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ABSTRACT:Wind load in architectural engineering can be defined as the natural load produced by air and is 
considered the mos t vital factor in design because this load significantly impacts s tructures, especially tall buildings. 
In this regard, drag force is the crucial wind force in tall building design. Even if the s tructure's safety is verified by 
using advanced technologies and high-quality materials, the vibrations caused by the wind force can s till reach beyond 
the human comfort zone and may cause concern. The main goal of this s tudy is to identify the wind aerodynamic 
factors in the urban boundary layer and evaluate the drag coefficient in tall-square buildings. Seven sample squared-
plan buildings with aerodynamic modifications (corners), including recessed, rounded, and chamfered corners, and 
aerodynamic forms including set-back, tapered, and helical/twis ted compared to the base (sharp corner) model were 
examined under simulation. Autodesk Flow Design 2014 software was employed as a wind tunnel simulator. The 
software utilizes a Large Eddy Simulation (LES) turbulence model solver to account for turbulence within the wind 
tunnel. LES is a mathematical model for turbulence used in computational fluid dynamics of the atmospheric boundary 
layer. The results showed that the sq6 with the aerodynamic tapered form had the bes t performance compared to 
other samples, successfully reducing the drag coefficient by about 50%. The sq3 sample with chamfered aerodynamic 
modification could also reduce the drag coefficient and wind effect by about 42%.
  Keywords:Wind aerodynamics, Urban boundary layer, Wind tunnel simulation, Drag coefficient, Tall buildings.

INTRODUCTION
Tall building design is challenging for engineers because they 

are prone to wind-induced vibration due to their flexibility, low 
inherent mechanical damping, slenderness, and light s tructure 
(Xie, 2014; Xu & Xie, 2015). As architectural design regards, 
not only wind loads but also the movements of the building 
as a result of wind blowing are both included in the area of 
design to assure the serviceability of the building (Elshaer 
et al., 2017). Nowadays, it is evident that the shape of the 
building mainly determines its behavior toward the wind. 
Considerations regarding aerodynamic shape optimization of 
buildings in the early s tages of architecture have been proven 
as the mos t promising method for achieving a s table design 
agains t the wind (Tamura et al., 1998). 
S tability design agains t the wind and aerodynamic optimization 

are the current topics in building design societies. Although the 
aerodynamic shape plays a vital role in designing tall buildings, 
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its optimization will not be achieved without dealing with 
other design aspects that limit the available options (Shiqing 
et al., 2017). One of the significant challenges in aerodynamic 
optimization is not seeking the bes t aerodynamic shape 
but achieving the optimized balance between aerodynamic 
performance and economic consequences. There are two 
main architectural design s trategies for the aerodynamic 
optimization of tall buildings. Aerodynamic optimization can 
be divided into two categories: aerodynamic modifications and 
forms (Holmes, 2001; Yasa, 2016).
The firs t s trategy is aerodynamic modifications which 

are usually considered numerical measures. Collaborative 
solutions can be used in tall building design by merging such 
approaches (Parker & Wood, 2013). Chamfering, rounding and 
recessing the corners of rectangular-shaped or square-shaped 
buildings are very common. This is recommended to be around 
10 percent of the building width. Such a technique was tes ted 
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in the wind tunnel for the Taipei 101 tower with a height of 
509 meters, resulting in a 25 percent reduction in wind forces 
(Irwin et al., 2008; Rafizadeh et al., 2022; Xie, 2012). 
The other s trategy is aerodynamic design with aerodynamic 

forms combined with an architectural design that significantly 
impacts the building shapes, including overall building height 
optimization such as making tapered, twis ted/helical, and set-
back (Wahrhaftig et al., 2013; Gunel & Ilgin, 2014). These 
solutions minimize the vibrations from wind in tall buildings 
and focus more on their shape, form, and cross-section at the 
design s tage (Marsland et al., 2022). Moreover, for designing 
tall buildings agains t the wind, determining the type of reaction 
to the wind is very important; that defines the design method. 
Wind flow has three forces: along-wind motion, across-wind 
motion, and torsional-wind motion (Amin & Ahuja, 2014). In 
mos t tall buildings, the dynamic reaction to the along-wind 
motion dominates the design of loads and wind motions and 
sometimes leads to more vibration.
One of the mos t fundamental parameters in wind aerodynamics 

is the drag coefficient, which is done by optimizing the reaction 
of the along-wind motion by modifying the angles of the 
building (in the corners). However, there are very few s tudies 
conducted on the aerodynamic characteris tics of tall buildings 
in Iran. Consequently, it is necessary to analyze tall building 
models by evaluating extensive building configurations as 
comprehensive guidelines for architects and engineers to make 
better decisions in the design of buildings. Since experimental 
measurements like wind tunnel tes t is expensive work, with 
high cos ts driven by specialized equipment and reagents, 
they have been profoundly time-consuming and expensive to 
use. On this basis, simulation and CFD software can give us 
a better unders tanding of the wind flow characteris tics of tall 
buildings in urban areas. Thus, the primary aim of the present 
article is to identify which types of aerodynamic forms, like 
set-back, tapered, and helical/twis ted, and modifications such 
as chamfered, rounded, and recessed corners can reduce the 
wind impacts on tall buildings.

ResearchBackground
In general, several s tudies have been conducted on 

aerodynamics and tall buildings. Some researchers have 
focused on wind design over tall rectangular buildings (Chan 
& Chui, 2006; Chan et al., 2009; Huang et al., 2011; Li et al., 
2011). Kawai (1998) s tudied the effects of corner changes 
on the aeroelas tic ins tability of tall buildings. The building 
model chosen for the s tudy was square. The results showed 
that rounding has considerable effect in the firs t case compared 
with square form agains t the wind. Other records showed that if 
the amount of b/B, namely the percentage of recessing, is 0.05 
percent, it can be highly suitable for the square plan. 
Tamura and Miyagi (1999) analyzed the effect of turbulence 

on aerodynamic forces in a square plan with aerodynamic 
modifications at corners. The result showed that rounded and 
chamfered shapes could reduce drag force and the wake region. 

In the following years, researchers conducted more extensive 
s tudies based on computational fluid dynamics in the form of 
simulation and empirical methods. In addition to reducing the 
cos ts of experiments, the simulation method allows researchers 
to assess more samples in shorter times. Kim and Kanda (2010) 
s tudied the characteris tics of aerodynamic forces and pressure 
on a square plan building with height changes. The building 
was modeled with a square plan in the form of a tapered and 
set-back at height. This way, their set-back decreased by 5% 
and 10% in the tapered shape. 
Kim et al. (2011) conducted a similar s tudy on wind 

movement in tall buildings by changing the square plan in 
height. Two tapered models and a set-back model compared 
to the square models were examined. This s tudy showed that 
set-backed and tapered models have lower torsional motion 
than the square mode. Tanaka et al. (2012) inves tigated the 
aerodynamic forces and wind pressure on tall buildings with 
unconventional configurations. In addition to designing 
context, the aerodynamics of tall buildings are seen from other 
aspects, namely pedes trian level wind, aeroelas tic analyses, 
architectural additions, and airflow movement in urban areas 
(Cermak, 1975; Hu et al., 2006; Mendis et al., 2007; Kikitsu et 
al., 2008; Gu et al., 2010). Gu et al. (2014) s tudied the effects of 
aerodynamic modifications of buildings within the early s tages 
of cons truction. Results show that chamfering can reduce the 
wind effect on tall buildings. In their s tudy, Zhi et al. (2015) 
es timated wind forces on super tall buildings based on limited 
s tructural responses to optimize dynamic response and external 
loads. Warhaftig and da Silva's (2018) s tudies in tall residential 
buildings evaluated drag coefficient using computational fluid 
dynamics on an actual tall building.
Moreover, the aerodynamic modification technique has a 74 

percent higher performance than wind aerodynamic shapes. In 
addition, various s tudies have been performed from the point of 
view of the effect of wind on a pedes trian level (Tominaga et al., 
2008; Mochida & Lun, 2008; Mittal et al., 2018). S tathopoulos 
(2009) introduced design diagrams to improve the performance 
of tall buildings confronting wind in their s tudy, focusing on 
the podium of the building and the pedes trian level. 

MATERIALSANDMETHODS
ConfigurationoftheSimulation
This s tudy uses computational fluid dynamics (CFD) to 

inves tigate wind aerodynamic factors. For this aim, the 
AutoCAD 2014 modeling software is used to produce the 3D 
model, and for applying the CFD method and wind tunnel 
simulation, the Autodesk Flow Design 2014 is utilized. The 3D 
model is exported in S tL format from AutoCAD and imported 
for evaluation in simulator software. The wind flow type is 
along-wind motion, and the wind velocity in the wind tunnel is 
usually ten m/s. The solution method in the simulation software 
is based on Large Eddy Simulation (LES) for the turbulent flow 
in the wind tunnel. LES is a mathematical model for turbulent 
flow used for dynamic computational fluid dynamics in the 
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atmospheric boundary layer (Sullivan et al., 1994; Zhiyin, 
2015). To increase the resolution and accuracy of simulation, 
grid generation is set at 150 percent, and wind flow is specified 
as 3D flow (Table 1).
This s tudy uses a transient flow solver for simulation. 

Therefore, the flow rate is turbulent during the simulation, 
and output errors will be seen. The flow mus t be changed 
from transient to s tabilized form to overcome this issue. When 
results vary depending on the model's size, flow velocity, and 
voxel size, the s tate will change from transient and turbulent 
to s table. This means that both flows are s table, and there will 
be no change in the case of physical transient flows; changes 
depending on time are repeated periodically. In other words, 
the flow will change from turbulent to uniform linear flow. 
Autodesk Flow Design has conducted various evaluations 

compared to empirical s tudies for validation. The focal point 
of this software is on machines and architectural s tudies. 
To validate the wind tunnel simulator software, Autodesk 
(2015) developed research entitled "Flow Design Preliminary 
Validation Brief." This s tudy is assessed with the results of 
the research presented by Fadl and Karadelis (2013). For this 
comparison, an actual building on Coventry University Central 
Campus was simulated in Flow Design and Fluent software 
under similar conditions. The results of this s tudy showed 

an offset error of about 6% compared to empirical data and 
computer simulations by Fluent, which makes the software 
results acceptable. Figure 1 depicts the framework. 

TheoreticalConceptsoftheStudy
WindAerodynamics
Aerodynamic shape optimization is considered a useful method 

to increase the safety and serviceability of tall buildings agains t 
extreme winds. Aerodynamic optimization is conducted to 
increase s tructural s tability agains t the wind. Wind force plays 
a crucial role in the design of tall buildings and will be even 
more critical than earthquake loads in some cases (Li et al., 
2022). Design s trategies of tall buildings for controlling the 
oscillations due to wind force can be divided into three major 
groups "architecture design approach," "s tructural approach," 
and "mechanical approach." From a s tructural design point of 
view, tall buildings, due to their height, are more sensitive to 
earthquake and wind loads due to the lateral forces than low-
rise buildings (Zhou et al., 2022). 
Since wind load can vary quickly and even abruptly (as 

opposed to living and dead loads), to es timate the wind load 
on buildings with more than 40 floors or aspect ratios of 6 and 
more, as well as buildings with unconventional forms, wind 
effect, and building response should be considered (Moreno, 

 Turbulent
model

 Windtunnelsection
size

 Flowrotation
type

 Flow
velocity

Flowtype
 Simulation

time
Flowstatus

Gridsize
(Resolution)

LES 300*300*1300
 Along-wind

motion
10 m/s 3D 40 sec. S tabilized 150%

Table 1: Configuration of flow in the simulation software

Fig. 1: Research theoretical framework
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1989). The science of architectural aerodynamics in buildings 
always aims to reduce the "wind effect" on the building and 
reduce vertices generated on the lower floors, sides, and back 
of the buildings. Unders tanding the airflow pattern around the 
building is of great importance in design. Wind flow patterns 
in a tall building are the result of the shape of the building, 
wind characteris tics, turbulence of the boundary layer, and 
the effects of adjacent buildings. Wind movement is usually 
horizontal and has less vertical behavior. However, in urban 
environments, the impact of "topography" on wind movement 
is crucial.

DragForceandDragCoefficient
Drag force is the name given to the forces in physics and fluid 

dynamics that resis t agains t movement of objects in fluids 
(Currie, 1974). In other words, drag force is a force agains t 
moving objects. Drag refers to a wind force or air resis tance 
that exerts a force on moving objects agains t their moving 
direction, which is measured in Newton (N). It should be noted 
that these definitions apply to moving objects such as bicycles, 
birds, or automobiles. Based on NASA's report (2015), drag is 
a mechanical force produced by the interaction of a solid and 
a fluid (liquid or gas). To create the drag, a solid body should 
contact the fluid. If there are no fluids, there will be no drag 
force (Hall, 2015). On the other hand, drag is produced by the 
difference in velocity between a fluid and a solid. In such a way 
that there mus t be movement between the body and the fluid. If 
there is no movement, there will be no drag force. It does not 
matter that body moves across the fluid or the fluid moves over 
the solid body. Drag depends on fluid properties that include 
shape, size, and the body's velocity. The drag equation can be 
expressed as follows:

1) Drag equation:       
                                                            
Where,
FD drag force;
ρ Fluid density;
V object's velocity relative to the fluid (In architecture, the 

fluid velocity is calculated);
CD drag coefficient;

A cross-section area (facing the wind);
*Note: Air density at sea level, at 15 degrees Celsius, is around 

1.225 kilograms per cubic meter (International S tandard 
Atmosphere).
Drag is a force; therefore, it is a vector quantity with magnitude 

and direction. It can be imagined that drag is aerodynamic 
friction, and one of the factors that cause to produce drag is the 
skin friction between a fluid and a solid body. Since skin friction 
is the interaction of a fluid and a solid body, the magnitude of 
the friction depends on the properties of both materials, the 
solid and the fluid. In fluid mechanics, this friction is called 
the viscosity force, viscosity resis tance, or viscosity. Table 2 
summarizes the different shapes and the drag force exerted on 
them.
According to Table 2, it can be said that drag force is directly 

related to the form and shape of a solid body (here building). 
The less the area agains t the wall and its length along the fluid 
flow, the more Reynold's number, friction between air and the 
building, and consequently, the less drag force. But the smaller 
friction surface does not reduce the drag force. Perhaps this can 
be used in architecture. For example, when using the wind for 
natural ventilation, the friction surface between building and 
wind can be increased. An example of such a building designed 
with this feature, perhaps the Pirelli Tower in Milan, is one 
example (Figure 2). On the other hand, if the surface agains t 
the wind increases Reynold's number, the drag force on the 
building will increase in proportion.
In fluid dynamics, the drag coefficient, which is usually 

shown in the forms of (Cd, Cx, and Cw), is a dimensionless 
quantity for determining the drag force or the resis tance of an 
object agains t a fluid such as water or air. In the drag equation 
(equation 1), the lower drag coefficient shows that an object has 
a lower aerodynamic drag. Therefore, it can be expressed that 
the drag coefficient always has a specific level (McCormick, 
1979). Figure 3 depicts the drag coefficient for different shapes.
If we want to express an accurate definition of Reynold's 

number, it is a quantity in fluid mechanics that shows the 
ratio of inertia force to the viscosity force. In other words, 
the critical use of this number is to determine whether a flow 
is laminar or turbulent. If the Reynolds number is less than a 
specific amount (Re < 2100 or 2300), the flow is laminar, if the 
flow is changeable and in transition, it is (2300<Re <5000), and 

Shapeandflow

Pressure Drag (%) 0 ~10 ~90 100

Friction Drag (%) 100 ~80 ~10 0

Table 2: Presentation of different shapes and drag force acting on them
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if it is (Re > 5000), the flow is turbulent. This specific amount 
is called Critical Reynold's and shown with (Recritical) (Rott, 
1990). Critical Reynold's number differs for each geometry 
(Potter et al., 2011). The mathematical definition of Reynold's 
number is:

2) Reynold's number equation:                                                      

Where:
ρ  fluid density;
V Mean fluid velocity;
L Characteris tic length in the problem;
μ  Viscosity of fluid.

WakeRegion
The critical point in s tudying Reynold's number is the 

characteris tic length of Reynold's or the wake region. In 

turbulent flow, the typical size is the dis tance in which a 
correlation exis ts between flow parameters such as velocity 
or pressure. However, since these correlations do not have the 
same frequency, a turbulent flow has different characteris tic 
lengths. Considerable typical sizes correspond to low 
frequencies and vice versa (Figure 4).

Set-BackandTaperedForms
In urban environments, topography will have an impact on 

wind flow. Since the earth's surface is rough, the wind velocity 
decreases near the surface due to the viscous friction. With 
dis tance from the ground surface, the friction force decreases 
by reducing the topography and roughness of the air flow in 
the urban boundary layer (Arakeri & Shankar, 2000). With the 
increase in altitude, the wind velocity also increases, which can 
be seen as a direct relationship between the increase in height 
and wind velocity. One of the ideas that architects can come 
up with is to reduce surface exposure to the wind. In this case, 

Fig. 2: Image and Plan of the Pirelli Tower

Fig. 3: Drag coefficient of various shapes

Fig. 4: Visualization of turbulent Reynold's of a triangle-shaped object (a) and a cubic-shaped object (b)
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the cross-section of the building is wider on the lower floors, 
and its area will gradually decrease. Since the wind velocity is 
s tronger at the top of buildings, this technique decreases the 
building envelope exposure to the wind, and as a result, the 
effect of the wind on the building is also reduced. This technique 
was carried out in the Burj Khalifa with an architectural height 
of 828 meters (Parker & Wood, 2013). Other examples of such 
buildings can be seen in Table 3.

PlanVariation
Plan variation of the cross-section at the height causes the 

frequency of the wind effect to change gradually. Due to the 
different geometries of the building in the form, the properties 
of the vortex will also change at the height, and there will be 
less wind effect on buildings. A great example is the Shanghai 
Tower, with a height of 632 meters and a triangular cross-
section, which, in addition to gradually decreasing, changes its 
angle by 120 degrees from the bottom to the top. As a result, 
presenting different shapes and widths reduces the effect of the 
wind. It indicates a reduction of about 15% of wind load (Xie, 
2012). As s tated, these techniques have reduced wind exposure 
(Table 4).

RESULTSANDDISCUSSION
WindTunnelSimulationinTallBuildings
In this s tudy, seven tall buildings with square plans were 

s tudied. This simulation's main goal was to evaluate each 

model's drag coefficient and force to determine which square 
plans could show the lowes t drag. The method for reducing drag 
is using aerodynamic modifications and aerodynamic forms. 
Aerodynamic modifications that are applied on corners include 
base form/sharp (sq1), rounded (sq2), chamfered corners/cut 
(sq3), recessed (sq4), and aerodynamic forms that are applied 
on the whole building height, including set-back (sq5), tapered 
(sq6), and helical/twis ted (sq7). The width (b) is 25 meters, and 
the height (H) is 125 meters (35-floor building), so the ratio 
of b to h is 1 to 5. The amount of aerodynamic modification is 
b=1/10. Sample sq7 has a 45-degree rotation from the center, 
and the height decreasing proportions (s tepping) in sample sq5 
has the ratio of b=1/10. The wind is considered as along-wind 
perpendicular to the building. In Figure 5, these samples are 
shown with the corresponding ratios.
Samples are imported with an S tL file format in the simulation 

software and the wind tunnel to calculate the drag force 
and coefficient. The simulation time and the duration of the 
transition from turbulent to s table flow are 40 seconds. Input 
information in all samples was set the same. The following are 
the simulation results (Table 5).
Table 5 shows the drag coefficient, drag force, and mean 

drag force. Based on this, base model sq1 has the highes t drag 
coefficient since it does not have any aerodynamic optimization. 
Sample sq6 with the tapered form performs bes t in reducing 
drag coefficient. This can be extracted comparatively in     
Figure 6.
In the following, each method for solving aerodynamic 

30 S t Mary AxeThe Shard
 The Lotte

World Tower
 Bahrain World

Trade Center
 Transamerica

PyramidWillis Tower Trump International
Hotel & Tower

 Burj
Khalifa

 Tokyo Mode
Gakuen

 Dynamic
Tower

 Evolution
Tower

 Diamond
Tower

 Shanghai
TowerCayan TowerTurning TorsoAbsolute World

Table 3: Real case s tudies designed through set-back and tapered (Baghaei Daemei et al., 2019)

Table 4: Real case s tudies in which plan variations were applied to the form and cross-section (Baghaei Daemei et al., 2019)
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SampleTime(second)DragCoefficientDragforceS tate

sq1401.010.325S tabilized

sq2400.660.199S tabilized

sq3400.580.117S tabilized

sq4400.690.199S tabilized

sq5401.060.238S tabilized

sq6400.510.108S tabilized

sq7400.730.211S tabilized

Fig. 5: Sample buildings details with dimensions, ratios, and wind direction

Table 5: Simulation Results

Fig. 6: Comparison of drag force and drag coefficient of building samples
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modifications and forms is analyzed separately to determine 
which method has the bes t drag reduction performance. In 
this way, all models are firs t compared with the base sample, 
the type of the solution method, and then compared with each 
other. Thus, the sq1 model with a drag coefficient of 1.01 
has the highes t amount. However, the effect of aerodynamic 
modifications in reducing drag coefficient in the sq2, sq3, 
and sq4 samples include 0.66, 0.58, and 0.69, respectively. 
Aerodynamic forms also include the samples sq5, sq6, and 
sq7, in which the drag coefficients are 1.06, 0.51, and 0.73, 
respectively (Figure 7).
According to Figure 7, it can be seen that chamfered 

aerodynamic modifications in sq3 with 0.85 Cd and sq6 
tapered aerodynamic form with 0.51 Cd could have the bes t 
performance compared to other samples.

CONCLUSION
Due to the importance of tall buildings' design agains t wind-

induces, paying close attention to the form of these buildings 
is inevitable in the early s tages of design. Because not paying 
attention to it can have irreparable consequences. The primary 
purpose of this s tudy is to identify which types of aerodynamic 
forms and modifications can reduce the wind impacts on tall 
buildings. The present s tudy assessed the drag coefficient in 
7 tall squared-plan samples through wind tunnel simulation. 
The s trategies were applied to the samples' forms and shapes: 
chamfered, recessed, and rounded corners as the aerodynamic 
modifications, set-back, tapered and helical/twis ted as the 
aerodynamic forms. This simulation aimed to determine the 
suitable tall buildings' forms and shapes. These s trategies allow 
the building surface to be exposed to wind-induces. On the 
other hand, they can lead wind flow to move smoothly around 
the buildings in urban areas. 
The results showed that the sample sq6 with tapered 

aerodynamic form could have a suitable performance in 
reducing the drag coefficient by 0.51 Cd compared to the sharp 
sample (base) of sq1 by about 1.01 Cd. It means the sq6 sample 
will have about a 50% wind effect reduction compared to the 

sq1 sample. The sq6 had 22%, 12%, 26%, 51%, and 30% 
appropriate performance in reducing the drag coefficient than 
the sq2 to sq7 samples. In the following, the performance of 
the bes t sample in aerodynamic modification and form was 
compared. Thus, the sq3 sample with the amount of 0.58 Cd 
reduced the coefficient by about 12% and about 16% compared 
to the sample sq2 with a rounded corner and the sample sq4 
with a recessed corner, respectively. However, the performance 
of the sample sq6 with the tapered aerodynamic form in height 
and the sample sq3 with chamfered aerodynamic modification 
in the corners could have the bes t performance in reducing 
the drag coefficient by about 12%. Consequently, based on 
the simulation results, it is sugges ted that for tall building 
design with a square plan, in the urban boundary layer where 
the wind velocity is about 10 m/s, the chamfered aerodynamic 
modification and the tapered aerodynamic form can reduce 
wind effects significantly. 
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