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A B S T R A C T

Double-skin façades (DSFs) are high-efficiency systems traditionally used to improve the natural ventilation of
buildings for energy-saving purposes and their aesthetic improvement. There are opportunities to enhance their
functionality by applying them to improve building aerodynamics. This study aims at developing the preliminar
data set that would assist with design of smart morphing facades (also known as Smorphacades). For this purpose
the a DSF for rectangular and elliptical tall buildings is studied with the final goal of minimizing the aerodynamic
loads on such structures. For this purpose, an integrated framework including numerical modeling and statistical
analysis was developed. The design of experiment (DOE) method was applied to produce a sufficient dataset
based on computational fluid dynamics (CFD) simulation of two-dimensional (2D) scaled models that were
validated with available wind tunnel data. According to the data points recommended by the DOE method, a
considerable number of CFD simulations were performed, and the drag coefficients of the building and double-
skin façade were separately calculated. A prediction model based on the response surface methodology (RSM)
was developed to estimate the drag coefficient for other cases inside the design space. Based on the fitted RSM, the
Genetic algorithm was applied to search for the optimized Smorphacade shapes. The results indicated that the
integrated smorphacade system could significantly mitigate wind-induced drag forces on the building at all attack
angles by modifying wind-induced pressure around the building and weakening vortex shedding by interrupting
flow separation and ejecting airflow into a lower-pressure area. This research proves that there are opportunitie to
integarte the architectural and energy applications of smart double skin facades with wind-reducing effects as a
promising solution for overcoming existing challenges for controlling wind-induced load and response of tall
buildings.
1. Introduction

Recent advances in construction techniques along with increasing
urbanization have resulted in an increasing trend toward worldwide
construction of tall buildings. Such structures are becoming more and
more slender and flexible due to an increase in their height and lighter
construction material, making them vulnerable to wind-induced vibra-
tions (Hou and Jafari, 2020; Jafari and Alipour, 2020, Jafari et al., 2019,
Micheli et al., 2017, 2019, 2020 a, b, and c, 2021). Double-skin façades
(DSFs), also known as double façades, ventilated façades, and adaptive
skins, have gained growing attention within the architectural engineer-
ing community (see Fig. 1). DSFs are commonly implemented to improve
indoor climate, save energy, and block sunlight (Pomaranzi et al., 2020).
Farrokhzad and Nayebi (2014) showed that the double-skin glass façades
could effectively balance energy transfer between indoor and outdoor
.
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spaces in high-rise buildings. Stec et al. (2005) placed plants inside
double-skin façades, with results indicating that such a combined system
could considerably improve the indoor climate and save energy. More-
over, the application of double façades for harvesting energy by the
installation of vertical-axis wind turbines between façades (Hassanli et al,
2017, 2018a, 2018b) and building-integrated photovoltaics (BIPVs) has
gained much attention (Agathokleous and Kalogirou, 2016; Domjan
et al., 2020; Yang et al., 2019). For more information about other ap-
plications of such systems, readers are referred to review papers pub-
lished by Barbosa and Ip (2014) about natural ventilation, by Jiru et al.
(2011) on heat transfer aspects, and by Pomponi et al. (2016) related to
climate improvement. Both advantages and existing challenges in using
these structures can be reviewed in a study by GhaffarianHoseini et al.
(2016).

In addition to architectural and energy-saving applications of DSFs,
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Fig. 1. Double façade with vertical openings attached to a tall building.

M. Jafari, A. Alipour Journal of Wind Engineering & Industrial Aerodynamics 213 (2021) 104586
conceptual designs have shown that they can efficiently alleviate wind-
induced loads acting on a high-rise building (Abdelaziz et al., 2021; Hu
et al., 2019; Moon, 2009). There have been a few studies focusing on such
effects of double façades on wind response of tall buildings, and most
have used wind-tunnel testing on very limited configurations specific to
the project at hand. Moon (2009) studied the impact of double-skin fa-
çades in reducing wind-induced motion of tall buildings by solving the
equations of motion for the primary structure and the façade system and
calculate the dynamic response due to wind load. While it was found that
a proposed low-stiffness connector for a DSF system can significantly
mitigate wind-induced vibration of the building, this system does not
necessarily use the DSF to change the structure’s aerodynamics and has
severe design limitations due to significant motion of the DSF’s outer
skins. In another study, Moon (2011) installed an extra small mass inside
the DSF to provide a damping mechanism similar to a tuned mass damper
to overcome vibration issues associated with a previously-designed sys-
tem. Hu et al. (2019) performed a series of wind-tunnel experiments to
assess the effectiveness of attached DSFs with vertical openings in their
external skin to alleviate wind-induced pressure on the building’s clad-
ding. It was shown that a DSF without such an opening resulted in an
increase in mean suction pressure and fluctuating pressure on the
leeward face and both sides of the building and led to unsatisfactory
performance for the DSF system under extreme wind conditions.
Conversely, the pressure was reduced on the leeward face and sides for a
DSF with opening(s), so it was concluded that DSFs with openings could
effectively improve the wind resistance of claddings in tall buildings if
they were designed with vertical openings.

To better understand flow characteristics around a tall building
covered by DSFs, Hu et al. (2017) performed a series of boundary-layer
wind tunnel experiments. They presented useful information about
wind-induced response and pressure distribution around a tall building
by monitoring an aeroelastic/flexible building model. Experiments both
with and without vertical openings for double façades showed a negli-
gible impact on the building response in the along-wind direction, while
in the across-wind direction, it was found that existing openings can
notably reduce the wind response compared to a building with a flat side
with no façade. In contrast, solid façades with no openings escalated the
wind-induced response, and vertical openings in the center produced the
most significant effects in terms of reducing fluctuating pressure. De-
pendency of wind response on façade configuration was also discussed
2

through a cross-correlation analysis along the building height. In another
wind-tunnel testing, Da Silva and Gomes (2008) examined DSFs for
various multi-story layouts and wind directions while testing for small to
large gap depths. Similar to results obtained by Potangaroa and Aynsley
(2003), they found that the pressure coefficient within a DSF’s gap is
always negative for all wind angles. In their façade system, solid with no
opening, they found that angles of attack ranging from 0� to 45� signif-
icantly affected the pressure distribution pattern. Basaran and Inan
(2016) experimentally evaluated pressure loss due to double façades
using perforated plates. To this end, they tested different perforated
plates and discussed the Reynolds number effect. Gerhardt and Janser
(1994) systematically varied building dimensions, façade porosity, and
gap width to study their influence on wind loading on a tall building with
a double façade. They compared the pressure coefficients for the different
cases and validated their wind-tunnel data with field measurement. In
another study, the same authors investigated the impact of
wind-permeable façades on forces acting on the building (Gerhardt and
Kramer, 1983), mainly focusing on the probability distribution of the
pressure coefficient and the sensitivity of peak pressure with respect to
incoming flow conditions.

Lou et al. (2012) conducted a series of studies on the effects of DSFs
on wind-pressure characteristics of tall buildings through numerical
modeling and experimental testing (Lou et al., 2012). They captured the
pressure distribution for different layouts, incident wind angles, and air
corridor width, then applied a zonal approach to model inner-gap pres-
sures over the DSFs. They found that the zonal modeling, while compu-
tationally very efficient, produced acceptable results for replacing the
CFD modeling and wind-tunnel testing. In other studies (Lou et al, 2008,
2009), they performed wind-tunnel testing to compare the mean and
fluctuation pressure distributions of circular and rectangular tall build-
ings for single- and double-skin façades with arc-shaped and L-shaped
configurations and observed no significant difference between single and
double façades in terms of wind load acting on the whole structure.

Pomaranzi et al. (2020) tested the aerodynamic performance of a
porous double-skin façade through wind-tunnel experiments. Their
research was aimed at evaluating the effectiveness of the DSFs on
wind-induced pressure on the cladding surface, and it was found that a
façade system can reduce both negative and positive peak pressures of
the inner glazed façade by up to 40%. They also observed that filtration
of the pressure signal positively affected absolute mean values and
standard deviations as a result of flow passing through the porous media.
Samali et al. (2014) proposed a smart double-façade system for con-
trolling the building’s wind-induced load and response that could
significantly dissipate wind-induced energy and accordingly damp out
the building vibration. They concluded that a smart façade system could
reduce the wind-induced response and acceleration of buildings by up to
50% if an efficient system capable of adjusting stiffness was designed.
Kwok et al. (2014) tested aerodynamic performance of an innovative
façade systemwith a specific shape for mitigating the wind response, and
their wind-tunnel experiments showed that along- and across-wind re-
sponses along with the torsional excitation were significantly reduced by
DSFs with vertical openings. A study by Montazeri et al. (2013) is one of
few studies using CFD techniques to investigate the effectiveness of a
staggered semi-open double-skin façade placed in front of the balcony on
the enhancement of wind comfort on high-rise buildings. They imple-
mented a three-dimensional (3D) steady simulation using the
Reynolds-Averaged Navier Stokes (RANS) model both with and without
the façade. Comparing the obtained results with the occupant comfort
thresholds by Dutch Wind Nuisance Standard (2006) indicated that local
wind speed significantly reduces due to pressure gradient drop across the
façade width.

As shown in this review, studies on the performance of DSFs in
changing aerodynamic loads on buildings have been limited in their
application, considered configurations, and the research methodologies
used to prove this concept. Furthermore, no prior study has addressed the
effects of important parameters such as wind direction and façade shape
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on the aerodynamics of double façades. This calls for more focused
research to evaluate the impact of DSFs as wind load altering additions to
the building. As such, this paper aims to fill this gap through compre-
hensive application of CFD and optimization techniques. Increasing the
application of CFD techniques to solve problems dealing with fluid me-
chanics provides an opportunity to try more combinations of DSFs.
Compared to wind-tunnel testing, experimentally-validated CFD models
can simulate a larger parametric space. Furthermore, CFD allows for
capturing continuous data points within the domain of the desired fluid,
compared to the limited number of pressure taps commonly used in wind
tunnels. The advantages of CFD modeling can overcome the limitations
of wind-tunnel experiments and help the research community explore the
use of DSFs in decreasing wind-load effects on tall buildings. In this
study, a considerable number of CFD simulations suggested by the DOE
model were used to implement a robust optimization framework for
finding a DSF’s optimal shape for providing the lowest drag force on
building, double façade, or both.

This paper is organized as follows: Section 2 explains the proposed
framework for DSF optimization. Section 3 presents details of the rect-
angular and elliptical façades used for optimization and numerical
modeling. Section 4 describes the numerical modeling, including treat-
ment of boundary conditions and meshing parameters with CFD results.
RMS models are presented in Section 5, and a discussion in Section 6
elucidates the optimization results obtained. Concluding remarks are
presented in Section 7.

2. Proposed methodology to optimize double façade

To fill the existing knowledge gap on aerodynamic application of
DSFs, this study primarily focuses on two popular exterior-façade shapes,
rectangular and elliptical double façades. This shape choice is based on a
Fig. 2. Flowchart of the proposed procedure for optimizing the
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study conducted by Al-Share (2020) on tall buildings of nine metropol-
itan areas in the United States that found rectangular shapes to be one of
the most popular building shapes (66% of all tall buildings). Another
reason for choosing the rectangular building shape is the availability of
the experimental tests on this shape to support the validation of CFD
results. From a cost and ease-of-construction perspective, it would make
sense for rectangular buildings to have an exterior façade closest to the
main form of the building (hence the choice of rectangular and elliptical
secondary façade shapes in this study). Since this study aims to find DSF
configurations that would result in lower loads exerted on the building
along with limitations of self-excited forces in the building’s dynamic
response, drag coefficient has been considered the main factor for opti-
mization. The Commonwealth Advisory Aeronautical Council (CAARC)
standard tall building (Thompson et al., 2017; Wardlaw and Moss, 1970)
was considered as a reference case, and the effects of rectangular and
elliptical façades on wind-induced drag load on both the façade and the
building were studied. The response surface model (RSM) can provide
the approximate values of the output parameters, such as drag coeffi-
cient, at given input parameters representing a new geometry. In other
words, the RSM can be used as a prediction model to estimate the
response variables for new design variables inside the design space. The
RSM model was used here for the NSGA-II optimization algorithm to
search for a geometry resulting in the lowest drag coefficient. Fig. 2 il-
lustrates the framework proposed in this paper to optimize the DSFs of
the tall building considered. The blocks shown in this flowchart will be
discussed in the following sections.

The application of the response surface method (RSM) is similar to
other machine learning-based prediction models, such as the artificial
neural network (ANN), support vector machine (SVM), random forest
(RF), decision trees (DT), and regression models. However, the RSM is a
simple and powerful tool that is usually applied based on the sampling
characteristics of rectangular and elliptical double facades.



Table 1
Sampling points suggested by the DOE.

Cases Input
parameters (k)

Required sample
points

Tested
attack
angles

Total
points

Rectangle
(step I)

3 23þ2 � 3 þ 1 ¼
15 (CCD)

10 10 � 15
¼ 150

Rectangle
(step II)

8 2 � 8 � 5 þ 1 ¼
81 (LHS)

7 7 � 81 ¼
567

Ellipse 4 24þ2 � 4 þ 1 ¼
25 (CCD)

10 10 � 25
¼ 250
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points suggested by the DOE method. The primary advantage of RSM is
the small number of training points required to develop a prediction
model considering the interaction between variables (Box and Wilson,
1951). The RSM also has some limitations; for example, when the
number of variables becomes large, the number of interaction terms in-
creases and results in more complexity, which reduces its applicability
(Baş and Boyacı, 2007). Nevertheless, other sophisticated models such as
ANN requires a large dataset to provide an accurate prediction, and they
typically perform well for a large number of design variables. Eventually,
it can be concluded that the RSM usually performs better for cases with
limited data points, while other machine learning algorithms have a
better performance for big datasets and a large number of design
variables.
2.1. Design of experiment (DOE)

In the DOE, a set of measures performed to increase production effi-
ciency, a group of different parameters that affect the outcome of a
particular process is analyzed to obtain the best possible values for pro-
ducing an optimal product. This approach helps in studying experiments
with multiple parameters and providing reliable information for deter-
mining both significant and ineffective parameters in the desired
outcome (Antony, 2014; Manshadi and Aghajanian, 2018). To study the
shape effect on the wind-induced load of DSFs attached to a building, it is
essential to systematically change the façade shape and run a numerical
simulation for each case to capture the aerodynamic forces for design
parameters over a wide design space. This approach requires producing a
large number of datasets that require updating geometry and mesh for
each case, then running the updated computational fluid dynamics (CFD)
model. For this purpose, the DOE method was used to reduce the
computational cost by providing the required number of sample points.
In this study, the Central Composite Design (CCD) sampling method and
Latin Hypercube Sampling (LHS) method were employed to determine
the required sampling points and their distribution in design space. The
CCD sampling method was used to find the sampling points, random
points inside the design space used to develop the response surface
model. This sampling method has been widely used to fit a second-order
model for the response variable. In CCD, there is a central point in the
middle of the input design space, with 2k axial points on the axes asso-
ciated with input parameters, and these 2k points distributed in the
design space are called factorial points. The number of sampling points
based on CCD can be calculated using Equation (1).

Sampling pointsðCCDÞ¼ 2k þ 2k þ nc (1)

where k is the number of factors or parameters, and nc is the center point
considered to be 1 in this analysis. CCD’s main advantage is that variance
estimation is the same for points at the same distance from the design
center, meaning that all sample points are at the same distance from the
design center and have the same variance or deviation. For example, for
four input parameters, the total number of sample points based on this
approach would be 24þ2 � 4 þ 1 ¼ 25. The next method to be applied
here is Latin Hypercube Sampling (LHS), an advanced algorithm using
the Monte Carlo sampling method. These points are randomly-generated
within each of the square grids in the design space, with no two points
having the same input parameter value. Since five levels were considered
to divide each parameter’s design space, the number of sample points for
the LHS can be calculated as 2 � k � 5 þ 1, where k is the number of
parameters. For example, if there were four input parameters, the total
number of sample points would be 2 � 4 � 5 þ 1 ¼ 41. Table 1 describes
how the sampling points were selected in this study for the different cases
to be discussed later.

Based on the summation of total sample points listed in the last col-
umn of Table 1, the dataset consisting of 967 cases is required for
simulation to generate the associated drag coefficients on the building
façade. To generate the required large number of simulations identified
4

by DOE, in a manner similar to past studies (Bernardini et al., 2015;
Daemei and Eghbali, 2019), two-dimensional (2D) computational fluid
dynamics modeling was conducted to assess the aerodynamic perfor-
mance of DSFs and the buildings. Two-dimensional CFD modeling is
much faster and simpler than three-dimensional (3D) modeling because
it requires fewer meshes and computational time. On the other hand,
some phenomena, such as buoyancy effects, 3D vortices, and fully tur-
bulent flow, could not be captured using 2D modeling. Although the 3D
numerical simulations are more realistic and 2D modeling is an idealized
version, past studies on aerodynamic optimization of tall buildings have
shown that the 2D modeling sufficiently provides accurate results for
many cases considering the computational time and cost as key factors
(Daemei and Eghbali, 2019; Elshaer et al., 2015). However, the imple-
mentation of 2D or 3D simulations mainly depends on the physics of the
problem and the project’s targets.

The DOE requires creating approximately 1000 CFD model simula-
tions. The high computational cost associated with generating these CFD
models derived the decision to conduct 2D CFD models for this study.
Furthermore, for the purpose of aerodynamic modification, double fa-
çades are normally placed at upper levels. As such the along-height
aspect ratio of a tall building is large enough to ignore three-
dimensional effects such as the horseshoe vortex that mainly occur
near the ground (Baker, 1979; Peterka et al., 1985; Sattar et al., 2018;
Song and He, 1993). It is expected that with the promising results pre-
sented in this paper from 2D CFD modeling, the high-fidelity 3D CFD
simulations combined with wind-tunnel experiments can be developed to
more precisely elaborate the flow characteristics around selected dou-
ble-façade designs for further development and implementation.
2.2. Optimization algorithm

In this study, the Genetic Algorithm (GA) was used to determine the
global minimum in the optimization problem for minimizing the error
between the fitted surface and sample point values (Arora, 2004a).
Amongst various methods, the genetic algorithm has proven to be robust
in solving such multi-objective optimization problems due to its power to
accurately provide a uniform, efficient, and well-distributed Pareto
frontier (Manshadi and Aghajanian, 2018; Parashar and Bloebaum,
2006). Simple implementation and high likelihood of approaching the
global minimum are other advantages of this gradient-free optimization
method (Kenway and Martins, 2016). The GA method is an excellent
choice for cases with a small number of design variables like in this study.
After running the simulations for sample points, as explained in Section
2.1, to identify the drag coefficients of the building and façade as the
objective functions, the response surface model (RSM) was fitted to
predict the other unknown drag coefficients. Eventually, this requires
solving a multi-objective problem, generally mathematically-defined by
Equation (2), and determine the optimal shape corresponding to the
minimum drag force.

Minðf1ðxÞ; f2ðxÞ; …; fkðxÞÞ subject to x 2 X (2)

where k is the number of objectives, two in this study, and X is the
feasible set of decision vectors. In a multi-objective or Pareto optimiza-
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tion problem, there are a couple of objective functions subjected to
equality and/or inequality constraints, and the goal is to find the values
of design variables leading to the lowest cost for these objective func-
tions. In most cases, it can be seen that these objective functions
contradict each other in such a way that increasing one results in
decreasing the other(s). In such cases, the optimization algorithm results
in the Pareto front curve that helps choose the optimal point(s) that
satisfy the subjective preferences. The NSGA-II method proposed by Deb
et al. (2002) is a modified version of the Non-dominated Sorting Genetic
algorithm that has been widely employed for engineering applications in
a variety of applications because of its low computational requirements,
its elitist approach, and its parameterless sharing approach (Deb et al.,
2000). Finding optimal design variables giving the minimum or
maximum objective functions that are drag coefficients first requires a
prediction model that can estimate the objective functions inside the
design space. For this purpose, the response surface model was first fitted
with the data obtained from CFD, after which the NSGA-II algorithm was
used to determine the optimal DSF shape with the lowest drag co-
efficients both for the building and the façade.

The optimization problem can be divided into a single or a multi-
objective optimization algorithm depending on the number of objec-
tive functions. For this purpose, to find the optimal geometry, single
(minimizing only the building’s drag coefficient) and multi-objective
Fig. 3. Schematic view and dimensions of the building’s cross-sectio
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(minimizing the drag coefficients of both building and façade) optimi-
zation problems were solved for each wind direction. The statistical
analysis indicates that the façade geometry and wind direction non-
linearly influence the wind load, leading to more complexity in finding
the best design for the double façade. Because of this, this study justifies
developing smart façades with the capability of adjusting their shape
according to wind direction as an innovative solution for aerodynamic
modification of the building to mitigate wind-induced loads and re-
sponses on tall buildings.

3. Geometric description of double façades

This study used a series of two-dimensional (2D) numerical simula-
tions to investigate the influence of rectangular and elliptical double
façades on wind-induced drag forces exerted on the CAARC building,
with the exterior façade (representing the Smorphacade) and building
model with B=D ¼ 1.5 scaled down to 1:100 for numerical modeling. A
schematic view of the building’s cross-section covered by rectangular
and elliptical facade is displayed in Fig. 3. To design the openings (see
Fig. 2), the façade on each side was divided into ten segments, and for
each side, while the corners are fixed, four segments are extendable/
variable, and three segments are designed as openings (see Fig. 3). As
shown in Fig. 3-top, the façade thickness is 1 mm (¼10 cm at full-scale).
n with (top) rectangular and (bottom) elliptical double façades.
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The gap between the double façade and the building is 20 mm (¼ 2 m at
full-scale), and the shorter side (D) and longer side (B) dimensions are
305 and 457 mm (¼30.5 m and 45.7 m at full scale), respectively.

After preliminary analysis, three openings were designed for each
side, with the focus on finding the optimal number and location. On the
windward and leeward faces of the building, there were three openings
of length RD, initially taken as 0.1D. There were four extendable/variable
façade segments on the windward side (P;P;P1;P2) and four segments on
the leeward side (P;P;P3;P4), all are initially equal to RD. Similarly, there
were three openings on each side of the building of length RB, initially
0.1 B. It should be noted that the optimization of the rectangular façade
was conducted in two steps. First, three parameters were optimized,
including gap, top and bottom segments (S and Si), and front and back
segments (Pand Pi) for different angles of attack (α). Since the drag co-
efficients of the CAARC building and the double façade were captured
while changing the design variables, there are three design variables: S,
P, and gap, in this step. The second optimization step is twisting the angle
of the two middle façades (Si and Pi where i¼ 1, 2, 3, 4) to determine the
optimal twist angle resulting in the lowest drag coefficient for each attack
angle (α). In Fig. 3-top, the dotted lines indicate that these segments are
twistable, resulting in eight design variables in general. Fig. 3-bottom
shows how the elliptical façade was fitted with two other ellipses to
adjust its shape. Similar to the rectangular façade, three openings were
considered for each side, and the four design variables used to change the
ellipse shape are BL;BW ;DL;andDW . It should be noted that the opening
lengths are fixed in elliptical DSF and are equal to the optimal opening
length found for the first-step rectangular façade optimization.

4. Numerical modeling

In CFD analysis, ANSYS Fluent 19.2 software was used for two-
dimensional (2D) numerical modeling, using the boundary conditions
and dimensions shown in Fig. 4. To model the moving incompressible
airflow inside the computational domain, tRANS equations were solved
using the k� ωShear Stress Transport (SST) turbulence model. The
second-order upwind was used for spatial discretization, and the SIMPLE
algorithm was used for coupling pressure and velocity terms. The mini-
mum acceptable residual was set at 10�5 for all equations. As shown in
Fig. 4, the inlet boundary condition was set as the velocity inlet, and the
inlet turbulence intensity was 10%. The symmetry boundary condition
was assigned to the sidewalls to minimize wall effects. The pressure
outlet was selected for the output, and the no-slip wall condition was
chosen for the building and double façade. The airflow was used as the
fluid domain for modeling, and the density (ρÞ and dynamic viscosity (μÞ
were 1.225 kg m�3 and 1.7894 � 10�5 kg/m.s, respectively.
Fig. 4. Boundary conditions and dimensions of the computational domain for
numerical simulations.

6

4.1. Meshing

To increase accuracy and reduce processing time, it is crucial to
generate a high-quality mesh for numerical analysis. There are two pri-
mary techniques for checking mesh quality inside the computational
domain. The first, examining mesh number dependency, is grid inde-
pendency or grid sensitivity checking. For this purpose, mesh indepen-
dency was checked by monitoring the drag coefficient for a bare building
with no façade. Six different grids, ranging from 30,000 to 150,000 nodes
with approximate increments of 24,000, were generated inside the
computational domain, and the drag coefficients of objects were moni-
tored. Since it was observed that the variation of drag coefficient after the
fourth grid point was negligible, the case with 93,189 unstructured
meshes was selected as sufficient for achieving robust simulations. The
second approach for assuring mesh quality over the wall surfaces is to
track the Y-plus and ensure that it meets the required value suggested for
a specific turbulence model (Kalitzin et al., 2005). To ensure that the
Y-plus does not exceed 1.0, a ten-layer-boundary-layer mesh with the
growth rate 1.2 was generated for both the building and the double
façade, and the first cell height, the perpendicular distance from the wall
to the first layer, was set to 0.01 mm. The hybrid mesh, including
boundary layer and unstructured grids generated for a building and
rectangular façade, is illustrated in Fig. 5.

4.2. CFD validation

To ensure representative CFD model results, in addition to the
extensive mesh sensitivity analysis and Y-plus check, the numerical re-
sults were validated with experimental data produced by Fangwei and
Sarkar (2018) for a similar CAARC building model. To obtain the static
mean load coefficients, Fangwei and Sarkar (2018) tested a section
model (1:400 scale) of a tall building of rectangular cross-section in the
aerodynamic test section (uniform flow) of a closed-circuit wind tunnel.
The section model dimensions were: length L ¼ 1.140 m, width B ¼
0.114 m, depth D ¼ 0.076 m, and width-to-depth ratio (B=D) of 1.5,
values similar to those of this study. Two 64-channel pressure transducers
were employed to measure surface pressures on the model, with 36
pressure taps at three locations distributed around its cross-section.
Surface pressures were integrated to obtain the mean aerodynamic
loads on the model, and the model was tested at various attack angles (α)
measured ranging from 0� to 90�. They attached two endplates at the end
of the model to generate two-dimensional (2D) flow around the section
model and minimize edge effects. For more details on the experiment
setup, refer to (Hou and Sarkar, 2018). For the validation part of the 2D
modeling, the drag coefficient of a bare building similar to the
wind-tunnel model with B=D¼ 1.5 was compared to experimental data at
the same Reynolds number, 6.24 � 104. Drag coefficient results for two
angles of attack (AOA), 0� and 90�; at a Reynolds number of 6.24 � 104,
are compared in Table 2. The comparison proves the good match be-
tween the CFD results and wind-tunnel data. The difference that exists
may originate from different sources, including but not limited to the
numerical error, the turbulence model used for CFD, and the steady-state
simulation used in the current modeling. However, the experimental data
may also have errors originating from instrument, measurement, or data
analysis.

4.3. CFD models and impact of DSFs on flow around the building

Fig. 6 shows the velocity contour around a bare building without any
DSFs. For all simulations, including double façades, the wind speed was
fixed at 3 m/s, associated with a Reynolds number ðRe¼ ρUD=μÞ of 6.24
� 104. As shown in Fig. 6, the wake region for the building placed at α ¼
90� is much bigger than for α ¼ 0� because the frontal area of the
building located at α ¼ 90� is wider in the across-wind direction,
resulting in a larger suction area and drag force for this case compared to
other angles of attack. This larger wake area representing the suction



Fig. 5. Mesh generation and boundary layer grid on surfaces of the tall building and façade.

Table 2
Comparison of numerical results and experimental data for a CAARC building
with B=D ¼ 1.5.

AOA (α) CFDðk � ω;SSTÞ Experiment (Hou and Sarkar, 2018) Error (%)

0� 1.270 1.211 4.8
90� 2.828 2.926 3.3
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force produces the largest drag force for cases in which the mean wind
approaches the building with an attack angle near 90�.

Fig. 7 compares the velocity contours plotted in the range 0–4.5 m/s
for a building with rectangular and elliptical DSFs at α ¼ 0ᵒ, 50ᵒ, and
90ᵒ. It can be seen that the façades with vertical openings acting as
porous media around a building can efficiently distribute the incoming
flow into both sides and the wake/behind area. This shows that the
double façades transfer more airflow into the wake area when located at
α ¼ 90ᵒ because the fluid needs to pass over a shorter path in this po-
sition, so more flow remains to be ejected from the leeward openings.
Since the flow jets toward the suction area can potentially mitigate the
Fig. 6. Velocity contours around a CAARC bui
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wind-induced load due to positive pressure and breaking the vortex
shedding that reduces the vortex-induced force’s strength, this vortex-
shedding interruption leads to a significant reduction in the building’s
vortex-induced response. Fig. 7 also shows that the maximum velocity
inside the gap occurs at the front corners. Comparing the results obtained
for rectangular and elliptical façades shows a high degree of similarity for
flow behavior passing the façades, while flow separations on the longer
sides of the building show up for elliptical DSF. Although designing an
oval shape for a double façade provides a more streamlined body that
minimizes the separation region more than the rectangular one, espe-
cially at zero AOA, it notably influences the aerodynamics of the façade
by changing flow characteristics depending on the ellipse dimensions.

5. Response surface model

In statistics, the response surface method (RMS) defines the rela-
tionship between explanatory/design variables and response or target
parameters. This method, employing sequences of designed experiments
to determine an optimal response, was introduced in the early 1950s by
lding plotted for different angles of attack.



Fig. 7. Velocity contours around a bare building with rectangular and elliptical façades plotted for different angles of attack.
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Box and Wilson (1951). The RMS, a useful mathematical tool for
approximating stochastic models, has other applications such as opti-
mization, design development, and new product formulation (Myers
et al., 2016). The RMS, when applied to construct a meta-model, uses
linear or quadratic functions whose coefficients are found by minimizing
the error between actual values and estimations. The RMS model is
usually applied to data collected from the DOE to construct a precise
approximation tool for predicting new experiments or developing opti-
mization algorithms. To this end, the following steps for RMS imple-
mentation are required: (a) Sample-point selection using the DOE
method to produce response surfaces, (b) Response-surface generation
based on function values at experimental sampling points (Arora,
2004b).

In this section, a dataset of aerodynamic coefficients was collected
from RANS modeling at particular design variables suggested by the
DOE. A response-surface model (RSM) was then fitted with design and
response variables to use the fitted prediction model for the optimization
algorithm described in the next section. For this purpose, it is essential to
make sure that the fitted RSM accurately predicts response variables that
are here the drag coefficients of the building and the DSF. Fig. 8, as a
sample case, compares the normalized values of the CFD-identified drag
coefficient and the RSM-predicted drag coefficient to illustrate how well
the prediction model performs.

6. Optimization to find optimal configuration of façades

The optimization procedure can be performed using the RSM model
developed here to predict any data points within the defined design space
of 967 simulations. The objective functions here are the drag coefficients
acting on the CAARC building and the façade, as described in Equations
(3) and (4).

CB
D ¼FBuilding

Drag

.
0:5ρU2

ffiffiffiffiffiffiffi
BD

p
(3)

CF
D ¼FFacade

Drag

.
0:5ρU2

ffiffiffiffiffiffiffi
BD

p
(4)

where Bis the building length, D is the building width, U is the upstream

wind speed, andFBuilding
Drag and FFacade

Drag are the respective drag forces acting
on the building and double façade. Since changing the façade geometry
to minimize the drag force on the building often leads to the force in-
crease on the DSF, these two objectives conflict with one another during
the optimization process, with the result that varying the design variables
inside the design space results in a Pareto front for the present multi-
objective optimization problem. For example, a sample Pareto front for
Fig. 8. Normalized values from CFD and predicted by the RSM model.
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a rectangular façade at α ¼ 0� is shown in Fig. 9, and as can be seen, the
response variables values inversely change if either is increased. The
optimization results for rectangular and elliptical façades are individu-
ally explained in Sections 6.1 and 6.2.
6.1. Rectangular double façade

6.1.1. Optimization step I
The rectangular-façade optimization was carried out in two steps.

First, three design variables, the longer-side (S&Si) façade segment, the
shorter-side ðP&Pi) façade segment, and the gap between façade and
building were considered (see Fig. 3). It should be noted that in this step,
the P is equal to Pi, and the S is equal to Si. The variables (S=Si and P=Pi)
indirectly adjust the length of openings. As mentioned earlier, according
to the DOE and the CCD sampling method, since the simulations for 15
sample points at desired angles of attack must be run to investigate the
impact of wind direction, 150 (10 [angle] � 15 [sample]) CFD simula-
tions are required for fitting the RSMmodel. After running the numerical
simulations for these sampling points, the drag coefficients (CB

Dand CF
D)

were calculated for different attack angles ranging from 0� to 90� at 10�

intervals, and the sampling points and the CFD-obtained drag coefficients
are listed in Table 3. The single and multi-objective optimization prob-
lems were solved based on the dataset presented in Table 3.

Since the actual wind direction for tall buildings varies, it is crucial to
understand a given structure’s aerodynamic behavior at various attack
angles, and fitting the response surface provides us with an opportunity
to visualize the sensitivity of response variables (CB

D and CF
D) against

design variables (S, P, and Gap). Fig. 10 illustrates this relative sensitivity
for different attack angles (the others are presented in Appendix-
Figure A1). These bar plots prove that the influence of design variables on
drag force acting on either DSF or building significantly depends on wind
direction, and this dependency emphasizes the necessity of designing
smart double façades for future tall buildings able to adjust their shapes
according to the wind direction, similar to those described in a recent
study (Attia et al., 2018). Although there is no evident trend for the
impact of these design variables, it can be generally seen that the P
variables or shorter-side openings are the most influential parameter at
small α, while S variables or longer-side openings are most effective at
larger α values.

A correlation map is another informative graph illustrating how
design and response parameters are correlated at each wind direction.
Fig. 11 displays a correlation map between variables for different attack
angles (the others are presented in Appendix-Figure A2). In this figure,
Fig. 9. Sample Pareto front to find the minimum drag coefficient for building
and façade at α ¼ 0�.



Table 3
Sample points and CFD drag coefficients of the rectangular DSF.

Design variable (mm) Angle of attack α�,
CDBuilding
CDFacade

S&Si P&Pi Gap 0� 10� 20� 30� 40� 50� 60� 70� 80� 90�

1 45.7 30.5 20 0.73 0.74 1.21 1.53 1.53 1.78 1.88 1.38 1.20 1.59
0.35 0.31 0.33 0.38 0.38 0.46 0.50 0.38 0.54 0.56

2 30 30 20 0.76 0.72 1.22 1.53 1.53 2.23 1.86 1.85 1.40 1.75
0.28 0.29 0.33 0.31 0.31 0.33 0.33 0.45 0.38 0.54

3 60 30 20 0.73 0.79 1.16 1.33 1.33 1.63 1.67 1.63 1.40 1.37
0.36 0.29 0.35 0.52 0.52 0.71 0.74 0.49 0.81 0.57

4 45 15 20 0.83 0.95 1.13 1.65 1.65 1.83 1.80 1.53 1.70 1.62
0.20 0.14 0.30 0.31 0.31 0.35 0.35 0.20 0.45 0.43

5 45 45 20 0.33 0.29 1.20 1.14 1.14 1.56 1.91 1.23 1.28 1.24
0.80 0.76 0.38 0.82 0.82 0.65 0.68 0.68 0.54 0.86

6 45 30 10 0.88 0.80 1.27 1.74 1.74 2.29 2.13 1.78 1.59 1.52
0.27 0.23 0.29 0.26 0.26 0.36 0.28 0.33 0.50 0.51

7 45 30 30 0.67 0.77 1.18 1.27 1.27 1.55 1.61 1.85 1.15 1.51
0.31 0.29 0.37 0.63 0.63 0.71 0.65 0.37 0.53 0.56

8 32.80 17.80 11.86 0.93 0.90 1.28 1.83 1.83 2.17 2.11 2.07 1.57 1.69
0.19 0.16 0.26 0.13 0.13 0.21 0.20 0.34 0.38 0.40

9 57.19 17.80 11.86 0.90 0.87 1.17 1.63 1.63 1.90 2.07 2.07 1.42 1.57
0.23 0.17 0.28 0.27 0.27 0.33 0.32 0.30 0.60 0.37

10 32.80 42.19 11.86 0.71 0.68 1.20 1.46 1.46 2.12 2.04 1.45 1.44 1.53
0.43 0.41 0.31 0.38 0.38 0.34 0.35 0.56 0.47 0.65

11 57.19 42.19 11.86 0.68 0.63 1.15 1.43 1.43 1.78 2.02 1.17 1.56 1.03
0.47 0.42 0.33 0.51 0.51 0.52 0.53 0.74 0.69 0.85

12 32.80 17.80 28.13 0.87 0.98 1.12 1.52 1.52 1.78 1.82 1.41 1.54 1.77
0.07 0.11 0.32 0.36 0.36 0.41 0.41 0.33 0.27 0.48

13 57.19 17.80 28.13 0.81 0.88 1.24 1.27 1.27 1.56 1.49 1.56 1.00 1.65
0.19 0.14 0.31 0.53 0.53 0.73 0.73 0.35 0.73 0.39

14 32.80 42.19 28.13 0.47 0.42 1.11 1.10 1.10 1.59 1.56 1.71 1.60 1.65
0.59 0.63 0.42 0.86 0.86 0.67 0.64 0.60 0.34 0.67

15 57.19 42.19 28.13 0.38 0.42 1.09 0.87 0.87 1.37 1.20 1.35 1.00 1.25
0.72 0.65 0.39 1.09 1.09 1.07 1.07 0.80 0.79 0.92

Fig. 10. Relative sensitivity of the drag coefficient of building and rectangular façade against design variables S, P, and Gap.
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Fig. 11. Correlation map for design and response variables.

Fig. 12. Drag coefficients of a CAARC building with a rectangular façade (base/
initial design).
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CB
D and CF

D represent respective drag coefficients of building and rectan-
gular DSF. The red color signifies a positive correlation, while the green
color represents a negative correlation between the two quantities. The
graphs exhibit no evident predictable pattern while indicating the high
dependency of wind direction on drag force and random effects,
reflecting the presence of nonlinear terms between design and target
variables. Since this random correlation makes the design of double fa-
çades even more complicated if the purpose is to tailor it for an aero-
dynamic modification for mitigating wind-induced load and response,
the best solution is to come up with a new design system with the
capability for repositioning according to feedback received from sensors
monitoring the building response.

It is first crucial to capture the aerodynamic behavior of a building
with a rectangular DSF as a base design to allow performance judgment
of the optimal configuration. For this purpose, a series of numerical
simulations were performed to compute the CDof building with rectan-
gular DSF at various wind directions. Fig. 12 demonstrates the CFD re-
sults of a rectangular DSF attached to a CAARC building along with the
results of a bare building with no façade. Compared to a bare building, it
can be seen that the double façades with openings mostly reduce the
overall load at low (α �0�) and high (α �90�) attack angles. The highest
drag force shows up close to α �45� because of having a larger suction
area in the wake region at this position (see Fig. 7). However, the DSF
system can excellently transfer the load from the building to the façade
surface, which is easier to control from the structural design perspective.

Optimally transferring a load from a building to a façade depends on
the project goal. Fig. 13a illustrates the optimization and bare building
results, in which the only cost function is the building’s drag coefficient.
While it can be seen that the drag coefficient of the building can be
significantly reduced by transferring the load to the DSF structure if the
aim is only to minimize the drag force on the building, the total force
11
does not notably change even after the optimization process. To explore
the effect of the objective function on load reduction in more depth, a
multi-objective optimization problem, minimizing the drag coefficients
on both building and façade, was applied to determine the design vari-
ables resulting in the lowest force at each angle of attack. The optimi-
zation results shown in Fig. 13b prove that the wind force can be
significantly reduced with a proper DSF configuration at each wind di-
rection. Although the optimal shape was found for each wind direction, it
is beneficial to determine an overall shape for non-adjustable façades
offering the best aerodynamic performance for all wind directions. A



Fig. 13. Single and multi-objective optimization results after minimizing the drag force for the rectangular façade (Step I).

Table 4
Comparison of optimized design variables and base design (initial design with
rectangular DSF).

S ¼ Si (mm) P ¼ Pi (mm) Gap (mm)

Base design 45.7 30.5 20
Optimal design 50.495 35.033 26.222
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comparison of total force that includes the building and façade loads
indicates that a lower total force can be reached based on the multi-
objective optimization problem. Although a double façade system may
not be specifically classified as an aerodynamic modification approach,
this system can be modified to improve a tall building’s aerodynamic
performance, with a double façade used for other purposes than load
reduction. From a design perspective, it is beneficial to transfer the
overall wind load acting on a bare building to specific locations to in-
crease the tall building’s structural strength only in those areas. Double
façades can properly distribute the wind-induced load, and even adaptive
façades can perform better at different wind speeds and attack angles.

Finally, to find a shape with the best performance in all AOAs, another
optimization was conducted based on the ten optimal designs plotted in
Fig. 14b. In Table 4, the optimal design variables for façade length and
gap are compared with the base design, the initial configuration of the
double façade before any optimization. For all angles of attack, the
simulations with optimal geometry described in Table 4 were carried out
to evaluate the aerodynamic performance of the optimal façade config-
uration. To this end, the RSM model already fitted with the dataset was
used to estimate the drag coefficients for the simulated geometry. The
drag coefficients identified by CFD simulation and RSM estimation are
compared for various attack angles in Fig. 15, and it can be seen that
these two approaches lead to very similar results that again confirm the
accuracy of the fitted RSMmodel. As shown in Fig. 15, the drag force on a
building can be significantly reduced through an optimization process.
Although the results presented in this section indicate that non-optimized
double façades alleviate the building’s drag force, it can be seen that even
Fig. 14. CFD results and predicted values of the fitted RSM using the optimized
shape reported in Table 4.
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the drag force can be reduced more through modification of the façade
shape. Comparison of Figs. 13 and 15 proves that the CB

Dcan be reduced
by up to 25% through the optimization process for the three design
variables used in Step I. This reduction of wind-induced forces can result
in a more economical design for the tall-building structure.

6.1.2. Optimization step II
While the proposed optimization approach presented in Step I has

resulted in the design of a passive DSF with a geometric configuration
that results in the lowest aerodynamic loads exerted on the building and
façade, the wind direction changes over time and affects aerodynamic
loads applied to tall buildings. To account for such loading variability,
this section also considers the performance of the middle DSFs with the
capability of twisting out-of-plane (see Fig. 3). These twistable façades on
the longer and shorter sides were defined as Si and Pi in Fig. 3. It has been
assumed that these components independently twist from�30� (counter-
clockwise) to þ30� (clock-wise) to adjust their positions according to the
wind direction. The respective twist angles for longer and shorter sides
are designated as θSi and θPi , resulting in eight twistable segments (two at
each side). Since the number of design variables in this step is sufficiently
large, instead of CCD, the Latin Hypercube Sampling (LHS) method was
applied to generate the near-random sample points. According to the LHS
method, 81 sample points inside the design space are required to be
tested for design variables θSi and θPi , i ¼ 1, 2, 3, 4. These 81 sample
points are reported in Table A1 (see Appendix). To study wind-direction
effects, seven angles of attack α : 0�, 15�, 30�, 45�, 60�, 75�, and 90�, were
considered, resulting in 567 (7 [angle] � 81 [sample]) CFD simulations
(as mentioned earlier) for fitting an RSM model. Finally, a large dataset
was collected after changing the geometry, updating the mesh, and
running the CFD solver for each sample point (SP) described in Table A1
(see Appendix). The numerical results obtained are summarized for each
AOA in Table A2 (see Appendix). The data provided in this table enabled
us to fit an accurate RSM model for predicting drag coefficients of new
points. It should be noted that the optimized values found in the first step
were utilized for designing the initial façade in this step.

Similar to the first optimization step, a sensitivity graph and a cor-
relation map, two powerful statistical tools, are plotted to visualize the
effects of design variables on output parameters. These two graphs are
illustrated for three angles of attack in Fig. 15, with the others presented



Fig. 15. Correlation map and sensitivity analysis for design variables and response or output parameters.
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in Appendix-Figure A3. Careful examination of these plots reveals that
the drag coefficients acting on building and façade are negatively
correlated for most cases, and more correlation can be observed for lower
angles of attack. With respect to sensitivity analysis, there is a random
trend for the sensitivity of drag forces against twist angles, and it seems a
nonlinear dependency between quantities exists, making the system
more unpredictable. This makes use of the response surface model and
the Genetic algorithm an excellent choice for predicting aerodynamic
behavior and optimize such a complex system.

From an aerodynamic perspective, since double façades are intended
to either reduce wind-induced loads or concentrate distributed wind
loads on specific locations to control such forces, the goal here is to
minimize the drag on only building and both façade and building.
Fig. 16a illustrates the results obtained by reducing only CB

D, and Fig. 16a
13
shows the optimization results for simultaneously minimizing CB
D and CF

D.
Comparison of Figs. 14 and 16 shows that, although the drag force has
been reduced by twisting the façades at specific points, their overall
impact on aerodynamic modification is not as significant as that of the
parameters investigated in Step I. Fig. 16b demonstrates the possibility of
significantly reducing the building’s drag by minimizing only the
building load ðCB

DÞ, but the façade load increases instead, suggesting that
the façade configuration shape strongly controls the drag. Depending on
the objective function(s) and the project goals, it would be possible to
reach a design for DSFs that provides the lowest force on the structure.
Similar to the results in Fig. 14b, it is evident that a lower total drag force
is achieved through minimization of both CB

D and CF
D compared to the

optimization of onlyCB
D.



Fig. 16. Single and multi-objective optimization results after minimizing the drag coefficient for the rectangular façade (Step II).
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6.2. EllipticAl double façade

This section focuses on the influence of the overall double-façade
shape on the drag force. To this end, an elliptical shape was selected for
streamlining the exterior shape and reducing the sudden flow separation
around the corners of rectangular buildings. The façade geometry was
parameterized by defining the BW, BL, DL, DW, as displayed in Fig. 3,
enabling us to modify the geometry by changing these parameters.
Central Composite Design (CCD) was again used here to determine the
required sampling points, and this method accordingly proposed 25
sample points for each angle of attack to fit the RSM. As mentioned
earlier, in performing the experiments at attack angles ranging from 0� to
90� in 10� increments, the total number of required numerical simula-
tions was 250 (10 [angle] � 25 [sample]) cases. The sample points and
drag coefficients obtained from CFD modeling for all attack angles are
presented in Table 5.

Similar to the previous section for rectangular façades, the correlation
map and sensitivity analysis are reported through separate graphs for
each wind angle. Fig. 17 reveals a small dependency between design
variables, and the plots for other angles are presented in Appendix-
Figure A4. The drag coefficients are positively and negatively correlated
with design variables and with one another. Although the correlation
map exhibited a relatively random trend, among all other parameters, the
variable BL demonstrated a positive correlation with CF

D and a negative
correlation with CB

D, with this correlation gradually vanishing with
increasing angle of attack. The variable DL also exhibited a positive
relationship with CF

D at the larger AOA that gradually disappears. From
these two trends, it can be concluded that the major axis of the ellipse (BL
and DL) has more influence on the DSF aerodynamics because increasing
these axes lead to the generation of a streamlined body with a lower drag
force. The relative sensitivity analysis indicates that all these design
variables affect the aerodynamics of the double façade and building with
different rates at a given α. Designing adaptive façades can take advan-
tage of this sensitivity and provide the lowest aerodynamic force for a
specific wind direction. The wind-induced response of tall buildings can
also be controlled by installing an adaptive façade system with the
capability for repositioning with variation in wind speed and direction.

Fig. 18 shows the results obtained from the single and multi-objective
optimization problems solved by the NSGA-II algorithm. Depending on
the approach used in the optimization algorithm, while it can be seen that
the building drag force can be significantly reduced by modifying the
façade shape, it should be noted that the building load reduction often
causes an increase in the force magnitude acting on the façade, repre-
senting a tradeoff requirement. It should be noted that while this study
has been conducted for only one wind speed or Reynolds number (Re),
past studies indicate that the drag coefficient does not significantly
change for an elliptical cylinder with Re less than 1.5 � 105 (Heddleson
et al., 1957). The Reynolds number of tall buildings, varying with height
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due to changing wind speed, depends on the geometry and mean wind
speed for specific terrain. Although the Reynolds number of tall buildings
barely exceeds the critical value, its effect on the drag coefficient for
different attack angles should be considered. Comparing the rectangular
and elliptical façade results indicates that designing an elliptical façade is
not noticeably effective in terms of reducing the wind-induced load for
the design space tested here, and, depending on the attack angle, it may
exhibit better or worse performance compared to the rectangular DSF,
although it has a lower total drag coefficient for the multi-objective
optimization cases. Given this result, it seems more reasonable to
design rectangular-shaped DSFs because their manufacturing process is
easier and cheaper than that of elliptical ones. It is interesting to observe
that the façade drag becomes negative for specific design points because
of the generated pressure gradient between the façade and building. As
shown in Fig. 7b, there is a significant suction area with negative pressure
inside the gap between the elliptical façade and building, while for the
rectangular façade, the pressure inside the gap is mainly positive. This
negative pressure could be due to a larger gap for the elliptical façade or
its more streamlined shape than that of the rectangular façade. As a
result, while this suction pressure results in a negative drag force, the
integral of pressure distribution around the façade, the total force on the
façade and building is positive. Depending on the façade geometry, the
drag coefficient on the elliptical façade can be negative or positive. For
example, the drag coefficient is positive for the case focused on mini-
mizing the drag force only for the building (see Fig. 18a).

7. Conclusions

Over the past few decades, double skin façades have been mostly
designed to improve indoor climate, save energy, and block sunlight.
While there is convincing evidence that DSFs could also be used for
reducing wind-induced loads on structures, there is still a lack of
coherent research studying the effect of façade shape on wind-induced
load and response of tall buildings at different angles of attack. Consid-
ering the large number of buildings worldwide that utilize DSFs, there
would seem to be a business-related justification to enhance such func-
tionality by integrating wind load-reducing features.

This paper utilized a holistic methodology that integrates statistical
tools such as DOE and RSM and RANS-based CFD models of the building
validated with experimental results to investigate the applicability of
DSFs in reducing wind loads on tall buildings. It also presents numerical
and optimization analyses for double façades with rectangular and
elliptical shapes. For the rectangular façade, the optimal shape was found
through steps I and II described in Section 6.1. The same process was
carried out for an elliptical DSF using only one step because the influence
of the elliptical façade was deemed so small that a second analysis was
not conducted for it. Correlation maps and sensitivity analyses were
presented for each angle of attack to demonstrate each design variable’s



Table 5
Drag coefficients of the elliptical façade using CFD simulation.

Façade Parameter (mm) Attack Angle α�,
CDBuilding
CDFacade

Run BW BL DL DW 0� 10� 20� 30� 40� 50� 60� 70� 80� 90�

1 197.5 500.0 450.0 270.0 0.85 0.88 0.94 1.22 1.43 1.43 1.39 1.56 1.61 1.76
0.09 0.22 0.40 0.66 0.55 0.60 0.48 0.20 0.15 0.23

2 185.0 500.0 450.0 270.0 1.06 1.06 1.35 1.49 1.82 2.00 1.62 1.77 2.06 1.89
�0.13 �0.11 0.09 0.22 0.28 0.28 0.24 0.08 0.06 0.19

3 210.0 500.0 450.0 270.0 0.71 0.72 0.72 0.98 1.19 1.27 1.36 1.72 1.54 1.73
0.27 0.43 0.62 0.71 0.76 0.73 0.54 0.14 0.10 0.17

4 197.5 450.0 450.0 270.0 0.90 0.96 0.98 1.26 1.55 1.58 1.94 1.75 1.95 1.99
�0.12 0.04 0.25 0.39 0.43 0.47 0.29 0.11 0.04 0.07

5 197.5 550.0 450.0 270.0 0.76 0.78 0.97 1.10 1.35 1.54 1.37 1.67 1.74 1.88
0.25 0.36 0.48 0.63 0.63 0.64 0.52 0.23 0.10 0.21

6 197.5 500.0 350.0 270.0 0.97 1.00 1.17 1.36 1.63 1.77 1.62 1.68 1.89 1.97
�0.03 0.05 0.24 0.39 0.30 0.29 0.13 �0.10 �0.25 �0.49

7 197.5 500.0 550.0 270.0 0.82 0.85 0.92 1.15 1.36 1.60 1.54 1.53 1.45 1.65
0.09 0.25 0.42 0.61 0.64 0.67 0.58 0.29 0.38 0.43

8 197.5 500.0 450.0 260.0 0.90 0.93 1.07 1.38 1.57 1.72 1.73 1.58 1.81 1.85
0.13 0.17 0.34 0.45 0.36 0.34 0.21 0.03 �0.12 �0.03

9 197.5 500.0 450.0 280.0 0.81 0.84 0.98 1.09 1.28 1.46 1.35 1.25 1.58 1.67
0.03 0.19 0.39 0.65 0.70 0.74 0.66 0.40 0.33 0.43

10 188.7 464.8 379.6 263.0 1.08 1.17 1.28 1.54 1.79 1.98 1.73 1.90 2.15 2.25
�0.14 �0.13 0.02 0.15 0.08 0.09 0.03 �0.16 �0.31 �0.24

11 206.3 464.8 379.6 263.0 1.00 1.10 1.19 1.46 1.64 1.97 2.15 1.76 2.27 2.05
�0.03 0.11 0.29 0.37 0.23 0.16 �0.07 �0.17 �0.44 �0.40

12 188.7 535.2 379.6 263.0 1.02 1.04 1.23 1.51 1.86 1.98 1.73 1.82 1.96 2.26
0.02 0.01 0.11 0.23 0.12 0.10 0.07 �0.16 �0.23 �0.25

13 206.3 535.2 379.6 263.0 1.04 1.10 1.29 1.48 1.74 1.78 1.80 1.91 2.16 2.12
0.11 0.16 0.29 0.40 0.29 0.29 0.04 �0.20 �0.43 �0.47

14 188.7 464.8 520.4 263.0 1.07 1.08 1.31 1.52 1.78 1.83 2.13 1.90 2.02 2.14
�0.16 �0.11 0.06 0.20 0.18 0.17 0.14 �0.05 0.13 0.10

15 206.3 464.8 520.4 263.0 0.75 0.80 0.83 1.09 1.39 1.63 1.53 1.47 1.54 1.85
0.14 0.34 0.50 0.73 0.56 0.55 0.44 0.20 0.13 0.12

16 188.7 535.2 520.4 263.0 0.90 0.91 1.10 1.38 1.60 1.65 1.63 1.64 1.51 1.76
0.11 0.11 0.29 0.43 0.42 0.45 0.35 0.15 0.31 0.23

17 206.3 535.2 520.4 263.0 0.69 0.71 0.81 1.11 1.30 1.42 1.42 1.67 1.79 1.93
0.39 0.45 0.60 0.81 0.75 0.67 0.52 0.13 0.08 0.16

18 188.7 464.8 379.6 277.0 1.04 1.15 1.15 1.45 1.73 1.87 1.87 2.15 2.02 1.89
�0.23 �0.15 0.07 0.27 0.21 0.29 0.28 �0.04 �0.08 0.07

19 206.3 464.8 379.6 277.0 0.74 0.83 0.88 1.00 1.22 1.26 1.45 1.41 1.62 1.65
0.07 0.25 0.48 0.67 0.66 0.62 0.47 0.23 0.04 �0.18

20 188.7 535.2 379.6 277.0 0.90 0.95 1.15 1.29 1.45 1.42 1.61 1.70 1.83 1.73
0.02 0.07 0.28 0.43 0.46 0.54 0.47 0.18 0.08 0.13

21 206.3 535.2 379.6 277.0 0.72 0.73 0.89 1.01 1.25 1.43 1.23 1.31 1.51 1.67
0.25 0.38 0.55 0.70 0.74 0.71 0.56 0.24 0.05 �0.18

22 188.7 464.8 520.4 277.0 1.06 1.14 1.38 1.47 1.75 1.90 1.84 1.89 2.10 2.07
�0.25 �0.14 0.06 0.31 0.28 0.27 0.26 0.16 0.17 0.25

23 206.3 464.8 520.4 277.0 0.74 0.82 0.72 0.97 1.20 1.26 1.25 1.26 1.46 1.77
0.07 0.27 0.55 0.77 0.77 0.83 0.71 0.46 0.38 0.44

24 188.7 535.2 520.4 277.0 0.94 0.88 1.14 1.33 1.59 1.49 1.51 1.43 1.92 1.73
0.01 0.08 0.33 0.50 0.64 0.61 0.60 0.37 0.41 0.54

25 206.3 535.2 520.4 277.0 0.69 0.70 0.72 0.89 1.15 1.21 1.30 1.48 1.52 1.27
0.30 0.40 0.68 0.86 1.00 0.97 0.90 0.47 0.48 0.71
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impact on the drag coefficient of the building and façade, with results
that show that the opening or façade length and gap between the façade
and building can significantly affect a tall building’s aerodynamics. Since
it was also found that the elliptical façade tested here provides aero-
dynamic performance quite similar to that of the rectangular façade, the
greater simplicity of rectangular façade construction makes this shape a
better choice for practical applications while still providing satisfactory
aerodynamic performance.

The results from the research substantiate the hypothesis that DSFs
can significantly transfer the load from the building to the façade system
by distributing airflow into low-pressure areas. Apart from other features,
based on the results presented, a double façade can be classified as an
aerodynamic modification approach for both existing high-rise buildings
and new designs. The unique approach considered in this study, ac-
counting for different attack angles, highlights the fact that different
AOAs would result in different optimized façade shapes. This leads to the
15
perfect business justification for the use of smart morphing façades
(Smorphacades) that can change their configuration depending on the
angle of the wind to minimize wind-induced loads. The results presented
here prove that integrating such an adaptive system with an
optimization-based control system could result in an excellent system for
reducing or transferring the load from building to façade or vice versa.

The extracted parameter of interest from CFD models was the drag
coefficient. The reduction of drag coefficients, as conducted through the
optimization model in this manuscript, will result in lowering the
external loads in the along wind direction of the tall building. This by
itself is an important factor from the perspective of efficiency in the
structural design of tall buildings. However, crosswind-induced vibra-
tions that could impact other performance objectives such as occupant
comfort play an important role in the final design and proportioning of
the structural components of a tall building. While the proposed meth-
odology was successful in streamlining a process to optimize the drag



Fig. 17. Correlation map and sensitivity analysis for the elliptical double façade.
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Fig. 18. Single and multi-objective optimization results after minimizing the drag for building with the elliptical façade.
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coefficients, it is expected that future studies currently underway by the
authors will enhance its applicability in twomajor ways: 1) consideration
of high-fidelity CFD models that account for not only across wind drag
coefficients and along-wind vibrations but also the consideration of local
wind pressure changes across the moving façade, and 2) conducting
aeroelastic wind tunnel experiments on the buildings with the
Smorphacades.

As mentioned in the earlier sections of the paper, because of the large
computational effort required to create a sufficient design space, while
only a 2D CFD simulation was considered here, it would be plausible in
future extensions of this work to consider three-dimensional flow effects
and to measure load under the atmospheric boundary layer wind profile
to confirm the aerodynamic efficiency of double-skin façades. Further-
more, more research would be required to evaluate the aerodynamic
performance of façades for other building shapes. Due to the limitation of
wind tunnel experiments on testing such complex models, the CFD
technique could overcome these limitations and provide a better intuitive
grasp of the fluid dynamics of double façades. In this regard, high-fidelity
turbulence models such as large eddy simulation (LES) or detached eddy
simulation (DES) could be used to accurately capture the flow around the
façade.
17
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Appendix

The sampling points used for optimization Step II of the rectangular façade are shown in Table A1. The CFD results obtained for these sampling
points are presented in Table A2.
Table A1

Sample points using the Latin Hypercube Sampling method for twisting rectangular façades (all units are degree).

SP θS1 θS2 θS3 θS4 θP1 θP2 θP3 θP4 SP θS1 θS2 θS3 θS4 θP1 θP2 θP3 θP4
1
 �27.4
 �20.7
 �11.9
 6.7
 18.5
 �11.1
 �25.2
 �9.6
 42
 23.0
 �29.6
 �20.0
 �25.2
 17.8
 �9.6
 �11.1
 �2.2

2
 5.9
 20.0
 11.9
 25.2
 �2.2
 1.5
 6.7
 23.0
 43
 �8.9
 16.3
 5.2
 �15.6
 �11.1
 5.9
 �21.5
 �6.7

3
 �12.6
 �22.2
 19.3
 28.1
 15.6
 �28.9
 �20.7
 15.6
 44
 18.5
 24.4
 17.8
 �18.5
 �20.0
 �22.2
 15.6
 �17.0

4
 �14.8
 �28.1
 �6.7
 �20.0
 19.3
 �5.9
 7.4
 �28.1
 45
 �21.5
 �8.9
 11.1
 3.7
 0.7
 11.9
 �15.6
 �25.9

5
 �1.5
 13.3
 �25.9
 �2.2
 �25.9
 �26.7
 29.6
 0.7
 46
 �23.0
 3.0
 �20.7
 �10.4
 9.6
 6.7
 18.5
 �26.7

6
 �6.7
 17.0
 20.0
 �4.4
 6.7
 25.2
 �24.4
 �15.6
 47
 �16.3
 12.6
 �8.1
 �17.0
 �15.6
 18.5
 2.2
 �23.0

7
 25.9
 7.4
 �17.0
 5.9
 �7.4
 �8.9
 5.9
 25.9
 48
 �29.6
 �25.2
 10.4
 21.5
 �28.1
 3.7
 �18.5
 �7.4

8
 �20.7
 2.2
 15.6
 �29.6
 �27.4
 24.4
 �20.0
 8.9
 49
 �7.4
 20.7
 �16.3
 17.8
 3.7
 �20.0
 16.3
 20.7

9
 11.1
 �8.1
 20.7
 8.9
 24.4
 �21.5
 �5.9
 8.1
 50
 20.0
 8.9
 13.3
 �24.4
 �9.6
 �29.6
 �17.0
 1.5

10
 21.5
 �0.7
 26.7
 �16.3
 �10.4
 �24.4
 �5.2
 28.9
 51
 �5.2
 �25.9
 8.9
 14.8
 �23.7
 �23.7
 �19.3
 �16.3

11
 0.0
 �11.1
 16.3
 �14.1
 23.7
 �16.3
 20.0
 5.2
 52
 �25.2
 �11.9
 2.2
 24.4
 5.2
 11.1
 8.1
 16.3

12
 23.7
 10.4
 �14.1
 �8.1
 �18.5
 �25.2
 �13.3
 0.0
 53
 �13.3
 �10.4
 �24.4
 �5.9
 20.7
 19.3
 �14.8
 29.6

13
 24.4
 �5.9
 29.6
 �12.6
 �13.3
 �13.3
 5.2
 �14.1
 54
 14.1
 �4.4
 �18.5
 �26.7
 7.4
 8.1
 25.9
 �21.5

14
 �28.1
 8.1
 �4.4
 2.2
 �14.1
 5.2
 10.4
 7.4
 55
 9.6
 �20.0
 1.5
 �27.4
 �21.5
 �11.9
 �9.6
 �0.7

15
 �17.0
 0.0
 �7.4
 28.9
 14.8
 �18.5
 28.1
 3.0
 56
 �14.1
 29.6
 24.4
 �0.7
 1.5
 �7.4
 0.7
 5.9

16
 16.3
 �18.5
 12.6
 �8.9
 �19.3
 15.6
 �2.2
 19.3
 57
 8.1
 5.2
 �23.0
 �5.2
 10.4
 14.8
 24.4
 �11.9

17
 15.6
 19.3
 23.7
 11.9
 2.2
 13.3
 �12.6
 �25.2
 58
 12.6
 17.8
 �21.5
 26.7
 �5.9
 9.6
 �25.9
 �24.4

18
 26.7
 �3.0
 �13.3
 23.0
 11.9
 0.0
 �4.4
 11.1
 59
 �11.1
 �28.9
 �10.4
 �14.8
 17.0
 �8.1
 3.7
 6.7
(continued on next column)
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Table A1 (continued )
SP
 θS1
 θS2
 θS3
 θS4
 θP1
 θP2
 θP3
 θP4
18
SP
 θS1
 θS2
 θS3
 θS4
 θP1
 θP2
 θP3
 θP4
19
 �4.4
 �26.7
 22.2
 �13.3
 3.0
 �25.9
 13.3
 �5.2
 60
 17.8
 �27.4
 �0.7
 4.4
 �8.9
 28.1
 1.5
 �11.1

20
 �19.3
 18.5
 �28.1
 �3.0
 22.2
 �27.4
 11.9
 �3.7
 61
 �8.1
 0.7
 �29.6
 25.9
 �5.2
 �28.1
 8.9
 �27.4

21
 17.0
 27.4
 �9.6
 0.7
 �3.7
 �14.1
 �10.4
 �12.6
 62
 �3.0
 �23.0
 �27.4
 �6.7
 �17.8
 0.7
 �26.7
 9.6

22
 �24.4
 �12.6
 �25.2
 14.1
 �24.4
 16.3
 �7.4
 13.3
 63
 �22.2
 28.9
 3.0
 �3.7
 20.0
 �1.5
 �29.6
 22.2

23
 �20.0
 25.9
 25.9
 1.5
 28.9
 27.4
 �1.5
 12.6
 64
 6.7
 1.5
 9.6
 5.2
 27.4
 23.7
 �27.4
 �23.7

24
 �0.7
 �2.2
 �3.0
 16.3
 �22.2
 �23.0
 0.0
 14.8
 65
 5.2
 �6.7
 6.7
 22.2
 26.7
 �12.6
 �3.0
 11.9

25
 7.4
 14.1
 �12.6
 �1.5
 4.4
 7.4
 �28.9
 �10.4
 66
 20.7
 23.0
 28.9
 8.1
 �8.1
 20.7
 �16.3
 23.7

26
 �18.5
 6.7
 21.5
 �23.0
 28.1
 �0.7
 14.1
 �20.7
 67
 3.7
 �15.6
 �3.7
 27.4
 �29.6
 2.2
 21.5
 17.8

27
 �9.6
 �7.4
 23.0
 20.0
 �28.9
 12.6
 11.1
 �4.4
 68
 1.5
 26.7
 �2.2
 17.0
 25.2
 25.9
 25.2
 18.5

28
 �26.7
 3.7
 8.1
 12.6
 �14.8
 4.4
 �3.7
 �1.5
 69
 �11.9
 11.1
 25.2
 �11.1
 8.1
 �4.4
 23.7
 17.0

29
 4.4
 �16.3
 �5.2
 11.1
 �16.3
 28.9
 �11.9
 �8.9
 70
 19.3
 �1.5
 �8.9
 �22.2
 �25.2
 26.7
 19.3
 27.4

30
 22.2
 11.9
 �14.8
 �7.4
 �26.7
 �15.6
 �22.2
 �19.3
 71
 �3.7
 �14.1
 3.7
 13.3
 �11.9
 8.9
 �0.7
 21.5

31
 27.4
 �9.6
 0.0
 23.7
 �4.4
 10.4
 4.4
 2.2
 72
 13.3
 28.1
 14.1
 �23.7
 5.9
 �17.0
 9.6
 4.4

32
 14.8
 21.5
 �11.1
 �11.9
 �12.6
 14.1
 �6.7
 10.4
 73
 29.6
 �23.7
 5.9
 19.3
 25.9
 23.0
 27.4
 �5.9

33
 0.7
 4.4
 7.4
 29.6
 �3.0
 �10.4
 3.0
 �20.0
 74
 3.0
 �19.3
 4.4
 �17.8
 14.1
 �19.3
 �23.0
 �13.3

34
 10.4
 �24.4
 28.1
 18.5
 29.6
 17.0
 �8.9
 �3.0
 75
 �25.9
 15.6
 17.0
 �9.6
 �23.0
 3.0
 �8.1
 25.2

35
 �15.6
 �3.7
 �1.5
 �21.5
 21.5
 �14.8
 23.0
 24.4
 76
 28.9
 9.6
 18.5
 20.7
 �0.7
 �3.0
 20.7
 �29.6

36
 �23.7
 �17.0
 27.4
 �19.3
 �17.0
 �20.7
 22.2
 �17.8
 77
 8.9
 14.8
 �22.2
 0.0
 8.9
 �6.7
 12.6
 28.1

37
 �2.2
 �14.8
 �15.6
 �28.1
 23.0
 21.5
 17.8
 3.7
 78
 �28.9
 23.7
 �28.9
 10.4
 13.3
 �17.8
 �14.1
 �14.8

38
 �5.9
 22.2
 0.7
 �28.9
 0.0
 20.0
 14.8
 �8.1
 79
 11.9
 25.2
 �19.3
 9.6
 11.1
 �5.2
 �28.1
 �18.5

39
 2.2
 �17.8
 �17.8
 �25.9
 12.6
 �2.2
 �23.7
 20.0
 80
 �10.4
 �13.3
 14.8
 15.6
 �6.7
 17.8
 28.9
 �28.9

40
 25.2
 5.9
 �26.7
 �20.7
 �1.5
 29.6
 17.0
 �22.2
 81
 �17.8
 �5.2
 �23.7
 7.4
 �20.7
 22.2
 26.7
 14.1

41
 28.1
 �21.5
 �5.9
 3.0
 16.3
 �3.7
 �17.8
 26.7
Table A2
Numerical results of drag coefficients obtained for the elliptical façade.

Run α ¼ 0� α ¼ 15� α ¼ 30� α ¼ 45� α ¼ 60� α ¼ 75� α ¼ 90�
CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D

1
 0.61
 0.43
 0.90
 0.37
 1.25
 0.52
 1.65
 0.57
 1.69
 0.62
 1.53
 0.58
 1.30
 0.65

2
 0.66
 0.43
 0.71
 0.50
 1.04
 0.83
 1.31
 0.89
 1.40
 0.85
 1.38
 0.62
 1.40
 0.66

3
 0.62
 0.37
 0.85
 0.44
 1.19
 0.70
 1.45
 0.81
 1.65
 0.78
 1.39
 0.64
 1.46
 0.63

4
 0.63
 0.41
 0.98
 0.30
 1.46
 0.36
 1.80
 0.35
 1.74
 0.40
 1.33
 0.41
 1.34
 0.61

5
 0.69
 0.40
 0.89
 0.36
 1.32
 0.54
 1.82
 0.46
 1.78
 0.45
 1.35
 0.44
 1.56
 0.62

6
 0.66
 0.35
 0.86
 0.37
 1.32
 0.63
 1.72
 0.67
 1.87
 0.57
 1.58
 0.46
 1.20
 0.71

7
 0.71
 0.40
 0.90
 0.44
 1.35
 0.54
 1.73
 0.48
 1.57
 0.70
 1.37
 0.59
 1.24
 0.64

8
 0.69
 0.27
 0.90
 0.39
 1.31
 0.51
 1.53
 0.62
 1.78
 0.64
 1.27
 0.54
 1.34
 0.61

9
 0.63
 0.43
 0.88
 0.47
 1.15
 0.69
 1.53
 0.76
 1.42
 0.69
 1.32
 0.59
 1.36
 0.68

10
 0.66
 0.37
 0.84
 0.49
 1.15
 0.73
 1.46
 0.78
 1.50
 0.69
 1.44
 0.56
 1.54
 0.61

11
 0.59
 0.40
 0.90
 0.38
 1.36
 0.55
 1.77
 0.58
 1.62
 0.48
 1.20
 0.50
 1.27
 0.61

12
 0.69
 0.44
 0.90
 0.43
 1.36
 0.68
 1.79
 0.67
 1.40
 0.58
 1.61
 0.52
 1.54
 0.62

13
 0.70
 0.37
 0.84
 0.39
 1.12
 0.75
 1.36
 0.86
 1.59
 0.75
 1.26
 0.61
 1.21
 0.66

14
 0.66
 0.39
 0.95
 0.41
 1.36
 0.53
 1.61
 0.58
 1.46
 0.64
 1.49
 0.63
 1.22
 0.66

15
 0.60
 0.41
 0.80
 0.44
 1.29
 0.52
 1.52
 0.62
 1.77
 0.65
 1.09
 0.55
 1.18
 0.65

16
 0.70
 0.29
 1.06
 0.34
 1.25
 0.57
 1.60
 0.63
 1.54
 0.60
 1.30
 0.62
 1.49
 0.68

17
 0.71
 0.39
 0.96
 0.38
 1.17
 0.76
 1.50
 0.88
 1.41
 0.76
 1.55
 0.59
 1.48
 0.69

18
 0.72
 0.41
 0.80
 0.42
 1.25
 0.53
 1.47
 0.70
 1.27
 0.69
 1.43
 0.63
 1.55
 0.57

19
 0.61
 0.40
 0.80
 0.42
 1.27
 0.63
 1.62
 0.70
 1.39
 0.64
 1.50
 0.57
 1.47
 0.65

20
 0.69
 0.40
 1.00
 0.35
 1.49
 0.43
 1.82
 0.39
 1.87
 0.41
 1.23
 0.43
 1.52
 0.61

21
 0.69
 0.48
 0.98
 0.44
 1.27
 0.81
 1.56
 0.83
 1.80
 0.76
 1.47
 0.61
 1.64
 0.60

22
 0.76
 0.32
 1.00
 0.34
 1.45
 0.45
 1.59
 0.59
 1.49
 0.64
 1.42
 0.67
 1.70
 0.39

23
 0.68
 0.31
 0.87
 0.36
 1.51
 0.42
 1.84
 0.49
 1.94
 0.42
 1.27
 0.43
 1.59
 0.50

24
 0.60
 0.40
 0.74
 0.50
 1.22
 0.75
 1.43
 0.78
 1.32
 0.71
 1.41
 0.68
 1.26
 0.65

25
 0.62
 0.46
 0.87
 0.38
 1.32
 0.64
 1.66
 0.64
 1.64
 0.57
 1.62
 0.48
 1.50
 0.58

26
 0.63
 0.34
 0.87
 0.32
 1.43
 0.42
 1.75
 0.38
 1.65
 0.36
 1.60
 0.41
 1.60
 0.55

27
 0.67
 0.32
 0.89
 0.38
 1.18
 0.64
 1.47
 0.77
 1.62
 0.79
 1.13
 0.71
 1.44
 0.61

28
 0.64
 0.37
 0.77
 0.50
 1.14
 0.64
 1.47
 0.81
 1.58
 0.77
 1.02
 0.72
 1.42
 0.69

29
 0.64
 0.36
 0.97
 0.33
 1.25
 0.64
 1.46
 0.75
 1.48
 0.76
 1.24
 0.73
 1.49
 0.69

30
 0.68
 0.43
 0.88
 0.40
 1.30
 0.73
 1.73
 0.67
 1.97
 0.63
 1.37
 0.47
 1.53
 0.61

31
 0.70
 0.41
 0.89
 0.38
 1.19
 0.67
 1.31
 0.82
 1.47
 0.79
 1.20
 0.67
 1.41
 0.62

32
 0.71
 0.46
 0.84
 0.37
 1.29
 0.58
 1.69
 0.55
 1.53
 0.50
 1.20
 0.51
 1.47
 0.60

33
 0.59
 0.45
 0.77
 0.45
 1.14
 0.77
 1.32
 1.00
 1.52
 0.97
 1.33
 0.71
 1.63
 0.60

34
 0.69
 0.38
 1.02
 0.27
 1.32
 0.52
 1.46
 0.72
 1.29
 0.72
 1.08
 0.62
 1.32
 0.58

35
 0.63
 0.42
 0.87
 0.37
 1.49
 0.35
 1.88
 0.38
 1.98
 0.41
 1.28
 0.46
 1.46
 0.56

36
 0.66
 0.35
 0.80
 0.40
 1.23
 0.64
 1.54
 0.70
 1.40
 0.63
 1.14
 0.58
 1.56
 0.53

37
 0.70
 0.40
 1.13
 0.20
 1.73
 0.20
 1.96
 0.27
 2.01
 0.36
 1.21
 0.48
 1.48
 0.58

38
 0.66
 0.43
 0.93
 0.32
 1.35
 0.46
 1.74
 0.45
 1.93
 0.43
 1.39
 0.47
 1.41
 0.53

39
 0.63
 0.45
 1.02
 0.34
 1.42
 0.42
 1.72
 0.49
 1.62
 0.46
 1.23
 0.47
 1.52
 0.58

40
 0.75
 0.37
 1.05
 0.18
 1.47
 0.36
 1.83
 0.34
 1.73
 0.43
 1.23
 0.47
 1.56
 0.49

41
 0.68
 0.44
 0.88
 0.34
 1.28
 0.63
 1.65
 0.67
 1.42
 0.63
 1.28
 0.56
 1.51
 0.57

42
 0.73
 0.44
 0.91
 0.30
 1.38
 0.52
 1.85
 0.53
 1.69
 0.53
 1.39
 0.52
 1.36
 0.63

43
 0.62
 0.40
 0.83
 0.46
 1.27
 0.64
 1.59
 0.70
 1.62
 0.62
 1.63
 0.46
 1.33
 0.68

44
 0.72
 0.35
 0.89
 0.43
 1.14
 0.76
 1.58
 0.68
 1.79
 0.62
 1.23
 0.51
 1.18
 0.71
(continued on next column)
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Table A2 (continued )
Run
 α ¼ 0�
 α ¼ 15�
 α ¼ 30�
 α ¼ 45�
19
α ¼ 60�
 α ¼ 75�
 α ¼ 90�
CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D
 CB
D
 CF

D

45
 0.62
 0.35
 0.94
 0.41
 1.33
 0.59
 1.54
 0.70
 1.64
 0.62
 1.61
 0.63
 1.55
 0.56

46
 0.67
 0.37
 1.09
 0.25
 1.55
 0.19
 2.02
 0.13
 2.03
 0.22
 1.57
 0.39
 1.36
 0.57

47
 0.71
 0.37
 0.94
 0.32
 1.42
 0.42
 1.66
 0.50
 1.49
 0.48
 1.65
 0.53
 1.49
 0.61

48
 0.65
 0.34
 0.94
 0.41
 1.11
 0.71
 1.34
 0.85
 1.50
 0.86
 1.39
 0.71
 1.27
 0.61

49
 0.64
 0.43
 0.77
 0.44
 1.22
 0.61
 1.70
 0.67
 1.82
 0.66
 1.46
 0.62
 1.59
 0.52

50
 0.70
 0.35
 0.79
 0.49
 1.19
 0.82
 1.61
 0.79
 1.69
 0.68
 1.58
 0.51
 1.56
 0.50

51
 0.63
 0.36
 0.76
 0.48
 1.02
 0.88
 1.32
 0.90
 1.58
 0.86
 1.55
 0.72
 1.44
 0.56

52
 0.61
 0.39
 0.81
 0.39
 1.39
 0.50
 1.65
 0.56
 1.75
 0.55
 1.39
 0.61
 1.48
 0.66

53
 0.69
 0.37
 0.91
 0.33
 1.67
 0.29
 1.91
 0.31
 1.72
 0.38
 1.43
 0.52
 1.31
 0.68

54
 0.68
 0.44
 0.98
 0.26
 1.42
 0.37
 1.87
 0.41
 2.01
 0.42
 1.49
 0.43
 1.61
 0.55

55
 0.67
 0.39
 0.85
 0.36
 1.26
 0.75
 1.60
 0.73
 1.45
 0.67
 1.45
 0.59
 1.53
 0.59

56
 0.65
 0.37
 0.89
 0.49
 1.22
 0.62
 1.51
 0.73
 1.72
 0.64
 1.22
 0.49
 1.54
 0.55

57
 0.67
 0.43
 1.07
 0.25
 1.40
 0.42
 1.92
 0.30
 1.88
 0.38
 1.42
 0.48
 1.62
 0.61

58
 0.74
 0.41
 0.94
 0.37
 1.32
 0.71
 1.33
 0.89
 1.28
 0.85
 1.36
 0.62
 1.37
 0.63

59
 0.65
 0.42
 0.88
 0.31
 1.56
 0.34
 1.82
 0.33
 1.87
 0.40
 1.44
 0.50
 1.34
 0.68

60
 0.68
 0.40
 0.99
 0.27
 1.21
 0.62
 1.55
 0.71
 1.42
 0.66
 1.06
 0.63
 1.55
 0.70

61
 0.70
 0.42
 0.87
 0.43
 1.25
 0.60
 1.48
 0.78
 1.56
 0.80
 1.40
 0.66
 1.50
 0.69

62
 0.69
 0.39
 0.98
 0.36
 1.34
 0.57
 1.63
 0.65
 1.91
 0.62
 1.44
 0.59
 1.60
 0.51

63
 0.61
 0.42
 0.88
 0.45
 1.40
 0.51
 1.80
 0.45
 1.58
 0.43
 1.30
 0.38
 1.59
 0.56

64
 0.68
 0.36
 0.94
 0.36
 1.29
 0.62
 1.61
 0.69
 1.74
 0.60
 1.40
 0.52
 1.50
 0.64

65
 0.59
 0.46
 0.83
 0.45
 1.23
 0.65
 1.43
 0.76
 1.49
 0.70
 1.05
 0.63
 1.60
 0.60

66
 0.72
 0.38
 0.95
 0.42
 1.15
 0.68
 1.47
 0.76
 1.28
 0.81
 1.66
 0.57
 1.37
 0.47

67
 0.62
 0.38
 0.97
 0.36
 1.30
 0.57
 1.44
 0.80
 1.65
 0.76
 1.15
 0.72
 1.41
 0.50

68
 0.67
 0.42
 0.89
 0.33
 1.24
 0.57
 1.58
 0.54
 1.84
 0.53
 1.49
 0.56
 1.47
 0.57

69
 0.61
 0.36
 0.88
 0.46
 1.29
 0.59
 1.61
 0.54
 1.83
 0.51
 1.36
 0.45
 1.52
 0.52

70
 0.75
 0.37
 0.91
 0.29
 1.33
 0.39
 1.69
 0.43
 1.65
 0.49
 1.39
 0.54
 1.43
 0.40

71
 0.59
 0.39
 0.86
 0.46
 1.31
 0.62
 1.64
 0.65
 1.79
 0.69
 1.21
 0.65
 1.46
 0.48

72
 0.68
 0.43
 0.90
 0.43
 1.17
 0.75
 1.59
 0.73
 1.40
 0.57
 1.47
 0.45
 1.54
 0.48

73
 0.70
 0.37
 1.05
 0.27
 1.40
 0.54
 1.62
 0.66
 1.59
 0.66
 1.51
 0.58
 1.47
 0.46

74
 0.59
 0.46
 0.90
 0.44
 1.20
 0.67
 1.62
 0.61
 1.72
 0.63
 1.59
 0.52
 1.28
 0.55

75
 0.66
 0.30
 0.89
 0.47
 1.25
 0.61
 1.69
 0.71
 1.68
 0.58
 1.18
 0.52
 1.38
 0.62

76
 0.71
 0.36
 0.94
 0.41
 1.16
 0.75
 1.33
 0.87
 1.43
 0.90
 1.06
 0.63
 1.56
 0.53

77
 0.68
 0.47
 0.92
 0.42
 1.26
 0.55
 1.76
 0.49
 1.57
 0.48
 1.15
 0.51
 1.46
 0.65

78
 0.68
 0.42
 0.78
 0.43
 1.44
 0.53
 1.68
 0.59
 1.55
 0.55
 1.48
 0.50
 1.31
 0.47

79
 0.73
 0.44
 0.88
 0.38
 1.26
 0.70
 1.64
 0.75
 1.55
 0.63
 1.40
 0.53
 1.36
 0.57

80
 0.65
 0.32
 0.92
 0.36
 1.43
 0.49
 1.49
 0.59
 1.58
 0.66
 1.46
 0.54
 1.61
 0.50

81
 0.73
 0.30
 0.93
 0.31
 1.50
 0.35
 1.73
 0.46
 1.65
 0.55
 1.14
 0.53
 1.52
 0.61
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Fig. A1. Relative sensitivity of the drag coefficient of building and rectangular façade against design variables S, P, and Gap.
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Fig. A2. Correlation map for design and response variables.
21
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Fig. A3. Correlation map and sensitivity analysis for design variables and response or output parameters.
22



Fig. A4. Correlation map and sensitivity analysis for the elliptical double façade.
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Fig. A4. (continued).
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