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Abstrect

double-skin fagades (DSF) by enhancing heat dissipation from the rear surface of the PV
module. A numerical investigation is conducted to analyze heat removal driven by natural
convection within the DSF air channel. The system includes a vent aperture located on the
unheated facade to facilitate airflow circulation. The double-skin channel is subjected to non-
uniform heating with a uniform heat flux and is immersed in a water-filled reservoir to
reproduce environmental conditions and generate overpressure at the inlet and outlet of the
PV-DSF channel. A two-dimensional steady laminar flow model is solved using the finite
volume method under realistic geometric and boundary conditions. The study examines the
influence of the vent aperture on the heat transfer characteristics and flow behavior within the
channel. Numerical results are presented in terms of Nusselt number, temperature distribution,
isotherms, and velocity profiles. The numerical predictions are validated against experimental
data, showing very good agreement.
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1. Introduction

Several works in the literature present PV panels modeled by a vertical or inclined unevenly
heated channel [1-3], in order to understand or improve the flow and heat transfer in such
systems. The vertical position corresponds to the situation where the PV modules are integrated
in buildings as Double Skin Facades (DSFs). PV panels constitute a renewable source of
electric energy, yet the fraction of solar energy actually converted by PV panels into electricity
is only about 18-20% [4], due to an internal temperature rise, which is responsible for a
decrease in both electrical conversion efficiency and reliability. PV panels can be used in the
building industry due to the large surface offered by the building envelope (known as Building

Integrated Photovoltaics, or BIPV). The integration of PV panels in building envelopes is an
effective means of collecting solar energy and may be implemented in the field of “hybri
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applications like PV/T (Photovoltaic/Thermal) solar collectors, where the electricity produced
by PV panels can be used for both the heating and cooling needs of the building. Many
techniques exist to control and improve the heat transfer and fluid flow within such systems.
Using free convection to remove heat from the backside of a PV panel has many benefits: such
a thermally-driven flow is economic, dependable, noiseless and maintenance free.
Furthermore, it provides flow rates comparable to those obtained with forced ventilation in
channels, as indicated by Brinkworth et al. [5].

The control and limitation of the operating temperatures experienced in PV panels are the main
challenges in the utilization of building integrated photovoltaic systems. Passive cooling of the
PV panels by natural convection is ensured by air circulation within the narrow channel
between the PV array and the building, as noted by Sandberg and Moshfegh [6]. Mittelman et
al. [7] performed a scale analysis as well as a numerical study on tilted PV modules with a
back mounted air channel. In their study, various parameters are considered: a modified
Rayleigh number ranging from 102 to 108, aspect ratios between 15 and 50 and tilt angles
between 30° and 90°. A generalized correlation for the average Nusselt number for the
combined convective-radiative cooling is developed. Results indicate that the temperature of
the PV panels decreases by as much as 10-20 K due to the sole presence of the channel behind
them, resulting in an absolute efficiency gain of 1-2%. Numerous experimental and numerical
works on natural convection inside vertical channels constructed by DSFs have been carried
out [8-19]. Many geometric modifications have been applied to DSF with the purpose of
enhancing and controlling both flow and heat transfer, aimed at cooling PV panels. Abidi-Saad
et al. [20] and [21] have carried out experimental and numerical investigations respectively,
using water as solar fluid. The authors concentrated on the effect of the size and position of
two symmetrically attached ribs inside an unevenly heated channel, representative of PV
panels integrated in a double-skin facade. In the numerical work, an optimal ribs size is found,
which maximizes heat transfer and mass flow rate as well. The authors highlighted that the
later findings are suitable for hybrid solar applications (PV/T solar collectors). Besides, in the
experimental study, the optimal position of the two ribs in terms of heat transfer enhancement
is located at the top of the heated zone. It is also worth noting that both works highlight a
reversed flow. Some works mention internal heated or adiabatic plates and baffles in the air
gap [22-27], while others increase heat transfer and extraction using the chimney effect
downstream of the DSF-channel [28-31]. Kimouche et al. [32] performed numerical
investigation about the effect of the inclination of the adiabatic facade of unevenly heated
channel on convective heat transfer and water flow. Their study was conducted for the same
geometry studied here, but without vent aperture, under various tilt angels of the adiabatic
facade (—10° < a. < +10°) and for a modified Rayleigh number Ra*= 4.5 x 10°. However, the
literature is relatively sparse as to the effects of a vent aperture on the enhancement of h
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removal from the back side of the PV panel. Azevedo and Sparrow [33] evaluated the effect
of size and position of vent aperture on water natural convection flow and heat transfer inside
one-sided heated vertical channel. Their calculation domain was restricted to the channel only,
which has one wall entirely heated with uniform temperature while the opposite vented-wall
is adiabatic. They revealed that the channel average Nusselt number remained unaltered by the
variation of size and location of the vent opening. Bouraoui et al. [34] have investigated the
effect of a vent aperture in the adiabatic facade of a DSF. The authors focused on the dynamic
effects stemming from a change in the size and position of the vent aperture. In fact, such
problem can be numerically modeled in two ways, (i) simulating the whole domain: the
PVDSF-channel and its environment or (ii) simulating only the PVDSF-channel restricted to
its borders. The second way is intricate in that the boundary conditions are theoretically
unknown at low and high channel interfaces because the main flow belongs to the computation
domain too, as detailed in Refs. [35, 36]. The present study has been carried out, for the whole
domain (PVDSF-channel and its environment), to assess the influence of the size of a vent
aperture on both heat transfer and flow dynamics. It focuses more specifically on thermal
aspects, in order to reduce the temperature of PV panels integrated in DSFs to enhance their
energy performance. Since the PV-DSFs were modelled by a vertical/inclined unevenly heated
channel, the current prototype, consisting in a vertical plane channel, was immersed in a water-
filled reservoir acting as the environment. The use of water as working fluid aims at minimizing
the thermal radiation effect. Furthermore, water-based PV/T collector systems seem more
attractive and efficient than air-based systems in hot and humid climate [16]. As a matter of
fact, Daghigh et al. [37] have highlighted the significance and difficulty of cooling a PV cell
in an attempt to enhance the efficiency of a PV/T system under these climate conditions.
Abdullah et al. [38], in their recent work, highlighted that the highest efficiency of PV/Trombe
wall is found when using water as cooling fluid. Also, Himanshu et al. [39] improved the
performance of inclined rooftop solar chimney by 10% using humid air compared to that of
dry air. Moreover, immersing the DSF-channel in a water reservoir allows us to get over
pressure boundary conditions in the inlet and outlet of the DSF-channel. In fact, these
conditions are likely to complicate the study in the case of natural convection and if the DSF-
channel is the only domain of study. The experiment is conducted in realistic environmental
and geometric conditions. For instance, the heat flux density used corresponds to the average
environmental conditions of insolation in France, and the DSF-channel features an aspect ratio
of Rf = 5.2, within the range of those found in the literature for horizontally divided DSFs of
tall buildings [10].
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2. DSF-channel features

The physical problem considered here is natural convection in an unevenly heated channel,
forming a prototype of PV-DSF, with two parallel vertical facades 376 mm high. The two
facades are spaced by a gap ‘S’ of 36 mm. The left facade has a heated central zone
(corresponding to a PV panel of height H = 188 mm) encompassed by two adiabatic extensions
(length H/2) at its both ends. The aspect ratio of the DSF-channel (H/S) is equal to 5.2. The
opposite facade is totally unheated. This facade has a vent aperture of different sizes (S/3, 2S/3,
S and 4S/3), and is aligned with the base of the heated area of the heated facade (see Fig. 1).
In addition, the DSF-channel has in its bottom-end a quarter circle of radius equal to 36 mm to
steer better the flow conditions at the DSF-channel inlet. The DSF-channel is immersed in a
vertical top-open reservoir. This later is made of Plexiglas® plates of 20 mm thickness and
filled with water. The square base plate is of 0.5 m side and the other four standing plates are
of 1 m height (see Fig. 1).
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Fig. 1 PV-DSF channel and its environment
3. Methodology description

To model the flow motion and heat transfer within the studied domain (the DSF-channel and
its environment), the governing equations Egs. (1-4) are employed, which are the mass
transport (1), momentum (2), (3), and energy (4) equations. The motion of the Newtonian
incompressible fluid is assumed to be unsteady, laminar, and 2D.

a dpu dpv
o  dpu . dpv

at  ax 6y_0

(1
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The physical properties of the employed fluid are chosen to be temperature dependent to fit
the reality. To this end polynomial temperature dependent formulae [40, 41] are used and given
as follows:

Density: p(8) = 5.3738 X 1071% x 8% — 9.59976 x 107 x 8* + 6.93809 x 10™* x 83 —
0.255822 X 62 + 47.8074 x 8 — 2584.53

(%)
Thermal conductivity: k(8) = 5.15307 x 10711 x 85> — 8.15212 x 1078 x 6* + 5.138 X
107> x 03 — 1.61344 x 1072 x 82 + 2.52691 x 6 — 157.532

(6)

Specific  heat:  C,(8) = —4.51782 x 1078 X 6° + 7.61613 x 107> x 8* — 5.12699 X
1072 x 03 + 17.2363 x 82 — 2894.85 x 6 + 198532

(7)
Dynamic viscosity: n(0) = —4.37087 x 10713 x 0% + 7.38482 x 1071% x 9* —
499292 x 1077 x 63 + 1.68946 x 10™* x 02 — 2.86313 X 1072 x 0 + 1.94641

8)
The above-mentioned 2D governing equations were solved using ANSYS Fluent CFD code.
This later uses finite volume method for the transport equations discretization which they were
successively solved using pressure-based solver. To solve concurrently the mass transport and
momentum equations, the Coupled algorithm is employed which ensure the velocity-pressure
coupling and offers strong dynamic-thermal fields interdependency. The schemes Second-
Order Implicit, Second-Order Upwind and Central Difference were used for discretizing the
time derivative, convective, and diffusive terms respectively. The grid independence study has
been performed to ensure that the solution is independent on the mesh size and to find out the
appropriate grid size for the computation with respect to the time and accuracy of results. To
this end, five grid experiments within the DSF-channel were conducted, namely: 25000,
27000, 28000, 30000 and 33000 elements respectively. It is found that the grid size of 27000
elements inside the channel (42072 elements in the whole domain) is adequate to provi
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satisfactory accuracy of the results. The grid experiments were carried out for a vent aperture
size equal to 2S/3 and a modified Rayleigh number Ra* equal to 4.5x10°. The convergence
criteria were based on the absolute residuals resulting from the integration of the conservation
equations over finite control volumes. For all simulations performed in this study, convergence
was considered achieved as soon as residuals decrease below a threshold of 10-4 for all
governing equations.

4. Results

Prior to any numerical study, it is necessary to check the reliability of the developed numerical
model. To do so, numerical results are compared with experimental data found by Ospir et al.
[11] using the laser tomography technique. In this experiment, Rilsan quasi-spherical particles
(tracers) of average diameter 100 um and density p=1060 kg/m? (close to that of water) were
used. A comparison between the streamlines obtained experimentally and through numerical
simulation is made, as illustrated in Fig 2. The validation is performed on a PV-DSF channel
without vent aperture on the unheated facade, for a modified Rayleigh number of 4.5x10° ([
=510 W/m?) and at t = 30 min, which was found to be a sufficient time to reach a steady-state
flow inside the channel [11]. From Fig 2, it can be noted that both dynamic flow structures are
very similar; namely composed by a boundary layer upward flow near the heated facade and a
recirculation zone at the channel outlet adjacent to the unheated facade. Very good agreement
is also observed between the numerical and experimental recirculation sizes.

Numericdl ===
~ =

Fig. 2 Validation between experimental and simulation results for Ra* = 4.5x10°,

In order to make the model even more trustworthy, a comparison of the thermal field with
experimental data gathered by Polidori et al. [12] is performed. Validation is carried out
between our numerical temperature differences along the heated zone (corresponding to the
back of the PV panels) and those found experimentally for [ =445 W/m?, as seen in Fig. 3.
The purpose of the experimental study presented in [12] was to measure the heat flux delivered
to the fluid. To this end, the authors measured the temperature along the median axis of the
heated zone and compared it to a classical theoretical model of free convection boundary layer
flow past a semi-infinite heated plate. This configuration can actually be realized by removi
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the unheated facade from the considered channel, in an attempt to avoid heat flux
misevaluation and bias owing to probable recirculation flow structures in the channel. The
same configuration is considered here. As seen in Fig. 3, very good concordance is found
between the two results in terms of temperature difference.

02 A
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0II\\\I\I\\I’II\|\I\I\III\\II
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@ Experimental Study of [12]

Fig. 3 Validation between experimental temperature difference and current numerical
results for U = 445 W/m?,

4.1. The vent aperture size effect on velocity profiles at different heights of the DSF-
channel

The effect of the vent aperture sizes (S/3, 2S/3, S and 4S/3) on vertical velocity profiles at
different heights of the channel may be assessed directly from the results depicted in Figs. 4a-
d, i.e., at the channel entrance, heated zone base, center of the heated zone, heated zone head,
and DSF-channel exit (y =0,y =H/2, y =H, y =3H/2, and y = 2H). The X-axis in Figs. 4a-d
is dimensionless via the formula X=x/S. It clearly appears in Figures (4a-d) that the vertical
velocity variations are similar for the various vent aperture sizes. The velocity profile is almost
fully developed until the base of the PV panel (the heated zone) and evolves in a boundary
layer type beyond. A remarkable characteristic is the high acceleration in the vicinity of the
rear of the PV panels, followed by a decrease with even negative velocities due to the return
flow. The minimum values for the velocities are reached for small heights (y=0, y = H/2) and
the maximum values are found for heights equals to (y = H, y = 3H/2, and y = 2H).
Furthermore, the maximum magnitude of the axial velocity is reached for the large vent
aperture size (Fig. 4d).
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Fig.4 Axial velocity profiles at different heights of the PV-DSF channel for various vent
aperture sizes (a) S/3, (b) 2S/3, (¢) S (d) 4S/3 for Ra* = 4.5x105,

4.2. The vent aperture size effect on temperature fields

The variation between temperature at t = 30 min (laminar regime) and initial temperature TO
is shown in Fig 5. The curves are plotted at a vertical line x = 0.4 m (between the DSF-channel
adiabatic facade and the right facade of the reservoir). From these curves, it may be concluded
that larger vent aperture sizes result in greater temperature differences inside the reservoir
(environment), with a maximum of 0.6 K for the largest vent aperture of 4S/3. Fig 6 shows
temperature distribution along the entire PV facade (rear of the PV panels, upstream and
downstream adiabatic extensions). One can see the same pattern of the temperature profiles for
all vent aperture sizes. At the PV-DSF channel entry, along the downstream adiabatic
extension, there is no heat transfer where the temperature is the same as the ambient. Beyond
that, along the rear of the PV panels, the temperature increases progressively until it arrives at
its maximum amount at the end of the rear of PV panels, revealing considerable heat transfer.
At the PV-DSF channel way-out, along the upstream adiabatic extension, the tempera
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diminishes sharply. The important finding is that the temperature at the rear of the PV panel
for the vent aperture size “2S/3” is the smallest which indicates the occurrence of the largest
heat transfer. Whereas, the temperature evolution for the vent aperture size “4S/3” is the largest
which means the smallest heat transfer was happened for this size. These findings are
confirmed by isotherms distribution depicted in Fig 7 (next section).
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Fig.5 Vertical profile of temperature difference for various vent aperture sizes and for
Ra* = 4.5x10°,
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Fig. 6. Temperature distribution along the PV facade for various vent aperture sizes in
the PV- DSF channel for Ra* = 4.5x10°,
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The temperature field within the PV-DSF channel as well as the whole computation domain
(DSF-channel and its environment) are depicted in Fig. 7. Quite interestingly, the presence of
a vent aperture at the base of the unheated facade has no effect on the thermal boundary layer
(see Fig 7a), which constitutes the flow source. The analysis of Fig. 6 also underlines that for
a vent aperture size smaller than the DSF-channel width “S” (i.e., S/3 and 2S/3), a significant
amount of cold fluid is retained inside the DSF-channel. It almost covers the whole heated
zone (PV panel) for vent aperture size equal to 2S/3. By contrast, larger DSF-channel widths
lead to hotter fluid within the DSF-channel and its environment (see Fig 7). This finding may
arise from the fact that when the size of the vent aperture is large enough, the fluid entering
through the DSF-channel inlet is almost superseded by that flowing through the large vent
aperture. Besides, the large vent aperture pumps the hot fluid out of the upper part of the
reservoir (hot fluid), not from below (cold fluid), which results in the hot fluid being heated.

Fig. 7. Isotherms plots for various vent aperture sizes in the PV- DSF channel and its
environment (the reservoir), for Ra* = 4.5x10°,

4.3. The vent aperture size effect on heat transfer

The heat transfer is characterized by the average Nusselt number which may be calculated
using the following equation:

Nugye = K )
__ 1 3H/2 ®
have - EfH/Z (ew_eo) y
(10)
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Figure 8 represents the evolution of the average Nusselt number along the heated zone (PV
panel). As seen in this figure, heat transfer is enhanced for vent aperture sizes smaller than the
DSF channel width, with a maximum value found for vent aperture size of 2S/3. As mentioned
earlier, this vent aperture size makes it possible for a significant quantity of cold fluid to flow
through the DSF channel and thus almost cover the whole heated zone (rear of the PV panel).
Heat dissipation at the back side of the PV panel is therefore optimal.
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Fig. 8 Average Nusselt number along the heated facade (rear of the PV panel) for various

vent aperture sizes and for Ra* = 4. 5x10°,
5. Conclusion

The energy efficiency of PV panels is limited by their inherent temperature increase. Not
surprisingly, reducing their heating has positive consequences in their electricity production.
Any heat transfer enhancement should thus be considered, especially when stemming from
free, cheap and simple techniques. In this study, the effect of vent aperture on heat transfer
enhancement in a PV-DSF channel is investigated using numerical tools, with the purpose of
cooling down the PV panel integrated in the building. The study is performed for Ra* =4.5.10°
with a PV-DSF-channel aspect ratio of 5.2 and for four sizes of the vent aperture at the base of
the PVDSF-channel. It is reminded that the selected value of aspect ratios lies within the range
of those found for horizontally divided double-skin facades of tall buildings [10]. Overall, the
thermal fields are strongly affected by the vent aperture size and based on the results presented
herein, several conclusions may be drawn. First, a large vent aperture at the base of the PVDSF-
channel affects the thermal field within it as well as the reservoir (environment). Then, a vent
aperture narrower than the PV-DSF width is suitable for cooling purposes of the PV panel
within a PVDSF. Conversely, a vent aperture of size larger than the PV-DSF width is adequate
if one aims at heating the building. Finally, an increase in the vent aperture size has no effect
of the thermal boundary layer and profiles of axial velocities, at least for the studied vertical
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positions. It is also worth noting that a maximal heat dissipation at the back of the PV panel is
achieved with a vent aperture size of 2S/3.
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