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Abstract. The use of a porous insert constituted by a metal
matrix of copper Raschig Rings is proposed here for parabolic
trough solar collectors. The CFD analysis, based on a well-
established numerical model, allows computing a significant
increase in the thermal performance of the tube considered in the
analysis, when equipped with the porous insert, with respect to a
smooth pipe. The useful power grows up to ~96 % of the
absorbed incident power. A reduction of a factor of 5 in the
radiative and convective losses is computed, due to a large drop
in the pipe surface temperature. The length of the porous insert,
however, should be carefully evaluated in view of the significant
additional pressure drop caused by the insert.

Keywords. Solar PTC, CFD, Thermal modeling, Rachig
rings, Porous.

1. Introduction
The use of solar energy is one of the most effective ways

to solve recent energy problems, which are associated with
global warming, declining fossil fuels, and rising
electricity prices [1]. Solar energy is an abundant
renewable energy source that can be converted into useful
heat and electricity. Therefore, solar energy can be
considered as a reliable and suitable source of energy for
various applications, ranging from domestic water heating
to solar drying and solar power plants [2,3]. Generally, a
solar collector converts solar radiation into heat and
transfers the heat to a working fluid which can be air,
water, oil, or other fluids. The obtained thermal energy can
be used in a variety of applications. Solar collectors come
in several types including flat-plate collectors (FPCs),
parabolic trough collectors (PTCs), compound parabolic
collectors (CPCs), and Fresnel lenses. The PTC is one of
the most prominent and promising technologies used to
convert solar radiation into useful heat [4]. A PTC mainly
consists of a highly polished surface as the reflector which
might be an aluminum surface with a reflection of 88.5%
to 95% or any highly-reflective mirrors. When solar
radiation incidents on the aperture of the concentrator, the
sun rays are reflected on the absorber, which is located on
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the central axis of the collector. Figure 1 shows the main
components of a PTC [5,6].

In the focal area, a tubular absorber is centered around a
glass cover, which is located at a distance from the
absorber, and is free of air or filled with air. This glass
cover helps to reduce heat losses [5]. The tube absorber is
held in place by two retainers on both sides so that the
adsorbent does not have a problem due to the weight of
the working fluid, wind, and the weight of the absorber
structure. The most common materials that are used as a
light-reflecting surface are aluminum or steel sheets [8].
Concentrators are the most suitable solar collectors that
can be used to achieve medium to high-temperature
levels (more than 150°C) with the high thermal
performance [9]. Among solar collectors technologies
developed to harness the energy that comes from the sun,
PTC is one of the most widely used solar collectors [10].
Typically, PTCs use a variety of heat transfer fluids
(HTFs) such as air, CO2, nitrogen, and helium, and over
the years a variety of methods have been employed to
increase the temperature HTFs and therefore improve the
overall thermal performance [11]. The main intention
behind all previously conducted studies is to improve the
heat transfer rate between the adsorbent and the working
fluid as well as to increase the heat transfer coefficient or

Reflector
Glass cover

Tracking device

i Fluid in

Figure 1. The main layout of a parabolic trough collector [7].
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film coefficient. Also, increasing thermal performance
leads to a decrease in the temperature gradient of the
adsorbent, which reduces the likelihood of problems such
as deformation in the adsorption of the tube [10,12]. Many
studies have been conducted to investigate nanofluids to
increase the thermal performance of PTCs [13]. Based on
the literature review, porous inserts is one of the most-
effective, cheap and available techniques to boost thermal
performance in PTC systems. However, when porous
materials are used in the flow direction of HTF, there is a
pressure drop in the system which requires higher pumping
power. Recently, a novel porous matrix with enhanced
hydraulic properties was proposed by scientists [14,15],
where Raschig Rings (RR) are used as the main element to
produce the porous structure. This concept, although well
known in chemical reactors, is very promising [16] and
needs more investigations on its application for various
purposes, especially for advancing CSP technology.
Therefore, this research aims to reveal some
thermohydraulic behaviors of this technology under CSP-
relevant operational conditions to pave the way for further
research and development. To this end, a numerical
investigation was carried out using CFD codes through the
implementation of commercial software Star CCM+ (V.
2020.1.1) for simulating a PTC solar absorber modified
with RR as the porous medium. To assess the system
performance, a PTC thermal heat load was applied to the
model using data in the literature. Results were evaluated
in the case of heat thermal losses for both absorber tube
and glass envelope, comparing the smooth tube with the
enhanced tube.

2. Model setup
2.1. Parabolic trough collector
A conventional tubular absorber with a cylindrical

geometry, the most common type used in PTC
applications, is considered in this study. Moreover, an
evacuated glass envelope is also taken into account to
simulate the PTC operation. Dimensions (diameter,
thickness, length) are seclected based on the previous
studies [16] conducted in the Plataforma Solar de Almeria
to make the results comparable and applicable for real
scale systems. Therefore, the tube was designed with an
inner diameter was set as 20.6 mm, and an outer diameter
of 25.4 mm, made of Inconel (emissivity=0.26). While the
glass enveloped was developed as 30 mm inner diameter
and 32 mm outer diameter made of standard glass
(emissivity=0.86). Two different options were considered:
a plain smooth pipe (SP) and a pipe with a RR insert with
a length of 6 cm (RP), beginning 7.5 cm downstream of
the inlet. As far as the thermal driver is concerned, the heat
load was simulated using data of local concentration ratio
(LCR) in literature [17], and results are plotted in Fig. 2.
As a result, the total solar incident on the PTC was
obtained with the following relation.
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S = LCR X IAM x DNI (1)

Where DNI is the maximum solar incident (W/m?) and is
equal to 1000 W/m’, and IAM is the incident angle
modifier which was considered to be 1 in this study due
to the assumption of the 0 incident angle (8). Thus, the

total energy received on the wall of both pipes is 0.314
kW.
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Figure 2. The local concentration ratio on the outer surface of
the tube.

Dry air with temperature-dependent thermophysical
properties was chosen as the gaseous working fluid with
in a total flow rate of 40 I/min, comparable to that in [16].

2.2. Porous media preparation
The integration of DEM simulation in the selected case-

study led to the development of the porous matrix
consisting of RR, following the procedure introduced by
Allio et al. [14]. This process was conducted in three
stages in which firstly a container as the bulk volume of
the matrix was devised and solid cylinders with the same
dimensions as RR were injected along the gravity to fill
the container. The transient DEM simulation was
continued until the number of cylinders reached the
desired value which was obtained based on the target
porosity of 78.8% [14]. In the following step, solid
particles were replaced with hollow rings to form a
cylindrical matrix with 60 mm length, consisting of RR.
Copper with an effective thermal conductivity of 2600
W/m/K [15] was selected as the RR material. Figure 3
represent the 3D model produced as a 60 mm RR porous
media through the procedure described.

2.3. Numerical approach
Simulations were carried out based on a thermo-

hydraulic model developed in the commercial Star
CCM+ software implementing a three-dimensional
analysis with steady-state, turbulent flow conditions. A
steady-state conjugate heat transfer model was used to
study the thermal behaviour between solid and fluid
regions. Radiation boundary condition with face-to-face
model [18] was applied to the surfaces of pipe and glass
envelope to simulate the heat exchange between these
element.
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Figure 3. Geometry developed for the enhanced tube with RR.

The thermal model was performed based on several energy
balance equations developed for PTC elements. As
presented below, the energy balance relation on the glass
envelope was given as;

qs—g + qC,a—_q + qr,a—g = qC,g—amb + qr,g—amb (2)

Where q;_g4 represent the solar energy absorbed by the
glass envelope, q, is the radiation heat, q, is the
convection, and g, a and amb indicate glass, absorber,
and ambient, respectively. It is noteworthy to mention that
since the configuration of PTC absorber was assumed to
be an evacuated tube, the convection loss between the
absorber and glass envelope was set as 0 in the
simulations. Moreover, for the convection loss from the
absorber to the ambient a constant heat transfer coefficient
of 10 W/m’K was imposed in the simulation (i.e., the
external air field was not simulated). Also, the energy
balance relation on the absorber tube was computed as
below.

3)

In (3), gcs-q is the useful heat that is transferred to the
HTF (f), and gq,_, accounts for the solar energy
transmitted through the envelope and absorbed by the
absorber tube, as given in (4).

Qs_a = qC,f—a + qC,a—g + qr,a—g

4)

Where 7,p¢ max (s€t to 0.78 based on the literature [19]) is
the maximum optical efficiency of the PTC, which

qs—a = S X nopt,max X cos (0)

includes the absorption of the absorber, glass transmission,
overall intercept factor.

The solid regions, where a segregated solid energy
equation was solved, consists of the glass and pipe with
related thermophysical properties such as thermal
conductivity, specific heat, and density taken as functions
of temperature. It is noteworthy to mention that, for the
RP, the solid domain was built combining the RR
geometries and their contact points with the pipe structure
where later heat flux functions were applied as boundary
condition at the outer wall.

The fluid region was formed by boolean subtraction of the
matrix structure from a cylindrical geometry filled inside the
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tube. In order to simulate a turbulent flow inside the
receiver, a two-equations Reynolds-Averaged Navier-
Stokes (RANS) model,

realizable k-¢ model, was used, with an all-y+ treatment at

and namely the two-layer

the wall. The two-layer version of the x-¢ model adds
flexibility to the wall treatment switching automatically
between low-y+ and high-y+ treatments. As indicated by
Dixon et al., [20], the superiority of the realizable k- over
the standard k-¢ model refers to the addition of an
improved equation for the turbulent energy dissipation rate
€, with a variable viscosity coefficient Cp instead of a
constant value. The main benefit of the realizable k-¢
model over standard k-& models was firstly introduced by
Shih et al. [21], where C, is a function of mean strain and
rotation rates, the angular velocity of the system rotation,
and the turbulence fields k-and & [22]. Thus, as long as
rotation boundary layers under strong adverse pressure
gradients, separation, and recirculation with strong
curvature are considered, similar to those found in packed
tube simulation [23,24], this model could result in a
reasonable performance. While the k-¢ turbulence model is
widely used in the modeling of solar tubular absorber
enhanced with inserts [25-29], it has been verified that, in
the simulation of the tube equipped with RR, the use of the
k-0 SST model, already adopted in Savoldi et al. [15],
could change the average temperature increase of the wall
by 2%, which does not significantly affect the qualitative
pictures that are presented below. As this study showed,
the two models give comparable results for the case at
hand, however, for a proper selection among the two, the
accurate experimental data for model validation are
necessary, which are not available at present. A reference
pressure of 10 bar was set for the first segment, while
boundary conditions for two models on the secondary
segment were periodic constant mass flow rate (fully
developed). To be sure to have fully developed flow at the
pipe inlet for both SP ad RP, a 50 cm long smooth pipe
with the same transverse dimensions was first simulated,
and the outlet velocity were used as inlet conditions for the
two options considered in this study. Thermal analysis was
performed using a segregated flow temperature model and
the boundary conditions of the secondary simulations were
adjusted by the mean bulk temperature obtained at the
outlet of the first segment (400.6 K).

Figure 4. Mesh developed for the simulation of tube with RR.
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In the meshing stage, polyhedral-based cells with a base
size of 0.6 mm to a minimum limit of 0.06 mm were
adopted in the RR region. The number of prism layers was
set to 5 with y+ at the wall ~1 to make the model able to
predict the sharp gradients on the wall boundaries. Inside
the RR matrix the base size was reduced to 0.16 mm and
the number of prism layers to 3. The portion of the plain
pipe before and after the RR region was meshed extruding
the mesh of the RR region. The result is a mesh based on
prismatic cells with a polygonal base. As a result, more
than 14.3 million cells were produced. Figure 4 illustrates
the structure of the mesh developed for simulations in this
study, with particular emphasis on the RR region.

3. Results and discussion

3.1. Hydraulic performance
Figure 5 illustrates the velocity fields obtained through the
test cases carried out on the secondary segments. As
expected, the porous insert produces high resistance to the
flow which will increase the contact area between the solid
and fluid parts. The arbitrary orientation of the rings could
also accelerate the airflow in the void area and spaces with
the sharp corner of rings. According to figure 5, air velocity
rises to near 19 m/s within the porous regime. When the air
leaves the porous region, there are some air streams with
improved velocity that causes thermal mixing. It is
noteworthy to mention that the obtained results can be
affected by the applied heat and this must be taken into
consideration for further analyses.
From the simulations, the amount of pressure is being lost
through the porous region is significantly large (14 kPa)
compared to those of the smooth pipe with 9.54 Pa (not
shown) and will require an additional pumping energy to
induce the flow.

3.2. Thermodynamic performance
Figure 6 presents the development of the temperature in
the elements of the solar collector through the SP. In order
to monitor the thermal performance of the solar collector,
4 different lines were created to extract the tube wall

Mp——  Flow direction

A

7] 9.45 18.9

Figure 5. The air velocity field through (A) smooth pipe, (B)
pipes with RR insert.
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Figure 6. Temperature distribution on the wall of the smooth
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Figure 7. Radiation heat flux on the outer surface of the smooth
pipe.

temperature with respect to the tube length. As depicted
in the figure, derivative lines were selected based on top
and bottom sections as well as the positions where the
solar intensity is the maximum. Thus, the bottom section
of the tube undergoes the maximum temperature increase
due to the non-uniformity in solar load. The high
temperature values reveal that the heat dissipation from
the absorber wall is weak and this contributes to high
heat loss from the receiver, and glass leading to low
thermal efficiency in solar systems. Simulation data also
shows that tube wall temperature increases as the air gets
heated and the heat transfer rate decreases, where the line
with a = 180° shows the maximum temperature as 470°C
occurred at the bottom section of the tube. The two
lateral lines (o = 102 and 253°) represent a constant
behavior, with a middle-temperature rise to 440°C. The
upper section which receives the minimum solar
radiation (equal to the absolute value of DNI), has the
smallest temperature rise with 385°C, and consequently
shows the minimum contribution to heat loss from the
solar collector.

What is also highlighted in figure 6 is the short
temperatures falls that happen near the two boundary
faces. This behavior can be traced back to the features of
radiation model which is based on the ray-tracing
approach and results in the loss of a fraction of heat by
emitting rays to the ambient at the areas near to the ends.
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Figure 7 proves such behavior in term of the radiation on
the outer surface of the smooth tube. Please note that the
negative values present the flux leaving the surface.

Figure 8 provides the temperature distribution on the wall
of the tube associated with a 6 cm RR porous media. From
the figure, the porous insert can reduce the wall
temperature all around the tube, where the maximum
reduction in the temperature rise happens at the lower
section with nearly 82% at X=0.24 m. This strongly
demonstrates the improving effects of the RR insert in the
heat transfer, which can be attributed to heat conduction
that takes between the tube wall and RR matrix and this
grows the heat transfer area to a greater extent. Thus, air
could absorb a higher amount of heat passing through the
heated rings and make the walls cooler. What is also
evidenced in figure 8 is the thermal mixing effect
produced by the arbitrary structure of the RR. As a result,
when the air leaves the porous media, the chaotic situation
of air streamlines results in the enhanced convective heat
transfer coefficients which increases the heat removal
downstream compared to smooth pipe. That is why the
temperature reduction continues to some extent after the
porous zone, see also figure 9. Although the sidewalls start
to heat up again, the new temperature growth has a slight
trend due to the improved heat transfer downstream of the
RR region.

One of the drawbacks that accounts for such porous media

Temperature (C)

0.1 0.15
Position along the pipe (m)

0 0.5 0.2

Figure 8. Temperature profile of the wall of the tube enhanced
with RR insert.

Temperature (C)
4 2

249 323 398 472

Figure 9. Comparison of tube wall temperatures for the two
cases of SP (left) and RP (right) — view of the heated side.
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Figure 10. Temperature distribution of the cross section of the
tube associated with RR at X=0.1 m (test case 3)
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Figure 11. Sankey diagram for the thermal power receiving the
smooth and enhanced pipes.

is the randomness of the rings at the outermost layer
which does not guarantee the perfect contact with the
tube wall. In this regard, figure 10 indicates the
temperature distribution between the RR and tube and
how heat is transferred through the contacts. As shown,
when the orientation of the rings is such that the air
cannot flow through them (P1), wall temperature
increases locally and the neighboring layers in azimuthal
direction remain ineffective in terms of heat transfer.
Also in (P2) the ring rests perpendicular to the flow
direction (tube axis) air stagnation happens and rings start
heating up without the effective role in heat dissipation
through other rings. As opposed to that, when the wall of
the rings touches the tube wall, heat transfer increases not
only due to the proper contacts but also for the reason of
air passage through the rings orifices parallel to the flow
direction (P3). As a result, despite the symmetrical heat
load applied to the PTC solar absorber, such porous
media could cause some asymmetrical temperature
distributions along with the tube length corresponding to
the structure of the ring at the outermost layer.

To elaborate on the enhancement effect of the RR insert,
radiation heat loss from the absorber was determined
based on the average temperature of the tube and glass
cover. As shown in figure 11, the total solar energy
transmitted through the glass cover and reaches the
absorber will be transferred to the fluid effectively as
78.2 and 95.8% in the case of smooth and enhanced pipe.
The reason for such gap refers to temperature mitigations
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on the wall of the tube with RR in which the higher heat
transfer area and thermal mixing triggered a larger heat
exchange between the solid and the fluid.

4. Conclusions and perspective

A CFD analysis was performed on the enhancing effects of
a novel porous media consisting of RR and incorporated
with a solar PTC absorber. Thermal performance was
investigated through a series of simulations where 2
models were developed for pipe with both smooth and
enhanced configurations. Results demonstrated that when
the porous media is employed pressure drop increases to
14 kPa. Giving the higher heat transfer area between the
solid and fluid parts, the RR insert improves the total
useful energy to almost 96% of the absorbed power and
diminishes the hotspot on the wall of the tube up to 82%.
Further works are needed to investigate other thermal
characteristics and optimization criteria for a better
deployment of this technology into solar applications.
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