stresses; this conclusion suggests a novel design for
a composite two-layer absorber lateral wall with a high ther-
mal conductivity material in the inner layer and a low thermal
conductivity material in the outer layer.

A one-dimensional model for heat conduction in the insulation
layer (receiver lateral wall) provides reasonable results for the
thermal performance of volumetric solar absorbers — this con-
clusion is particularly important from the computational cost
standpoint for future works aiming to account for lateral wall
power losses.
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