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ARTICLE INFO ABSTRACT

Keywords: This study presents a computational investigation to evaluate and analyze the performance of partially filled

Gsp porous inserts, composed of metallic Raschig Rings in gaseous concentrated solar power absorbers. Two filling

Flow insert configurations, Lateral Filling (placing inserts along the tube sides) and Central Filling (positioning them along

Porous media . . . . . . e e

Partial fillin the central axis), were analyzed with different designs. Comparison was conducted by varying filling indices to

& balance thermal enhancement and pressure drop reduction. The fluid dynamics, encompassing flow velocity,

Heat transfer enhancement . K . . . .
pressure, and temperature gradients were meticulously studied using validated 3D pore-scale computational
fluid dynamics models. These models were successfully able to capture the transitional behavior of the fluid
between porous and clear regions. The results reveal similar flow leakage trends in both configurations with
notable variations along the porous medium. The two designs exhibited unique heat transfer mechanisms,
resulting in different temperature profiles on the absorber wall. Partial Filling significantly reduced the pressure
drop - a major limitation of fully filled designs -by up to 95%, while simultaneously enhancing the overall
absorber performance. This study demonstrated that the partially filled design could achieve up to 40% higher
energy efficiency and nearly 90% greater exergy efficiency compared to simple tube designs, offering an alter-
native for solar high-temperature systems.

improve fluid mixing within receiver channels [2]. Additionally, porous
structures have been proposed to enhance fluid-wall heat transfer,
especially in tubular CSP receivers [3]. While CSP linear focusing ab-
sorbers have been widely integrated with the flow inserts, point-

1. Introduction

In CSP technologies, molten salt is the most commonly used heat
transfer fluid (HTF), capable of operating at temperatures up to 565 °C.
However, to achieve the higher temperatures 700 °C or more required
for next-generation systems, a new HTF is needed due to the inherent
limitations of molten salts [1]. Among the alternatives, air has emerged
as a promising candidate due to its numerous advantages, such as
reduced capital and operational costs, simplified system design, and
lower infrastructure requirements. Furthermore, air is environmentally
friendly, being non-toxic and non-corrosive, while conserving resources
by eliminating the need for extensive water use in cooling systems.
Despite these benefits, the primary challenge lies in air’s lower heat
transfer capacity compared to molten salts and thermal oils.

To address this limitation, researchers have explored various thermal
enhancement techniques. For instance, turbulators can effectively
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focusing systems have received considerably less research attention. In
this regard, Hazmoune et al. [4] conducted a 3D CFD study to analyse a
solar tower tubular absorber with helical fins. Moreover, Hatcher et al.
[5] proposed a multiphasic investigation to study hydro-thermal-
—mechanical performance of tubular absorbers with different internal
fins under the solar radiation in a solar tower. Haddad et al. [6] used
several 3D printed tubes, enhanced with internal fins and tested them in
a furnace heater, simulating solar heat flux. In another study [7], it was
found that combination of fins with a double-pass absorber tube im-
proves the Nu by 50 % for an air-based solar tower system.

Among these techniques, the integration of porous inserts has gained
significant attention due to their ability to improve thermal properties,
such as enhancing convective heat transfer coefficients and increasing
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Nomenclature

Abbreviations

CF Central Filling

CFD Computational Fluid Dynamic

CSP Concentrating Solar Power

DEM Discrete Element Method

FP Full Porous

HTF Heat Transfer Fluid

LF Lateral Filling

LTE Local Thermal Equilibrium

LTNE Local Thermal Nonequilibrium

PEC Performance Evaluation Criterion

PF Partial Filling

PFI Partial Filling Index

PIV Particle Image Velocimetry

PSA Plataforma Solar de Almeria

PTC Parabolic Trough Collector

RANS Reynolds-Averaged Navier-Stokes

RR Raschig Ring

SP Smooth Pipe

TC Thermocouple

TPMS  Triply Periodic Minimum Surface

Greek symbols

o absorption

B viscous resistance coefficient (m~2)

Ap pressure drop (Pa)

€ emissivity

0 incident angle

K turbulent kinetic energy (m?/s%)

N dynamic viscosity (Pa.s)

P fluid density (kg/m®)

n efficiency

c Stefan-Boltzmann constant

oX standard deviations in x direction

oy standard deviations in y direction

@ solar flux (W/m2)

® specific dissipation rate of the turbulent kinetic energy
sh

Symbols

Cp specific heat capacity (J/kg/K)

D diameter (m)

E energy flux (W/m?)

Ex exergy flux (W/m?)

ETC Effective Thermal Conductivity (W/m/K)

f friction factor

HTC heat transfer coefficient (W/m?/K)
porous insert height (m)

thermal conductivity (W/m/K)
tube length (m)

mass flow rate (kg/s)

83 £ =5

N cell number

Nu Nusselt number

p pressure (Pa)

Q Airflow rate (L/min)

Re Reynolds number

S surface area (m?)

T temperature (K)

UL Heat loss coefficient (W/m?K)
v total volume of the model (m®)
v velocity magnitude (m/s)
Wp pumping work demand (W)
Z Porous insert length (m)

X, Y, Z coordinate system
Subscripts

a air

amb ambient

abs absorbed

ave average

c cross section

con Concentrated solar flux on the tube
conv convection

des Destruction

Dish parabolic dish

eff effective

el electrical

en energy

Ex exergy

ext external

f fluid

fm fluid mean

focus focused solar flux at the test table
fr friction

g glass envelope

hot hotspot

i inlet

int internal

1 loss

m mean

o outlet

opt optical

ovr overall

p pipe

peak peak flux

rad radiation

S solar

sky sky

Sun sun

th thermal

u useful

w wind

the overall heat transfer coefficient [8]. However, a major drawback of
porous inserts is the accompanying pressure drop, which can lead to
higher pumping power requirements and increased operating costs. To
mitigate this issue, Partial Filling (PF) configurations have been intro-
duced. PF configurations strategically position porous materials within
the channel to reduce flow resistance in clear regions, thereby mini-
mizing pressure drops while maintaining enhanced heat transfer per-
formance [9]. This approach is particularly relevant for solar air heaters,
a sustainable energy technology that benefits significantly from heat

transfer enhancements due to air’s inherently low thermal conductivity.

Several studies have demonstrated the effectiveness of PF porous
inserts in solar air heaters. For example, Al-Nimr and Alkam [10] ach-
ieved up to a 30 % increase in thermal efficiency by inserting a porous
substrate near the absorber plate. Fallah Jouybari and Lundstrom [11]
demonstrated a six-fold improvement in the Nusselt number by incor-
porating a thin layer of porous material, though it doubled the pressure
drop. Similarly, Singh [12] revealed that a 25 % fractional porous
interface with 0.93 porosity in a wavy channel solar air heater improved
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heat transfer eightfold at the cost of an 84-fold increase in the friction
factor.

While the potential of PF porous inserts for high-temperature solar
air heaters remains underexplored, several studies have investigated
their application in other thermal systems. For example, Zheng et al. [3]
evaluated PF configurations in CSP absorbers using mixed nitrate
molten salts, achieving superior heat transfer performance compared to
full porous (FP) configurations. Similar success has been observed with
other fluids and porous materials in Parabolic Trough Collectors (PTCs)
[13], with reported improvements in thermal efficiency and entropy
reduction using CFD analysis.

The position of porous insert within the channels is another critical
factor impacting thermal enhancement. Yang et al. [14] demonstrated
that placing the porous medium in the core region improves heat
transfer by redirecting fluid particles closer to the wall. Jouybari et al.
[15] numerically demonstrated that the thermal conductivity of the
porous media has a greater influence on the variation of the Nusselt
number in the boundary configuration than in the central arrangement.
Other studies, such as those by Akbarzadeh et al. [16] and Ahmed et al.
[17], showed the importance of optimizing the position of the porous
material to balance heat transfer and pressure drop effects.

In the optimization of PF porous inserts for various thermal appli-
cations, the methodology used to study the complex fluidic behaviors at
flow-porous interfaces is crucial for understanding the heat transfer
mechanisms within these designs. To elaborate on this topic, Anuar et al.
[18] conducted an experimental attempt, using Particle Image Veloc-
imetry (PIV) and thermal image methods to visualize the fluid dynamics
of a channel partially filled with a metal foam block at different heights
and pore density. During the experiments, it was observed that although
a fraction of the flow goes into the porous region, the flow has the
tendency to leave into the free stream region after a certain foam length,
depending on the pore density. Nazari et al. [19] employed the lattice
Boltzmann method to show that the topology of the flow and heat
transfer of 2D channel with PF porous foam relies strongly on the porous
arrangement, blockage ratios (the ratio of obstacles blockage area to
channel cross-sectional area), Re number and porosity. Alihosseini and
Jafari [20] implemented a pore scale study to investigate a one-side
heated tube under an unsteady-state CFD model with constant wall
temperature using FP, and 3 PF configurations of aluminum foam and
Al,03/ water-based nanofuid. Li and Hu [21] studied the forced con-
vection heat transfer inside a pipe partially filled with porous media
located at two inner walls, using local thermal nonequilibrium (LTNE)
conditions. Results indicated that under a constant heat flux, the hollow
ratio (the diameter of the empty space/ the diameter of the pipe) has a
special role in achieving the optimum Nu number. Forooghi et al. [22],
suggested that in simulating a PF channel when the thermal conductivity
ratio is high, the LTNE model must be used in the energy equations for
both solid and fluid phases in the porous medium. However, when the
Darcy number decreases, LTE could provide some reasonable results.
Lisboa et al. [23] found that in the case of PF channels, the LTNE hy-
pothesis is a good approximation for the whole cross-section of the
channel, except at the interface between the free fluid and the porous
medium.

In the presented literature review, most of the numerical works are
treated with a porous medium (macro model) approach, using special
momentum and energy equations for the porous zone, while the rest of
the fluid domain is modeled with fundamental equations. Although the
reported findings provided some insights into the fluid flow and heat
transfer problems in PF porous media integrations, some challenges such
as the flow leakage from the porous to non-porous regions and the
mechanism of energy and momentum transportation across the interface
still remain unknown and require a pore-scale (micro) modeling for
further clarification [26].

This study concentrates on a novel porous medium composed of
small metallic Raschig Rings (RR), which has already been used as
porous media in solar receivers through experimental and numerical
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studies [24-26], showing significant thermal enhancements. The in-
crease in energy and exergy efficiencies (up to 50 and 75 %, respec-
tively) was proven experimentally by testing in a solar furnace tubular
CSP receivers with FP RR inserts [27]. A numerical model was devel-
oped at the pore-scale and verified against the experimental results,
confirming the effects of RR porous inserts on improving the heat
transfer rate up to 15 times and increasing the pressure drop by 450
times, if compared to a simple receiver design [28].

As metallic (copper) RRs have proven to be very effective in
increasing the receiver performance, here we address their use as PF
inserts, to maintain the enhanced heat transfer and minimize fluid dy-
namics (pressure losses), to advance this technology further for CSP air
heaters. To achieve the most efficient design under the studied working
conditions, a thorough numerical investigation was conducted on a solar
receiver tube equipped with various PF and FP RR inserts. This study
considers a 3D pore-scale simulation of the proposed solar absorbers to
address deeply for the first time the fluidic and thermal features of
various PF porous inserts, under non-uniform concentrated solar radi-
ation. Moreover, the instantaneous comparison between the proposed
porous inserts in the central (at the fluid core zone) and lateral (attached
to the heated side) designs was unexplored in the pore-scale simulation.
One of the important aspects, which is less addressed in the literature
and still needs attention, is the study of flow behaviors at the interface
between the porous and non-porous regions, imposing the real working
conditions such as the heat flux, and fluid mass flow rates. The findings
from this study are highly valuable for designers and researchers in this
field, offering crucial guidelines for incorporating any type of porous
media in PF formats with CSP tubular absorbers.

2. Physical and numerical models
2.1. Receiver concept and design

The use of porous media in solar absorbers has gained attention for
its ability to address the dual challenge of maximizing heat transfer ef-
ficiency and maintaining system durability under high thermal loads.
Innovative configurations such as RR porous inserts have been devel-
oped to harness concentrated solar energy effectively, leveraging their
unique geometric and thermal properties. These inserts are particularly
suited for tubular absorbers where efficient heat distribution is critical to
system performance and longevity. Fig. 1a illustrates the concept of the
FP RR insert in a tubular absorber. This design involves brazing a porous
block of RRs inside the tube to enhance heat transfer, as detailed in [27].
The structure of the porous medium was formed using a number of RR
made of copper, coated with a gold alloy and brazed together with a
porosity of 78.8 %, the same material used in previous works [27,28].
During the manufacturing phase, rings form a packed structure inside
the tube with a desired configuration. Then, a brazing material is
applied to the RRs, which after the curing time becomes a united porous
medium with solid attachment to the interior of the sample. The RR
porous medium was positioned at the focal area where the Gaussian-
shaped flux peak forms, to exploit the highest available thermal en-
ergy for air heating purposes.

Based on the encouraging experimental results of the receivers with
FP integration, two sets of PF configurations were selected based on the
literature as shown in Fig. 1b. The Lateral Filling (LF) design is used to
explore the effects of the RR in extending the heat transfer area and
promoting the heat flow from the heated wall. On the other hand, the
Central Filling (CF) design considers inducing turbulence, and
improving fluid distribution in the fluid core area for better convective
heat transfer between the solid and fluid. It should be noted that the CF
inserts are supposed to be placed in the centre by a connecting rod,
which is not shown and not considered in this study. A smooth pipe (SP)
and a FP model are also included among the options here, to provide a
comprehensive comparison over various designs, operating under four
levels of airflow as Q; = 750 NL/min (16 g/s), Q2 = 1000 NL/min (21 g/
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Fig. 1. RR porous integration with tubular absorbers in tubular solar absorbers; (a) schematic of FP integration [27], (b) schematic of the two PF concepts.

s), Q3 = 1250 NL/min (27 g/s), and Q4 = 1500 NL/min (32 g/s), where
N denotes normal conditions at T = 0 oC and p = 1 bar. The chosen rate
range ensures that, given the applied heat flux, the minimum rate
needed to keep the tube’s temperature below its softening point is
maintained. This selection is crucial for avoiding structural damage and
maintaining the integrity of the system while using a simple design. In
this study, a parametric factor named Partial Filling Index (PFI) (Eq. (1)
was defined to test various PF porous insert configurations in the same
solar absorber, as reported in Table 1.
h

PFI = E (€8]

In eq. (1), his the height of the porous block in the case of LF designs
and is the diameter of the porous block in the case of CF designs, while D;
is the inner diameter of absorber tube (see Fig. 1b).

Non-uniform and one-sided heating with a constant solar peak flux of
0.4 MW/m?, as an average standard value comparable to solar furnaces,
was used to explore the linkage between thermal enhancement and
friction factor increments within each design. Tube and porous length
were selected based on the experimental work [27] conducted at the
Solar Furnace (SF60) located at Plataforma Solar de Almeria (PSA),
Spain during the summer of 2022. Although based on the optical char-
acteristics of SF60, a total area of 12 x 12 cm? is needed to capture the
entire concentrated flux, the reference studies [2,25,29] focused only on
a tube located horizontally at the centre of heat flux. Table 2 provides
the details of the experimental parameters and test facility extracted
from the reference case [29].

2.2. Numerical models

The numerical work for this study comprises two interconnected
phases. First, a transient Discrete Element Method (DEM) model was
employed to create the RR geometries. Next, a thermal model was
developed, to simulate variable hydraulic and thermal conditions inside
the samples.

2.2.1. Development of porous media structure

To model the RR particles, a time-dependent discrete element model
was used to model the falling of RR particles into a control volume under
the influence of gravity. A Lagrangian multiphase model was

implemented where, in the multiphase interaction, the DEM phase
interaction was set as the cylinder for both the first and second phase
and a linear spring model with a constant stiffness of 10000.0 N/m was
used. The void space between the DEM particles was considered as air
with 0 velocity and O reference pressure. The simulations were con-
ducted in a laminar regime, covering a total physical time of 10 s with a
time step of 0.001 s. The generation of the RR porous medium began by
defining the volume of the bed and then running the DEM simulation. At
each step, a certain number of solid cylindrical particles were injected.
The particles were randomly injected in a specific number based on the
desired target porosity, with angular and axial velocities both set to 0.
The procedure continued until the required number of particles was
achieved, and they settled in the bed. Finally, by extracting the position
of each particle, the solid cylinders were replaced by hollow cylinders to
create the actual porous geometry with RR as the particle component.
Fig. 2 illustrates the process of generating the FP model using the DEM
method. As a result, the solid region was made by combining the RR
porous matrix with the absorber tube, in which a two-segmented field
function was applied to define a temperature-dependent thermal con-
ductivity for the tube and a constant effective value of 500 W/m/K for
the RR porous zone [28]. The fluid domain was formed by subtracting
the RR porous matrix from the internal part of the tube and a contact
interface was assigned between the fluid and solid regions to transfer
hydraulic and energy characteristics from one domain to another.

2.2.2. Development of physical and thermal model

A numerical 3D steady-state conjugate heat-transfer model was
developed using the Simcenter STAR-CCM+ software. The simulation
accounted for convection and radiation losses under one-sided non-
uniform solar heating. The CFD simulations were conducted using a
segregated flow solver to resolve the momentum coupled with a segre-
gated energy solver for temperature distribution. Under-relaxation fac-
tors of 0.3 for pressure, 0.7 for velocity, 0.99 for energy-solid and 0.9 for
energy-fluid were applied to ensure numerical stability and facilitate
convergence. Moreover, convergence was considered when the residuals
of all governing equations dropped below 10, with all residuals
exhibiting smooth and monotonic decay, indicating numerical stability
and solution reliability.

The fluid domain was also extended by 200 mm upstream, respecting
L/D; 10 before the porous region to ensure the flow develops completely
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Table 1
Various porous geometries used in this study.
Case ID PFI 3D model Case ID PFI 3D model
SP — CF25 25 %
LF25 25 % CF50 50 %
LF50 50 % CF75 75 %
LF75 75 % Fp 100 %
(Fig. 3).
Table 2

Parameters of the experimental test facility and parameters used in CFD model
development.

Parameter Symbol Value/Dimension
Tube wall thickness - 2.5 mm

Tube inner diameter D; 21 mm

Tube length L 250 mm

Porous length z 40 mm

Tube material - 316L stainless-steel
Solar peak flux Dpeak 0.4 MW/m?

Tube coating - PYROMARK 2500
Tube absorptivity a 0.95

Airflow rate Q 750, 1000, 1250, 1500 NL/min
Air inlet temperature T; 300 K

Reference pressure Dref 10 bar

before it approaches the porous section. As far as the boundary condi-
tions are concerned, a velocity inlet interface was defined on the internal
fluid domain, while a pressure outlet (p = 0) condition was set for the
outlet face. The concentrated solar flux was simulated through user-
defined field functions applied to the irradiated side of the sample

The thermal analysis in this work was performed using a segregated
flow temperature model and the following assumptions were made for
the simulations:

e The solid and fluid properties are temperature-dependent,

e Tube emissivity with the applied coating was set as a function of wall
temperature defined as (—2 x 1077T2 + 4 x 10~*T + 0.69) [30],

e The convection heat transfer coefficient for the loss through the
absorber to the ambient (HTC,,) was set as 10 W/m?K,

e The radiation heat losses were set as the filed function upon the outer
surfaces of the receivers,

According to the air velocity range, the studied flow regime was
turbulent in the entire computational domain. As was already demon-
strated in the literature [24], the k —wSST (Menter) turbulence model
turbulence closure with an all-y + wall treatment was selected for
modeling the fluid flow in the packed RR particles. The rationale behind
the choice is due to the improved performance of the k —» model in
modeling the boundary layers under adverse pressure gradients, which
is pronounced in the presence of RRs [25]. Also, its higher ability than
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0 s

40 mm

Fig. 2. Schematic of the DEM procedure for the RR matrix generation in LF50
sample; (a) DEM particles compact matrix, (b) definitive matrix after the
replacement of the particles with RR.

the k —e model for predicting turbulence near walls and separated flows
supports this selection. The two additional transport equations used in
the k —wSST model are presented in Egs. (2) and (3) [31].

) 9 0 u\ k]~
&(Pk)+a(ﬂkUl)*aj[<ﬂ+a)a—% + G — Y+ Sk (2)
0 0 0 A% B

&(pw)+a(‘0wU‘) = |:<M +0m) ij} +G,—Y,+D,+S, 3

where Gy is a term for production of turbulent kinetic energy the arises
due to mean velocity gradients, and is obtained as Eq. (4).

Gy = min(Gy, 10p8'ko) 4
However, G, is a term for the production of @ and is defined as Eq. (5).

a
Gy, = —Gx )
Ve

The turbulence viscosity y, is given as Eq. (6).

o= ok (min( . ) ©

where S represents the strain rate magnitude and @ and a; = 0.31 are
the models coefficients.

Jon
ouer 52

Pressure outlet

__ <
\\‘\‘\“\\
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a = Fla; +(1 7F1)a;' (2]

In which @] = a; = 1, and F; is the blending function, that combines the
near-wall contribution of a coefficient with its value far away from the
wall and is determined as Eq. (8) [32].

) 4 vk 5000\ 2k )17
Fy = tanh ( [mm (max (0.09wd’ Po ) "&CDs, ) ] @

where d is the distance to the wall, and CDy,, displays cross-diffusion
coefficient which is given as Eq. (9).

CDy, = max% Vk.Vo,10720) 9

Also F; is the other blending function used in Eq.6 and is calculated as
Eq. (10).

2vk 5000\ )
y
F, = tanh ( <max (/}*wd’ d2w> ) ) (10)
while g is a model coefficient and is given as Eq. (11).
B =Fp+ (1 -F)p, an

where in the simulations it was assumed that ; = #, = 0.09. For the
meaning of the different terms in Egs. (2)- (11), please refer to the
Nomenclature.

2.3. Grid and solution verification study

In this research, a hybrid mesh approach consisting of both struc-
tured and unstructured mesh was used to develop a reliable network
grid on the solution domain. The polyhedral-based meshing with a
prismatic layer for fluid regions was also employed to solve the equa-
tions. As shown in Fig. 4, custom controls were adopted to the boundary
layer areas to refine the meshing with specific care, especially for the RR
porous zone. While in the core area of the fluid, where the velocity and
temperature gradients are smoother, cells become coarser and uniform
along the length of the tube. To check the accuracy of the meshing grid,
ensuring that results are independent of the number of cells, a grid in-
dependence study was carried out for the two cases of SP and PF with a
PFI of 100 %. Concerning the SP, all the tube regions have been
considered for the grid analysis on the outlet temperature, while only
the RR region has been taken into account for the RR sample. The
refinement of the grid has been achieved by first giving a constant base
cell size and increasing the base cell size until y + reached 1. Then, the
number of prism layers was frozen, and the base cell size was decreased
until convergence was achieved in the results. As a result, four different

Velocity inlet

nee
ic entr@
d\’nam
riydro

]
em\ﬁ\ we
™

neat flux

Fig. 3. Physical model and boundary conditions applied to tubular samples.
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Fig. 4. Mesh network developed for the

meshes were formed for each sample ranging from the very coarse mesh
to the finest mesh, comparing the pressure drops. The average cell size in
Table 3 was computed as the &/V/Na where V is the total volume of the
sample, and N, is the cell number. The grid adopted for the simulations
is #3, which provides us with numerical results with less than 1 % error
compared to the finest one in terms of AP.

2.4. Model validation

In order to assess the applicability of the developed mesh for the
studied Reynolds number, the case of the smooth tube is simulated,
using a constant heat load of 5000 W/m? and various Re and is further
compared with the standard correlations in terms of Nu and f. The
relevant dimensionless variables, including Re, and Nu are defined in Eq.
(12) [33].

q

Nugp = ————— (12)

Regp = —
s aLk(T,, — T,)

m
Dy’
where T, is the average wall temperature obtained from the interface
between the fluid and solid regions in both models. The friction factor (f)

Table 3
Details of the results of the numerical uncertainty assessment performed for the
SP and FP samples.

absorber with PF RR porous model.

was also computed as isothermal flow as in Eq. (13).

2 AP
" L/D; pV? a3
As shown in Fig. 5a, the variations of Nu computed with the models of
the current study have been plotted against Dittus-Boelter correlation
[34] results for 5 x 10* < Re<10°. It indicates an average error of 5 %,
which is within the acceptable range defined for this correlation. Fig. 5b
provides the comparison of f between the CFD computed values and
those that are obtained through the Petukhov correlation [35], where
the average error does not exceed 4.4 %. Thus, the overall agreement is
satisfactory and reflects the applicability of the numerical simulations
adopted to models with the porous inserts and under the studied Re
range for performance assessment purposes. It should be noted that
although the inlet section is designed to ensure fully developed hydro-
dynamic conditions, the thermal fully developed conditions are not
completely achieved within the length of the heated pipe. Therefore, the
uneven differences between the numerical and empirical results can be
attributed to this fact.

To validate the developed solar thermal model against the real-world
data, the computed results were compared versus the measurements
performed at the experimental campaign [27], in the case of a 40 mm RR
porous insert completely filling the receiver (FP model), in order to
assess the accuracy of the numerical models. Thus, the analyses were
made based on the test results for different temperatures measured

Sample Mesh No. Average cell size (mm) AP/APry ATpmo/ATmo,ref
Fluid Fluid & solid
SP 1 0.728 0.763 0.993 0.988
2 0.593 0.629 0.997 0.993
3 0.506 0.540 0.998 0.992
Base 0.418 0.452 1 1
Fluid RR region
FP 1 0.272 0.130 0.968 1.002
2 0.266 0.127 0.972 1.003
3 0.253 0.122 0.980 1.004
Base 0.220 0.104 1 1

through the thermocouples welded on the tube wall at a solar peak flux
of 200 kW/m? and Re ~ 5 x 103. The computed CFD simulation results
were also extracted from the same location of the thermocouples (TC)
(Fig. 6a-b), and the inputs were per the experimental test. Fig. 6¢ in-
dicates the comparison between the experimental and numerical results
for the temperature increase with respect to the inlet temperature,
measured at the 7 different locations of the TCs. According to the
comparison between the results, CFD models have good accuracy in
reproducing the experimental conditions and results within the error
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Fig. 5. Comparison of Nu and f for clear tube between the developed CFD
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bars. It is worth mentioning that the numerical uncertainties were
evaluated based on ASME V&V 20-2009 Standard [36], using the least
squares approach. The detailed calculation process and verification
methods of the implemented CFD models are already discussed in
Ref. [28].

3. Heat transfer analysis

This section outlines the theoretical foundations and numerical as-
sumptions applied in constructing the thermal model for the CFD sim-
ulations. The analyses are conducted using two distinct approaches,
encompassing both the principles of the first and second laws of
thermodynamics.

3.1. Energy analysis

According to [37], the spatial distribution of the solar flux in a solar
furnace, is a Gaussian-shape rotationally symmetric with the peak in the
center, however, in the real tests, there are some factors such as the
concentrator shape and shutter blades that can influence its distribution.
For simulation purposes, the concentrated solar flux imposed on the
focus Es_cony was considered using Eq. (14). as a function of the power
on the tube perimeter [38].

X Yy

2 2
A (O R ON
(s—con) = [ Ppear % € lycosO 14

where Ppeak 1S the peak heat flux (W/mz) and the amount of heat
absorbed by to the solar receiver is a function of tube absorptivity co-
efficient (@), which can be presented as Eq. (15).

E(Sfabs) = (XE(Sfcon) (15)

Solar Energy 297 (2025) 113635

187.5
169
L 155
129
115
94
—= 5
TCO3| TCD4 TCO5 |TCO6 TCO7
i p g g gy gL
. TCD1  TCO2 RR zone
Air flow

(a) Peak solar flux

~ 2507 mm Exp. mm Comp.
O 225-
E 200
7
s |
% 125-
@ 1004
s 754
2  50-
f_, 25+
0-

TCO01 TC02 TCO03 TC04 TCO05 TC06 TCO7
(c) Thermocouples

Fig. 6. (a) Locations of the thermocouples used in the experiments (values are
in mm), (b) photograph of the sample used in the experiments (c) validation of
the numerical study against the experimental test campaign data [27] in terms
of tube wall temperature rise.

As a result, the energetic optical losses can be expressed as Eq. (16).
El.opt = E(S—con) 7E(S—abx) = E(S—con)(l - (X) (16)

The amount of the absorbed solar energy that is converted to the
useful heat E, can be defined as Eq. (17).

Ey = Es_abs) — E1n a7)
where E; 4 is total thermal power that is lost from the absorber to the
ambient and is basically in the forms of convection E; .o, Eq. (18) and

radiation losses Ej ;,¢ Eq. (19), while the conduction losses to the
experimental structure are neglected.

El, conv = ApHTCw(Tp - Tamb) 18)
El rad = APGEP(T; - T:ky) (€)

As a result, the energetic efficiency of the absorber can be defined as the
ratio between the useful power (E,) and the total concentrated power
reaching the absorber (E(s_con)), shown in Eq. (20).
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E,
E(Sfcon)

Nen = (20)

However, for more proper evaluation of a system with flow inserts in
which higher useful heat production is associated with higher pumping
work demand, the overall efficiency was selected according to Eq. (21).

_ W
U g
21n

Noyr =
or E (S—con)

in which Wp is the pumping work demand and can be calculated as Eq.
(22).

Wp=—- (22)

while 7, = 32.7 % reflects the product of typical efficiencies of the
power block, the electrical generator, and the fluid pump. The required
pumping power is used into the calculation of thermal efficiency to
account for the increased pressure losses associated with changes in
absorber tubes. This inclusion ensures that the comparison process does
not unfairly favour enhanced absorber tubes [39].

3.2. Exergy analysis

Exergy is a tool to quantify the quality of power of the working
medium based on the environment temperature [40]. Two main as-
sumptions needed for the exergy analysis as it is performed here are the
steady-state airflow throughout the absorbers and the negligibility of
potential and kinetic energies [41]. Thus, the exergy balance for a solar
air heater can be expressed as Eq. (23), in which “net” denotes the net
exergy rates.

Exi,net — Exonee = Exq (23)

whereas 7,, , the exergy efficiency, can be written as the ratio between
the net output (desired) exergy rate to that of the net input as Eq. (24).

_ EXo net

= (24)
Exi.net

Nex
Since this study focuses on exploring the role of each loss item of exergy
in the specified control volume, the exergy efficiency is computed based
on the loss parameter as Eq. (25).

Exl
Exi.net

N = 1 (25)

The net rate of exergy supplied at the inlet of the solar absorber is
composed of solar radiation intensity exergy rate received on the
absorber (Ex(s_cn)) and according to [42,43] the exergy rate of the solar
radiation concentrated by the parabolic dish (Exs_cfos)) can be
expressed as Eq. (26).

Exi,net = Ex(s—con) = E(S—con)

1 Ta,,,b) AT
1+= - (26)
3 (Tsky 3Tom

where Ty, denotes the surface temperature of the sun and is usually
predicated as 5762 K.

Exergy loss included in a solar absorber is the summation of the
external exergy losses from the control volume and the rate of internal
exergy losses (exergy destructions) in the control volume [44], which
can be expressed as Eq. (27).

Ex; = EXtext + EXtine = EXpext + EXges 27)
The fraction that leaves the control volume and cannot be used is

external exergy loss (Ex.y:) which in this study accounts for the optical
and thermal losses shown in Egs. (28) and (29).
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Exl‘np[ = E(S—cun)(l - (x)

1 (Ta\?  4Tom
142 am) _ Tlami (28)
3<Tsk_y 3Tsun

(29

T,
Exjn = Epam {1 - amz’}

T

However, the exergy rates lost by flow friction, temperature difference
between the source and the receiver and the fluid are internal exergy
losses (exergy destruction) [45], indicated as Egs. (30)-(32). The loss
due to air friction (pressure drop) in the air ducts [46] can be expressed
as Eq. (30).

T
FXesfr = ?bwp (30)

a
where T, is the mean air temperature and is determined by the average
bulk fluid temperature at the inlet and the outlet (%).

The exergy destructed based on the temperature difference between
the sun and solar absorber surface can be modelled as Eq. (31) [46].

3Tsun Tp

) 31)

1 (Taw\? 4Tom Tamb
Exdex,T‘u"—TP :E(S—cun)(x ( Mb> - = - 1 e

T+z
3 TSHYI

The exergy destruction due to the the finite temperature difference be-
tween the absorber plate and fluid is given by Eq. (32) [47].

1 1
Exdes‘Tpra = E(Sfcon)']en Tamb (ﬁ - Tp) (32)

It is important to note that both exergy efficiency and overall efficiency
assess useful energy output (E,) and work input (Wp) but with different
weightings. Employing these criteria is crucial for conducting a
comprehensive study, as they are more significant than flow-based
criteria (e.g., the Performance Evaluation Criterion — PEC). This is
because they consider the final yield of the system, thereby accounting
for thermal losses [48,49].

4. Results and discussion
4.1. Hydraulic results

In this section, hydraulic simulations without the heat load (energy
equations) are analysed to provide the details of pure fluidic behaviours
of air passing through different porous inserts.

4.1.1. Flow field

The flow structure in the FP configuration has been shown in Fig. 7a,
wherein the time-averaged stream wise velocity contours are computed
at Q2 flow rate. As displayed, no regular patterns are found downstream
of the porous insert, where the flow discharge from the porous rear
surface is affected by RR local effects. No major recirculation region
exists before and after the porous block, while some reverse flow streams
were merely recognized inside the porous region and based on the rings’
positions. Therefore, as the fluid encounters the front surface of the
porous block, it loses pressure as passing through the pore structures.
Reaching the last ring layers, flow is discharged based on the blockage
formation at the rear surface, creating some chaotic flow streams
(Fig. 7b). Later downstream, the air flow redevelops approaching the
absorber outlet. Fig. 7c displays how ring layers progressively reduce the
fluid pressure at Qz, providing a significant pressure drop over the FP
insert. The values of Ap as a function of airflow rate and porous
configuration are analyzed and reported in depth in section 5.1.4.2.

Fig. 8a shows the streamlines of axial velocity field computed with
CFD, visualizing flow features in lateral filling insert configuration for
the case of 50 % PFI and Q2. The complex fluid stream through a PF
porous insert can be divided into the clear flow and porous regions. As
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Fig. 8. Flow features for the case LF50; (a) streamline contours for time-averaged flow, (b) schematic flow features, (c) pressure filed obtained at Q.
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the fluid reaches the porous block, it splits, and a fraction penetrates the
porous zone while the other moves in the clear region and the flow re-
develops after a length. A recirculation region is formed in the front edge
of the porous block, while on the interface, the flow tendency is toward
the clear flow region, providing a leakage from the porous body. The
second recirculation region is observed downstream of the porous re-
gion, leading to a wake zone and reattachment point, the length of
which depends on the fluid flow, existing from the leeward face of the
porous (simplified and illustrated in Fig. 8b). These results are well-
aligned with those reported by Jadidi et al. [50]. Fig. 8c presents the
pressure distribution among the porous body and the clear region,
highlighting a significant pressure loss on the front side of the porous
block. Moreover, it also demonstrates that the fraction of the fluid that
enters the porous body from the regions close to the tube wall undergoes
a larger pressure loss compared to that penetrates near the clear section.
This fact reflects that the fluid entering the porous region near the clear
region encounters a lower resistance because of the flows through the
interface, causing lower frictional losses.

Fig. 9a provides the streamlines of the axial velocity field computed
with CFD, for a central filling insert configuration with 50 % PFI and Q.
As observed, the flow can be divided as the fluid passing through the
porous, and a bypass flow that runs around the porous insert. Shear
layers were developed at the boundary between the porous insert and
the bypass flow, potentially leading to mixing and turbulence depending
on the flow conditions. A recirculation region is spotted in the wake,
including two counter-rotating vortical flow structures. This is attrib-
uted to the fact that, after penetrating the porous body, the flow expe-
riences a loss of pressure and establishes a recirculation region
downstream of the porous insert. After coming to a reattachment point,
the shear layers combine to create a developing mixing layer in the fluid

Solar Energy 297 (2025) 113635

core zone. The two boundary layers, from the upper and lower clear
sections, interact with shedding vortex promoted by the recirculation
region and form the redevelopment of mixing layer. These results follow
those also found by Tan et al. [51]. It is important to mention that unlike
the solid block, the wake in porous medium is detached from the trailing
edge of the insert (shown in zoom section), which is due to the fluid flow
across the porous body (simplified and illustrated in Fig. 9b). As a result,
the two influencing parameters of porous permeability and airflow rate
can govern the fluid velocity at the rear surface [52]. Therefore, when
the air velocity increases, more fluid flows across the porous medium,
pushing further the wake away from the rear side of the insert. Fig. 9c
depicts the pressure field in the case of CF50 configuration, showing a
symmetrical distribution with a pressure gradient that occurs between
the fluid flowing through the porous insert and the bypass flow.

The map of velocity magnitude for the flow in the porous and clear
regions has been displayed in Fig. 10, showing an uneven flow distri-
bution along the longitudinal plane. As expected, the blockage at the
porous interface compels the flow to pass through the clear region,
creating high velocity values. Moreover, as the thickness of the clear
region gets thinner, the velocity increases as evidenced through the
comparison between LF25, LF50, and LF75, where LF75 has the highest
velocity flow streams.

Fig. 11 represents the velocity field on a longitudinal section for
different CF porous configurations. As seen, two quasi-symmetrical fluid
streams are formed on top and bottom of the porous inserts, with high
velocity due to the blockage at the core area. Thus, the fluid running the
near wall area undergoes a change in boundary layer forming, which is
affected by the porous fraction. CF75 with the narrowest clear region
thickness promotes the highest fluid stream, forcing a considerable
fraction of air passing through this area. It is also observed that, for the
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-305.0 -132.5

Pressure (Pa)
39.9

2124

384.8

Fig. 9. Flow features for the case CF50; (a) streamline contours for time-averaged flow, (b) schematic flow features, (c) pressure filed obtained at Q.
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Fig. 11. Velocity field computed on a longitudinal cross section for Qz and various CF configurations.
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three investigated cases, some high-velocity air channels are formed
inside the porous medium and last from the beginning up to 25 % of the
total porous length. However, the leakage and penetration from the
interface affects the channels and diminishes the velocity vectors at the
core of porous inserts. Analyzing the flow split among the various con-
figurations demonstrated that nearly 71 %, 93 % and 98 % of the total
fluid enter the clear region in the cases CF75, CF50, and CF25, respec-
tively. Thus, CF porous inserts will integrate lower amounts of fluid,
compared to the corresponding LF designs.

Fig. 12a presents the vertical distribution of axial velocity through
and above the porous region at different porous lengths (Z) calculated
for various LF porous integrations. The uneven shape of velocity below
the interface is due to the geometric characteristics of the pores, which
increases as the PFI grows. Analyzing the velocity magnitudes inside the
porous region for Z = 0 shows roughly positive and > 0 values, reflecting
the penetration of fluid on the porous frontal face. However, as the fluid
proceeds, the axial velocity tends to decrease. Besides, the positive and
negative values below the porous interface reveal the arbitrary pore
structures in the RR porous matrix, which promotes flow mixing. The
greater values of the LF75 case than LF50 and LF25 at the clear region
refer to the higher blockage rate and smaller clear passage. As a result,
an increased velocity of fluid running through RR layers is seen at LF75
than two other models for the same airflow rate. Similar analyses have
been performed for the CF cases, where Fig. 12b shows the vertical
distribution of axial velocity along different CF configurations. As
shown, when the airflow rate increases or when the porous insert
diameter grows, the axial velocity vectors in the clear region rise.
Different velocity profiles extracted for various positions show that
except the frontal face (Z = 0 mm), axial velocity is nearly 0, due to the
upward or downward leakage. A deeper review of the other values of
airflow rates is presented in Appendix A.

To understand the fluid behavior at the interface between porous and
clear regions, several virtual planes were created during post-processing
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to evaluate the fluid mass flow rates at different locations. For CF de-
signs, a co-centric cylindrical plane was formed around the porous
block, and the averaged mass flow rates were computed per surface area
at different longitudinal locations. For LF designs, similar data were
extracted on a horizontal plane tangential to the porous top face.
Fig. 13a-c shows the computed results at Q2 versus the distance along the
porous length. Positive values on the axis indicate flows outward from
the planes (from the internal porous space to the clear region), while
negative values indicate an inward fluid stream at the interface. In all
design configurations, as the fluid penetrates the porous body, the mass
flow rate values are positive, reflecting an outward flow direction (from
the porous to the clear region). This is likely due to blockage effects at
the porous frontal face. However, as the fluid progresses, the outward
flow trend diminishes, reaching zero or an equilibrium point. Beyond
this point, the average flow direction shifts inward, indicating leakage
from the clear region into the porous body. Generally, when the fluid
passes through the RR porous zone, stronger streams move from the
porous region to the clear region, pushing the fluid stream in the clear
region toward the tube wall. However, as the fluid redevelops in the
clear region, the flow direction at the interface reverses and becomes
negative (toward the porous region) toward the end of the porous insert.
Comparing the two design concepts, CF designs reach equilibrium
sooner than LF designs, due to the higher interface area in CF inserts
compared to LF inserts. The location of the equilibrium point also varies
with airflow rate and porous geometry. Increasing the height of the
porous body pushes this point further toward the end of the porous re-
gion. This implies that thicker porous bodies promote a longer outward
flow direction, resulting in stronger discharge from the porous to the
clear zone compared to other designs. Furthermore, to elaborate on the
flow split in the axial direction, a ratio between the flow passing through
the insert (mpp) and the total one was computed at Q, and is shown in
Fig. 13d-f. As expected, with an increase in the PFI, the flow repartition
ratio grows, with the maximum at the insert frontal surface where the
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Fig. 12. Vertical distribution of axial velocity at different locations along different porous configurations at Q; (a) LF design, (b) CF design.
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Fig. 14. Pressure drops computed for various RR integrations, depending on
airflow rates.

flow has the highest kinetic energy. However, in the case of PFI = 25 %
(Fig. 13d), it is observed that after an initial decrease, the flow moves
from the clear zone in an inward direction, as indicated by the negative
values in Fig. 13a. These conditions are met for the porous lengths > 10
mm in the case of CF, and > 20 mm in the case LF. Comparing the two
designs revealed that LF inserts could hold higher amounts of fluid,
resulting also in higher pressure drops. Moreover, the maximum value
was achieved as 50 % in the LF75 design, which later reduces to 20 % at
the end of the porous length. The data for more airflow rates are detailed
in Appendix B.
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4.1.2. Pressure field

Fig. 14 depicts the values of pressure drop obtained through different
porous inserts. As expected the FP design with the highest volume of RR
porous medium shows the maximum pressure loss at all airflow rates.
Consequently, LF75 has the second highest Ap, while LF50, CF50, LF25,
and CF25 are respectively presenting lower pressure losses. This con-
firms the efficacy of the partial-filling design in alleviating the draw-
backs of RR porous insertion in increasing the pressure drop in the solar
receivers. Comparing the FP design with the proposed partial filling
configurations led to a minimum Ap reduction of 88 % by LF75 design
and a maximum Ap reduction of 98 % by the CF25 design.

4.2. Thermal results

The data used in this section are derived from the simulations with
energy equations, to obtain the overall behaviors of the proposed solar
receivers.

4.2.1. Temperature fields

As shown in Fig. 15, each insert configuration provides a different
cooling pattern for solid temperature distribution. In more detail, when
the porous medium is attached to the tube wall, heat is conducted
through the RRs and penetrates through the fluid body. Thus, the
absorbed heat on the peak flux area will be dissipated more efficiently
and the tube wall temperature reduced at that region. As LF and FP
models provide lower temperatures at the focal point, and the solid
hotspot temperature moves further from the point where the peak heat is
loaded. However, the air behavior is not similar in the two mentioned
models and varies based on the porous filling, where the LF design
hotspot is located downstream of the porous insert, and at the FP design
positions upstream. The reasons for such performances can be retraced
from the flow features discussed in section 4.1.1. As already demon-
strated in Fig. 8, when the air passes through a porous insert installed
laterally, a fraction of fluid will pass from the clear region, making a
recirculation region downstream of the insert. Thus, air will be trapped
in the area formed between the porous leeward face and the recircula-
tion region, causing a stagnation in the flow motion, which reduces the
heat transfer rate from the tube wall to the fluid and provides a rise in
the solid temperature. According to Fig. 7, at the FP design, when the
flow exists in the porous medium, it proceeds with a chaotic behavior
downstream, leading to a promoted flow with enhanced heat transfer.
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Fig. 15. Temperature field computed on a longitudinal cross section on solid domain for Q, and various PF configurations.
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Fig. 17. Hotspot temperature rise measured on the heated side, for various PF
configurations and airflow rates.

As a result, the solid temperature downstream of the insert is lower
compared to the upstream, where the flow is fully developed. Finally,
considering the CF design, there is no direct contact between the RR and
tube wall, and the absorbed heat is transferred to the fluid through the
tube’s inner side. Therefore, the solid maximum temperature remains in
the area where the peak heat flux is located, while the accelerated fluid
streams near the tube wall will help in increasing the heat removal from
the solid wall.

To elaborate on the solid temperature distribution, Fig. 16 illustrates
the profiles obtained from the SP model and those with RR at Q2. As
shown in Fig. 16a, considering the heated surface, SP with no porous
insert experiences the highest temperature increase compared to the
other design, where the maximum is recorded as 1020 °C. However,
when the RR porous insert has been integrated (FP, CF, and LF), the tube
wall temperature rise is controlled and hardly reaches 700 °C. As already
mentioned, FP has the lowest wall temperature, with a peak upstream of
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Fig. 18. Comparison of thermo-hydraulic performances obtained by various
porous inserts in terms of (a) overall energy efficiency, (b) exergy efficiency.

the porous region (highlighted in orange), while the LF provides the
second lowest temperature rise with a peak downstream of the insert.
Analysing the temperature on the other side of the pipe (see Fig. 16b),
hotspots are formed upstream of the insert for all the cases with RR
porous inserts, where the maximum is ~ 180 °C in the case of CF75,
compared to ~ 400 °C for SP design. This implies that the thermal
mixing made by the RRs in the LF75 is not similar to the heated side as
there is no recirculation point on this side. Thus, air can continue
transferring the heat from the tube wall to the region downstream of the
insert and reduces its temperature further.

To compare the maximum solid temperature rise achieved at
different receiver designs, Fig. 17 portrays the hotspot values depending
on airflow rate. As observed, an increase in the airflow rate decreases the
hotspot temperature in all case studies, demonstrating greater mixing
between the fluid layers, which helps in distributing heat more uni-
formly throughout the fluid. Moreover, SP represents the maximum
hotspot values, while FP exhibits the lowest by a sharp reduction of 39 %
for Q;, and 44 % for Q4. Comparing the two partial filling models, LF
displays slightly a higher cooling effects on the hotspot compared to the
CF configuration, which refers to the direct contact between the RR and
the tube wall provided in this model. However, for the case of PFI = 75
%, when the air mass flow rate exceeds 16 g/s, CF75 outperforms the
LF75, achieving further reduction in hotspot temperatures. The total
average computed hotspot temperature decrease, with respect to the SP
values, ranges from 13.5 % for CF25, to more than 30 % for both LF75
and CF75, and reaches > 40 % for the FP designs.

4.3. Thermo-hydraulic performance

In this section, the thermo-hydraulic performance in terms of energy
and exergy approaches is presented to finalize the comparison between
various porous models. The overall energy efficiency, reflecting the net
energy output from the positive heat gain and the negative effects of
pressure drop due to porous inserts, is depicted in Fig. 18a. These results
demonstrate a reduction in energy efficiency due to the pumping energy
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required to compensate for friction losses caused by the porous inserts.
Therefore, FP exhibits the highest reduction in energy efficiency
compared to the other designs, where efficiency increases with the rise
in airflow rate, averaging 32 %. The second configuration significantly
affected by pressure drop is LF75, showing an average reduction in
energy efficiency of 4 %. The maximum 7,,, is 59 %, obtained using
CF75 at Qs, while the minimum is 23 %, observed with FP integration at
an air mass flow rate of 24 g/s.

Comparing the overall efficiency averaged across all airflow rates
indicates that CF75, LF75, and LF50 are the top three configurations,
enhancing the energetic performance of SP by 39 %, 32 %, and 31 %,
respectively. Note that LF25 and LF50 outperform the corresponding CF
configurations at all mass flow rates, while for the LF75 this is true only
at low and moderate mass flow rates. This is easy to understand keeping
in mind the discussion on the flow repartition among the different re-
gions above. The values of the energetic thermal efficiency and the total
heat losses obtained by different designs are presented and discussed in
Appendix C.

According to the exergy efficiency values depicted in Fig. 18b,
increasing the airflow rate negatively affects useful exergy production,
resulting in a declining trend in total efficiency. Consequently, Q; yields
the highest efficiencies for each porous configuration, with LF75 at
approximately 4.5 %, FP at around 4.4 %, and CF75 at about 4.2 %,
outperforming all other designs. Additionally, when the air mass flow
rate exceeds 21 g/s, the exergy efficiency of the FP configuration falls
below that of the SP design. Again for the exergy efficiency, the LF25
and LF50 designs outperforms the corresponding CF configurations at all
mass flow rates, while for the LF75 this is true only at lowest mass flow
rate, as expected from the significant increase in the pressure loss shown
in Fig. 14a. A detailed exergy assessment, based on different loss and
destruction sources are presented in Appendix D.

5. Conclusions

This study conducted a comparative investigation on a partially filled
Raschig Ring porous insert designed for tubular solar absorbers used in
concentrating solar thermal systems. Two distinct concepts, one
involving lateral filling and the other central filling, were proposed and
compared with full porous and simple tube designs, using computational
fluid dynamic models. Fluidic and thermal characteristics were analyzed
deeply to determine the most efficient configuration. Based on this
analysis, the main conclusions are summarized as follows:

e Hydraulic analyses of the lateral filling design revealed that the
porous insert disrupts the flow pattern and induces turbulence,
leading to enhanced mixing of the fluid. However, studying the flow
characteristics in the central filling design demonstrated that flow
separation occurs as the boundary layer of the fluid separates from
the porous surface, creating eddies and vortices downstream of the
insert.

Comparing the two partial filling techniques on thermal enhance-
ment revealed distinct mechanisms of heat removal enhancement for
lateral filling and central filling designs. In lateral filling designs, the
enhancement occurs primarily due to extended heat transfer and

Appendix A. . Velocity profiles
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thermal turbulence generation in the clear flow region, away from
the heated side. In contrast, central filling designs benefit from
thermal mixing in the core zone, coupled with turbulent flows in the
annulus, which augment the heat transfer from the heated wall to the
fluid.

Evaluating the overall efficiency provides more accurate insights
into the total useful energy efficiency. The results demonstrate that
all proposed PF designs exhibit enhanced performance compared to
the SP design. The lateral filling design with filling up to 50 %
perform better than the corresponding central filling designs. Over-
all, the LF75 design shows an efficiency of almost 50 % at low/in-
termediate mass flow rate values, while the CF75 design is identified
as the most efficient at high mass flow rates, with an average overall
efficiency of > 50 %, reflecting an improvement of approximately 40
% over the smooth pipe design.

The exergy efficiency, the second key performance indicator
reflecting the net useful work generated through thermal enhance-
ment and pressure drop growth, was also assessed for all designs.
Results indicate that the LF25 and LF50 designs show an increase in
the exergy efficiency of 50% at all considered mass flow rate values,
if compared to the smooth pipe design. While the maximum value for
the exergy efficiency is obtained by the LF75 configuration at the
lowest mass flow rate, the CF75 design achieves the highest exergetic
performance at high mass flow rates. This configuration indeed tends
to reduce the exergy losses and destruction through symmetric and
high-velocity fluid streams in the annulus, maintaining a controlled
pressure drop.
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The vertical distribution of axial velocity through the porous and clear regions at different porous lengths is presented in Figs. Al and A2,
considering flow rates of Q;, Qs, and Q4 for various LF and CF porous integrations.
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Appendix B. . Flow separation between the porous and clear zones

Solar Energy 297 (2025) 113635

Figs. B1-B3 provide details of the flow splits between the clear and porous zones in terms of mass flow rate per surface area and flow separation
ratio, computed at flow rates of Q;, Qs, and Q4 for various PFI values of CF and LF designs.
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Appendix C. . Detailed energy analysis

This section includes the energetic evaluation of the proposed solar receivers, showing more details on the total useful heat and thermal effi-
ciencies. Fig. Cla presents the variations in the total heat loss computed for all the absorbers under different airflow rates. As observed, the increase in
the airflow rate decreases the total heat lost from the absorbers, obtaining higher useful heat gain as well as increased turbulence in the heat transfer
coefficient from the absorber to the running air. However, comparing the effects of various porous inserts showed that the integration of RR porous
medium has decreased the thermal losses in all the proposed designs compared to the SP design. As a result, the minimum averaged thermal losses was
obtained by FP as ~ 860 W and the maximum was 1240 W measured by SP. Furthermore, the maximum heat loss was obtained for SP with ~ 1350 W
at Q; and the lowest was achieved as 742 W for FP working at Q4. Considering the PF cases, CF75, LF75, and LF50 are the best PF designs, providing
respectively 25, 23, and 20 % reduction in thermal losses compared to SP. It should also be noted that although LF75 works slightly better than CF75 at
Qg, CF75 surpasses in higher airflow rates, increasing the useful heat gain. This phenomenon can be traced back from the hydraulic analysis, discussed
in Figs. 10 and 12. In more detail, when the airflow rate increases, fluid streams runs near the heated surface show different responses in CF75 and
LF75. Thus, in the case of CF75, higher airflow rates provide an accelerated bypass flow in the annulus region, especially at boundary layers close to
the heated wall, which significantly improves the heat exchanged at that region. While in the case of LF75, higher air flux slightly changes the fluid
velocity at the voids of the porous structure located next to the heated wall, leading to a slight heat transfer improvement.

Fig. C1b shows the variations in the energy efficiency based on the studied cases and various airflow rates. As expected, SP has the lowest efficiency
at all airflow rate levels due to the higher absorber wall temperatures, resulting in significant radiation and convection losses. However, FP provides
the highest efficiency at each airflow level, followed by CF75 and LF75. Analyzing the improvement effects of various porous integrations over the
simple design, it was found that a 50 % higher efficiency can be achieved as an average among all the studied flow rates using FP design. Furthermore,
decreasing the porous integration from 100 to 75 %, the central filling enhances the efficiency by 40 % while lateral filling reflects a 38 %
improvement. Considering 50 % filling ration, the enhancement effect reduces to 32 and 23 %, respectively using LF and CF concepts. Finally, the
minimum efficiency augmentation is achieved at 25 % filling ration, displaying 17 and 27 % for the cases of CF and LF, respectively. As a result, CF
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provides an enhanced performance at higher filling ration while LF reflects superiority at lower filling ratio.
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Fig. C1. Comparison of thermal performances obtained by various porous inserts in terms of (a) heat loss power, (b) thermal efficiency.

Appendix D. . Detailed exergy analysis

To perform the exergy analysis on the studied cases, it is crucial to present the variation of different exergy loss terms against the testing conditions
to identify the most and least significant terms. For better comparison, these values are normalized by the net inlet exergy of the sun. Fig. D1 shows the
computed terms for all the porous configurations. According to figure D1a, the optical-related loss (Ex;p/EX; net) is @ major source of exergy loss,
consistently accounting for approximately 5 %, regardless of the absorber design.

The other significant source of exergy loss is due to heat losses (Ex; ), which accounts for 10 % to 30 % of the total inlet exergy, depending on the
absorber design. As shown in figure D1b, increasing the airflow rate positively impacts and reduces Ex;,/Ex; nee. The SP configuration without a
porous insert exhibits the highest exergy loss rate, reaching up to 40 %, while the FP configuration reduces this term to below 20 %. The results also
indicate that LF75 has the second lowest exergy loss due to heat loss, followed by CF75 and LF50. This trend is attributed to enhanced heat transfer
from the absorber tube to the fluid, resulting in lower thermal losses between the absorber and the ambient. Consequently, RR porous integration
significantly reduces exergy losses arising from thermal losses.

Fig. D1c displays the fraction of inlet exergy destroyed due to the temperature difference between the absorber surface and the sun (Exes roun—1p)-
The results indicate that as heat dissipation improves with increased flow rate, the absorber temperature decreases, leading to increased exergy
destruction. Additionally, the insertion of porous materials intensifies EXes roun—1p/EXi net, resulting in a greater temperature difference between the
absorber and the sun. Consequently, compared to the SP design, the smallest increase in exergy destruction was 13 % with CF25, while the largest
increase was 60 % with FP integration.

Considering the exergy destruction in the heat flow from the absorber to the fluid, figure D1d shows the performance of various absorber designs.
As observed, the airflow rate can exhibit three different roles depending on the absorber design, due to the trade-off between thermal efficiency and
the temperature difference between the absorber and the fluid. For the SP, CF25, CF50, and LF25 designs, which have lower energy efficiency
compared to other designs, increasing the airflow rate enhances exergy destruction due to the increased temperature differences between the fluid and
absorber. In contrast, for the LF50, LF75, and CF75 designs, the rise in airflow rate has minimal impact on exergy destruction in the heat flow from the
absorber to the fluid. However, in the FP design, which has the highest energy efficiency, increasing the airflow rate reduces exergy destruction by
enhancing the heat transfer coefficient between the fluid and absorber, thereby lowering the temperature difference between the fluid and receiver.
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Consequently, integrating a porous insert effectively reduces Exges 1p—1a/EXi, nee When using the LF50 and CF75 configurations at an air mass flow rate
above 21 g/s, or when using the LF75 and FP configurations at all airflow rate levels.

According to figure D1e, the fraction of exergy destroyed by air friction inside the absorbers was computed relative to the inlet exergy. As expected,
increasing the airflow rate increases exergy destruction due to pressure losses. Additionally, as the porous index increases, EXgesfr/EX; net Tises,
highlighting the impact of flow behavior through different porous inserts on exergy destruction. Consequently, the FP design exhibits the highest
destruction share, ranging from 1 % to 3.5 %, while the CF25 design has the lowest, between 0.005 % and 0.042 %. Furthermore, the LF configuration
contributes more significantly to total exergy destruction due to flow friction compared to the CF configuration.

In conclusion, results demonstrated that Exges raun—1p iS the primary source of exergy reduction, followed by Ex;m, EXges 1p—Ta> EXiopt and EXges v
respectively. Therefore, CF75 emerged as the most efficient configuration within the studied airflow range, where Exges rsun—1p improved by ~ 37 %,
Ex; s, decreased by ~ 43 %, ExXges,1p-1a Temained nearly constant, and Exge s increased by > 800 % than SP design.
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Fig. D1. Variations exergy loss terms divided by input solar exergy based on; (a) optical loss, (b) thermal loss, (c) temperature difference between the sun and solar
absorber surface, (d) finite temperature difference between the absorber and fluid, (e) air friction for the various solar absorbers.
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