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Abstract: Passive solar systems are one of most important strategies to reduce the heating loads of
buildings. The Trombe–Michel (TM) wall and its variants are some of the better-known structures in
the field of solar systems. An alternative to the TM wall is the Barra–Costantini (BC) system. In the
present paper, CFD numerical simulations, both in steady and transient states, of modified BC and
TM walls were carried out in the winter season. Different interspace thicknesses were simulated in
order to evaluate their effects on the temperature field and air velocity, and the numerical results were
compared among them. It was found that the BC system offers greater hot air flow compared with
the TM wall; the mass flow rate increased up to 43% in the BC system and up 28% in the TM system
when the interlayer thickness was increased by 500%. The transient simulations (100 h simulated)
demonstrated that the dynamic response of the BC wall was shorter than that of the TM wall, even
when the TM wall was simulated with initial thermal conditions that were more advantageous than
those for the BC wall. The BC system reached a periodic stabilized regime within 24 h, whereas the
TM system failed to stabilize in 100 h. The results show that for both TM and BC structures, the
interlayer thickness scarcely influenced the temperature of the environment reached (the temperature
peak increased up to 3–4% as the interlayer thickness was increased by 500%), while larger air speed
changes were observed in the BC system in the transient state compared with the TM system. Thus,
in the TM system, the outlet air velocity was practically constant as the interlayer thickness was
increased; in contrast, the outlet velocity peak increased up to 50% in the BC system. Moreover, the
BC wall presented a quicker response to satisfy the ambient thermal loads.

Keywords: energy efficiency; Barra–Costantini wall; Trombe–Michel wall; passive solar system

1. Introduction

Energy consumption in buildings accounts for 30–40% of the total world energy con-
sumption [1]. With the enhancement of the energy efficiency of buildings, it is possible to
maintain the same comfort conditions using fewer resources, which is of primary impor-
tance in terms of environmental sustainability and fighting global warming. To achieve
these objectives, various strategies have been implemented. In recent years, the use of re-
newable energy in buildings, such as solar energy, geothermal energy, and wind energy, has
helped to reduce the use of fossil fuels. Other techniques are used to reduce the energy load
required by buildings, such as the application of thermal coats (e.g., the plants described
in [2]), the construction of massive walls, and the application of phase-change materials
(PCMs) positioned in strategic areas of the wall [3]. Passive solar systems are another
solution to reducing the energy load in buildings, and these systems function by exploiting
solar radiation to heat buildings [4]. Passive systems can be integrated with photovoltaic
modules to obtain a multi-purpose system [5–7]. Among these passive systems, the best-
known and most analyzed realization is the TM wall, first proposed by Felix Trombe and
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Jacques Michel in the 1960s. The principle of the TM wall, in its winter operation, is to
accumulate heat from solar radiation and transfer it to the internal environment [8]. The
system consists of a layer of glass, an interspace region (a cavity), and a massive wall.
The heat stored in the massive wall during the sunny hours guarantees internal comfort
even at night. In fact, solar radiation crosses the glass and is absorbed by the massive
wall surface (usually blackened to increase the absorption). This solar energy is converted
into thermal energy, transferred by conduction through the wall, and transferred finally to
the environment by convection and radiation. The thermal capacity of the massive wall
produces delayed heating, so the environment can be heated even during the night [9]. To
achieve this, the heat stored in the massive wall heats the air present in the cavity interlayer,
and the vents located in the lower and upper parts of the wall promote convective circula-
tion that involves the entire environment. The hot air flows into the environment through
the upper vents and replaces the cold air exiting from the lower vents. During daylight
hours, heating of the environment is mainly achieved by air circulation, while at night, the
thermal delay produced by the massive wall contributes to heating. The TM wall, in its
basic version, has several advantages: ease of design, lower cost, and zero operating costs.
But it has drawbacks also: it has a low thermal resistance, an inverse thermosiphon effect,
and an unsightly appearance [10]. In the scientific literature, several variations of the basic
configuration of the TM wall can be found, such as the composite TM wall (TM–Michel
wall), water TM wall, zigzag TM wall, solar transwall, fluidized TM, photovoltaic TM, and
TM wall with PCM [11].

The BC system is one among the many variants of the TM wall. This system was born
in Italy in the 1970s and can be seen as a very efficient modification of the TM system [12].
The BC system consists of a glass layer, a cavity, a massive wall, and, different from the
TM wall, an absorber (a thin blackened metal plate) placed in the cavity. The operating
principle of the BC system is similar to that of the TM system. In the BC system, the
relatively low heat capacity of the metal absorber increases the heating speed of the internal
air. In addition, the massive wall is covered with a layer of insulation on the south side,
the side which interfaces with the cavity, so a further higher heat transfer to the cavity
is obtained.

Overall, the heat storage of the massive wall in the BC system presents slower dynam-
ics and lower temperature peaks in comparison with the TM system.

In [13], the authors evaluated the thermal performance of a TM wall with a venetian
blind simulated through CFD modelling, with the goal of calculating the induced airflow
and the heat transferred. They analyzed the effects of varying several parameters, such as
the position and deflection angle of the venetian blind.

An up-to-date and comprehensive overview [14] reports a summary of the recent
developments, which include the insertion of latent heat storage components. As a result
of the stored energy, these systems turn out to be particularly efficient devices.

In [15], numerical simulations were carried out to analyze the energy performance of
TM walls in different Mediterranean climates; the effect of parameters such as the thermal
mass, vent dimensions, and channel width were evaluated in transient-regime simulations.

In [16], the authors numerically studied the effect of fins on the performance of a TM
system. The insertion of fins in the interlayer allows both higher outlet temperatures and
efficiency, especially as the height of the fins increases.

The above-mentioned review indicates the different approaches used to study the be-
havior of passive systems, such as experimental [17], analytical [18], electrical analogy [19],
or numerical [20–22]. However, the numerical approach to the parametric study of these
kinds of problems is more convenient and is predominantly adopted. In contrast, the
construction of laboratory models turns out to be more difficult and expensive. Analytical
calculations are easily solved for simple configurations, but they cannot evaluate the tem-
perature, velocity, or pressure fields in complex structures. Thus, the numerical procedure
becomes preferable for broad studies involving more parameter changes or when large
numbers of experiments must be carried out.



Energies 2024, 17, 295 3 of 17

Different types of numerical simulations can be used. A complete description of the
wall geometry and structure can only be conducted through 3D simulations [23–26], but
some simpler assumptions can be introduced, such as 2D geometries [27–29] or stand-alone
models [30,31]. As a consequence, these simplified models require less computer time and
costs [32].

Thus, in the present paper, 2D and stand-alone numerical simulations of a modified
BC system in the winter season were carried out, and the results were compared with a
traditional TM wall. Both steady-state and transient conditions were studied. The dynamic
simulations covered a time of five days, so it was estimated how the periodic stationary
regime during the progression of cycles evolves. Among all the system parameters, special
attention was given to the cavity wideness (ranging from 10 cm to 50 cm), because it
generally influences the temperature field, air velocity, and thermal efficiency. This is
the reason why the present study was carried out to specifically test the influence of the
interlayer thickness on the most meaningful parameters determining the behavior of the
solar system, i.e., the mass flow rate and temperature of the mass flow rate introduced in
ambient conditions.

Many numerical CFD analyses of TM solar systems in stabilized periodic regimes are
present in the literature, but analogue calculations in the transient state are missing.

Also, studies on BC systems are lacking, both theoretical and experimental. Steady-
state analyses are clearly sufficient to give evidence for the differences between the classic
TM system and the BC variant, but these simulations cannot determine how much time the
passive solar system takes to becomes stabilized. So, transient simulations are especially
suited to compare the dynamics of a classical TM system with the BC variant. In fact,
in the BC system, the absorber and the massive wall insulation are specially added to
reduce the transient duration. The quantification of such effects is solely the purpose of the
dynamic simulations.

2. Materials and Methods
2.1. Steady State

Two structures were simulated in the steady-state regime with a stand-alone method:
a modified BC system (Figure 1) and a traditional TM wall (Figure 2). The BC system
in its basic version includes an upper channel that runs through the whole environment
that requires heating. The present analysis did not include this channel, because in the
stand-alone method, only the wall was considered, neglecting the remaining environment.
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Figure 2. TM wall structure (sizes are in cm).

The TM wall consists of glass, a cavity, and a massive wall. In the modified BC system,
a 2 mm thick blackened aluminum sheet is inserted in the center of the layer to increase the
absorption of solar radiation. The massive wall (2.71 m high and 0.33 m thick) presents an
8 cm thick layer of insulation on its south side facing the cavity. The inlet and outlet vents
are 14.5 cm wide. The following interlayer thicknesses were chosen as the model’s variable
parameter: 10, 12, 16, 20, 22.5, 25, 30, 40, and 50 cm. The results of these structures were
compared with those obtained with the traditional TM wall with the same dimensions.

2.2. Transient State

Also, in transient conditions, 2D simulations of a modified BC system and a traditional
TM wall were carried out. In this case, the entire environment to heat was considered, i.e.,
a room that was 4.4 m long and 3 m high. The thicknesses of the floor and ceiling were
0.25 m, the north wall was 0.3 m thick, and the massive wall was 0.4 m thick and 2.6 m
high. Among all the thicknesses simulated in the steady-state conditions, only three were
applied in the transient state: 0.1, 0.2, and 0.5 m. In fact, the steady-state simulations already
demonstrated that the thickness of the cavity did not significantly influence the computed
quantities of interest (i.e., temperature). The width of the air inlet and outlet vents was 0.2
m, and the thickness of the aluminum absorbing sheet was 2 mm. Figures 3 and 4 show
the TM and BC structures, respectively.
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Figure 4. Modified BC wall simulated in transient state.

3. Numerical Methods

The equations of the model describing the TM and BC walls and the behavior of the
environment are reported in Appendix A.1, and the turbulence model used is shown in
Appendix A.2.

3.1. Computational Domain

The computational domain was discretized, keeping into account the need to compute
the boundary layer without a wall function, as required by the k-ω SST turbulence model
(par. A.2). Given the first cell height, the rest of the domain was discretized by means of a
structured grid, with a growth rate of 1.1, a skewness below 0.6, and an aspect ratio below
5, with the thickness of the first mesh element that leads to y+ near 1 being close to the wall.

As regards to the temporal discretization, the use of a semi-implicit method does not
require the Courant number to be kept below unity; therefore, another procedure was used
to evaluate the time step size.

The solution was initialized with gravity acceleration set to 0.00981 m/s2, correspond-
ing to a Rayleigh number of 0.8·107 indicative of a laminar flow regime. Then, steady-state
conditions were simulated, and the time constant was estimated from the solution of the
following [33]:

τ∗ =
L
U

∼ L2

α
(Pr · Ra)−1/2 =

L√
gβ ∆T L

(1)

where L and U are the length and velocity scales, respectively. The time step adopted was
calculated from the following initial value:

∆t =
τ∗

4
∼ 0.5 s (2)

which was then increased until the solver reached convergence in 100 iterations per time
step. So, ∆t = 5 s was obtained.

3.2. Steady-State Simulations

The structures shown in Section 2.1 were simulated in steady-state conditions during
the winter season using the commercial software ANSYS 15.0. This software provides the
tools necessary for the different phases of the numerical analysis: geometry description,
mesh generation (ICEM), and solver (Fluent). The simulated structures had a 2D geometry,
discretized with a structured mesh made of quadrangular elements. The growth ratio of
the mesh was set at 1.1. Figure 5 shows the details of the mesh.
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Figure 5. Details of the mesh of the modified BC structure simulated in steady-state conditions:
(a) entire wall structure; (b) sample of a corner.

The choice of the k-ω SST model was made due to its superiority with respect to other
models, especially in terms of concerns regarding numerical stability. Furthermore, it was
not damped in the region near the wall, resulting in a heat transfer between the air and the
solid surface that was not numerically affected by the boundary layer (laminar sub-layer),
which was computed using the wall function.

The boundary conditions for the modified BC structure were as follows: ∂T
∂xj

∣∣∣
x=D

= 0

on the massive wall (adiabaticity); T = 288 K in x = 0 (glass temperature); heat power
generation per unit volume inside the absorber to simulate the solar radiation equal to
...
q = 75,000 W/m3 for BC and

..
q = 150 W/m2 applied in x = D; and inlet air temperature of

293 K.
The boundary conditions of the TM wall were assumed to be the same as the BC

system. Table 1 shows the thermophysical properties of the materials used for both the
steady- and transient-state conditions. The steady-state conditions used only the first two
rows of the list in Table 1.

Table 1. Thermophysical properties of materials.

Density
kg/m3

Thermal Conductivity
W/(m K)

Specific Heat
J/(kg K)

Air 1.225 0.0242 1006
Aluminum absorber 2719 202.4 871

Concrete 1800 1.6 880
Hollow bricks 850 0.251 1000

Glass 2500 0.8 670

3.3. Transient-State Simulations

The dynamic behavior of the structures was simulated over five consecutive winter
days. Again, ANSYS 15.0 was used for these simulations. Two-dimensional geometry and
the mesh growth ratio were set to be the same as in the steady-state simulation. Figure 6
shows the geometry and the relative mesh.
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Figure 6. Geometry and mesh of the modified BC system used to simulate the transient-state conditions.

The solar radiation intensity was obtained from the direct normal irradiation values
in the city of Rome. To calculate the effective irradiation on the glass surface, the direct
radiation was multiplied by the cosine of the solar height, as supplied by the website www.
sunearthtools.com. Figure 7 shows the direct solar intensity and the effective irradiation
during the simulated hours, while Figure 8 shows the heat flux generated per unit volume
in 24 h for the BC wall. The heat flux reported in Figure 8 was assumed to be the same for
all the simulated five days (120 h).

The boundary conditions chosen for the modified BC structure were as follows: im-
posed temperature of T = 283 K on y = H (the ceiling), on y = 0 (floor), and on x = L (north
wall); adiabaticity on the southern surface of the massive wall; T = 278 K on x = 0 (glass
temperature); and heat power generation on the absorber changing with time to simulate
the variable solar radiation (

...
q =

...
q (t)) for the BC system (Figure 8) and

..
q =

..
q(t) in x = D

for the TM system (Figure 7).
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Figure 8. Heat flux generated per unit volume in 24 h for BC wall.

The same boundary conditions (Figure 7) were set for the TM wall, where only the
adiabaticity of the southern surface of the massive wall was removed, which was only
present in the BC system due to the presence of an insulator on the massive wall.

Different initial conditions were set for the two structures: T = 12 ◦C for t = 0 s on all
of the air domain for the modified BC wall and T = 20 ◦C for t = 0 s on all of the air domain
for the TM wall.

Again, the k-ω model was adopted as a turbulence model. The air was assumed to be
incompressible according to the Boussinesq hypothesis.

4. Results

The simulation results for the steady- and transient-state conditions of the modified
BC and TM walls are shown below.

4.1. Steady State

Figure 9 shows the trends of the air temperature exiting from the interspaces of both
the modified BC and TM walls as a function of the thickness of these spaces. The outlet
temperature of the modified BC wall decreased from 24.5 to 22.9 ◦C as the layer thickness
changed from 10 to 50 cm, while it remained almost constant (21 ◦C) in the TM wall.
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Figure 9. Outlet air temperature as a function of the thickness for modified BC wall and TM wall.

These results agree with those reported in [27]; it can be noted that as the thickness of
the cavity decreased, the air temperature increased until it approached the wall temperature.
Consequently, the flow rate of hot air decreased (Figure 10). This effect was more evident
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in the BC system due to the insulation of the massive wall and the presence of the absorber.
In fact, this resulted in the air being heated more than with the TM system due to the
negligible heat capacity of the absorber.
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Figure 10. Exit mass flow rate as a function of the thickness in modified BC and TM walls.

Figure 10 shows how the thickness of the interspace influenced the air mass flow
rate. The BC wall increased the exit mass flow rate from 0.067 to 0.119 kg/s (43%) as
the interspace increased from 10 to 50 cm. On the contrary, the same two values of the
interlayer thickness produced an increase in the mass flow rate in the TM wall of only 28%,
from 0.0583 to 0.0811 kg/s m.

Figure 11 shows that the convection heat transfer was practically independent of the
thickness of the cavity in both systems. This was due to the temperature increase observed
when the thickness of the cavity decreased. This was compensated by a decrease in the flow
rate, which consequently produced an almost constant convective heat flow. It is evident
that the average convection heat transfer of the BC system (Figure 11) was four times that
of the TM system, which was because of the BC insulated wall. Thus, the whole thermal
power received by the sun was transmitted by free convection in the BC system. On the
contrary, in the TM system, the thermal power was transmitted by convection in the cavity
and by conduction within the massive wall.
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Figure 11. Convective heat flux as a function of the thickness for modified BC wall and TM wall.

In Figures 12 and 13, comparisons of the temperature and velocity fields produced
in the two systems are reported for the case of a 40 cm thick interlayer. As expected, the
temperature of the massive BC wall was practically uniform. On the contrary, in the TM
system, a 10 ◦C gradient was present. Figure 13 shows the streamlines generated in the
two structures. In the BC system, a flow division into two parts and an air acceleration was
clearly evident, both due to the absorber.
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4.2. Transient Regime Results

Figure 14 shows the temperature trends of the modified BC system and the TM wall
in the center of the room, on the north surface of the massive wall, and on the irradiated
surface when the interlayer was 10 cm thick. When irradiation did not impinge on the
system, such as, e.g., during non-sunny hours, the temperature in the center of the room
behind the BC wall was lower than that with the TM wall, which was likely due to the
vents being always opened in the simulations; in fact, during the night, the air motion
inverts its direction (see Figure 16), thus cooling the room. The results show that the BC
system presented a higher temperature oscillation in the center of the room (about 15 ◦C
in the BC case compared to 4 ◦C in the TM case). Thus, the simulations with the vents
being always open produced worse comfort conditions. In the real situation with the vents
being closed in the night-time hours, the temperature oscillations were clearly lower, thus
providing major comfort.
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Figure 14. Temperature trend of modified BC wall and TM wall in the center of the room, irradiated
surface, and north surface of massive wall for interspace of 0.10 m.

The dynamic response of the BC system was much shorter than the TM one, as
evidenced by the results shown in Figure 14. In fact, the BC system already overcame
the transient state within the first 24 h, while the TM system presented a continuous
temperature increase even throughout the five days. These results agree with those reported
in case 1 of [12].

Figure 15 shows how the same temperature changed with three different interspace
thicknesses (10, 20, and 50 cm). It is evident that the thickness of the cavity did not produce
significant changes both in the phase and intensity of the temperature response in the
modified BC system and TM system. The minimum high-temperature peak (25.02 ◦C)
happened in the first day for the 10 cm thick interspace, and the maximum (26.09 ◦C)
occurred in the fifth day for the 50 cm thick interspace. That is, a 500% increase in the
thickness produced only a 4% increase in the maximum temperature.
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Figure 15. Temperature trend of modified BC wall and TM wall in the center of the room for different
values of interspace thickness (a) and a detail between 70 and 90 h (b).

Figure 16 shows the trends of the outlet air velocity for different values of the interspace
thickness. It is evident that the thickness of the cavity significantly influenced the air speed,
and consequently the air mass flow rate, in the modified BC wall. During non-sunny hours,
the velocity of the air changed its direction, activating a reverse thermosiphon effect. The
BC system is equipped with valves that prevent this motion inversion. Also, this procedure
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was simulated in the calculations, that is, the air velocity was mirrored when it changed
its direction.
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5. Conclusions

The simulations of a modified BC system were carried out in steady and transient
conditions and compared with the behavior of a traditional TM wall. The thickness of
the cavity was varied to evaluate its influence on the air velocity and temperature of the
ambient space that required heating. The following conclusions can be drawn from both
simulations, both in steady and transient states.

1—The thickness of the cavity did not significantly influence the air temperatures of
both structures.

2—The temperature peak increased up to 3–4% as the cavity thickness increased by
500%.

3—On the contrary, the thickness of the interspace significantly affected the flow of
air injected in the modified BC structure, while it had a negligible effect on the TM system.
This last result confirms the better performances of the BC structure, as characterized by a
higher convection heat transfer efficiency because of the vents changing the air direction.

4—The insulation of the massive BC wall increased the heat supplied to the room
cavity and produced a faster air heating. This allowed the BC structure to quicker respond
to transient states. This effect was evident in the dynamic simulations in the center of the
BC room, where an almost perfect stabilized periodic trend starting from the first day was
observed. On the contrary, the traditional TM structure did not reach a stabilized periodic
regime until the end of the five-day simulation. The BC system could then be used to
heat rooms even farther away from the massive wall thanks to the higher mass flow rates
supplied. The same could not be obtained in the traditional TM structure.
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Appendix A

Appendix A.1. Governing Equations

Even if a buoyancy-driven flow should be theoretically treated as a compressible
flow, in many natural-convection flows, a faster convergence can be achieved through the
Boussinesq approximation. This model handles density as a constant value in all the solved
equations, only adding a buoyancy term in the momentum equation:

(ρ − ρ0)g ≈ ρ0gβ(T − T0) (A1)

where ρ0 is the (constant) density of the undisturbed flow, T0 is the operating temperature,
and β is the thermal expansion coefficient. Equation (A1) is derived from the Boussinesq
approximation:

ρ = ρ0(1 − β ∆T) (A2)

which eliminates ρ from the buoyancy term. This approximation is accurate as long as the
changes in actual density are small, that is, when

β(T − T0) ≪ 1 (A3)

This assumption is judged to be reasonable for the considered problem, and with
it, the flow can be considered incompressible. Therefore, the governing equations for
an incompressible Newtonian fluid are the continuity, the momentum, and the energy
equations, generally known as the Navier–Stokes equations (NS). Whether the flow is
turbulent or not, these equations can be written using the Einstein summation convention
as follows:

∂ui
∂xi

= 0 (A4)

∂ui
∂t

+ uj
∂2ui

∂xj∂xj
+

T − T0

T0
gi = 0 (A5)

∂T
∂t

+ uj
∂T
∂xj

=
λ

ρ0cp

∂2T
∂xj∂xj

+

...
q

ρ0cp
(A6)

where xi is the i-th coordinate, ui is the i-th instantaneous velocity component, written in
a Cartesian reference system, p is the instantaneous static pressure, ρ0 is the density of
the fluid, ν is the kinematic viscosity, T0 is the reference temperature for the calculation
of the density variations, and T is the temperature. The effects of pressure work, kinetic
energy, and viscous dissipation are neglected in the energy Equation (A6). cp is the specific
heat at constant pressure, λ is the thermal conductivity, and

...
q is the heat generation per

unit volume.
These equations can be only solved numerically for laminar flows. In order to check if

this is the case, the Rayleigh number, defined as follows:

Ra =
gβ ∆T L3ρ

µα
(A7)

must be calculated, with g being gravity acceleration, ∆T being the temperature difference
between the hot and cold sides, ρ being the density, µ being the dynamic viscosity, and α
being the thermal diffusivity.

In the present work, the Rayleigh number, based on the length of the surface heated
by solar radiation, was approximately 0.8·1010, well beyond the 108 threshold, which
is generally accepted as the limit of laminar flow. From this, the need to solve the NS
equations considering turbulence is derived.
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The so-called RANS approach, based on the RANS equations (Reynolds-averaged
Navier–Stokes), consists of decomposing each instantaneous time-dependent variable into
three components: long-time-averaged, periodic, and random turbulent [33]:

ui(t) = ûi + ũi(t) + u′
i(t) (A8)

pi(t) = p̂i + p̃i(t) + p′i(t) (A9)

Ti(t) = T̂i + T̃i + T′
i (t) (A10)

where, for instance, ûi denotes the long-time-averaged velocity component, ũi is the pe-
riodic component, and u′

i is the turbulent component. The same notation is used for the
pressure and temperature.

In the URANS equations, phase-averaged variables are present, which correspond to
the sum of the long-time-averaged and periodic components:

Ui(t) = ûi + ũi(t) (A11)

Pi(t) = p̂i + p̃i(t) (A12)

Ti(t) = T̂i + T̃i (A13)

Here, the upper-case letter denotes the coherent (or phase-averaged) component of
the quantity. Substituting these decomposed variables into the Navier–Stokes equations
and performing an ensemble-average, the URANS equations are finally obtained:

∂Ui
∂xi

= 0 (A14)

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1
ρ

∂P
∂xi

+
∂

∂xj

(
ν

∂Ui
∂xj

− u′
iu

′
j

)
− g (A15)

∂T
∂t

+ Uj
∂T
∂xj

=
∂

∂xj

(
λ + λt

ρ0cp

∂T
∂xj

− u′
jT

′

)
+

...
q

ρ0cp
(A16)

The operation of averaging and deriving can be temporarily inverted. Moreover, the
average of the turbulent quantity is identically zero by definition. Consequently, all the
products of the fluctuating and phase-averaged components disappear in the ensemble-
averaging operation, beside the terms u′

iu
′
j. These terms can be expressed as τij = −ρ u′

iu
′
j

and can be seen as the apparent stresses added by turbulent fluctuations to the mean flow
field, so they are also called the Reynolds stresses. These terms are the only difference
between the NS and URANS equations. In average motion, the non-linearity of the instan-
taneous fluctuations introduces new unknown quantities, i.e., the six terms of the Reynolds
stresses tensor. The averaged equations do not contain any information about these terms;
therefore, they need additional equations, i.e., the so-called turbulence closure problem
equations. It should be noted that in order to consider the increased diffusion of thermal
energy due to turbulent viscosity, the apparent thermal conductivity given by the sum of
the thermal conductivity and its turbulent component, λt, is introduced as λeff = λ + λt.

The temperature field in the solid volume is calculated from the basic heat trans-
fer equation:

∂T
∂t

=
∂

∂xj

(
λsolid

ρsolidcp,solid

∂T
∂xj

)
+

...
q

ρsolidcp,solid
(A17)

where
...
q is the generic heat-generated power per unit volume. This term is used to simulate

the effect of solar radiation and is only different from 0 in the BC absorber.
The most popular approach to the solution of RANS equations is the turbulent viscosity

assumption introduced by Boussinesq [34]. This is based on relating the Reynolds stresses
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to the mean flow rate of the strain tensor through a linear constitutive relationship. It can
be expressed as follows:

−u′
iu

′
j = 2νTSij −

2
3

kδij (A18)

where νT is the so-called turbulent viscosity (or eddy viscosity), k is the turbulent kinetic
energy, and

Sij =
1
2

(
∂Ui
∂xj

+
∂Uj

∂xi

)
− 1

3
∂Uk
∂xk

δij (A19)

is the mean strain rate. It should be noted that its second term, 1
3

∂Uk
∂xk

δij, is identically zero
for incompressible flows. This linear Equation (A19) is the basis of the linear eddy viscosity
models (EVMs). The reasonably accurate results are coupled with modest computational
costs and make this approach the one most used in fluid dynamics calculations.

The apparent turbulent heat flux is thus written using this eddy viscosity term:

−u′
jT

′ =
νT

PrT

∂T
∂xj

(A20)

where PrT is the turbulent Prantdl number, which can be the result of a model (e.g., the
Kays–Crawford model) or can be assumed as a constant.

Appendix A.2. Turbulence Modeling

The turbulence model used in the present work is the k-ω shear stress transport (SST)
turbulence model [35]. It consists of a two-equation, linear eddy viscosity model, which
has been extensively tested in the literature, showing good predictions even for separated
flows. The k-ω SST turbulence model is a hybrid model combining Wilcox’s k-ω [36,37]
and the standard k-ε turbulence models. The former, enabled inside the boundary layer,
allows the model to be used all the way down to the wall without a wall function, whereas
the latter gives robustness with respect to the free stream conditions.

The transport equations defining k and ω are as follows:

∂k
∂t

+ Uj
∂k
∂xj

= Pk − β ∗ kω +
∂

∂xj

[
(ν + σkνT)

∂k
∂xj

]
(A21)

∂ω

∂t
+ Uj

∂ω

∂xj
= αS2 − βω2 +

∂

∂xj

[
(ν + σωνT)

∂ω

∂xj

]
+ 2(1 + F1)σω2

1
ω

∂k
∂xi

∂ω

∂xi
(A22)

where the turbulent viscosity is expressed as:

νT =
a1k

max(a1ω, SF2)
(A23)

where S is the strain rate, and F1 and F2 are the blending functions, which are 1 inside the
boundary layer and 0 in the free stream, as defined by the following expression:

F1 = tanh

({
min

[
max

( √
k

β ∗ ω y′
,

500ν

y2ω

)
,

4σω2 k
CDkωy2

]})
(A24)

F2 = tanh


[

max

(
2
√

k
β ∗ ωy′

,
500 ν

y2ω

)]2
 (A25)

where CDkω can be written as follows:

CDkω = max
(

2ρσω2
1
ω

∂k
∂xi

∂ω

∂xi
, 10−10

)
(A26)
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where σk and σkω are the turbulent Prandtl numbers for k and ω, respectively, and are
obtained using the blending functions F1 and F2.

The term Pk in the k transport equation is the production limiter:

Pk = min

(
τij

∂Ui
∂xj

, 10β ∗ kω

)
(A27)

This term avoids excessive turbulent kinetic energy near stagnation points, such as
the leading edge of an airfoil. However, it is well known that the k-ω SST turbulence
model predicts too large turbulence levels in large-normal-strain zones (i.e., stagnation and
acceleration regions), although this over prediction is moderate in comparison with the
normal k-ε turbulence model. The other coefficients are as follows:

α1 = 5
9 ; α2 = 0.44 ; β1 = 3

40 ; β2 = 0.0828 ; β* = 9
100

σk1 = 0.85 ; σk2 = 1 ; σω1 = 0.5 ; σω2 = 0.856
(A28)

The constants βi, σk, and σω are computed by a blend from the corresponding constants
via the following equation:

ϕ = F1ϕ1 + (1 − F1)ϕ2 (A29)

The turbulent Prandtl number, PrT, is equal to 0.85.
The SIMPLE algorithm (semi-implicit method for pressure-linked equations) was used

for solving the above set of equations.
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