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Featured Application: The developed solar air heater can be applied in drying and space heating
applications from 50 ◦C to 90 ◦C. The solar collector could be modular, so it can be coupled to a
variety of processes.

Abstract: Solar air heaters can reduce climate change by replacing conventional fossil fuel-burning
technologies in drying and space heating applications. Concentrating solar technologies, such as
compound parabolic concentrators, allow air temperatures up to 120 ◦C; however, it is desirable to
improve their heat transfer to reduce the space requirements for their installation. In this work, a
parabolic concentrator composed of a flat receiver designed to recover heat from the cover–receiver–
reflectors cavity is analyzed, operating it as a U-shape double pass solar heater. With this operation,
first, the air flows through the cavity, and then it is incorporated into the duct, where the dominant
heat gain occurs due to the capture of solar radiation. Thus, four input–output configurations in the
cavity were modeled through dynamic simulations to determine the influence of the inlet and outlet
air flow positions on the solar concentrator outlet temperature. Therefore, the incorporation of the first
pass has a contribution of between 36% and 45% in useful energy gain, showing that this appropriate
and relatively simple strategy can be implemented to improve the thermal performance of solar air
collectors, resulting in instantaneous efficiencies higher than 75%. However, the simulation results
demonstrate that the position of the inlets and outlets does not significantly impact the efficiency and
outlet temperature.

Keywords: solar energy; CPC; solar heating; solar drying; industrial process; solar air heater;
space heating

1. Introduction

Air heating is used for various applications, such as heating and air conditioning of
buildings or drying of food and industrial products, among others. Air can be heated with
electric heaters or by directly burning fuels such as gas; however, their use implies the
emission of greenhouse gases and their consequent contribution to climate change. One
way to minimize fossil fuel burning is to use solar collectors to directly heat the air, ranging
from flat-plate collectors to solar concentrators.

According to the International Energy Agency, 985 MWth of solar air collectors were
installed by the end of 2020, and the global market was around 12 MWth [1]. As of March
2022, 41 solar air collector systems producing solar process heat are registered, with a
cumulative capacity of 6 MWth [1]. Thus, the direct application of solar collectors for
air heating is low due to the boost that low fossil fuel prices give to using conventional
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technologies [2], so it is essential to develop reliable and economically efficient solar air
heating technologies. Flat-plate solar collectors are recommended for temperatures below
70 ◦C because of their ease of manufacture and operation. For higher temperatures, it
is necessary to use some solar concentrating technology, such as compound parabolic
concentrators (CPCs), which allow fluid heating temperatures up to 120 ◦C, depending on
their design, and are easy to operate and maintain.

However, to ensure good efficiency of CPCs, it is necessary to perform an optimal
optical design and minimize thermal losses or improve heat transfer. Strategies to reduce
convection losses in the receiver of a solar collector include using evacuated tubes or
filling the CPC cavity with gases such as Argon and Krypton [3,4], which are denser gases
and have lower thermal conductivity than air, or even applying a vacuum throughout
the cavity [5]. In contrast, double absorbers have been proposed to reduce conduction
losses [6].

In other technologies, such as flat-plate solar air heaters, it has been proposed to
increase the heat transfer rate by incorporating multiple passages, including extended
surfaces, artificial roughness, and packed mesh [7]. This multi-pass strategy is used in
hybrid CPCs (PV/T) to cool the photovoltaic cells on the flat-plate receiver with fins on the
back side [8].

In the general design of solar collectors, computational fluid dynamics (CFD) tools
can be used to reliably estimate their thermo-hydraulic performance before building them,
saving time and resources. Several analyses of solar collectors by computational fluid
dynamics (CFD) can be found in the literature, both for liquid and air heating. Table 1
provides an overview of the different solar collector models and assumptions found in the
literature review.

Table 1. Solar collectors CFD and radiation models in the literature review.

Reference Solar Technology TES Fluid CFD Model Radiation Model

[9] Flat-plate Air in gap of upper part
2D model

Newtonian and incompressible gas
Boussinesq approximation

ER: Constant radiative flux

[10] Heat-pipe evacuated
tube (HPETC)

Water in heat pipe
Air or OCMs in inner

evacuated tube

3D model
Boussinesq approximation

ER: Time-dependent polynomial
function for the solar irradiance data

as a boundary condition

[11]
Evacuated tubes with
and without circular

ribs
Air

3D steady-state model
RNG k-ε turbulence model with
enhanced wall treatment model
under periodic flow conditions

ER: Uniform and constant heat input
as a boundary condition

[12]
Flat plates with

selective surfaces and
rectangular fins

Air

3D steady-state model
Incompressible air

Boussinesq approximation
Standard k–ε turbulence model

IR: Discrete ordinates model
ER: Constant solar heat flux

[13]
CPC with a

single-pass evacuated
tube receiver

Air 3D steady-state model
k–ε turbulence model

ER: Ray-tracing and finite volume
solver to determine the non-uniform

solar flux distribution on the
absorber surface

[14] CPCs with three types
of tubular receiver Water

3D transient-state model
Incompressible fluid

Spalart-Allmaras turbulence model

ER: Ray-tracing and finite element
solver to determine the incident solar

flux on the absorber surface

[15]
CPCs with tubular
receivers (with and
without ETFE foil)

Water in absorber
Air in cavity

3D steady-state model
Boussinesq approximation

Standard k-ε turbulence model

IR: S2S radiation model
ER: Ray-tracing used to determine a
correlation of absorbed solar energy

as a function of angle
along perimeter



Appl. Sci. 2022, 12, 12199 3 of 24

Table 1. Cont.

Reference Solar Technology TES Fluid CFD Model Radiation Model

[16]
CPCs with tubular

receivers and
flat-plate receiver

Air in cavity

2D pseudo-transient model
Incompressible ideal gas

Buoyancy forces
k–ε turbulent model

IR: S2S radiation model
ER: Solar radiation is

completely absorbed by the receiver

[17] Panels of CPCs with
tubular receiver Air in cavity

2D pseudo-transient model
Incompressible ideal gas

k-ε turbulent model with the
enhanced wall treatment

IR: S2S radiation model
ER: Receiver temperature as a

boundary condition (solar radiation
is not simulated)

[18] CPC with
flat-plate receiver Air in cavity

3D steady-state model
Incompressible ideal gas

Thermo-physical
properties constants

Non-Bousinessq approximation
Standard k–ε turbulence model with

enhanced wall treatment

IR: Discrete-ordinate radiation model
ER: Thermal boundary condition

with the surface external
emissivity specified

[19] Multi-pass flat-plates Air

2D and 3D steady-state models
k–ε turbulent model

Standard k–ε turbulent model with
realizability constraints in the

vicinity of walls

IR: S2S radiation model
ER: External Radiation Source

sub-node is applied to contribute to
the incident radiative heat flux on

the solar spectral bands

[20]
Three-pass and
quadruple-pass

flat-plates
Air 3D steady-state model

k–ε turbulence model Not specified

[21] Double-pass flat-plate Air 3D steady-state model
RNG k–ε turbulence model

IR: Discrete-ordinate radiation model
ER: Energy equation and Discrete

Transfer radiation model

[22] Double-pass
flat-plates Air

2D steady-state model
Incompressible flow

k–ε turbulence model
ER: Uniform heat flux

[23]
Double-pass

flat-plates with three
fin configurations

Air 2D steady-state model
RNG k–ε turbulence model ER: Constant heat flux

[24] Double-pass curved
collectors Air 2D steady-state model

k-ε turbulence model ER: Constant solar radiation flux

IR: Internal radiation; ER: External radiation.

Thus, Mekahlia et al. determined the influence of the thickness and number of
transparent covers to reduce the heat losses of a flat-plate solar collector [9], and Pawar
and Sobhansarbandi modeled an evacuated heat-pipe solar collector with and without
integrated phase change materials as a thermal storage medium [10]. In the particular
case of solar air collectors, Singla et al. analyzed an evacuated tube collector with ribs of
different roughness [11]. At the same time, Ammar et al. performed a three-dimensional
CFD model to optimize the design of a solar air collector with an extended surface area by
a different number of rectangular fins [12]. In addition, they analyzed the effect of adding a
selective surface on the absorber.

Regarding the analysis of CPC collectors, Li et al. analyzed by CFD the thermal behav-
ior of an evacuated tube collector as a receiver of a compound parabolic concentrator, and
the simulation was validated with experimental data [13]. Barrón-Díaz et al. performed the
numerical simulation of CPCs with tubular receivers, with and without fins, for residential
water heating [14]. This study focused on the ray-tracing analysis of radiation and heat
transfer by coupled finite element and CFD methods. In addition, Yuan et al. developed
two simplified computational fluid dynamics models to determine the temperature and
velocity distribution in two almost identical parabolic tube-receiver CPCs [15]. One had a
transparent ETFE sheet around the receiver to reduce convective heat losses. The models
included the reflector, receiver, cover, and back insulating material and allowed the analysis
of both air movement in the cavity and water movement in the absorber tube. Ray tracing
was applied to analyze the radiation distribution on the receiver tube at normal incidence,
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with a correlation of the absorbed solar energy as a function of the angle along the perimeter
of the tube. Both models were experimentally validated, and relative errors of less than
3.7% in temperature and 1% in efficiency were obtained.

On the other hand, Antonelli et al. analyzed the air heat transfer inside the cavity
of a collector with a tubular receiver and with a flat-plate receiver and developed some
correlations to express the Nusselt over the receiver [16]. Subsequently, Francesconi and
Antonelli performed the numerical analysis of a panel with several tubular receiver CPCs
to determine the influence on the thermal efficiency of the number and position of the
CPCs along the panel, the use of a second transparent cover, the spacing between collectors,
and the truncation of the reflectors [17]. For their part, Reddy et al. performed three-
dimensional modeling of a flat-plate receiver CPC to determine the thermal losses in the
cavity as a function of its aspect ratio and tilt, the optical properties of the materials, and
the absorber and ambient temperatures [18]. To model the internal radiative heat transfer,
they used a discrete ordinary radiation model, and for the external one, they established
the thermal boundary conditions and emissivity.

As mentioned above, another strategy to improve the efficiency of solar air heating
collectors is to increase the number of passes. Thus, Al-Damook et al. analyzed the
effect of double-pass configuration in a solar air heater when operating in concurrent
parallel flow, parallel in counterflow, and double U-pass [19]; the latter presented the best
thermal performance. Tuncer et al. analyzed, through CFD simulation, two flat-plate solar
collectors for air heating with three and four passes and determined which one had the
best performance to evaluate it experimentally [20]. In both solar collectors analyzed, air
enters through the lower pass and exits through the upper pass, which has the radiant heat
gain. They found that the four-pass collector has a heat gain 3 ◦C higher than that obtained
with the three-pass collector and that the maximum deviation between the CFD model and
the experimental results was 10%. In addition, Mutabilwa and Nwaigwe performed a CFD
analysis of a two-covers, double-pass flat-plate solar collector for air heating, which was
validated with experimental results [21]. The air enters through the space between the two
covers and returns between the second cover and the absorber plate. The temperatures on
the absorber plate obtained with the model had a standard deviation from experimental
results between 1.05 K and 4.65 K, while for the cover, it was between 0.1 K and 0.45 K.

Likewise, improved surfaces or novel geometries have been incorporated in multi-
passes solar collectors, such as the work of Desisa and Shekata [22]; they analyzed the
impact of using smooth, rough, and corrugated surfaces in a double-pass flat-plate air solar
collector and obtained average thermal efficiencies of 78%, 62%, and 90%, respectively.
On the other hand, Singh determined the performance of double-pass flat-plate air solar
collectors with different fin configurations [23]. They varied in size, angle, arrangements
(in-line, staggered, and hybrid), and hydraulic diameter. Finally, Kumar et al. proposed a
curved air heater with asymmetric double-pass counterflow turbulators, whose design was
determined from CFD analysis by comparing various flow configurations and geometric
parameters [24].

Two or more pass technologies have been applied in flat-plate solar collectors to
improve their efficiency; however, this strategy has not been applied in CPCs for air
heating. This study proposes the CFD analysis of a CPC-type solar air heater with U-shape
double-pass airflow. The air first circulates through the trapezoidal cavity contained in the
volume formed by the cover, the reflecting walls of the CPC, and the flat-plate receiver
and then circulates in counterflow through the receiver’s duct interior. The objective of
the numerical analysis presented is to test different inlet and outlet configurations in the
CPC array to determine how these configurations influence the velocity distribution, outlet
temperature, and instantaneous efficiency of the U-shape double-pass CPC solar heater.

Section 2 of this manuscript describes the main characteristics of the U-shape double-
pass CPC and the four air inlet/outlet configurations considered in its design. It also
defines the mesh design to perform the CFD simulation, the mathematical model for such
simulation, the boundary conditions applied in the study, and the methodology followed
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to estimate the thermal efficiency of the U-shape double-pass CPC. Section 3 includes a
summary of the simulation results obtained and their discussion and concludes with a
summary of the efficiencies calculated for each of the four configurations analyzed.

2. Materials and Methods
2.1. U-Shape Double-Pass CPC Description and Physical Model

The proposed solar air heater is a variant of the flat-plate receiver Compound Parabolic
Concentrator (CPC) conceptualized as a U-shape double-pass heat exchanger. Figure 1a
shows the evaluated geometry dimensions and the inlet and outlet positions, whereas, in
Figure 1b, the CPC cross-section is shown. The CPC is tilted 24◦ since it is the latitude of
the City of interest (Durango, Mexico) and consists of a flat-plate receiver, two reflectors, a
cover, and a duct. The first pass of the airflow inside the CPC occurs in the cavity formed
by the receiver, two reflectors, and the cover, while the second pass is in the duct section.
The aperture area where the solar radiation enters the CPC is 0.42 m2, while the area where
it is absorbed is 0.20 m2.
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Figure 1. U-shape double-pass CPC solar heater. (a) Geometry; (b) Cross-section.

The analysis of the position of the air inlet and outlet in the cavity consisted of the
study of four configurations that were positioned concerning the height of the cavity (hcav):
(a) inlet 1

4 hcav-outlet 1
4 hcav (Down–Down), (b) inlet 1

4 hcav-outlet 3
4 hcav (Down–Up), (c) inlet

3
4 hcav-outlet 3

4 hcav (Up–Up), and (d) inlet 3
4 hcav-outlet 1

4 hcav (Up–Down). The air inlet and
outlet configurations are shown in Figure 2.
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The properties were considered constant in the solid (Table 2). The reflector is made of
anodized aluminum, while the other components of the U-shape double-pass CPC, shown
in Table 2, were considered in the CFD simulation with a certain thickness to model the
conduction. The duct is made of aluminum, and the receiver substrate has a selective
surface; this surface has high absorptivity in the solar spectrum and low emissivity in
the infrared to avoid losses due to thermal radiation. Finally, the cover is made of solid
polycarbonate, and an insulating material (EPS) was considered outside the reflector and
the duct to avoid thermal losses from the surface exposed to the environment.

Table 2. Material properties of the U-shape double-pass CPC elements.

Material Thickness
(m)

Thermal Conductivity
(W/m·K)

Density
(kg/m3)

Specific Heat Capacity
(J/kg·K)

Aluminum
(receiver, duct) 0.001 237 2702 903

Expanded polystyrene (EPS)
(insulation) 0.050 0.046 14 1210

Polycarbonate
(cover) 0.003 0.210 1200 1300

For air, the density, thermal conductivity, and viscosity were considered as polynomial
functions of temperature, and the specific heat as a piecewise-linear function (Table 3).

Table 3. Thermal properties of air.

Property Type Coefficients/Interval Temperature Interval of
Validity (K)

Density *, ρ, kg/m3 Polynomial 2.1781T − 0.0033 273.15–393.15
Thermal conductivity *, k, W/(m K) Polynomial 0.003792T + 7.3e−5 273.15–393.15
Molecular viscosity *, µ, kg/(m s) Polynomial 5.141e−6T + 4.5e−8 273.15–393.15

Specific heat, Cp, J/(kg K) Piecewise-linear

1006@273.15 K;

273.15–398.15
1007@288.15 K;
1008@353.15 K;
1011@398.15 K

* The polynomial functions were obtained with data from [25].
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2.1.1. Computational Domain

The fluid and solid domains were generated in the SolidWorks 2013 SP2.0 software.
The solid domain simulated the absorber plate, while the fluid domain was sectioned into
three volumes to facilitate meshing: (a) inlet section, (b) cavity, and (c) elbow-duct.

2.1.2. Mesh

A hexahedral structured mesh was generated according to the proposed computational
domain. The near-wall model approach was used to accurately predict the hydrodynamic
behavior of the flow and the heat transfer in the system. The method was to implement
15 cells to cover the viscous and buffer sublayer to have accurate results in a reasonable
computation time.

The mesh refinement was carried out considering the shear stress for the hydrody-
namic phenomenon and the Nusselt number (Nu) for the thermal boundary layer. The
Nusselt number represents the dimensionless temperature gradient in the wall of interest.

The mesh size was refined until the variation of the shear stress and the average Nu
was less than 1%. Next, the size of the viscous sublayer and the buffer sublayer were
calculated for the interval 0.5 < y+ < 5 using Equation (1), and for the thermal sublayer,
the Nu was monitored. In addition, y+ values of 35 and 60 were applied to the turbulent
sublayer to carry out the mesh independence study; this monitoring was carried out to
describe the viscous sublayer. Then, to obtain the final mesh size used in this work, the
mesh was refined in the z-axis from 100 divisions to 1600. Through the analysis, Nu varied
0.2% with y+ values of 0.8 and 0.5, selecting y+ 0.8.

y =
y+µ

ρuT
(1)

Additionally, the mesh size was verified in the direction of the entrance flow with a
cavity mesh refinement in the longitudinal axis (z-axis), as shown in Figure 3. The analysis
found that the Nusselt had a variation of less than 0.1% from 550 divisions onwards. In
Figure 3a, a cross-section of the U-shape double-pass CPC solar heater is shown, with
the magnified detail of the mesh in the receiver. Figure 3(b1,b2) present the longitudinal
section, where the coarse and refined mesh in the cavity are presented.

The k-ωmodels are y+ insensitive treatments; therefore, theω-equation can be inte-
grated without additional terms through the viscous sublayer. Nevertheless, the Transition
SST k-ωmodel requires a more stringent grid resolution to solve the thin laminar boundary
layer upstream of the transition location. For this reason, using a near-wall mesh with
y+ ≈ 1, especially for heat transfer predictions, is recommended [26].

2.2. Mathematical Model

The mathematical model had the subsequent considerations for the governing equa-
tions: steady state, Newtonian fluid, incompressible flow, and transition turbulence regime;
therefore, the governing equations for the U-shape double-pass solar heater are as follows.

∂ρ

∂t
+∇ ·

(
ρ
→
v
)
= 0 (2)

∂

∂t

(
ρ
→
v
)
+∇ ·

(
ρ
→
v
→
v
)
= −∇p +∇ ·

(
=
τ
)
+ ρ
→
g +

→
F (3)

∂(ρE)
∂t

+∇ ·
(→

v (ρE + P)
)
= ∇ · (∑

j
h′ j Jj) (4)



Appl. Sci. 2022, 12, 12199 8 of 24

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 24 
 

 
(a) 

  
(b1) (b2) 

Figure 3. Solar collector mesh. (a) Transversal section; (b1) coarse mesh in longitudinal section; (b2) 
refined mesh in longitudinal section. 

The k-ω models are y+ insensitive treatments; therefore, the ω-equation can be 
integrated without additional terms through the viscous sublayer. Nevertheless, the 
Transition SST k-ω model requires a more stringent grid resolution to solve the thin 
laminar boundary layer upstream of the transition location. For this reason, using a near-
wall mesh with y+ ≈ 1, especially for heat transfer predictions, is recommended [26]. 

2.2. Mathematical Model 
The mathematical model had the subsequent considerations for the governing 

equations: steady state, Newtonian fluid, incompressible flow, and transition turbulence 
regime; therefore, the governing equations for the U-shape double-pass solar heater are 
as follows. + ∇ ∙ (𝜌�⃗�) = 0, (2) 

(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌�⃗� + �⃗�, (3) 

( ) + ∇ ⋅ �⃗�(𝜌𝐸 + 𝑃) = ∇ ⋅ ∑ ℎ′ 𝐽 . (4) 

2.2.1. Turbulence Model 
A preliminary hydrodynamic analysis performed in the SolidWorks 2013 SP2.0 

software determined that the flow separates due to the sudden expansion at the cavity 
inlet. Furthermore, the flow was found to be under development (Lh,turbulent < Lcollector), and 
the calculated average Reynolds numbers (Re) were very low (for flow 1 (0.01 kg/s) was 
Recav-1 = 2972, and for flow 2 (0.02 kg/s) was Recav-2 = 5961). The k-ω turbulence models are 
better at predicting adverse pressure gradient boundary layer flows and separation, and 
they also have the ability to simulate the laminar–turbulent transition of wall boundary 

Figure 3. Solar collector mesh. (a) Transversal section; (b1) coarse mesh in longitudinal section;
(b2) refined mesh in longitudinal section.

2.2.1. Turbulence Model

A preliminary hydrodynamic analysis performed in the SolidWorks 2013 SP2.0 soft-
ware determined that the flow separates due to the sudden expansion at the cavity inlet.
Furthermore, the flow was found to be under development (Lh,turbulent < Lcollector), and
the calculated average Reynolds numbers (Re) were very low (for flow 1 (0.01 kg/s) was
Recav-1 = 2972, and for flow 2 (0.02 kg/s) was Recav-2 = 5961). The k-ω turbulence models
are better at predicting adverse pressure gradient boundary layer flows and separation,
and they also have the ability to simulate the laminar–turbulent transition of wall boundary
layers [26]. Additionally, the k-ω models have low-Reynolds number terms (Re < 104)
that mimic laminar–turbulent transition processes. However, this function is not widely
calibrated in the SST k-ω model; therefore, it is recommended to use the Transition SST
k-ωmodel [27,28].

The Transition SST model was selected based on the described above and considering
the required accuracy to predict heat transfer from the absorber plate to the air as the
flow. Furthermore, the buoyancy effects were adjusted to full, and the viscous heating was
activated. The turbulence modeling consisted of implementing the Transition SST k-omega
model described in Equations (5)–(12). Equation (5) corresponds to the transport equation
for intermittency (γ), whereas Equations (6) and (7) represent the transition sources Pγ1
and Eγ1, respectively; and Equations (8) and (9), the destruction/re-laminarization sources
Pγ2 and Eγ2.
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Flows 1 and 2 were selected based on a preliminary analysis using the thermal model
described in [29]; among those flows, the best balance between air outlet temperature
and thermal efficiency was found. In the calculation of the Reynolds number, the cav-
ity was approximated as a trapezoidal cross-section duct for calculating the hydraulic
diameter (Dh).

∂(ργ)

∂t
+

∂
(
ρUjγ

)
∂xj

= Pγ1 − Eγ1 + Pγ2 − Eγ2 +
∂

∂xj

[(
µ +

µt

σγ

)
∂

∂xj

]
(5)

Pγ1 = Ca1FlengthρS[γFonset]
cγ3 (6)

Eγ1 = Ce1Pγ1γ (7)

Pγ2 = Ca2ρΩγFturb (8)

Eγ2 = Ce2Pγ2γ (9)

On the other hand, Equation (10) refers to the interaction of the transition model with
the SST turbulence model by modifying equation k, where G∗k and Y∗k are the original
production and destruction terms of the SST model [28].

∂(ρk)
∂t

+
∂(ρkui)

∂xj
=

∂

∂xj

(
Γk

∂k
∂xj

)
+ G∗k −Y∗k (10)

G∗k = γe f f G̃k (11)

Y∗k = min
(

max
(

γe f f , 0.1
)

, 1.0
)

Yk (12)

The pressure-based solver with the Coupled scheme was selected, and a second-order
spatial discretization scheme was implemented. The gradient evaluation method selected
was based on Least Squares Cell-Based, and the high-order term relaxation option was
used. The pressure factor was adjusted to 0.1, and the Flow Courant Number to 4.

2.2.2. Boundary Conditions

The momentum boundary conditions in the walls were considered no-slip stationary
with a constant rugosity of 0.5. The thermal boundary conditions modeled the incident
solar radiation on the cover and the absorber plate as a heat generation source, calculated
using Equations (13) and (14).

qc(t) =
(

I(t)
[
αc + αcτc$p$

2〈n〉
r

] Ac

Ap

)
/wc (13)

qp(t) =
(

I(t) τc$n
r Pg

[
αp + αp$p$c$2〈n〉

r
Ap

Ac

]
Ac

Ap

)
/wp (14)

where q(t) is the heat generation, I(t) is the solar irradiance, Pg is the gap loss factor (0.96), α
is the absorptivity, τ is the transmissivity, ρ is the reflectivity, Ac is the cover area, Ap is the
absorber plate area, and wc and wg, are the thickness of the cover and plate, respectively.
The optical properties of the cover are αc = 0.05, τc = 0.89 y ρc = 0.05, the receiver are
αp = 0.95 and ρp = 0.05, and from the reflector ρr = 0.91.

The heat transfer coefficient from the cover to the environment (HTCc-a) was obtained
by applying the flow around finite flat-plates methodology reported in [30], while the
convection losses of the external walls were calculated using the heat transfer coefficient
(HTCb) correlation proposed by [31]. Additionally, in laminar flow, the heat transfer coeffi-
cient from the flat-plate receiver to the fluid in the cavity (HTCp-cav) was estimated using
the discretized Fourier’s law, considering the local temperature normal to the wall [26].
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Moreover, in turbulent flow, the HTCp-cav was determined using the law of the wall for
estimating the local temperature of the fluid by applying the Reynolds analogy [26].

The heat conduction in the exterior walls of the CPC was modeled as shell conduction,
whereas the radiation losses in the cover were calculated with an emissivity value of
εc = 0.81, and the sky temperature (Ts) was calculated with the correlation proposed by
Swinbank (Equation (15)), reported in [32], where Ta refers to the ambient temperature.

Ts = 0.0552T1.5
a (15)

Regarding the turbulence parameters, a turbulence intensity of 5% and a turbulent
viscosity ratio of 10 were applied. Table 4 summarizes the parameters of the boundary
conditions of the CFD modeling.

Table 4. Boundary conditions considered in the CFD modeling of the U-shape double-pass CPC.

Boundary Type of Boundary Characteristics

Inlet Inlet-vent Tps1,in = 298.15 K

Outlet Mass flow
.

m1 = 0.01 kg/s
.

m2 = 0.02 kg/s

Cover
Wall

Mixed (convection, radiation,
and heat generation)

qc = 37.37 kW/m3

HTCc–a = 8.27 W/m·K
Ta = 298.15 K
Ts = 280.05 K

Bottom duct
Wall

Convection
Conduction

HTCb = 0.6 W/m·K

Absorber plate Wall
Heat generation

I = 900 W/m2

εp = 0.35
qp = 13,481 kW/m3

Fluid interfaces: Coupled wall -
- cavity-absorber plate
- duct-absorber plate

The pressure-based solver with the Coupled scheme was selected. In addition, a
Second-Order scheme for spatial discretization was implemented because of numerical
simulation stability. The formal truncation errors of individual terms in the governing
equations were calculated; the error for the HTCp-cav was 1.27%, 0.051% for the shear stress,
and 0.05% for the Nusselt number (with a security factor of Fs = 3) [32]. In addition, values
of 1 × 10−4 for the mass residual and a mass imbalance of 5.3 × 10−8% and 2 × 10−7

energy residual were accomplished. The verification of the results was carried out by
quantifying the uncertainty of the numerical calculations. For Nu, the spatial error of 0.51%
was obtained, while for HTCp-cav and shear stress were 0.66% and 0.37%, respectively. The
grid convergence index was also verified, finding out 0.05% for Nu, 0.19% for shear stress,
and 0.09% for HTCp-cav.

2.3. Efficiency Calculation

The thermal efficiency of the collector is calculated as the ratio between the useful
energy gained by the fluid on the collector’s cavity and absorber and the net solar energy
on the collector’s aperture, using Equation (16):

η =
Qu

Ac I
(16)
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The heat transfer of the analyzed solar collector resembles a counterflow heat ex-
changer, where the cold fluid flows through the cavity, and the hot fluid flows through the
duct. Therefore, the useful energy gain of the collector is calculated using Equation (17).

Qu =
.

mCp,avg
(
Tps2,out − Tps1,in

)
(17)

3. Results and Discussion

Once the simulation model of the four CPC configurations with different inlet and
outlet positions was implemented (see Figure 2), simulations were carried out considering
the boundary conditions for two different values of mass flow rates to analyze: 0.01 kg/s
and 0.02 kg/s. The materials, air properties, and boundary conditions are presented in
Tables 2–4, respectively. In addition, the results of the hydraulic and thermal behavior of
the air in the cavity of the CPC for each of these configurations are presented below.

3.1. Hydraulic Behavior

Figures 4 and 5 show the velocity streamlines with the two analyzed air mass flow
rates (flow 1: 0.01 kg/s and flow 2: 0.02 kg/s, respectively). In Figure 4 (flow 1: 0.01
kg/s), the configurations with an inlet from below (a and b), a sudden expansion occurs
near the inlet of the cavity, forming an eddy in the upper part of the collector. While in
the configurations with the entrance at the top (c and d), the eddy forms at the bottom.
Further, in all configurations except (b), it is observed that after the air enters the cavity,
several families of eddies form until the end of the collector (z = 2.0 m). On the other hand,
in configuration (b), a large eddy is observed in the first half of the cavity, and then the
formation of some smaller eddies. Finally, it is essential to note that the highest magnitude
velocities are generated at the elbow and at the beginning of the duct (second pass).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 24 
 

residual were accomplished. The verification of the results was carried out by quantifying 
the uncertainty of the numerical calculations. For Nu, the spatial error of 0.51% was 
obtained, while for HTCp-cav and shear stress were 0.66% and 0.37%, respectively. The grid 
convergence index was also verified, finding out 0.05% for Nu, 0.19% for shear stress, and 
0.09% for HTCp-cav. 

2.3. Efficiency Calculation 
The thermal efficiency of the collector is calculated as the ratio between the useful 

energy gained by the fluid on the collector’s cavity and absorber and the net solar energy 
on the collector’s aperture, using Equation (16): 𝜂 = . (16) 

The heat transfer of the analyzed solar collector resembles a counterflow heat 
exchanger, where the cold fluid flows through the cavity, and the hot fluid flows through 
the duct. Therefore, the useful energy gain of the collector is calculated using Equation 
(17). 𝑄 = 𝑚𝐶 , 𝑇 , − 𝑇 , . (17) 

3. Results and Discussion 
Once the simulation model of the four CPC configurations with different inlet and 

outlet positions was implemented (see Figure 2), simulations were carried out considering 
the boundary conditions for two different values of mass flow rates to analyze: 0.01 kg/s 
and 0.02 kg/s. The materials, air properties, and boundary conditions are presented in 
Tables 2, 3 and 4, respectively. In addition, the results of the hydraulic and thermal 
behavior of the air in the cavity of the CPC for each of these configurations are presented 
below. 

3.1. Hydraulic Behavior 
Figures 4 and 5 show the velocity streamlines with the two analyzed air mass flow 

rates (flow 1: 0.01 kg/s and flow 2: 0.02 kg/s, respectively). In Figure 4 (flow 1: 0.01 kg/s), 
the configurations with an inlet from below (a and b), a sudden expansion occurs near the 
inlet of the cavity, forming an eddy in the upper part of the collector. While in the 
configurations with the entrance at the top (c and d), the eddy forms at the bottom. 
Further, in all configurations except (b), it is observed that after the air enters the cavity, 
several families of eddies form until the end of the collector (z = 2.0 m). On the other hand, 
in configuration (b), a large eddy is observed in the first half of the cavity, and then the 
formation of some smaller eddies. Finally, it is essential to note that the highest magnitude 
velocities are generated at the elbow and at the beginning of the duct (second pass). 

  
(a) (b) 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 24 
 

  
(c) (d) 

Figure 4. Streamlines at the collector cross-section with air mass flow 1: 0.01 kg/s. (a) Down–Down; 
(b) Down–Up; (c) Up–Up; (d) Up–Down. 

In Figure 5, a similar behavior to the one described for flow 1 is shown for flow 2 
(0.02 kg/s), where a sudden expansion of air near the inlets occurs. For configurations (a) 
and (b) (inlet from the bottom), a visible jet can be observed at the bottom of the cavity; 
here, an eddy at the upper region can also be observed. Contrarily, in the configurations 
with an inlet from above, the jet is formed at the top, whereas the eddy occurs at the 
bottom region. Additionally, in configurations (a) and (c) (either both inlet and outlet from 
above or below), there is a primary air current with high speed. In configuration (a), the 
current goes up and down the cavity, generating several eddies at the upper and bottom 
sides opposite to the main flow. Contrarily, in configurations (b) and (d), which have inlet 
and outlet in opposite positions on the y-axis, a large eddy is formed near the cavity inlet, 
observing a larger eddy in configuration (b) that moves towards the exit in a disorderly 
manner. Moreover, the largest speed occurs at the elbow of the collector, having higher 
speeds in the configurations with a bottom outlet. 

One reason that explains a disordered and asymmetric flow is because of the collector 
tilt (see Figure 1). In addition, the pressure increase justifies the phenomenon of the 
sudden air contraction caused by the elbow area reduction. Furthermore, a higher mass 
flow influences the amplitude and turbulence of the eddies found in the first section of 
the cavity. 

  
(a) (b) 

Figure 4. Streamlines at the collector cross-section with air mass flow 1: 0.01 kg/s. (a) Down–Down;
(b) Down–Up; (c) Up–Up; (d) Up–Down.



Appl. Sci. 2022, 12, 12199 12 of 24

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 24 
 

  
(c) (d) 

Figure 4. Streamlines at the collector cross-section with air mass flow 1: 0.01 kg/s. (a) Down–Down; 
(b) Down–Up; (c) Up–Up; (d) Up–Down. 

In Figure 5, a similar behavior to the one described for flow 1 is shown for flow 2 
(0.02 kg/s), where a sudden expansion of air near the inlets occurs. For configurations (a) 
and (b) (inlet from the bottom), a visible jet can be observed at the bottom of the cavity; 
here, an eddy at the upper region can also be observed. Contrarily, in the configurations 
with an inlet from above, the jet is formed at the top, whereas the eddy occurs at the 
bottom region. Additionally, in configurations (a) and (c) (either both inlet and outlet from 
above or below), there is a primary air current with high speed. In configuration (a), the 
current goes up and down the cavity, generating several eddies at the upper and bottom 
sides opposite to the main flow. Contrarily, in configurations (b) and (d), which have inlet 
and outlet in opposite positions on the y-axis, a large eddy is formed near the cavity inlet, 
observing a larger eddy in configuration (b) that moves towards the exit in a disorderly 
manner. Moreover, the largest speed occurs at the elbow of the collector, having higher 
speeds in the configurations with a bottom outlet. 

One reason that explains a disordered and asymmetric flow is because of the collector 
tilt (see Figure 1). In addition, the pressure increase justifies the phenomenon of the 
sudden air contraction caused by the elbow area reduction. Furthermore, a higher mass 
flow influences the amplitude and turbulence of the eddies found in the first section of 
the cavity. 

  
(a) (b) 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 13 of 24 
 

  
(c) (d) 

Figure 5. Streamlines at the collector cross-section with air mass flow 2: 0.02 kg/s. (a) Down–Down; 
(b) Down–Up; (c) Up–Up; (d) Up–Down. 

3.2. Thermal Behavior 
Figures 6 and 7 show the temperature fields of the four analyzed configurations. In 

Figure 6, for flow 1, it is observed that there is an extended region at low temperatures for 
all configurations in the cavity inlet, which is related to the air inlet in the form of a jet 
described in Figure 4. In all configurations, a region with low temperature is generated 
related to the jet of cold air that enters the cavity. For the configurations with an inlet from 
the bottom, the zone is located in the upper left corner. This is due to the presence of the 
primary eddies observed in the hydrodynamic behavior of the fluid (Figures 4 and 5). In 
configurations with a top inlet, the area is also extended towards the middle of the cavity, 
which is related to less turbulence in the movement of the fluid. 

When the air enters from above, a zone of hot air is generated in the region near the 
entrance and another near the exit, while configurations with a bottom inlet have a heat 
recovery since the air enters the cavity. 

For all configurations, the region with the highest temperature is located in the 
proximity of the receiver, and it is related to the heat generation on the receiver plate. 
Consequently, in the final part of the duct, there is another region with high temperatures. 
High temperatures are highly desirable since heat is extracted from the plate to the 
working fluid. 

  
(a) (b) 

Figure 5. Streamlines at the collector cross-section with air mass flow 2: 0.02 kg/s. (a) Down–Down;
(b) Down–Up; (c) Up–Up; (d) Up–Down.

In Figure 5, a similar behavior to the one described for flow 1 is shown for flow 2 (0.02
kg/s), where a sudden expansion of air near the inlets occurs. For configurations (a) and
(b) (inlet from the bottom), a visible jet can be observed at the bottom of the cavity; here,
an eddy at the upper region can also be observed. Contrarily, in the configurations with
an inlet from above, the jet is formed at the top, whereas the eddy occurs at the bottom
region. Additionally, in configurations (a) and (c) (either both inlet and outlet from above
or below), there is a primary air current with high speed. In configuration (a), the current
goes up and down the cavity, generating several eddies at the upper and bottom sides
opposite to the main flow. Contrarily, in configurations (b) and (d), which have inlet and
outlet in opposite positions on the y-axis, a large eddy is formed near the cavity inlet,
observing a larger eddy in configuration (b) that moves towards the exit in a disorderly
manner. Moreover, the largest speed occurs at the elbow of the collector, having higher
speeds in the configurations with a bottom outlet.

One reason that explains a disordered and asymmetric flow is because of the collector
tilt (see Figure 1). In addition, the pressure increase justifies the phenomenon of the
sudden air contraction caused by the elbow area reduction. Furthermore, a higher mass
flow influences the amplitude and turbulence of the eddies found in the first section of
the cavity.

3.2. Thermal Behavior

Figures 6 and 7 show the temperature fields of the four analyzed configurations. In
Figure 6, for flow 1, it is observed that there is an extended region at low temperatures
for all configurations in the cavity inlet, which is related to the air inlet in the form of a jet
described in Figure 4. In all configurations, a region with low temperature is generated
related to the jet of cold air that enters the cavity. For the configurations with an inlet from
the bottom, the zone is located in the upper left corner. This is due to the presence of the
primary eddies observed in the hydrodynamic behavior of the fluid (Figures 4 and 5). In
configurations with a top inlet, the area is also extended towards the middle of the cavity,
which is related to less turbulence in the movement of the fluid.



Appl. Sci. 2022, 12, 12199 13 of 24

Appl. Sci. 2022, 12, x FOR PEER REVIEW 13 of 24 
 

  
(c) (d) 

Figure 5. Streamlines at the collector cross-section with air mass flow 2: 0.02 kg/s. (a) Down–Down; 
(b) Down–Up; (c) Up–Up; (d) Up–Down. 

3.2. Thermal Behavior 
Figures 6 and 7 show the temperature fields of the four analyzed configurations. In 

Figure 6, for flow 1, it is observed that there is an extended region at low temperatures for 
all configurations in the cavity inlet, which is related to the air inlet in the form of a jet 
described in Figure 4. In all configurations, a region with low temperature is generated 
related to the jet of cold air that enters the cavity. For the configurations with an inlet from 
the bottom, the zone is located in the upper left corner. This is due to the presence of the 
primary eddies observed in the hydrodynamic behavior of the fluid (Figures 4 and 5). In 
configurations with a top inlet, the area is also extended towards the middle of the cavity, 
which is related to less turbulence in the movement of the fluid. 

When the air enters from above, a zone of hot air is generated in the region near the 
entrance and another near the exit, while configurations with a bottom inlet have a heat 
recovery since the air enters the cavity. 

For all configurations, the region with the highest temperature is located in the 
proximity of the receiver, and it is related to the heat generation on the receiver plate. 
Consequently, in the final part of the duct, there is another region with high temperatures. 
High temperatures are highly desirable since heat is extracted from the plate to the 
working fluid. 

  
(a) (b) 

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 24 
 

  
(c) (d) 

Figure 6. Air temperature fields at the collector cross-section with air mass flow 1: 0.01 kg/s. (a) 
Down–Down; (b) Down–Up; (c) Up–Up; (d) Up–Down. 

In Figure 7 (flow 2: 0.02 kg/s), the temperatures are lower than the ones observed in 
flow 1 (0.01 kg/s). In the four configurations, the temperature fields are highly dependent 
on the movement of the fluid in the cavity. The phenomena that drive the low 
temperatures in the section near the cavity inlet are the presence of a cold air jet from the 
inlet air and the consequent formation of eddies throughout the cavity. In the 
configurations with an inlet from below (a and b), there is another circumstance that 
causes the low temperatures, and it is due to the formation of the main eddy in the upper 
part of the cavity that promotes the stagnation of cold air in this section. Similar to the 
behavior described for temperatures of flow 1, for flow 2, the highest temperatures are 
always found in the regions neighboring the receiving duct. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Air temperature fields at the collector cross-section with air mass flow 2: 0.02 kg/s. (a) 
Down–Down; (b) Down–Up; (c) Up–Up; (d) Up–Down. 

Figures 8 and 9 show the four configurations of the flat plate receiver temperature 
contours at flow 1 (0.01 kg/s) and flow 2 (0.02 kg/s), respectively. 

Figure 6. Air temperature fields at the collector cross-section with air mass flow 1: 0.01 kg/s.
(a) Down–Down; (b) Down–Up; (c) Up–Up; (d) Up–Down.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 24 
 

  
(c) (d) 

Figure 6. Air temperature fields at the collector cross-section with air mass flow 1: 0.01 kg/s. (a) 
Down–Down; (b) Down–Up; (c) Up–Up; (d) Up–Down. 

In Figure 7 (flow 2: 0.02 kg/s), the temperatures are lower than the ones observed in 
flow 1 (0.01 kg/s). In the four configurations, the temperature fields are highly dependent 
on the movement of the fluid in the cavity. The phenomena that drive the low 
temperatures in the section near the cavity inlet are the presence of a cold air jet from the 
inlet air and the consequent formation of eddies throughout the cavity. In the 
configurations with an inlet from below (a and b), there is another circumstance that 
causes the low temperatures, and it is due to the formation of the main eddy in the upper 
part of the cavity that promotes the stagnation of cold air in this section. Similar to the 
behavior described for temperatures of flow 1, for flow 2, the highest temperatures are 
always found in the regions neighboring the receiving duct. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Air temperature fields at the collector cross-section with air mass flow 2: 0.02 kg/s. (a) 
Down–Down; (b) Down–Up; (c) Up–Up; (d) Up–Down. 

Figures 8 and 9 show the four configurations of the flat plate receiver temperature 
contours at flow 1 (0.01 kg/s) and flow 2 (0.02 kg/s), respectively. 
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When the air enters from above, a zone of hot air is generated in the region near the
entrance and another near the exit, while configurations with a bottom inlet have a heat
recovery since the air enters the cavity.
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For all configurations, the region with the highest temperature is located in the proxim-
ity of the receiver, and it is related to the heat generation on the receiver plate. Consequently,
in the final part of the duct, there is another region with high temperatures. High tempera-
tures are highly desirable since heat is extracted from the plate to the working fluid.

In Figure 7 (flow 2: 0.02 kg/s), the temperatures are lower than the ones observed in
flow 1 (0.01 kg/s). In the four configurations, the temperature fields are highly dependent
on the movement of the fluid in the cavity. The phenomena that drive the low temperatures
in the section near the cavity inlet are the presence of a cold air jet from the inlet air and the
consequent formation of eddies throughout the cavity. In the configurations with an inlet
from below (a and b), there is another circumstance that causes the low temperatures, and
it is due to the formation of the main eddy in the upper part of the cavity that promotes the
stagnation of cold air in this section. Similar to the behavior described for temperatures of
flow 1, for flow 2, the highest temperatures are always found in the regions neighboring
the receiving duct.

Figures 8 and 9 show the four configurations of the flat plate receiver temperature
contours at flow 1 (0.01 kg/s) and flow 2 (0.02 kg/s), respectively.
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Figure 8 (flow 1: 0.01 kg/s) shows that when the air enters from below (configurations a
and b), it removes heat from the first part of the receiver since it enters the cavity. In contrast,
when the air enters from above (configurations c and d), the zones with lower temperatures
are displaced from around positions z = 0.30 m to z = 0.65 m. The displacement of the
presence of the lower temperature zones is a direct consequence of the formation of the main
eddy, which helps to remove heat from the receiver. On the other hand, in configuration
(a) Down–Down, a higher temperature of around 370 K is observed, indicating that the
heat would not be uniformly removed in the first pass. This high-temperature zone is
explained by contrasting with the hydrodynamic behavior observed in Figure 4, since when
the air enters from the bottom, it heats up when it comes into contact with the receiver
and rises, then continues its movement mainly through the upper part and then descend
when looking for the exit that is in the lower part of the cavity. In contrast, configurations
(b), (c), and (d) have a medium–high temperature zone in the center of the receiver. When
the air leaves the collector cavity (z = 2.0 m), low-temperature zones are generated in the
configurations with an outlet from below (configurations (a) and (d)).

In contrast, in configurations (c) and (d), the existence of two zones of low and
medium–high temperature indicates that although heat removal is heterogeneous, energy
is recovered in the zone between z = 0.30 m and z = 0.8 m, which is related to the presence
of a large eddy in the inlet zone surroundings. In configuration (b), two low-temperature
zones are observed at the inlet and outlet of the collector and a medium–high temperature
zone in the center.

In Figure 9, similar temperatures but lesser magnitude can be observed, correspond-
ing to the prevalence of high velocities due to the application of a large mass flow rate
(0.02 kg/s). Low-temperature regions are observed near the inlets in the receiver plates
of configurations (a) and (b), where the inlet is from below. Configurations (a) and (d),
with outlets from below, have low-temperature regions near the outlets meaning that heat
removal mainly occurs in those sections. On the other hand, configurations (a) and (b) have
a sizeable high-temperature area in their central zone, noting that this area comprises most
of the receiver plate extension. For configuration (c), a zone from z = 0.2 m to z = 1.0 m
with lower temperatures is observed, and even though its outlet is from above; it also has a
small region with low temperatures near the exit. Contrastingly, configuration (d) has most
of its receiver flat-plate with high temperatures, except for its final part (around z = 1.7 m
to z = 2.0 m). Still, it is essential to note that the high temperatures observed for the receiver
plates of Figure 9 (around 345 K) are of lesser magnitude than those observed in Figure 8
(around 370 K), and thus higher heat removal was accomplished with the application of
flow 2 (0.02 kg/s).

Table 5 shows the average temperatures in the flat plate receiver (Tp,avg) for both
airflow rates. The highest temperature, as expected, is obtained with flow 1, 362.2 K with
configuration (a); the lowest is obtained with flow 2, with configuration (c), of 338.5 K. The
flat-plate temperature differences between flows 1 and 2 are greater than 19.7 K.

Table 5. Mean temperatures in the flat plate receiver of the U-shape double-pass CPC.

Mean Temperature, Tp,avg (K)

Configuration Flow 1: 0.01 kg/s Flow 2: 0.02 kg/s

(a) Down–Down 362.17 340.77

(b) Down–Up 360.83 341.08

(c) Up–Up 362.03 338.51

(d) Up–Down 359.92 340.00
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Figure 10 displays the first and second pass air temperature profiles for the four
analyzed configurations. The blue line represents the air temperature profile in the first
pass, and the red line is the profile of the second pass. In addition, the scale of the horizontal
axis of the graphs (z-position) is inverted to facilitate the interpretation of the results since
it allows visualizing the air outlet of the collector on the far right.
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In the first pass for the configurations with the inlet from the bottom, (a) Down–Down
and (b) Down–Up, the temperature profile has a slight increase near the entrance (z = 0.1 m),
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then it continues to increase until near the end of the cavity (z = 1.9 m) where it has another
sharp increase. In the configurations that have an entrance to the cavity from the top,
(c) Up–Up and (d) Up–Down, it is observed that in the first pass, there is a sudden increase
in temperature in the section close to the entrance of the cavity (z = 0.1 m). In addition,
all the temperature profiles are smooth for both flow rates; nevertheless, the temperature
profiles have a less pronounced slope for configurations (a), (c), and (d).

Furthermore, in the second pass of all configurations, the temperature profile is smooth,
with a sustained increase in temperature, reaching similar outlet temperatures of 327 K for
flow 1 and 313 K for flow 2.

In the second pass for all the studied configurations, the temperature profile steadily
increases from z = 2.0 m to z = 0.0 m, where it is observed that the temperature profiles
are smooth for both flow rates. The differences in the behavior among the configurations
in the second pass are only slight differences in the temperatures at the inlet and outlet,
where the lowest inlet temperature is found in configuration (c) Up–Up, and the highest in
(a) Down–Down.

On the other hand, the configurations that have an outlet from above, (b) Down–Up
and (c) Up–Up, present a higher temperature at the outlet end of the cavity (end of the first
pass) than at the entrance to the duct (beginning of the second pass). The phenomenon is
caused by stratification in the cavity, so the air enters the connecting elbow at a temperature
lower than that shown in Figure 10 (See Table 6). This occurs with both flows but is more
significant with 0.01 kg/s due to the greater air stagnation in the cavity.

Table 6. Air temperatures in the elbow inlet and outlet of the U-shape double-pass CPC.

Flow 1: 0.01 kg/s Flow 2: 0.02 kg/s

Configuration Telb,in (K) Telb,out (K) Telb,in (K) Telb,out (K)

(a) Down–Down 308.7 311.0 303.2 304.9

(b) Down–UP 309.7 310.5 303.8 304.1

(c) Up–Up 308.2 308.5 303.5 304.0

(d) Up–Down 307.8 309.8 302.9 304.4

Table 6 shows the elbow inlet and outlet temperatures for both air flow rates. The
presented elbow inlet temperature refers to the average temperature at the outlet of the
cavity (z = 2.0 m) in positions y = 0.1255 m to y = 0.1645 m, where the height of the elbow is
0.036 m. As expected, the temperatures corresponding to flow 1 (0.01 kg/s) are higher than
flow 2 (0.02 kg/s). Therefore, all the air temperatures at the elbow inlet are lower than the
air temperatures at the outlet of the cavity z = 2.0 m. On the other hand, the elbow outlet
air temperatures and the duct inlet air temperatures are the same.

Figure 11 shows the heat transfer coefficients (HTCp-cav) in the cavity for both air flow
rates. As expected, the coefficients are lower when the airflow is lower and higher when
the air flow rate is higher. Configurations with an inlet from below ((a) and (b)) have a
high coefficient at the entry, which decreases to subsequently increase until it reaches a
maximum near the outlet for configuration (a) and at the outlet (z = 2.0 m) for configuration
(b). It is also noted that configuration (a) has a sharp increase and then a decrease from z
= 0.2 m to z = 0.8 m, which is caused by the rise of the jet until it reaches the cover (see
Figures 4a and 5a). In contrast, configurations with an inlet from the top (c and d) have
an increase in the HTCp-cav in the region near the entry; then, it sharply declines to later
gradually increase towards the region near the outlet where it reaches its maximum value.
For example, the maximum HTCp-cav values with flow 1 are 15.0 W/(m2 K), 15.8 W/(m2 K),
16.0 W/(m2 K), and 15.9 W/(m2 K), while for flow 2 of 24.4 W/(m2 K), 22.3 W/(m2 K),
21.9 W/(m2 K), and 25.0 W/(m2 K), for configurations (a), (b), (c) and (d).
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In configurations where the air enters from the top ((c) and (d)), there is a high HTCp-cav
at z = 0.1 m; nevertheless, all configurations have the maximum HTCp-cav in the region
near the outlet. The above observations indicate that the HTC p-cav maximums correspond
to the presence of the eddies produced by the sudden expansion at the inlet. While in the
region near the outlet, there are also high HTCp-cav at z = 2.0 m in configuration (b), but in
configurations (a), (c), and (d), it occurs around z = 1.8 m to z = 1.9 m. For configurations
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(c) and (d), this occurs because the fluid becomes turbulent in the final region of the cavity
as air is forced out of the manifold elbow.

Table 7 shows the pressure drop in each configuration for the two mass flow rates. First,
the highest pressure drop is seen in the bottom outlet configurations (a and d). Moreover,
the pressure drop increases three to four times with the highest air flow rate.

Table 7. Pressure drop in the system.

Pressure Drop (Pa)

Configuration Flow 1: 0.01 kg/s Flow 2: 0.02 kg/s

(a) Down–Down 10.97 36.85

(b) Down–Up 9.01 31.31

(c) Up–Up 8.84 31.33

(d) Up–Down 10.70 37.58

3.3. Efficiency

Table 8 shows the temperature increments in the first and second passes and the
outlet temperature for each configuration. The temperature increase resulting from the first
pass (∆Tps1) and the second pass (∆Tps2) are more significant with flow 1. Moreover, for
each flow, the U-shape double-pass CPC collector outlet temperature (Tps2,out) of all the
configurations is very similar, with differences between 0.7 K and less.

Table 8. U-shape double-pass CPC temperature increments and outlet temperature (Tf1,in = 298.15 K).

Flow 1: 0.01 kg/s Flow 2: 0.02 kg/s

Configuration ∆Tps1 (K) ∆Tps2 (K) Tps2,out (K) ∆Tps1 (K) ∆Tps2 (K) Tps2,out (K)

(a) Down–Down 12.84 16.10 327.09 6.74 8.33 313.22

(b) Down–Up 12.31 15.90 326.36 5.98 8.99 313.12

(c) Up–Up 10.30 17.94 326.39 5.87 8.54 312.57

(d) Up–Down 11.62 16.60 326.37 6.29 8.66 313.10

Table 9 shows the contribution of the first pass (cavity) and second pass (receiver duct)
to the useful energy gain inside the U-shape double-pass CPC collector and the efficiency
for each configuration applying Equations (16) and (17). For instance, in configurations (a)
and (b), between 40% and 45% of the total heat is extracted in the first pass with both flows.
While in configurations (c) and (d), the heat recovery depends on the operating flow and is
between 36% and 42% in the first pass.

Moreover, the efficiencies are higher with flow 2 due to the better heat transfer and
lower heat losses to the ambient. In addition, it is observed that configuration (a) Down–
Down is the most efficient, while configuration (c) Up–Up provides the lower efficiency of
the cases analyzed at flow 2.

Configuration (a) has the highest efficiency because the air flows predominantly
through the bottom section of the cavity, which is closest to the receiver plate. This surface
has the highest temperature, thus is where heat recovery is desired. In addition, as the
air descends, the final part of the cavity recovers heat since the fluid is forced to exit from
the bottom.
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Table 9. U-shape double-pass CPC useful energy gain percentage and thermal efficiency
(Tf1,in = 298.15 K).

Flow 1: 0.01 kg/s Flow 2: 0.02 kg/s

Configuration Qu,ps1 (%) Qu,ps2 (%) η (%) Qu,ps1 (%) Qu,ps2 (%) η (%)

(a) Down–Down 44.37 55.63 77.31 44.75 55.25 80.52

(b) Down–Up 43.64 56.36 75.37 39.93 60.07 80.01

(c) Up–Up 36.47 63.53 75.44 40.75 59.25 77.02

(d) Up–Down 41.18 58.82 75.40 42.09 57.91 79.88

4. Conclusions

This work investigates a compound parabolic concentrator (CPC) design for air heating
with a double U-pass configuration. The double pass is incorporated to recover part of the
heat lost by the flat plate receiver inside the CPC cavity. Overall, four configurations have
been studied, and they are differentiated by the position of the air inlet into the cavity and
the position of the air outlet of the cavity towards the receiving duct that constitutes the
second pass of the collector.

In general, adding the first pass through the CPC cavity significantly increases the air
temperature. Hence, by making the air circulate first through the CPC cavity, instead of a
conventional manner where it only circulates through the duct, an increase in temperature
is accomplished before entering the receiving duct. As a result, an average increase in air
temperature of 11.8 K at a mass flow rate of 0.01 kg/s and 6.2 K at a mass flow rate of
0.02 kg/s was achieved. This represents a minimum temperature rise of 36% (0.01 kg/s)
and 40% (0.02 kg/s) when only the first pass is used.

In addition, the analysis showed that the positions of the air inlet and outlet in the
cavity do not influence the outlet temperature of the U-shape double pass CPC solar heater
due to an efficiency difference of up to 3.5% being achieved. The Down–Down configuration
is the one that provides slight outlet temperature and thermal efficiency increases. With this
configuration, an air temperature increase from the U-shape double-pass CPC inlet to the
outlet of 28.9 K and an efficiency of 77.3% are obtained when the airflow rate is 0.01 kg/s,
and 15.1 K and 80.5% when the flow rate is 0.02 kg/s. This is because the air heated in
the cavity is transported more effectively, as it is a more homogeneous flow and the heat
transfer coefficient in the flat-plate receiver is high.

The first pass allows an extraction between 36% and 45% of the total heat, justifying
its inclusion into the solar collector. Although configuration (a) Down–Down presents a
slightly higher efficiency with both studied flows, the difference between the values of
configurations (b), (c), and (d) seems irrelevant. Therefore, the decision of the configuration
should be based on other aspects such as the manufacture of the collector, air pumping
requirements, and the design of the collectors’ array, which are highly dependent on the
application conditions and needs.

In the case of the (a) Down–Down configuration, including elements that restrict air
circulation from the cavity to the area near the flat-plate receiver could be explored to
encourage contact with the hot surface. Strategies to accomplish this are to add a second
cover close to the receiver inside the cavity or to increase the truncation of the collector
reflectors. Finally, the structural design and financial analysis remain as future work to
determine the potential application of this technology.
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Nomenclature

<n> Average reflections number, dimensionless
A Area, m2

C Constant
Cp Specific heat, J/(kg K)
Dh Hydraulic diameter, m
E Relaminarization source
F Empirical correlation of length of the transition region, m
→
F Force vector, N
→
g Gravitational acceleration, m/s2

Gk Generation of turbulence kinetic energy due to mean velocity gradients, J/kg
Gw Generation of specific dissipation rate, 1/s
h Height, m
h′ Species enthalpy, J/kg
I Solar irradiance, W/m2

J Mass flux, kg/m2

k Turbulent kinetic energy, J
L Length, m
ṁ Mass flow rate, kg/s
Nu Nusselt number, dimensionless
P Pressure, Pa
Pg Gap loss factor, dimensionless
q Heat generation, W/m3

Qu Useful heat gain, W
Re Reynolds number, dimensionless
S Strain rate magnitude
t Time, s
T Temperature, K
u Velocity magnitude, m/s
U Local velocity, m/s
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uT Friction velocity, m/s
V Free-stream speed, m/s
v Wind velocity above cover, m/s
w Width, m
x Velocity field coordinate
y Wall-normal distance, m
Y Destruction term of SST turbulence model, m2/s3

y+ Dimensionless distance in wall coordinates
Greek letters
α Absorptance, dimensionless
γ Intermittency
Γ Effective diffusivity, dimensionless
ε Emittance, dimensionless
η Thermal efficiency, dimensionless
µ Molecular viscosity of air, kg/(m s)
ρ Air density, kg/m3

ρ Reflectance, dimensionless
τ Transmittance, dimensionless
=
τ Stress tensor, Pa
υ Eddy viscosity, m2/s
Ω Vorticity magnitude, 1/s
Subscripts
a Ambient
a1, a2 Turbulence damping constants
ap Aperture
avg Average
b Bottom duct
c Cover
cav Cavity
collector Collector
duct Duct
elb Elbow
e1, e2 Dissipation
h Hydrodynamic
i, j Orthogonal coordinate
in Inlet
k Turbulence kinetic energy
length Length
out Outlet
p Flat plate receiver
ps1 Pass 1 (Through the cavity)
ps2 Pass 2 (Through the duct)
r Reflectors
s Sky
turb Turbulent
γ1, γ2 Intermittence
Acronyms
CFD Computational fluid dynamics
CPC Compound parabolic concentrator
EPS Expanded polystyrene
ETFE Ethylene tetrafluoroethylene (fluorine-based plastic)
HTC Heat transfer coefficient, W/(m2 K)
PV/T Photovoltaic/Thermal
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