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Wind loading in large buildings has always been a major challenge for civilian engineers. For this purpose, presenting the optimum
exterior forms of a building exposed to the wind flow and analyzing aerodynamic forces, including resistance force, bending, and
twisting moments, are challenging issues for designers. Nowadays, by combining various numerical calculation methods, like
neural networks, genetic algorithms, and other methods, by changing some parameters, they optimize the external form of the
building based on aerodynamic parameters. In this research, three optimized triangular models will be investigated using the
computational fluid dynamics method. For wind flow, a velocity profile is used in the three simulations, and Reynolds’
Navier—Stokes average equations are used to solve momentum relationships. Additionally, the x-¢ method was used to calculate
Reynolds stresses. The results show that the optimized N3 model is in the most optimal condition possible in terms of aerodynamic
parameters such as drag, torsion moment, and vortices behind the building. Nowadays, the neural network algorithm is one of the
most famous numerical methods for optimizing hull shapes. However, this approach cannot improve aerodynamic parameters
either. Hence, computational fluid dynamics is used to deeply analyze. This research is one step forward to assess the optimized

hull shapes of tall buildings. All tests are conducted using STAR CCM+.

1. Introduction

The focus on tall buildings is not recent and began in the
late 19th century in the United States—the Monadnock
Building in Chicago was built in 1891 and was one of the
first 15-story skyscrapers [1]. The construction of tall build-
ings has been in response to economic needs, due to the
ever-increasing population and economic activities [2].

In addition, in the field of environmentally friendly con-
struction, tall buildings are considered a sustainable choice
because they help to focus activities by providing large office
and residential spaces in a limited place and can help limit
urban expansion [3].

It is well established that structural form plays an impor-
tant role in wind resistance and structural response in both
directions. Bluff structures are more exposed to high wind
loads [4]. Previous records of such studies can be found in
the studies of Lee and Hershberger [5], Irwin [4]. Rectangular

cross-sections are more susceptible to lateral response than
triangular, elliptical, and cylindrical forms [5]. These shapes
have greater structural effectiveness. Today, even if the safety
of the structure can be confirmed by using advanced systems
and high-quality materials, still the vibrations caused by the
wind can be beyond the human comfort zone and may cause
fatigue during the life of the building, excessive noise, and
cracks [6]. The dynamic movement of the building depends
on factors such as the characteristics of the wind flow,
the surrounding environment of the building, the shape and
height, and the structural characteristics of the building (that
is, stiffness, damping, mass distribution, mode shape, etc.).
This secondary parameter is considered important because
this motion is perceived by residents and can cause discom-
fort or disturbance to residents [7]. Therefore, the field of
wind load and response reduction has always been a critical,
interesting, and researchable field among researchers and has
been continuously paid attention to [8].
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Ficure 1: Dimensions of the computational domain and boundary conditions.

In order to be able to form the external shape of the
building in such a way that it has a suitable aerodynamic
performance, an optimization process should be considered
to minimize the aerodynamic responses in this process [9].
In this process, the effect of all aerodynamic modifications
can be observed. Because both wind directions exert signifi-
cant responses on the tall building, it is necessary to apply the
effect of both directions simultaneously; therefore, the non-
dominated sorting genetic algorithm (NSGAII) multiobjec-
tive optimization method is used in this study. To this end,
the exterior shape of the building should be set and the effect
of each parameter on the aerodynamic response should be
checked. There are different methods for parameterization,
in this study, the polynomial method was used. The compu-
tational fluid dynamics (CFD) numerical method has been
used to calculate the aerodynamic response, and a new build-
ing model must be produced and analyzed in each iteration
of the optimization process, which is time-consuming, so we
need an alternative method instead of the time-consuming
CFD analysis.

The positions of the two control points (design variables)
are used to determine the shape of the spline curve as the
corner shape of a square section. The objective function can
be estimated within each Aspect-Oriented Programming
iteration process by CFD analysis. Because this analysis
involves a high calculation cost, it is necessary to use another
model. In the research done by Bernardini et al. [10] the
Kriging model was used as an alternative model to evaluate
the drag and lift coefficient (objective functions). Elshaer et al.

[11] achieved the optimal ear shape of a square section based
on two design variables and investigated different kinds of
angle corrections. They used the alternative model to evaluate
the objective function in each iteration process and confirmed
that the alternative model could contribute to an acceptable
saving of computation time. The findings showed that the
artificial neural networks (ANN) model correctly obtains 1,
resulting in a training model/database, and the effective ANN
correlation coefficient of 979 for the mine is the aerodynamic
responses of the building.

The aim was used to compare the aerodynamic perfor-
mance of different models. These functions were optimized
in a bi-objective optimization process using NSGAIL The
obtained results show the accuracy of the proposed method
to increase the aerodynamic performance of tall 3D buildings
[12]. A polynomial method is used for shape parameteriza-
tion to construct the outer shape of buildings. The proposed
method can investigate different aerodynamic changes in the
exterior of a tall building with a triangular cross-section
using seven geometric parameters.

Previously, a number of researchers recognized that the
dynamic response of the crosswind might exceed the response
along the wind [13-15], and movement in the transverse
direction can be a serious issue not only for structural fatigue
but also for serviceability design as shown in Figure 1(b). A
vortex appears that gives the root mean square value for the
transverse direction greater than the longitudinal direction of
the wind. Irwin et al. [16] reported that the responses of
the Jin Mao building showed approximately two transverse
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directions relative to the downwind direction. Although vor-
tex shedding is the main driving mechanism that affects the
crosswind motion, the knocking phenomenon is driven by the
turbulence of the upstream building. It is also responsible and
may inhibit the stimulation [16].

Rigidity is considered a significant aspect of structural
stability and response. High wind speed and low stiffness
make the structure more prone to the vortex created by
transverse wind vibrations [17]. It has been proven that
increasing the stiffness of the building (which increases the
natural frequency of the building) By choosing a suitable
structural system, it is one of the most efficient methods to
suppress the movement of the structure without affecting the
exterior of the structure [7, 15]. It can be inappropriate and
may lead to an increase in the cost invested in the construc-
tion, and in addition, it can reduce the usable surface inside
(because the size of the columns has to be increased).

Kim and Kanda [18] found a successful reduction in the
downwind overturning moment and crosswind yawing
moment for the cone and retreat model (retreat at average
height and same surface area). In another study by Kim and
Kand [19] reported for similar models that the average along
the wind and the fluctuation of wind forces can be greatly
reduced to increase the taper ratios, but the lag model is
more valuable than the taper models. Kim and Kand [19]
reported through a collection of wind pressure measure-
ments on conical and receding models that the pressure
on the windward faces does not change significantly, but
due to the change in the geometrical characteristics, the
minimum absolute value of the pressure coefficient It is
bigger than the square model. Due to the change in width
along the height, the frequency of shedding changes, and the
formation of eddies changes upward [19].

Noormohamadian and Salajaghe [20] optimized drag
and lift force and torque for a large triangular tower using
the genetic algorithm. They can reduce the drag and lift
coefficient by 62% and 93%. Moreover, they (2022) can
introduce an equation for the optimization of triangular
towers by connecting the CFD method to the ODE solver.
They reached 56% optimization of the drag coefficient. In
this research, certainly, three optimized models of Noormo-
hamadian and Salajaghe’s [20] research will be compared
based on the aerodynamic parameters. So, in this research,
vortices, velocity, and pressure around each of the three
models will be compared, and also, the distribution of shear
stress and pressure and consequently, pressure, shear, and
total drag will be presented. In the end, an optimized model
based on the aerodynamic approach will be introduced to
this goal, and the CFD method as a good instrument has
been used. All tests are running by using STAR CCM+.

2. Governing Equation

The basis of computational fluid dynamics is the fundamen-
tal equation of fluid dynamics. These equations provide a
mathematical model to describe viscous Newtonian flows.
The complete governing fluid equations were first presented

by the French scientist Navier in 1822 and independently by
the English scientist Stokes in 1845. These equations are
second-order nonlinear partial differential equations and
are very difficult to solve. There is little hope to achieve the
exact solution of these equations in the general case, but for
some special cases, such as specific flows with simple bound-
aries, the analytical solution of the Navier—Stokes equations
has been made possible, and its results are also used in some
engineering applications.

2.1. Equation of Conservation of Mass. The equation of con-
servation of mass, which is often named the continuity rela-
tion, is of fundamental importance and will be true in all flow
fields regardless of what simplifying assumptions are consid-
ered. This law states that the total time rate of mass change
per unit volume is zero. The compact form of the continuity
equation is as follows:

9p pu;)
ot 0x;

=0. (1)

If the fluid is assumed to be compressible, the continuity
equation is expressed as Equation (2):

dui70u+6v+0w70 )
dx; o0x dy o0z )

2.2. Conservation Equation of Linear Motion. The relation-
ship between the stress field and the deformation of the field
due to the spatial and temporal change of speed expresses the
law of conservation of momentum. Navier—Stokes equations
express the constancy of the movement size in mathematical
terms and are written as a relation for compressible flow as
follows:

o(pu;) 0 _op 0 ou;  Ou;
o ox (puty) = ox, "o, |\ ox, o,

+— +rg;-

(3)

If the flow is incompressible and has constant properties,
this equation can be written as Equation (4):

; 0 op
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2.3. Turbulence. To model the fluid flow, the full solution of
the equations is required, and on the other hand, the upcom-
ing problem is a turbulent flow due to the high Reynolds
number. In most flows with high Reynolds, the effect of
viscous forces is limited to the region near the wall, which
is called the boundary layer. The boundary layer starts from a
set of regular streamlines in which the fluid oscillates at the
microscopic level. Such a boundary layer is called a relaxed
boundary layer. Gradually and due to the conditions caused by



the geometrical shape and flow fields, such as surface rough-
ness and pressure gradient, the fluid fluctuation increases to
the microscopic level, and the flow lines no longer remain
regular, in which case the smooth flow turns into a turbulent
flow. One of the characteristics of turbulent flow is the fluctua-
tions in the velocity field. Because these oscillations occur on a
very small scale and with very high frequencies, it is impossible
to model them directly in most engineering applications. Of
course, in theoretical applications, for very simple geometries
and at low Reynolds numbers, by solving the original form of
the Navier—Stokes equation, these fluctuations can be directly
modeled, albeit on a small scale and high frequency, which, of
course, entails a relatively high computational cost.

In flows with high Reynolds, average values of velocity,
pressure, shear stress, etc., are more important to engineers.
This kind of attitude led Reynolds in 1895 to write the equa-
tions governing the flow in terms of mean or time average
variables of turbulent flow. The basis of the method that
Reynolds used to study turbulence was based on this method,
which replaces the values of velocity and pressure or any other
quantity such as ¢ as the sum of average values and instanta-
neous fluctuations (¢ = ¢ + @) in the Navier—Stokes equa-
tion. And then averaged the entire equation concerning time;
the resulting equation was the Reynolds equation, which is
the so-called Reynolds’ Navier—Stokes (RANS) equation.
This equation is expressed in Cartesian coordinates as
Equation (5):

opwi) 0
o +a—xj(pu,-uj)

__% o (9m 9\
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These equations do not form a closed system, and the
number of unknowns is more than the number of equations.
Due to the nonlinearity of these equations, after the averag-
ing process, the correlation between the velocity fluctuations
piity is raised, which is called Reynolds stress or disturbance
stress. Therefore, it is necessary to either define additional
equations or reduce the number of unknowns in some way.
To solve this problem, Bozisenko defined the Reynolds stress
as a function of the velocity gradient and y;, the relationship
of which is as follows:

(5)
+p9g;.

—pugy = ﬂz%- (6)
j

The purpose of turbulence models is to relate the size of
these turbulent stresses to the mean velocity field. So far,
many turbulence simulators have been introduced, which
are reliable in simulating special flow regimes in a unique
flow field. The ultimate goal of all turbulence models is to
calculate the size of the Reynolds stresses. In the following,
two turbulence models that are used in marine problems are
introduced:

Advances in Civil Engineering

2.3.1. k-€ Model. The k- model is one of the most famous
and powerful two-equation models for solving turbulent flow
in engineering problems because solving the two transport
equations separately allows the turbulence velocity and char-
acteristic length to be determined separately. This model is a
semiempirical model, and its equations are based on experi-
mental observations. In this model, « is the kinetic energy of
turbulent flow and is the turbulent kinetic energy loss rate,
and Equation (7) is used to calculate the turbulence viscosity:

KZ

we=Cup— (7)

where C, is an empirical coefficient, whose value is usually
considered to be 0.09, and semiempirical Equations (8) and
(9) are used to calculate k and e:
0
at 0x; 0x;
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where C;, and C,, are empirical coefficients, and o, and o,
are chaotic according to Pyrantel and Schmidt numbers. The
terms Cy, £ G, and Czé.p% in the equation represent the shear
stress production processes ¢ and vicious loss ¢, respectively.

The term G, expresses the amount of kinetic energy
production of turbulence caused by the turbulent flow field
and its effects on the average flow, which is called the shear
production term as follows:

— ou
Gy, = —pulyy —. (10)
0xj

The Y, term also represents the contribution of fluctu-
ating expansion to the rate of total dissipation of turbulence
in compressible flow. The oscillatory expansion represents
the damping of the turbulence energy caused by the com-
pressibility of the fluid. Since the compressible fluid is
assumed in this problem, this term does not affect existing
calculations.

k
4
For isothermal flow without mass transfer, the optimized

coefficients are the following.

3. Model Description and Physics

In this research, three optimized models of Noormahama-
dian and Salajaghe [20] named N1, N2, and N3 are used; the
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Model Length Diameter
name (mm) (mm)
N1 400 40
N2 400 40
N3 400 40

FIGURE 2: View of three optimized models based on the work of Noormahamadian and Salajaghe [20].

height is 400 mm and the diameter for all models is 40 mm.
These models were optimized based on the aerodynamic
parameters and resulted in the neural network algorithm.
In Figure 2(a), a view of all three models is presented.

Dimension of domain and boundary conditions are two
effective parameters on the result of the numerical methods.
These are affected by reversed flow at the outlet boundary,
wake around the building and the flow at the top of the build-
ing. So, dimensions and boundary conditions are selected in
Figure 1.

In this research, the speed profile is defined based on
Equation (12) in terms of height from the ground:

U(z) = Up ()", (12)

where Uj, is the wind speed at the top of the tower, H is the
tower height and a is 027. Also, turbulence intensity is
defined based on Equation (13):

I(z) = 0.1(%)(-a-0:05), (13)

Velocity profile and turbulence intensity according to
height in Figure 3 it has been shown.

The steady model is utilized for all steady-state simula-
tions. There are two models available in Simcenter STAR-
CCM-+ to calculate the wall distance (STAR CCM+, 2021):

(i) Exact wall distance.
(i) PDE wall distance.

The accurate wall spacing model performs an accurate
prediction calculation in real space based on triangulation of
the surface grid. The application of K; search trees or
Implicit Tree methods accelerates the calculation. In this
simulation, exact wall distance has been used for calculating
wall distance. Another physics that is applied in this simula-
tion is the segregated flow model that invokes the segregated

solver, which solves each of the momentum equations, in
turn, one for each dimension.

4. Mesh Study

One of the most important influencing factors in numerical
analysis is the type of meshing of the solution domain. The
trimmer mesh technique is also used in this research for
gridding the solution domain. The corrected cell masher
provides a strong method for creating a qualified mesh for
both simple and comprehensive mesh generation problems.
It merges several meshing properties in a single meshing
scheme that is predominantly hexahedral mesh upon surface
mesh and independence alignment.

Due to a lack of laboratory test results, the only way to
confirm the numerical results was to check the convergence
of the results in different meshes. For this purpose, the total
drag coefficients of all three models in five different meshing
modes, which were compared with each other, and the
results are based on Figure 4 obtained. Figure 5 shows a
view of the fine meshing by trimming mesh, which is
1,869,563 meshes used in this research.

5. Results

The results of the simulation will be shown after a verifica-
tion process. Figure 6 shows the pressure contour around the
model in Section 4 heights of 0.1, 0.2, 0.3, and 0.4 m from the
ground surface.

According to Figure 6, pressure is between —40 and
40 Pa. The surface in front of the air for N2 is less than the
two others, and the result is more pressure. Also, the drop
pressure around the hull in N2 model is less than in two
other models. Figure 7 shows the vorticity around X axis
for four section plane which is perpendicular of Z axis.

Based on Figure 7, the separation of the airflow in N3 and
N1 occurs later than in the N2 model, and this phenomenon
has more eddy pressure consequences. Another important
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Figure 3: Changes in (a) turbulence intensity and (b) velocity depending on the height above the ground.
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FIGURE 5: A different view of the fine mesh grids.

result is about N3 in comparison of N1, where the separation Another parameter present in this research is Q-Criterion

of the airflow happens later. which shows the 3D vortex around the model. The equation
Figure 8 shows the velocity magnitude around the three  for Q-Criterion is based on Equation (14).

models for four plane section perpendicular Z axis.

As shown in Figure 8, the middle of the N2 wake is so Q — Criterion = 0.5 (vorticity? — strain rate?). (14)
greater than the two other models, which makes greater
viscous-pressure force. It can increase the pressure drag The value for the Q-Criterion for all three models is 500

extremely. Also, the wake of the N3 back tower is less than  1/s?. Figure 9 shows the Q-Criterion parameter for the three
the N1 model. models.
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FIGURE 6: Pressure distribution around the model from top view for three models and four different heights from ground bed.
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FIGURE 7: Vorticity about the X axis around the model from top view for three models and four different heights from ground bed.

Figure 9 shows that the vorticity around the N2 model at
the middle is greater than the two others; also, flow separa-
tion occurred sooner at N2 model, and consequently, viscous
pressure is greater than the two others.

In this research, the most important result is pressure,
shear and total resistance, Y-axis force, Z, Y-axis moment,
and area in touch with air, which is calculated based on

Table 1. Also, Table 2 shows the nondimensional results.
The green color shows the least value among the three mod-
els. In Table 1, Ry is frictional forces, R,, is pressure force, R; is
total force, M, is moment around Y axis, M, is moment
around Z axis, and A is the area in face of the wind. Also,
in Table 2, Cy is frictional force coefficient, Cp is pressure
force coefficient, C, is total force coefficient Cy, is moment
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FIGURE 8: Velocity magnitude around the model from top view for three models and four different heights from ground bed.
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FIGURE 9: The Q-criterion parameter in three optimized models.

TasLe 1: Dimensional force, moment, and area.

Name Rs (N) Rp (N) Rt (N) Fy (N) My (N.m) Mz (N.m) A (m?)
N1 0.00829 0.2137 0.222 0.05798 0.04743 —0.00032 0.07134
N2 0.00695 0.3613 0.3682 —0.001 0.08012 0.000038 0.0788
N3 0.00853 0.2117 0.2203 0.008661 0.04665 —2.06E-05 0.07171

TasLE 2: Nondimensional force, moment, and area.

Name Cr Cp C Cry Cwmy Cymz

N1 0.005105 0.131602 0.136713 0.0357056 0.073022 —0.00411
N2 0.003879 0.201426 0.205273 —0.000555 0.111668 0.000452
N3 0.005225 0.129698 0.134967 0.0053062 0.07145 —0.00026
around Y-axis coefficient and Cy;, is moment around Y-axis In conclusion, N3 is the best model based on the opti-
coefficient. mized aerodynamics concepts. Also, N3 model is better than

According to Tables 1 and 2, the least shear force is  the two ones in terms of aerodynamics approach. Low Cp,
related to N2; also, the least pressure and total resistance ~ Cyy, and Cyyy, as the most important parameters in aerody-
are in or N3 model. Additionally, the least Z and Y moments ~ namics analysis of the tall buildings, resulted in the most
are for the N3 model. optimized shape of the model.
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6. Conclusion

In this research, certainly, three triangle-optimized models
were investigated by using the CFD method. Turbulence
intensity and velocity profile were modeled by functions in
STAR CCM+, and k-¢ turbulent model was employed for
calculating Reynolds restores. Also, RANS equations were
used for flow momentum. For verification of the results, a
solution was verified by 1.8E6 mesh grids, and scenario tests
were running. The main results of this research are as follows:

(i) Surface in front of air for N2 is less than the two
others, and result is more pressure. Also, drop pres-
sure around the hull in N2 model is less than in two
other models.

(ii) Separation of the airflow in N3 and N1 occurs later
than in the N2 model, and this phenomenon has
more eddy pressure consequences. Another impor-
tant result is about N3 in comparison of N1, where
the separation of the airflow happens later.

(iii) The middle of the N2 wake is so greater than the two
other models. It can increase the pressure drag
extremely. Also, the wake of the N3 back tower is
less than the N1 model.

(iv) The least shear force is related to N2; also, the least
pressure and total resistance are in or N3 model.
Additionally, the least Z and Y moments are for
the N3 model.

(v) In conclusion, N3 is the best model based on the
optimized aerodynamics concepts.
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