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Double Skin Fagades (DSFs) have become widespread solutions commonly employed
in new and existing buildings in the last decades. Since its introduction, the multi-
layered facgade has improved profoundly, assuming more articulate and complex shapes
for better energy performances and combining advanced technologies as innovative
materials or systems. However, the effectiveness and the thermal behaviour of DSFs
should be carefully evaluated since the design phase by selecting proper methodologies,
thus avoiding inaccurate results. In fact, the correct estimation of the airflows inside
DSF channels is heavily influenced by the simulation settings. Furthermore, the lack of
measurements or empirical validations in the field is the primary source of concern for
researchers. Considering the available numerical methods for investigating DSFs,
Computational Fluid Dynamics (CFD) simulations have proven to be the most
appropriate option. The present work compares multiple Double Skin Fagde
configurations by performing CFD analyses and adopting different turbulence models
in bi- and three-dimensional domains. The results underline the capability of 2D models
in predicting the fluxes inside the DSF channel and in the domain. Furthermore,
comparisons among the velocity profiles estimated by adopting different turbulence
formulations highlight only slight variations, especially in proximity to the perturbated
areas of the cavity.

1. INTRODUCTION

The essential concept of Double Skin Facade appeared, for
the first time, in the early 20th century in the northern
European countries [1]. However, little progress was made
until the 1990s when it started to be employed increasingly in
high profile buildings [2]. The system consists of a multi-
layered facade composed of external and internal glass skin,
separated by the presence of an air corridor, the cavity, ranging
in width from 20 centimetres to various meters [3]. In the
preliminary version, the multi-layered facade is conceived and
designed for reducing the heating consumption thanks to the
air buffer enclosed in the cavity, which acts as a barrier for the
heat losses and as a filter for the exchanges through the
external envelope. Moreover, the intermediate space works
against temperature extremes and helps on the sound
protection side. From its introduction, DSF has been
profoundly improved, assuming more innovative and complex
shapes to ensure better energy performances.

Besides the popularity of DSFs, commonly used for new
and restored buildings, the major concern of researchers is
referred to the well-known difficulties in modelling and
predicting their thermal and energy performance [4-6]. Several
investigations started to be carried out in the late 1970s to
measure and predict this technology's effectiveness [7]. The
principal barrier to tackle is the absence of various
experimental measurements or empirical validations adopted
for the analysis of DSF systems.
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In fact, predicting the global performance of multi-layered
facades is very challenging considering the involved multiple
coupled physical phenomena, such as air movement, heat
convection or conduction, and short- and long-wave radiation
[8].

Several methods can be identified and adopted to analyse
the air fluxes and temperature distributions in DSF channels.
Some of them adopt analytical models [9-11], field
measurements [12-14] or finite element approaches for
running fluid dynamics simulations [15, 16].

Papakonstantinou et al. [17] underline the capability of
computer analyses in describing the natural ventilation of
occupied spaces, estimating values comparable with measured
data of air velocity, pressure and temperature. Furthermore,
according to Liddament [18], the predictions calculated
through numerical approaches have allowed enabling the
concepts of ventilation efficiency to be used since the design
phase. In contrast, the importance of experimental campaigns
has been limited to the study of existing buildings.

Considering the available approaches, Computational Fluid
Dynamics analyses ensure accurate predictions in evaluating
DSF performances, inserted and not inside urban areas [19].
The literature review puts in evidence the capability of CFD
simulations in estimating outputs that are physically plausible
and in good agreement with available experimental campaigns.
According to Dama et al. [20], in fact, the CFD method is able
to qualitatively describe the realistic flows generated inside the
cavity of a DSF system with good approximation. In contrast,
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CFD predictions can lead to inaccurate values by assuming
inappropriate turbulence formulations or boundary conditions.
Chen and Srebric [21] suggest that a crucial stage in modelling
double facades is validating and verifying the adopted
hypotheses, thus avoiding wrong results. The reliability of
CFD simulations is also confirmed by Xu and Ojima [12] that
experimented 2.5% and 12%, respectively, as a minimal and
maximal error by comparing measured and estimated values.

Finally, other studies are mainly focused on evaluating and
defining the best settings and assumptions to adopt in the case
of CFD analyses of DSF systems as the research carried out by
Pasut and De Carli [22]. In detail, the work aims to define a
strategy, scientifically validated, for performing CFD analyses
of naturally ventilated DSF buildings. In addition, the research
aims to distinguish the parameters crucial for the simulation
process from those unnecessary that only increase the
complexity of the model without incrementing the accuracy of
the predictions.

Besides the benefits related to the use of the CFD in the
design phase, a complete understanding of the main principles
that control the fluid dynamic matter (conservation equations,
turbulence formulations, etc.) is necessary for performing
realistic simulations, overcoming the common downfalls and
limitations.

The present work intends to verify various physical
hypotheses commonly used to study DSF models and compare
the predicted ventilation ratios associated with different cavity
configurations. Thus, various Computational Fluid Dynamics
analyses, both bi- and three-dimensional, are reported, and
different turbulence formulations are evaluated. After a brief
introduction, the paper is structured as follows: Section 2
describes the case study chosen for the analysis. Then, bi- and
three-dimensional CFD simulations are detailly presented in
Section 3. Finally, Section 4 reports the main findings and
conclusions.

2. DESCRIPTION OF THE CASE STUDY

The performed CFD simulations assume a simple DSF
building with the same characteristics of the full-scale test
facility realised by the Department of Civil Engineering of the
Aalborg University in collaboration with the Department of
Sciences and Methods for Engineering of the University of
Modena and Reggio Emilia [23-25]. The configuration of the
adopted test cell is depicted in Figure 1. In detail, a
representation of the internal zones is reported in the upper
part of the figure, whereas two photos of the south and north
elevation are shown, respectively, on the left and the right. The
mock-up has a prismatic shape with main dimensions equal to
6 mx 6 mx6m. The DSF is placed on the south elevation and
is composed of an inner double-glazed layer and single-pane
windows for the outer perimeter. The cavity is characterised
by natural ventilation, and the air movements are only due to
the generated convective forces.

Several DSF configurations and models are elaborated and
evaluated in order to compare the obtained results. The cavity
ventilation is the main investigated output. The first step of
CFD simulations is focused on the generation of a bi-
dimensional model for testing the global performance and
comparing the predicted values with those collected from the
literature review and the experimental campaign.

Subsequently, a different DSF configuration is investigated.
In detail, the inlet and outlet sections of the cavity are fully
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open and not only partial as in the previous case, thus
preventing pressure drops and ensuring more intense velocities
inside the air channel. Ultimately, comparisons are made
among the bi- and three-dimensional model of the improved
DSF version for estimating the impact that the presence of
lateral openings has on the airflows inside the channel. The
above-mentioned configurations are schematised in Figure 2.

INSTRUMENT ROOM
) PLANT ROOM

-

EXPERIMENT ROOM

DSF

Figure 1. Representation of the plan and pictures of the south
and north elevation [20]

Partially Open Cavity
(2D)

Fully Open Cavity
(2D)

Fully Open Cavity
(D)

Figure 2. Schematisation of the analysed DSF typologies and
domains

The main principles related to the CFD analysis as the
conservation equations of mass, energy, momentum and
turbulence quantities are detailed described by Versteeg and
Malalasekera [26].

The carried-on simulations are the Unsteady Reynolds-
Averaged Navier Stokes (U-RANS), and various turbulence
models are implemented. Preliminary analyses are performed
by adopting the SST k- turbulence model. This stage aims to
check the correctness of the hypotheses and assumptions
adopted for the generation of the numerical model by
comparing the natural ventilation predicted inside the DSF
cavity. Then, two additional turbulence models, the V2F k-¢
and the Realisable k-¢, are selected and implemented for
performing various analyses and comparing the results
associated with the chosen formulations. The selection of the
turbulence models to be implemented is based on the
validations underlined in multiple works centred on airflows
inside DSF cavities and layers [22, 27, 28].

The correlation of the first cell centre to the wall is taken
into consideration by assuming the all y+ hybrid approach,
thus avoiding the mesh resolution insufficiency in proximity



to the surfaces. Moreover, the model is discretised by selecting
polyhedral and prism layer meshes with variable dimensions.
Finally, the accuracy of the model is increased by inserting
meshes with a smaller size near the most interesting areas, like
inside the DSF channel, to improve the accuracy of the model
without a too high computational effort. In detail, the settings
adopted for the meshing phase are:

Base Size=0.4m

Number of Prism Layer =5
Prism Layer Stretching = 1.2
Prism Layer Thickness=0.1 m

Regarding the boundary conditions, uniform temperature
values are set for all surfaces, both transparent as the glazed
layers and opaque like the ground and ceiling. The imposed
conditions are defined on the basis of the experimental
campaign carried on by the study assumed as a reference and,
specifically, by considering the case in which the buoyancy is
encouraged by a moderate upward wind differential pressure
[20]. In detail, the adopted temperatures are 14.6°C for the air,
29.5°C above the DSF inner layer and 28.6°C for the inner
surface of the building. Moreover, the DSF channel localised
on the south facade is modelled by assuming a zero-pressure
value on the domain borders and fixing the density of the fluid
in the physics continuum based on the specific gas, pressure

and temperature levels predicted for the computational domain.

The commercial software Star-CCM+ (version 13) [29] is
used for performing CFD analyses and estimating the obtained
velocities inside and outside the DSF cavity. With respect to
the preliminary results presented in Lops et al. [30], the
ventilation of the channel is evaluated at different heights,
identified for being representative of the system's behaviour,

and additional probe lines are inserted for more accurate
evaluations. The maximum physical time is fixed at 20 min for
every simulation.

3. CFD MODELLING OF THE CASE STUDY

3.1 DSF bi-dimensional
comparisons

modelling for preliminary

Preliminary simulations are performed for evaluating the
capability of the created model in predicting the DSF
performance. For this porpoise, the mock-up assumed as a test
case is perfectly replicated by generating a bi-dimensional
model. Figure 3 depicts the components introduced for
subdividing the building and the domain. The whole surfaces
are discretised into 7,493 mesh elements, and the simulation
time step is set at 0.05 s.
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Figure 3. Schematisation of the components of the domain
(left) and the partially open cavity DSF (right)
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Figure 4. Velocity profiles referred to the investigated probe lines
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Intercomparisons, expressed in cavity ventilation and
referred to the investigated probe lines, are shown in Figure 4.
In detail, the outputs obtained by the performed CFD
simulations (solid blue lines) are compared with the estimated
(sold orange lines) and measured (dotted yellow lines) data
extrapolated from the literature review. The charts underline
the good accordance among the results predicted from the
numerical modelling. In contrast, significant variations can be
seen if the estimations are compared with the recorded values.

These differences are influenced by the sensitivity of the
velocity measurements inside the perturbated area, which
could cause higher uncertainties of the measured data [20].
Nevertheless, based on the findings mentioned above, the
model is considered validated and able to predict the fluid
dynamic performance of the selected Double Skin Fagde
correctly.

3.2 Bi-dimensional modelling of the fully open DSF cavity

After the model validation, the second phase of the CFD
simulation is evaluating a different version of DSF. The
suggested configuration presents the inlet and outlet sections
completely open and not only partially as in the previous case.
The settings and hypotheses used in the already shown
simulations are also confirmed here. The subdivision of the
building and domain into different surfaces and components is

schematised in Figure 5. Finally, the total model is discretised
into 71,376 mesh elements, and the analysis time step is fixed
at0.1s.
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Figure 5. Schematisation of the components of the domain
(left) and the fully open cavity DSF (right)

Figure 6 depicts the comparisons reported in terms of
velocity magnitude predicted inside the DSF channel and
referred to the bi-dimensional models. The insertion of more
aerodynamic profiles encourages air movements in the cavity,
avoiding velocity losses. In fact, the most intense ventilation
is estimated for all the investigated probe lines in the case of
the DSF improved version.
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Figure 6. Velocity profiles referred to the investigated probe lines for the 2D partially and fully open cavity

3.3 Three-dimensional modelling of the fully open DSF
cavity

Once the performance of the DSF building has been
evaluated by performing bi-dimensional CFD simulations, a
3D model is generated in order to estimate the impact that the
lateral openings have on the air flows inside the channel. The
model presents, also in this case, fully open inlet and outlet
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sections, considering their better performance in the cavity
ventilation. The hypotheses and formulations adopted for the
previous analyses are confirmed also for the 3D model and the
scale factor among the domain and the building is fixed at 10%.
The whole system is composed of 657,736 mesh elements,
whereas the time step is set to 0.01 s, thus solving convergence
problems. The schematisation of the building and domain
surfaces is depicted in Figure 7.
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Figure 7. Schematisation of the components of the domain
(left) and the fully open cavity DSF (right)

The results, expressed in velocity magnitude obtained for
the selected probe lines, are shown in Figure 8. Comparisons
are made between the bi- and three-dimensional model
represented, respectively, by the solid blue and orange lines.
The estimated velocities profiles underline good accordance
between the two models, especially in the upper area of the
DSF cavity. In contrast, significant variations are expected in
proximity to the inlet section and, in particular, at the lower
probe lines where the capability of the bi-dimensional model
decreases its accuracy in the predictions. In general, looking at
the whole behaviour of the system, the 2D model can describe
with good approximation the ventilation of the cavity,
requiring a lower computational effort and complexity than the
3D model.
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Figure 8. Velocity profiles referred to the investigated probe lines for the 2D and 3D fully open cavity

3.4 Comparisons among different turbulence models

After analysing the behaviour of various Double Skin
Fagde typologies and computational domains, different
turbulence models are implemented. The outputs, already
presented in the previous subsections and estimated by
employing the SST k-w formulation, are compared with the
predictions obtained by using the Realisable and V2F k-¢
turbulence models. The velocity profiles referred to each DSF
configuration and domain, both inside and outside the air
channel, are shown from Figures 9-14. In detail, the
convective plume created because of the naturally ventilated
DSF is depicted in Figure 9 to Figure 11. In contrast, the
velocity magnitudes expected inside the cavity of the system
is reported in Figures 12-14.

Regarding the convective movements generated out of the
case study, a similar trend of velocities is expected by all the
suggested formulations. The two k-¢ models exhibit better
accordance with each other, whereas more significant
variations are obtained by employing the k-o formulation. The
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underlined differences and similarities are confirmed for all
the investigated models. Similar considerations can be done
for the velocity profiles inside the DSF channels.

Considering the partially open cavity (Figure 12), the k-®
turbulence model (solid yellow lines) tends to overestimate the
velocity ratios near the lateral edges of the domain, especially
at the lowest probe lines. More intense variations among the
models are expected inside the perturbated areas like around
the inlet and outlet sections, but, in general, good accordance
is underlined. Moreover, the V2F (solid orange lines) and the
Realisable k-¢ (solid blue lines) formulations exhibit a quasi-
identical behaviour in the estimations, both qualitatively and
guantitatively.

More appreciable differences are, instead, estimated for the
DSF fully open cavity (Figure 13). In this case, the velocity
profile calculated by adopting different formulations is more
variable. The most intense ventilation is ensured by the
Realisable k-¢ model, the solid blue lines in the charts,
especially in the intermediate space of the cavity and around
the probe lines localised at the upper part of the air channel.
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On the other hand, the SST k- represented by the solid
yellow lines in the graphs predicts the lowest velocities
compared to the others and, in general, underestimates the
expected velocity magnitudes. An intermediate condition
between the Realisable k-¢ and the SST k- model is, finally,
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obtained by adopting the V2F k-¢ formulation. This
phenomenon becomes more appreciable near the inlet and
outlet section of the multi-layered fagade.

A similar trend is also obtained with the three-dimensional
model, as depicted in Figure 14. The investigated turbulence



formulations describe almost the same ventilation at the inlet localised in the upper part of the DSF cavity. In general, the

zone, and no significant differences can be seen among the results underline significant variations expected inside the
obtained results. Also in this case, the SST k-o model tends to intermediate area of the air channel, becoming much more
overestimate the velocity magnitudes, especially along the intense at the bottom of the multi-layered fagade.

lateral surfaces of the channel and around the probe lines
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4. CONCLUSIONS

The aim of the present research was to evaluate the velocity
profiles inside and outside the air channel of a naturally
ventilated Double Skin Fade, exploring different
configurations, model domains and turbulence formulations.
CFD simulations were carried on considering their capability
in predicting the air fluxes in the case of complex technologies
as multi-layered fagades. Preliminary analyses were
performed to check the correctness of the adopted simulation
hypotheses and assumptions by comparing the obtained
estimations with data collected from the literature review and
the experimental campaign. Then, a more efficient DSF
configuration was suggested and tested by generating bi- and
three-dimensional models. Finally, multiple turbulence
formulations were implemented, and intercomparisons were
presented, highlighting the similarities and differences
between the estimated values.

On the basis of the obtained results, the main conclusions of
the work can be summarised as follows:

e To increase the performance and the ventilation of
DSF buildings, fully open inlet and outlet sections
should be inserted. The presence, in fact, of more
aerodynamic profiles reduces possible friction
losses and ensures higher velocity rates, both
inside and outside the air channel, in comparison
to only partially open cavities.

e Bi-dimensional models can describe with good
approximation the ventilation profiles of simple
DSF systems. The results underline their capability
in predicting values inside and outside the air
cavity that are in good accordance with the 3D
estimations but with lower computational efforts
and model complexity.

e The implemented turbulence models, both the two
k-¢ (the V2F and Realisable) and the SST k-
formulations, underline high correctness in the
predictions. They estimate comparable velocity
profiles in the whole domain and, specifically,
inside the DSF channel. Moreover, reasonable
differences are obtained near the interior layers of
the air channel for most of the selected probe lines.
Instead, more extreme variations are expected in
the intermediate space of the cavity and in
proximity to the outlet section.
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NOMENCLATURE

DSF
CFD

2D
3D
m

U-RANS

SST

k

V2F

T

Double Skin Facade
computational fluid dynamics
bi-dimensional
three-dimensional

meters
Unsteady
Stokes
Menter's shear stress transport
turbulent kinetic energy, m? s
velocity scale for the eddy viscosity
degree Celsius

Reynolds-Averaged  Navier



min

minutes

velocity, m st

length of the DSF cavity, m
seconds

height of the probe lines
inlet

outlet

846

Greek symbols

€, M

Subscripts

Dissipation rate of the turbulent kinetic
energy, m? s

internal
external





