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Abstract. The height of buildings has become a relevant factor for the territory economy and higher accommodation of

people, and this is due to the world population growth and density increase in large cities. The vertical rise of buildings

has been restricted by structural limits and by the influence of winds operating in the higher regions. Currently, many

technologies, such as the use of air conditioner and the geometries optimization, have enabled advances in the design

of increasingly tall buildings. However, the structure built in very tall buildings makes them more subject to airflows.

These airflows generate aerodynamic stresses that directly influence the structure stability. In this context, computational

fluid dynamics is a tool widely used to analyze the influence of airflows in buildings. This tool kind provides extensive

possibilities for evaluations and optimizations, using computers with processing capacity enough to the simulations,

depending only on the limitations imposed by each software and the user experience. A numerical analysis was carried

out in this work to study the influence of geometry in the simulation of high buildings with similar characteristics to

the Shanghai World Financial Center. Thus, to demonstrate the importance of the airflow on the stability of structures,

three distinct geometries were considered: structure A—sharp edges; structure B—roundness edges; structure C—similar

to structure B but containing a central hole. The governing equations (Reynolds-averaged Navier–Stokes equations)

were solved using the “Flow Simulation” package of the commercial software SOLIDWORKS®. Also, the k–ǫ turbulence

model with damping functions and the semi-implicit method for pressure linked equations algorithm, for pressure–velocity

coupling, were employed. The results of the simulations performed showed the values obtained from the acting forces and

the pressure and velocity distributions, which prove the viability of the real structure of the building (structure C).
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1. INTRODUCTION

In areas of high urban density, the construction of buildings presents itself as the best solution for residential and

commercial occupation. The creation of increasingly large structures has been a challenging task, and this has generated

countless studies and analyses for building geometry optimizations (Miyashita et al., 1993; Zhao et al., 2011). Thus,

to find the best features that provide structural security, combined with aesthetic and economic aspects, computational

simulation is a tool for these objectives.

The Shanghai World Financial Center (SWFC), located in Pudong, a district of Shanghai in China, is listed among

the eight highest buildings in the world and features an audacious structure measuring 494 m in height, where the wind

velocity can reach 40 m/s (Zhao et al., 2011). The wind velocity falling on the building surfaces generates a moment due

to the distance with the turning center and, consequently, produces stresses on the structure. Due to its height and facade,

wind loading is one of the controlling factors of the structural design of SWFC. An architectural detail present in the

SWFC consists of a trapezoidal opening at the top of the building (Fig. 1). This opening presents itself as an alternative

for minimizing structural efforts.

Zhao et al. (2011) presented a brief discussion about some wind engineering studies, comparing the wind loading

obtained from wind tunnels and those predicted using Chinese codes. The main wind loading parameters, including the

shape factor, Strouhal number, and terrain type, were discussed. The structural design considered for wind loading, design

criteria, and the design wind parameters were determined. They concluded that the analysis and control of wind-induced

vibration is one of the critical design topics for super tall buildings.

For stadium design, it is necessary to understand the interaction between wind and rain in several types of stadium

geometry and its influence on the wetting of the stands. Hence, van Hooff et al. (2011) presented three-dimensional (3D)

computational fluid dynamics (CFD) simulations of wind flow and wind-driven rain (WDR) for twelve different generic
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Figure 1. Shanghai World Financial Center (GG001213, 2017).

stadium configurations that are representative of a wide range of current stadia. The steady-state Reynolds-averaged

Navier–Stokes (RANS) simulations were employed to determine the wind-flow patterns. The Lagrangian particle tracking

was applied to calculate the WDR trajectories, yielding the wetting pattern on the stands. Their investigation confirms

the influence of overall stadium geometry and roof slope on the stand area that is wetted by WDR. It displays the sense

of taking into account WDR in the stadium design process, and it provides some design guidelines to avoid this type of

spectator discomfort.

Liu and Niu (2016) compared the performances of the RANS, large eddy simulation (LES), and detached eddy sim-

ulation (DES) modeling approaches in simulating the wind flow around an isolated building. Their study aimed at the

turbulence model choice for precisely predicting outdoor microclimate and thermal comfort conditions in urban planning.

The mean velocity fields on the building windward side predicted by the three models were in satisfactory agreement with

the wind tunnel results. But, the LES and DES results were in more satisfying agreement with the experimental results

for the leeward and lateral sides in both vertical and horizontal planes.

Du et al. (2017) studied the lift-up design effects in four standard building configurations on the wind comfort using

CFD simulations. The comparisons between simulated results and wind tunnel data were applied to validate both the

numerical method and the turbulence model. The mean wind velocity ratio and mean wind velocity change ratio are

employed to recognize the wind comfort and to evaluate the improvements due to the lift-up design. Their results of

simulations showed that the lift-up project can improve wind comfort in building surroundings and that its influence is

highly dependent on the incident wind direction. Specifically, wind comfort is better under the oblique wind direction

than the other two wind directions.

Hence, a CFD analysis was carried out in this work to study the geometry influence in the simulation of high buildings

with similar characteristics to the Shanghai World Financial Center (SWFC). This work aims to show the importance of

the airflow on the structure stability, considering three distinct geometries. The numerical results for the acting forces and

the pressure and velocity distributions should demonstrate the most satisfactory building geometry.

2. MODEL

This section presents the definitions of the governing equations (Sect. 2.1) and the turbulence model (Sect. 2.2) for

the computational model employed in this work.

2.1 Governing equations

Equations (1), (2), and (3) are the RANS equations and express the conservation of mass, momentum, and energy,

respectively, in steady-state for incompressible flow (Tannehill et al., 1997):

∂uj

∂xj
= 0 (1)

∂

∂xj

(
ρuiuj + p̂δij − τ totij

)
= 0 (2)

∂

∂xj

[(
ρCpT − p̂

)
uj − τ totij ui + qtotj

]
= 0 (3)
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Where xi and ui represent the position and velocity vectors, respectively, δij is the Kronecker delta function, ρ is the

density, Cp is the isobaric specific heat, and T is the absolute temperature.

The modified pressure p̂ has its definition given by Eq. (4):

p̂ = p+ ρgxi (4)

Where g is the gravitational acceleration. For an ideal gas, the static pressure is provided by p = ρRT , with R being the

gas constant.

The total (laminar and turbulent) viscous stress, τ totij , and the total (laminar and turbulent) heat flux, qtotj , are given by

Eqs. (5) and (6), respectively:

τ totij ≡ τ lamij + τ turbij = (µ+ µt)

(
∂ui

∂xj
+

∂uj

∂xi

)
(5)

qtotj ≡ qlamj + qturbj ≈ −Cp

(
µ

Pr
+

µt

Prt

)
∂T

∂xj
(6)

Where µ and µt are the molecular and turbulent dynamic viscosities, respectively, and Pr and Prt are the laminar and

turbulent Prandtl numbers, respectively.For air Pr ≈ 0.71, and a turbulence model is used to give values for µt as well as

Prt, although Prt ≈ 0.9 is usually employed.

For the cases studied in this work, the temperature variation is not significant, and the energy equation, Eq. (3), can be

disregarded, considering the flow as isothermal.

2.2 Turbulence model

The modified k–ǫ turbulence model with damping functions proposed by Lam and Bremhorst (1981) describes laminar,

turbulent, and transitional flows of homogeneous fluids, consisting of the two transport equations. The first for the

turbulent kinetic energy k, Eq. (7), and the second for its dissipation rate ǫ, Eq. (8):

∂

∂t
(ρk) +

∂

∂xj

[
ρkuj −

(
µ+

µt

σk

)
∂k

∂xj

]
= Pk + Pb − YMa − ρǫ (7)

∂

∂t
(ρǫ) +

∂

∂xj

[
ρǫuj −

(
µ+

µt

σǫ

)
∂ǫ

∂xj

]
= C1ǫf1 (Pk + C3ǫPb)

ǫ

k
− C2ǫf2ρ

ǫ2

k
(8)

Where σk and σǫ are the turbulent Prandtl numbers for k and ǫ, respectively, and these constants are in Table 1. For

steady-state, the time derivatives in Eqs. (7) and (8) can be eliminated, i.e., ∂/∂t = 0.

The turbulent viscosity, µt, is calculated by combining k and ǫ, according to Eq. (9):

µt = Cµfµρ
k2

ǫ
(9)

Where Cµ is a constant, and its value is in Table 1.

The kinetic energy production term due to the mean velocity gradients, Pk, is given by Eq. (10):

Pk = −ρu′

iu
′

j

∂uj

∂xi
≡ µtS

2 (10)

Where S (≡
√
2SijSij) is the modulus of the mean rate-of-strain tensor considering the Boussinesq hypothesis, i.e.,

Sij = (1/2)(∂ui/∂xj + ∂uj/∂xi).
The kinetic energy production term due to buoyancy, Pb, is given by Eq. (11):

Pb = giβ
µt

Prt

∂T

∂xi
(11)

Where gi is the gravitational acceleration vector. For the standard k–ǫ model, the Prt default value is 0.85. By definition,

the thermal expansion coefficient is β = −(1/ρ)(∂ρ/∂T )p. For isothermal flow, the kinetic energy production term due

to buoyancy can be eliminated, i.e., Pb = 0.

The dilatation dissipation term, YMa, is modeled by Eq. (12), according to Sarkar and Lakshmanan (1991):

YMa = 2Ma2
t
ρǫ (12)
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Where the turbulent Mach number is defined as Mat =
√
k/a2, by definition, and a (≡ √

γRT , for an ideal gas) is the

speed of sound, with γ being the ratio of specific heats, and R is the gas constant. For incompressible flow, the dilatation

dissipation term can be eliminated, i.e., YMa = 0.

The damping functions introduced by Lam and Bremhorst (1981), fµ, f1, and f2, are determined from Eqs. (13), (14),

and (15), respectively:

fµ =
(
1− e−AµRek

)2
(
1 +

At

Ret

)
(13)

f1 = 1 +

(
AC1

fµ

)3

(14)

f2 = 1− eRe
2

t (15)

Where the turbulence Reynolds number based on the distance from a point to the wall, y, is determined by Rek = k1/2y/ν,

and the default turbulence Reynolds number is given as Rek = k1/2y/ν and Ret = k2/(νǫ). For both turbulence

Reynolds numbers definitions, ν is the molecular kinematic viscosity. When fµ = 1, f1 = 1, and f2 = 1, the approach

reverts to the original standard k–ǫ model proposed by Launder and Spalding (1974).

Table 1 presents the default values of the coefficients in the standard k–ǫ model, as well as in the damping functions,

selected in the computational tool.

Table 1. Default values of the coefficients in the standard k–ǫ model and the damping functions.

C1ǫ C2ǫ C3ǫ Cµ σk σǫ Aµ At AC1

1.44 1.92 a 0.09 1.0 1.3 0.0165 20.5 0.05
a 0 ≤ C3ǫ ≤ 1, but an approximation that satisfies both limits is C3ǫ = tanh |v/u|, where v and u are the velocity

components parallel and perpendicular to the gravitational vector, respectively (Henkes et al., 1991).

3. NUMERICAL PROCEDURE

The “Flow Simulation” package of the commercial software SOLIDWORKS® was employed to run the numerical

simulations in this work. This package uses computer-aided design (CAD) geometries without modifications in fluid

dynamic simulations (type CAD-embedded CFD), which incorporates several technologies: CAD data management,

mesh generation, CFD solvers, engineering modeling technologies, and processing of results (Sobachkin and Dumnov,

2014).

The wall treatment uses a novel and original two-scale wall function (2SWF) approach that consists of two methods

for coupling the boundary layer calculation with the solution of the bulk flow (Sobachkin and Dumnov, 2014):

• A “thin” boundary layer treatment, when the number of cells across the boundary layer is not enough for direct or

even simplified determination of the flow and thermal profiles.

• A “thick” boundary layer approach, when the number of cells across the boundary layer exceeds that required to

resolve the boundary layer accurately.

For intermediate cases, a combination of these two approaches is employed in the wall treatment, ensuring a smooth

transition between the two models with the mesh refinement, or as the boundary layer thickens along a surface (Sobachkin

and Dumnov, 2014).

The pressure–velocity coupling is solved using the semi-implicit method for pressure linked equations (SIMPLE)

algorithm (Patankar, 1980).

All simulations are performed in the Computational Research Laboratory, linked to the Graduate Program in Mechan-

ical Engineering of the Federal University of Technology—Paraná—, taking only a few minutes to run using a computer

with the following characteristics:

• Microsoft Windows® 7 (64-bit) operating system.

• Intel® Core™ i7–3770 (3.4 GHz) processor.

• 8 GB RAM.

The following sections introduce the descriptions and characteristics of the building geometries (Sect. 3.1), computa-

tional mesh (Sect. 3.2), and velocity profile (Sect. 3.3), considered in the numerical procedure.
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3.1 Building geometries

This analysis considers three geometries for the building that are affected by the airflow dynamics. These three

geometric models present scales based on real data from the SWFC building (Zhao et al., 2011), as showed in Fig. 2. The

three geometric models showed in Fig. 2 differ due to the following aspects:

1. Structure A—presents sharp edges and has its faces perpendicular to the ground.

2. Structure B—presents roundness edges and has a slight slope on the faces where most of the flow occurs.

3. Structure C—are similar to structure B but containing a relief hole.

(a) (b) (c)

Figure 2. Building geometries: (a) structure A, (b) structure B, and (c) structure C.

3.2 Computational mesh

The computational meshes used to solve the problem are cartesian and comprise two different domains or control

volumes (CV): flow (fluid) and structure (solid). The choice of mesh type is a consequence of the software used (in

this case, a CAD-embedded CFD type), which has advantages such as simplicity, speed, and robustness of the mesh

generation, as well as minimization of local truncation errors (Sobachkin and Dumnov, 2014). Table 2 summarizes the

numbers of cells employed in each geometry mesh.

Table 2. Numbers of cells employed in each geometry mesh.

Cells Structure A Structure B Structure C

Total 90800 90774 91448

Fluid 88496 88574 89038

Solid 2304 2200 2410

Partial 1200 1175 137

The software approach is to use an immersed-body mesh, i.e., the mesh starts independently from geometry itself, and

the cells can arbitrarily intersect the boundary between solid and fluid. As a result of using cartesian-based meshes, it

has cells that are located entirely in solid bodies (solid cells), in the flow (fluid cells), and cells intersected the immersed

boundary (partial cells). In the simplest case, the partial cell consists of two CV: a fluid CV and a solid CV (Sobachkin

and Dumnov, 2014).

The SOLIDWORKS® Flow Simulation tool was employed to create the computational meshes, and the meshes re-

finements were performed automatically according to the domain geometry and gradients in the solution. The domain

limit is sufficient to capture the boundary layer around the structure. The surrounding reliefs (other buildings) can affect

the results, but the building was considered isolated in these simulations. Figure 3 shows the computational meshes and

structure refinement detail, as described in Table 2.
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(a) (b) (c)

Figure 3. Computational meshes and structure refinement detail: (a) structure A, (b) structure B, and (c) structure C.

3.3 Velocity profile

According to Lamb and Kwok (2017), a power-law function defines the airflow velocity profile, which can be described

by Eq. (16):

u(y) = u0

(
y

y0

)n

(16)

Where u and u0 are the local and reference velocities, respectively, y is the vertical coordinate, y0 is the height for the

reference velocity, and n is the power-law exponent dependent on the terrain type.

For all simulations performed, the power-law exponent (n) was considered as 0.6, because it is the factor that is

more aggressive concerning the profile defined by Eq. (16). The average velocity is an input parameter employed in

the simulations. Hence, 29.6 m/s was the value estimated from Eq. (16) for this input parameter. The velocity profile

described by Eq. (16) corresponds to the inlet velocity at a boundary perpendicular to the relief hole. The other boundary

conditions are considered as a free flow.

4. RESULTS AND DISCUSSION

The wind load is the resulting force due to the wind blowing against a building. The wind load depends on the wind

velocity and the shape of the building. The structural design of the building must absorb wind forces safely and efficiently

and transfer them to the foundations to prevent structural collapse. When investigating tall buildings employing wind

engineering, the wind is frequently the dominant load and is essentially a horizontal force. Structural systems that receive

wind loads tend to be separated from those for dead loads and other gravity loads produced internally for the building.

This section presents the results obtained for the comparisons of airflow’s dynamic parameters (Sect. 4.1), as well as

for the velocity trajectories and absolute pressure distributions (of fields) of the airflow around each structure (Sect. 4.2).

4.1 Dynamic parameters comparisons

Table 3 presents the numerical results of the airflow dynamic parameters for each structure considered in this work.

These dynamic parameters are the forces and torque acting on the surfaces perpendicular (XY -plane) and tangent (ZY -

plane) to the main direction of the airflow, as well as the frictional force.

Table 3. Forces or torque applied on the surfaces of the structures.

Force or torque Unit Structure A Structure B Structure C

Frictional force N 0.046 0.042 0.053

Force perpendicular to ZY -plane N 0.002 0.003 0.005

Force perpendicular to XY -plane N 14.128 13.894 13.355

Torque perpendicular to X-axis N m 3.702 3.605 3.355
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Table 4 presents the same results of Table 3 but with each force (or torque) value being normalized by the correspond-

ing value for the structure A, considered here as a reference because it is the most regular geometry.

Table 4. Normalized forces or torque applied on the surfaces of the structures.

Normalized force or torque Structure A Structure B Structure C

Frictional force 1 0.91 1.15

Force perpendicular to ZY -plane 1 1.50 2.50

Force perpendicular to XY -plane 1 0.98 0.94

Torque perpendicular to X-axis 1 0.97 0.91

As expected, the force perpendicular to XY -plane presents the highest values as a consequence of the pressure drag,

and theses values decrease from structure A to structure C, passing by structure B. The torque perpendicular to X-

axis presents a similar behavior. On the other hand, the force perpendicular to ZY -plane increase from structure A to

structure C, passing by structure B; even so, it presents negligible values in comparison with other acting forces.

4.2 Velocity trajectories and absolute pressure distributions

Figure 4 presents the velocity trajectories distribution (of field) around each structure considered in this work.

(a) (b) (c)

Figure 4. Velocity trajectories distribution in m/s: (a) structure A, (b) structure B, and (c) structure C.

It is possible to notice in Fig. 4c that the hole presence in the structure C causes a flow pathlines deviation, leaving the

lines closer after passing through the hole.

Figure 5 presents the absolute pressure distribution (of field) around each structure considered in this work.

(a) (b) (c)

Figure 5. Absolute pressure distribution in Pa: (a) structure A, (b) structure B, and (c) structure C.
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It is possible to notice in Fig. 5c that the hole presence in the structure C reduces the total area subject to the highest

absolute pressure values, thereby decreasing pressure drag.

5. CONCLUSIONS

The CFD usage did it possible to find the pressure distributions and demonstrate that in all airflows around bodies,

the side subject to the airflow has a pressure increase, and the opposite side generates a low-pressure area. This effect

produces a secondary airflow at the body back necessary to cause this pressure to decrease.

The results show that the torsion moment and perpendicular force decreases with the edges rounding and the presence

of the hole; nevertheless, the frictional force increases due to the increase in the contact surface area. Considering the

same scale, the increase in frictional force is less than the reduction in perpendicular force and torsion moment.

Torque is the moment to rotate around the attachment point. In a building, this represents the total length below the

surface. Using structure A as a reference, there was a torque decrease by approximately 3% for structure B and 9% for

structure C, which can generate a reduction in construction cost.

In comparison with structure A, the frictional force decreases by about 9% for structure B and increases by about 15%

for structure C, due to the increased total surface area resulting from the hole presence.

A comparison with a real model, or in scale, could improve the accuracy of the results. The usage and comparison

with other CFD tools also can provide an alternative for results improving.
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