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Abstract

The arrangement of the panels in Open Joint Ventilated Façades (OJVF) is a potential factor in improving the energy
fficiency of this building system. The distribution of joints in the façade influences the behaviour of the air flow in the channel
hich in turn could affect the overall heat exchanges with the envelope and thus the internal conditions of the building. Tiling
anels can be installed on ventilated façades with different arrangement patterns according to the layout of the joints: lined
p, staggered, stepped, diagonal or random, although manufacturers recommend a façade layout with in-line gaps to avoid
ostly façade maintenance. Thus, landscape and portrait layout with continuous joints are the most frequent arrangement in
entilated façades. This research assesses the benefit of the installation of OJVF panels in both layouts in order to reduce
he cooling loads. Two real OJVFs with different panel arrangements, landscape and portrait, are analysed. Also, they are
ompared with a conventional façade with a sealed air cavity. All solutions are modelled and simulated using the commercial
omputational fluid dynamics software ANSYS FLUENT to evaluate the fluid-dynamic and thermal behaviour of the façades
n summer and winter conditions. The energy performance of these solutions is evaluated, analysing different parameters such
s panel’s temperature, mean air velocity inside the cavity, fluid pathlines through the open joints and thermal flux in the air
avity and to the room. The airflow inside the cavity is mainly driven by thermal buoyancy in all façades but differs from
i-dimensional convective loops in conventional façades to three-dimensional complex and asymmetrical airflows in OJVFs.
he results obtained show that both OJVF configurations perform much better than the conventional sealed façade, reducing

he heat transfer into the room by 30% in the summer period. In any case, the landscape OJVF façade reduces the transfer in
he same period to a minimum value of 7.3 W/m2, which is 3% less than the flux transferred through the vertical one. This
mall difference in the energy performance of OJVFs makes the choice of panel orientation more based on other criteria such
s aesthetics.
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M.J. Suárez, M.N. Sánchez, E. Blanco et al. Energy Reports 8 (2022) 665–674
1. Introduction

Sustainable and versatile building envelopes [1,2] can contribute to reduce energy use during the lifecycle of
buildings i.e. adaptive façades [3,4], ventilated roofs [5,6], the use of efficient shading devices [7] and the integration
of external coatings in building retrofitting [8]. These constructive components must be then designed performance-
oriented to optimize the interaction between indoor and outdoor environment [9,10] at the early design stages
[11], i.e. Albatayneh [12] used genetic algorithms for the optimization of the building envelope in a residential
building in Mediterranean climate. This goal can be achieved with high-performance solutions for the building
envelopes, such as ventilated façades [13], which have become one of the most effective measures to reduce the
radiation overheating in summer periods [14,15]. One of the main characteristics of these façades is the presence of
a ventilated channel created between the internal and external layers of the building envelope [16]. Pastori et al. [17]
revised the requirements and specifications that ventilated façades should fulfil. There is a great diversity of names
for these solutions: ventilated walls, double skin façades, rainscreen, ventilated façades, and so on. Among them, the
double skin façades have been widely studied [18–20]. Several analyses can be found about numerical or dynamic
simulations [18,21,22], materials of diverse façade layers [23–27], different renewable energy systems installed in
the façade, such as photovoltaic panels [28–30] or building integrated photovoltaic/thermal double façade solutions
[31].

In residential buildings, the opaque ventilated façades are being widely implemented [32,33]. The main
characteristics of these façades are the air cavity ventilated by means of small gaps in the lower and upper part
of the cavity. About these façades, few scientific studies have been found [34,35]. The system operation has been
experimentally assessed in Mediterranean climate conditions [36,37] and cold zones of China [38], under different
façade orientations and at two states of windiness in summer [39] and winter reference days [40].

In this work, a particular opaque ventilated façade called “Open Joint Ventilated Façade” (OJVF) is evaluated. In
this case, the external coat of the façade is composed of multiple panels separated by open joints and anchored to the
building by means of a metallic structure. Research papers on these specific façades are rather scarce. Our research
team has studied them numerically and experimentally. A laboratory model of OJVF with horizontal and vertical
joints [41] was built based on previous simplified models [42,43]. In order to perform the velocity measurements,
the Stereo-PIV methodology [44] was selected among different experimental techniques available for the airflow
characterization [45]. The set-up of the laboratory was based on the studies applying the 2D-PIV technique to a
horizontal OJVF model [46]. About the numerical studies, the commercial Computational Fluid Dynamic (CFD)
code named FLUENT was used to develop and validate previous 2D and 3D models [47–49]. In both cases, proper
boundary conditions have to be defined to lead to the best possible solution of equations system characterizing the
behaviour of the façade. Also, different turbulence and radiation models were tested and validated.

However, an issue that still has not addressed in the installation of an open joint ventilated façade is the orientation
of the panels. In this type of façades, as the air inlet and outlet take place through the joints throughout the height
of the façade, not only at the lower and upper part of the air cavity as in the other ventilated façades, it is very
important to know the most adequate orientation of the panels (landscape or portrait). In this paper, the thermal
behaviour of OJVF with panels oriented landscape and portrait is analysed. The main objective of this paper is to
accomplish the optimal orientation based on the maximization of both performance and energy efficiency.

2. Methodology

The impact of the panel layout (landscape or portrait) on the performance of the OJVF is numerically assessed
in this paper. A numerical model has been developed using the CFD code ANSYS Fluent, and validated with
the Stereo-PIV methodology in Sánchez et al. [47]. This model is employed to simulate two real OJVFs with the
same layers and material properties, but with different panel arrangement: landscape and portrait. The thermal and
fluid-dynamic behaviour of both orientations are analysed, considering both summer and winter conditions.

2.1. Geometry and meshing

Regarding geometry, the height of both façades is 2.4 m, a usual value of the distance between two adjoining
floors. The ventilated air cavity is 5-cm-wide and the outer skin is composed of 40 × 80 cm ceramic panels with
a thickness of 2 cm. There are 5 mm horizontal and vertical open joints between the panels, with the same total
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length of joints in both façades. In the model, an air volume is attached to the outer skin to allow outside air to
enter and exit freely the ventilated cavity through the open joints. All the façade models apply vertical planes of
symmetry in order to reduce the simulated volume.

Fig. 1a shows the geometry of the OJVF model for both panel arrangements: landscape (left) and portrait (right).
According to the dimensions of the panels, for a 2.4-m-high façade, six panels can be installed from top to bottom in
the landscape orientation, whereas only three panels in the portrait orientation. The numerical model has a geometry
equivalent to two columns of panels in each case, so that both horizontal and vertical joints can be analysed in detail.

Fig. 1. (a) Geometry of the OJVF model: Landscape orientation (left) portrait orientation (right); (b) detail of the mesh in the open joints
zones.

About the materials, Table 1 displays a summary of the most relevant façade features.

Table 1. Layer structure and material properties.

Wall Type Material Thickness (cm) Thermal Conductivity (W/mK) Density (kg/m3) Heat Capacity (J/kgK)

Outer Skin Ceramic Panels
(0.4 × 0.8 m)

2 3.5 2800 1000

Ventilated Cavity Air 5 0.0242 Ideal gas 1006
Thermal
Insulation +Inner
Skin

Rockwool+ Brick
+Gypsum plaster

29 0.0965 729.7 1000

The mesh discretization in these ventilated facade models is based on the main characteristics of the used in
revious CFD models of the same building component [50]. The mesh is a structured grid with hexahedral cells
ith refined zones close to the air cavity and the open joints. In the cavity near the inner wall, the distance from

he cell node to the wall was fixed to 1 mm according to the conclusions of previous sensitivity analysis [50]. This
tudy also validated the accuracy for the calculations in the boundary layer near the walls. The optimized mesh in
he landscape orientation has 2.8 million cells, whereas in the portrait one it decreases to 1.6 million, because only
alf of the frontal width has to be considered. Fig. 1b shows a detail of the refined mesh in the joints. An additional
eometry has been developed to simulate a conventional façade with sealed cavity (base case). The dimensions of
he geometry and the materials are identical to the portrait OJVF model. In this case, the mesh has 1.9 million cells.

rientations are analysed, considering both summer and winter conditions.
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2.2. Numerical model and boundary conditions

The model allows the simultaneous analysis of fluid movement and heat transfer problems of OJVFs. It uses the
ANSYS Fluent code to solve the Navier–Stokes equations, including the energy equation, with the finite volumes
method. Following the results of previous studies [41,50], the Discrete Ordinates radiation scheme has been selected,
adjusting the discretization of the solid angle in 5 divisions and 4 pixels. The turbulence effects have been included
using the k-ϵ RNG turbulence equations. These models are the ones with the best adjustment between the simulated
results and the experimental data obtained with Stereo-PIV methodology.

For the air, an ideal gas behaviour is assumed to calculate the density and to take into account the buoyancy
ffects. The properties of different layers forming the façade have been shown in Table 1. The solid materials have
een considered opaque to radiation with an emissivity of 0.85 for the panels and 0.9 for the brick wall.

Regarding the boundary conditions at the inner wall, both convection and radiation to the room have been
onsidered. Following UNE-EN-673, the convection heat transfer coefficient in this wall has been defined as 7.69

/m2 K. The indoor comfort temperature, according to the Spanish regulations for buildings, has been fixed in
6 ◦C in summer conditions and in 21 ◦C in winter conditions. The exterior border has a constant pressure and

temperature condition equal to the atmospheric and ambient values. This temperature is also used for the radiation
exchange with the environment and varies according to the simulated period. About the solar radiation, both direct
(perpendicular to the façade) and diffuse radiation have been considered. The values of the temperature and solar
radiation for summer and winter periods are shown in Table 2 [50]. These climate data correspond to Madrid (Spain),
with a Mediterranean continental climate (Köppen climate classification: Csa).

Table 2. Boundary conditions for winter and summer periods.

Period Outdoor Temperature (ºC) Direct Radiation (W/m2) Diffuse Radiation (W/m2) Indoor comfort Temperature (ºC)

Summer 29.5 345 214 26.0
Winter 6.0 410 197 21.0

The selection of these boundary conditions was based on a previous experimental study [50], taken as a
eference, which evaluated long-term monitoring campaigns of the main climatic variables in Madrid. An average
epresentative year for this period (2008–2018) was calculated and generated from this experimental climate file.

ithin this representative year, a typical summer and winter day in Madrid were calculated. These representative
eriods were obtained as the minimum value of a weighted sum of the registered meteorological variables, but
onsidering the higher relevance of outdoor temperature and solar radiation variables on the performance of the
açade, with weight values of 0.25 each. The data corresponding to the hours of greatest temperature difference
etween indoors and outdoors on these typical days, when higher ventilation rates are expected in the air chamber,
ere selected as boundary conditions.
With respect to the solution methodology, the energy, turbulence and radiation equations have been solved using

second order discretization scheme, and the momentum equations with a second order — pressure staggered
ne. The pressure–velocity coupling employs the SIMPLE algorithm. And regarding the convergence criterion, a
ufficient number of iterations have been computed to ensure all the residuals were lower than 10−5.

3. Results and discussion

In this research the performance of the OJVF is assessed in function of the panels’ layout (landscape and portrait)
in summer and winter conditions. Both arrangements are compared with a conventional sealed façade. In order to
better understand the reasons behind the different behaviours, the fluid dynamic and thermal properties are analysed
in detail: velocity field, air flow, panels surface temperature, heat transfer rate through the façade, etc.

The comparison between the OJVF and the conventional one is taken as a reference because the fluid-dynamic of
both types of façades is clearly different, as explained in previous publications. However, the difference between the
landscape and portrait orientations is more subtle, due to several reasons. On the one hand, the total opening area is
the same in both orientations, but the behaviour of horizontal and vertical joints is quite different. The behaviour of

the horizontal ones is more two-dimensional, affecting the entire width of the façade, while the vertical ones affect
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only the edges. Nevertheless, the distance between the edges in the vertical ones is much smaller, compensating for
the previous effect.

In the results presented below, the fluid dynamic and thermal properties are studied in detail: velocity field, air
flow, panels surface temperature, heat transfer rate through the façade, etc., in order to show the effects commented
previously and analyse the global results achieved.

3.1. Velocity profiles of the air inside the cavity

The following figure show the velocity vectors in the air cavity of the landscape OJVF (Fig. 2a), the portrait
OJVF (Fig. 2b) and the conventional sealed façade (Fig. 2c). In all these figures, the cross section shown is in
the middle of the air cavity and perpendicular to the panels. The radiation and temperature correspond to summer
conditions, which have a higher thermal load and a consequent higher cooling effect of the ventilated façades.
However, the results in winter conditions are very similar and the main patterns are basically replicated.

Fig. 2. Velocity vectors in summer conditions (26 ◦C interior, 29.5 ◦C exterior, 345 W/m2 direct radiation and 214 W/m2 diffuse radiation),
(a) landscape OJVF; (b) portrait OJVC; (c) conventional sealed façade.

In Fig. 2a and Fig. 2b similar structures and fluid-dynamic behaviour can be observed in both arrangements
(landscape and portrait). Due to the incident solar radiation on the outer layer, a natural convection phenomenon is
induced generating an upward air flow. The air enters through the lower joints, creating recirculation vortexes close
to the outer skin. The air ascends through the channel increasing its velocity up to the central height of the cavity.
The mass flow rate has its maximum value (0.0037 kg/s) at this point. From then on, it starts to leave the cavity
through the upper joints. Comparing these façades and the conventional one, the fluid-dynamic behaviour of the air
is different as it shown in Fig. 2c. On one hand, the air not only ascends but forms a loop by going up against the
panels and down in the area near the inner wall. On the other hand, the air not only heats up as it goes up, but also
cools down as it goes down.
669
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The highest velocities are obtained for the landscape OJVF arrangement, although the order of magnitude is quite
similar to the portrait layout: about 0.25 m/s for the vertical component inside the cavity. However, the maximum
velocities in the sealed cavity are one order of magnitude lower, about 0.05 m/s near the top at the panel’s side.

To better understand the complex three-dimensional fluid motion inside the ventilated cavity and the flow through
the joints, Fig. 3 shows the pathlines near the vertical joint at the crossing with the lower and upper horizontal ones.
In the lower part of the façade (Fig. 3a), the pathlines can be seen when entering through the horizontal and the
vertical joints, while in the upper part (Fig. 3b), the flow is coming out of the gap also through both of them. After
going through the joints, the flow tends to separate at the exit as well as at the inlet. In the horizontal joints, the
separation vortex is quite two-dimensional. However, in the vertical ones, the flow separation generates a three-
dimensional twisting vortex, where the rotating motion is accompanied with a vertical displacement. Where there
is flow separation, the velocity near the surface is much lower and this would affect the convection heat transfer,
mainly at the interior part of the plates.

Fig. 3. Fluid pathlines through the open joints in the landscape OJVF: (a) lower part; (b) upper part.

.2. Surface temperature of the panels

As regards the thermal behaviour, Fig. 4 shows the surface temperature of the panels for all configurations
landscape OJFV, portrait OJVF and conventional sealed façade) in both summer and winter conditions. The highest
ifference between winter and summer conditions is the mean temperature value, the behaviour is basically the
ame. In both ventilated facades, the temperature increases with height, maintaining quite similar values, but they
re substantially lower than the conventional sealed façade ones. At the bottom, the flow of fresh air entering
hrough the joints helps considerably in the cooling, making the plates cooler near the edges, both the vertical and
he horizontal ones. However, at the top, the warmer airflow from the interior makes the plates a little warmer at
hese edges. On the upper plate, the effect of the vertical vortex can be seen. In the sealed facade, the temperature
lso increases with height. Due to the loop formed in the interior, the plates heat the air as it rises attached to them.
here is a slight deviation from this trend at the top and bottom due to the stagnant flow in these areas.

.3. Analysis of the heat transfer

Fig. 5 shows the heat flux in the gap in all configurations, from the panels to the air as well as from the air to
he interior wall, in summer conditions. The main difference between the ventilated façades and the sealed one is
he discontinuities that can be seen due to the incoming and outgoing flow through the joints. Also, in the sealed
ne, the heat flux from the panels to the air and from the air to the room is the same, whereas in the ventilated
nes, the heat flux from the panels to the air is substantially higher than the heat flux to the interior of the room.
his difference is because the ascending airflow entering and leaving the cavity through the open joints removes
art of the heat reducing the heat transfer to the indoor room.

Respect to the vertical distribution, in the ventilated façades, the heat flux to the room is quite homogeneous
lthough with a small increase from bottom to top. The heat flux from the panels to the air is much higher at the
670
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Fig. 4. Panels’ temperature in (a) summer and (b) winter conditions: (A) landscape OJVF; (B) portrait OJVF and (C) conventional sealed
façade.

Fig. 5. Heat flux in the air cavity in all configurations and summer conditions: (a) landscape OJVF (b) portrait OJVF and (c) conventional
sealed façade. y/H are position coordinates normalized by cavity height (H=2.4 m).

bottom; although the panels’ temperature is lower, there is a higher temperature difference between the panels and
the air. In the sealed one, the heat flux is also more relatively homogeneous from the air to the interior of the room,
while greater variations can be seen from the panels to the air, especially in the lower and upper part due to the
stagnation in the rotation of the loop and the temperature difference with height.

Regarding the difference between summer and winter conditions and also, the horizontal distribution, these results
can be seen in Fig. 6. They present the heat flux to the interior of the room in all configurations in both conditions.
In summer, the heat flux is higher than in winter. Also, the sealed façade has much higher heat flux than the
ventilated ones in both conditions. The heat flux always increases from bottom to top, but not much. The highest
differences can be found in the ventilated façades in summer conditions. About the horizontal distribution, there is
little variation in the heat flux with the width. A small difference can be seen in the ventilated façades, but much
smaller than the vertical changes.

Table 3 shows the total heat flux to the building, calculated in both summer and winter conditions. As it can be

seen, the ventilated façades are very similar and they allow much less heat transfer than the conventional one, about
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Fig. 6. Heat flux to the room in (a) summer and (b) winter conditions: (A) landscape OJVF; (B) portrait OJVF, (C) conventional sealed
açade.

Table 3. Total heat flux to the building.

Configuration Summer Heat Flux (W/m2) Winter Heat Flux (W/m2)

Landscape OJVF 7.30 1.81
Portrait OJVF 7.53 2.01
Conventional façade 10.89 6.38

30% less in summer and 70% less in winter. The differences between ventilated façades are quite small. However,
the landscape arrangement has a slightly better performance, its heat transfer is 3% lower in summer and 10% lower
in winter.

4. Conclusions

The façade of a building is a critical component regarding its thermal performance. For this reason, it is important
o optimize its design minimizing the heat exchanges between the building and the environment. To this end, two
eal OJVFs with landscape and portrait arrangements and a conventional sealed façade have been comparatively
nalysed.

A CFD model, previously validated with experimental data, has been used to study the orientation of the panels
n OJVFs. The DO radiation model and k-ε RNG turbulence model have been utilized together with the solar

radiation (direct and diffuse) introduced explicitly at the boundary condition in the domain. Three-dimensional
numerical simulations have been performed in summer and winter conditions determining the main features of the
thermal and fluid behaviour of these façades.

The analysis of the results shows similar temperature trends along the whole height in OJVFs, regardless of
the different panels’ arrangement (landscape or portrait); with an exterior surface temperature about 10oC lower
than the conventional one. The behaviour of the air inside the cavity in OJVFs is a complex three dimensional
ventilation airflow induced by natural convection, in contrast to the two-dimensional closed vortex inside the gap
of the conventional façade. In addition, the magnitude of the velocity is significantly smaller.

With respect to the heat transfer into the room, both ventilated arrangements are much more efficient than
the sealed one, allowing about 30% less heat transfer in summer. Comparing the arrangements of the panels, the
differences are not very big, but the landscape one maximizes the heat exchange with the airflow, minimizing the
heat transferred to the building in the summer period. In these conditions, the landscape orientation is 3% more

efficient than the portrait one.
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The main result in terms of practical application can be that the most important criterion in the choice of the
panel orientation, as the differences between them are small, is aesthetics, not energy performance. But, regarding the
energy criterion, the best solution would be envelopes with a higher percentage of openings in landscape orientation.
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