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Abstract: Airflow over a square cross-section at high Reynolds numbers and different angles of
incidence is investigated with the aim of providing deeper insight into wind actions on elongated
structures and, in particular, tall buildings. The flow around bluff bodies is characterized by separa-
tion at sharp corners, as well as possible flow reattachment at side surfaces. The alternate shedding
of vortices is also generated in the wake of bluff bodies due to the unsteady nature of flow separation.
Two-dimensional (2D) URANS numerical simulations were conducted in order to model transient
flow and examine wind actions on a square used as a model of a typical cross-section of a tall building
far from its roof and the ground. For validation purposes, the study’s numerical results on drag and
lift coefficients, Strouhal numbers, as well as pressure coefficient distribution were found to be in
good agreement with available experimental and numerical results in the literature for relatively
low Reynolds numbers. The numerical study was then extended to higher Reynolds numbers, ap-
proaching values that are pertinent for wind flow around buildings, thus addressing the lack of such
results in the literature. On the basis of these results, the impact of Reynolds numbers and angles of
incidence on drag and lift coefficients, as well as the pressure coefficient distribution along the walls
of the cross-section, is highlighted.

Keywords: wind action on buildings; design wind pressure coefficients; aerodynamic coefficients;
bluff body; square cylinder; CFD; k-ω (SST); URANS

1. Introduction

The response of elongated structures and, in particular, tall buildings to wind actions is
an important aspect of their structural design and becomes critical as the height of buildings
increases, considering that the wind intensity is gaining strength and the buildings are
laterally more flexible. In order to assess the effects of wind on buildings, a realistic
estimation of the developing wind pressures and resultant loads is necessary.

Systematic engineering methods to that effect are largely founded upon the pioneering
work on quasi-static wind loads by Cook, Harris, and their co-workers in the 1980s [1–4].
Kwok (1982) identified that for tall buildings, the cross-wind response may be of high
importance for their structural stability [5], while Wacker and Plate (1993) proposed gust
factors and peak wind pressure coefficients for cuboidal buildings [6]. Aerodynamic effects
have been discussed by Zhou (2003) and various others [7].

Overviews of wind loading on structures have been published in several textbooks,
such as ones by Stathopoulos and Baniotopoulos (2007) [8] and Holmes (2007) [9]. Petrini
and Ciampoli (2012) proposed employing performance-based designs of tall buildings
against wind, in a similar manner as for seismic designs [10]. With the advancement of
computational tools, extensive efforts to address wind designs by means of advanced
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numerical analyses have been published in recent years [11–14]. Moreover, wind pressure
distributions have also been proposed for various types of structures other than buildings,
such as wind turbines [15] and solar collectors [16].

In terms of wind forcing, the cross-sections of elongated structures are characterized
as bluff bodies, which are subjected to aerodynamic processes, such as flow stagnation,
flow separation, and vortex shedding. In this paper, the two-dimensional (2D) airflow
around a square, representing a horizontal cross-section of a building, is studied. A typical
building with a square plan view of dimensions D by D and height h is shown in Figure 1.
The aspect ratio of the square cylinder is defined as AR = h/D and is a critical parameter of
wind responses. Excluding the lower part of the building, where boundary layer effects
due to the ground are significant, as well as the upper part where flow separation occurs,
wind flow in the intermediate part resembles 2D conditions and may be approximated
using the proposed approach.
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For buildings with a square cross-section and AR ≤ 5, the computation is based on the
distribution of a pressure coefficient, cp, along the surfaces of the cross-section, defined as
the following:

cp =
p − p∞

0.5ρU2 (1)

where p is the pressure on the walls of the cross-section, p∞ is the pressure in the freestream,
ρ = 1.225 kg/m3 is the density of air, and U is the free-stream velocity. For buildings with a
square cross-section and AR > 5, the computation is based on the force (drag) coefficient, cf,
per unit height of the building, defined as the following:

c f =
Fw

0.5ρU2D
(2)

where Fw is the wind force per unit height. The Reynolds number of the corresponding
airflow is defined as the following:

Re =
ρUD

µ
(3)

where µ = 1.8 × 10−5 kg/m × s is the dynamic viscosity of air. For a bluff body, like the
square cross-section considered here, alternating vortex shedding occurs in the wake of
the body, and it is characterized by the dimensionless Strouhal number, defined as the
following:

St =
f D
U

(4)

where f is the frequency of vortex shedding.
Typical Re values for building applications are larger than 106, for which very limited

results are available in the literature. Experiments have been conducted by many re-
searchers to study airflow over very long (AR >> 5) square or rectangular cylinders. Delany
and Sorensen (1953) [17] measured drag coefficients and St values for a wide range of Re
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values and for various shapes of bluff bodies, and they demonstrated the effect of rounded
corners to the aerodynamic behavior. They showed that the drag coefficient remains sta-
ble over a wide range of Re values from 104 to 2 × 106, although most experiments they
performed were for Reynolds numbers ranging between 104 and 105. Vickery (1966) [18]
presented the differences of fluctuating lift and drag coefficients for laminar and turbulent
flow conditions. Lee (1975) [19] showed that the maximum value of St occurs at the angle
of incidence, for which the drag coefficient has its minimum value. The pressure distri-
bution on a square cross-section was investigated by Bearman and Obasaju (1982) [20] at
Re = 2.2 × 104. Igarashi (1984) [21] performed experiments at 3.85 × 103 ≤ Re ≤ 7.7 × 104

in order to investigate the characteristics of the flow at angles of incidence between 0◦ and
45◦. They determined four flow patterns and showed the existence of correlations between
vortex shedding frequency and pressure distribution for each flow pattern.

Knisely (1990) [22] examined the St values for rectangular cylinders with plan view side
ratios ranging from 0.04 to 1. Norberg (1993) [23] carried out experiments at Re = 3 × 104,
for rectangular cylinders with side ratios ranging from 1 to 3 and angles of incidence
between 0◦ and 90◦. Luo et al. (1994) [24] examined the aerodynamic behavior of four
cross-sectional shapes, including a square, two trapezoidals, and a triangle. They presented
the effect of the angle of incidence and flow reattachment on the drag coefficient. The
velocity field around a square cylinder in a closed water channel was measured by Lyn
et al. [25] using laser–Doppler velocimetry (LDV) at Re = 2.14 × 104. Tamura and Miyagi
(1999) [26] experimentally determined that the increase in turbulence intensity and the
corner modification resulted in a reduction in drag forces. Van Oudheusden et al. (2008) [27]
examined the flow field around a square cylinder at Re = 4 × 103, 104, and 2 × 104. They
observed some effect at the separation region, while no differences were found on the
mean flow for the examined Re numbers. Carassale et al. (2014) [28] experimentally
examined the effect of rounded corners on the aerodynamic behavior of a square cylinder
at 1.7 × 104 ≤ Re ≤ 2.3 × 105 and angles of incidence between 0◦ and 45◦. Finally, van
Hinsberg et al. (2017) [29] also examined the effect of rounded corners on the aerodynamic
behavior of a square cylinder at Re up to 12 × 106 and three angles of incidence (0◦, 22.5◦,
and 45◦).

Moreover, many researchers have numerically approached the airflow over a square
cylinder. Sohankar (2006) [30] investigated cases at 103 ≤ Re ≤ 5 × 106 by performing
large-eddy simulations (LESs) and showed that the mean drag coefficient is independent
of the Reynolds number because flow separation occurs at the sharp leading edges of the
body. Oka and Ishihara (2009) [31] examined the effect of the angle of incidence, between
0◦ and 45◦, performing LESs at Re = 104. Xu et al. (2011) [32] performed unsteady Reynolds
averaged Navier–Stokes (URANS) simulations at Re = 2.14 × 104. For turbulence closure,
they used several turbulence models, such as standard k-ε, renormalization group (RNG)
k-ε, realizable k-ε, standard k-ω, shear stress transport (SST) k-ω, and Reynolds stress
models (RSMs). Results with k-ω (SST) were found to agree the best with experimental
results. Tian et al. (2013) [33] conducted URANS simulations using the k-ω (SST) turbulence
model in order to investigate the flow around a rectangular cylinder at Re = 2.14 × 104.
The very good agreement of the numerical results with experimental data confirmed the
validity of 2D URANS simulations for this Re and showed that the St is not sensitive to
differentiation in the side ratio (d/b in Figure 1). Cao and Tamura (2016) [34] performed
LESs with structured and unstructured grids at Re = 2.2 × 104 and a zero-degrees angle of
incidence. Zhang et al. (2017) [35] performed URANS simulations with Spalart–Allmaras
(SA), standard k-ω, and k-ω (SST) turbulence models at Re = 2.2 × 104, but observed that
the one-equation Wray–Agarwal (WA) turbulence model agreed more with experimental
data. Finally, Dai et al. (2017) [36] performed URANS simulations with the modified k-ε
turbulence model, and they demonstrated the drag reduction effect of the presence of
rounded corners instead of sharp ones in a square cylinder.

The objective of this study is to apply URANS to numerically examine the aerodynamic
behavior of a square cross-section at high Reynolds numbers and several angles of incidence,
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as a model of a typical cross-section of a tall building (AR >> 5) far from its roof and the
ground, in order to reveal the effect of Re on the drag and lift forces, as well as on the
pressure distribution on the walls of the cross-section. It is noted that, according to EN1991-
1-4 [37], the recommended value of the force (drag) coefficient is cf = 2.1 for a square
cross-section, while the St value is 0.12 when AR > 5. The suggested value in the Australian
Code AS/NZS [38] is cf = 2.2. From corresponding studies in the literature [39,40], it can
be deduced that the force coefficient increases as the AR increases. Okamoto and Uemura
(1991) [39] reported that for buildings with a square cross-section and sharp corners, the
height-averaged force coefficient is cf = 1.3 for AR = 1 and cf = 2.2 for AR→∞, while McClean
and Summer (2014) [40] obtained values of cf = 1.29 for AR = 3 and cf = 1.46 for AR = 11.
Therefore, for tall buildings (AR >> 5), it is safe to consider that the 2D flow over a square is
an appropriate model that can be used to compute the pressure distribution on the square
cross-sections of the building, far from its roof and the ground, both as a standalone result
and also a result to complement the single cf value provided by Eurocode 1.

The numerical model used here is based on URANS simulations of an unsteady
turbulent flow using ANSYS Fluent [41]. The k-ω (SST) turbulence model was used for
turbulence closure, while wall functions were used to model the boundary layer. The
numerical simulations were conducted for Re = 2.2 × 104 for validation purposes by
comparing them to experimental and numerical data from the literature, and then for
Re = 2 × 106 and Re = 107, with the aim of simulating wind flow at realistic situations
for buildings.

2. Materials and Methods
2.1. Computational Model

The aerodynamic behavior of a square cross-section with side D was numerically
investigated by performing 2D URANS simulations. The computational fluid domain is
shown in Figure 2a, where its dimensions are given in multiples of D. The inlet, outlet,
and side boundaries of the computational domain are located at distances of 10D, 25D,
and 10D, respectively, from the cross-section. The dimensions of the fluid domain were
chosen so that flow development far from the cross-section was not affected and so that
it could be comparable with previous numerical studies [32,33,36]. Initial analyses for
varying D values confirmed that the results are independent of D; thus, this problem may
be non-dimensionalized.
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The airflow over the cross-section was investigated for several angle of incidence α

values, as defined in Figure 2b. No slip conditions were applied on the cross-section walls.
A uniform velocity profile was applied at the inlet boundary, the zero-velocity gradient
was set at the outlet, and the slip conditions were imposed on the side boundaries of the
computational domain. The turbulence intensity level of the incoming flow, I, is defined at
the inlet boundary.

In ANSYS Fluent [41], the 2D incompressible URANS equations were solved using
the finite volume method (FVM). Hybrid mesh was used to discretize the computational
domain, as shown in Figure 3a. Details of the mesh around the bluff body are shown in
Figure 3b. A grid independence study was carried out and it was concluded that a fluid
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domain consisting of 89,000 elements is adequate. The average heights of the first cell above
the cross-section walls were 0.04D, 0.01D, and 0.0025D, while the corresponding dimensions
in wall units were 35, 120, and 150 for Re = 2.2 × 104, 2 × 106, and 107, respectively, to
facilitate the use of the standard wall function approach to model the boundary layers on
the cross-section walls. An average cell size of 0.09D was used for discretization purposes
in the rest of the computational domain. As already mentioned, the numerical study was
initially conducted for Re = 2.2 × 104 in order to validate the numerical model by comparing
the experimental and numerical results from the literature, and then for 2 × 106 and 107,
which are representative of wind flow measurements for buildings.
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For pressure–velocity coupling, the PISO algorithm was used because it was consid-
ered to be the most appropriate, among the available ones, to maintain a stable calculation
in unsteady flows. Due to the use of a hybrid mesh and the presence of swirling flows,
quadratic upwind interpolation was used as the interpolation scheme for the convection
term. For the Reynolds stress term calculation, the eddy viscosity model k-ω (SST) [42,43]
was used due to its strong performance in modeling flow separation cases [44]. The Courant
number (Co) is defined as the following:

Co =
U∆x

∆t
(5)

where ∆t is the time step and ∆x is the average cell size. The time step (∆t) was chosen so
that the Courant–Friedrichs–Lewy (CFL) condition, Co ≤ 0.1, was satisfied everywhere in
the computational domain.

2.2. Aerodynamic Parameters

The aerodynamic parameters obtained by the simulations are summarized in this
section. The instantaneous pressure coefficient, cp, on the walls of the square cross-section
was computed, in line with Equation (1), and is a function of time. The corresponding
mean pressure coefficient is defined as the following:

cp,mean =
1
N

N

∑
i=1

cp,i (6)

while the corresponding rms pressure coefficient is defined as the following:

cp,rms =

√√√√ 1
N

N

∑
i=1

(
cp,i − cp,mean

)2 (7)

where cp,i is the instantaneous pressure coefficient at time i∆t and N is the number of time
samples. The instantaneous force coefficients of the cross-section, cf (drag in the streamwise
direction) and cl (lift in the cross-wind direction), were computed according to Equation
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(2), where the force components were obtained by an appropriate integration of the wall
pressure. The corresponding mean drag coefficient is defined as the following:

c f ,mean =
1
N

N

∑
i=1

c f ,i (8)

and the corresponding rms drag coefficient is defined as the following:

c f ,rms =

√√√√ 1
N

N

∑
i=1

(
c f ,i − c f ,mean

)
(9)

while the corresponding mean and rms lift coefficients are defined accordingly. In the
following, the time series of the instantaneous aerodynamic coefficients is presented with
respect to dimensionless time:

t∗ = t
U
D

(10)

where t is the time. The statistics of the above aerodynamic parameters were obtained over
25 vortex shedding cycles.

For design purposes, the extreme (max and min) wind pressure coefficients are com-
puted as the following:

cp,max = cp,mean + kcp,rms (11)

cp,min = cp,mean − kcp,rms (12)

where k is the peak factor, which correlates the max and min cp values to the rms ones. Two
values of the peak factor, k = 2.5 and k = 3.5, were used here, taking into account the fact
that in the literature, k values vary between 2.5 and 4.0 [45–48], while the value k = 3.5 is
used in Eurocode 1 [37].

3. Results

3.1. Numerical Results for Re = 2.2 × 104 and Model Validation

Numerical results are presented in this section for Re = 2.2 × 104 and various angles
of incidence. Two different values, I = 0.05 and 0.2, of the turbulence intensity level at the
inlet boundary were considered, with negligible differences on the final results; the ones
with I = 0.05 are presented here. The results are compared with experimental data and with
other numerical results from the literature (see Table 1) in order to validate the numerical
modeling and analysis method used in this study.

Table 1. Comparison of aerodynamic coefficients with experimental results for a zero-degrees angle
of incidence.

Author Re ( ×104) cf,mean cf,rms cl,rms St

Vickery [18] 10 2.05 0.17 1.30 0.12

Lee [19] 17.6 2.04 0.22 1.19 0.122

Bearman and Obasaju [20] 2.2 2.10 - 1.20 1.13

Norberg [23] 1.3 2.11 - - 0.131

Luo et al. [24] 3.4 2.21 0.18 1.21 0.13

Lyn et al. [25] 2.14 2.10 - - 0.132

Tamura and Miyagi [26] 3 2.10 - 1.05 0.13

Van Oudheusden et al. [27] 2 2.19 - - -

Carassale et al. [28] 37 2.06 - 1.02 0.125

Our study 2.2 2.09 0.158 1.17 0.134
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3.1.1. Zero-Degrees Angle of Incidence

In this section, numerical results for a zero-degrees angle of incidence and Re = 2.2 × 104

are presented. As already mentioned, the frequency of vortex shedding in the wake of a
square cross-section was used to define the dimensionless Strouhal number in Equation
(2). Here, this frequency was computed, taking advantage of the fact that vortex shedding
and lift force on the cross-section have the same oscillatory frequency. The lift coefficient
time history is shown in Figure 4. Therefore, the shedding frequency was computed as the
peak frequency of the fast Fourier transform of the lift coefficient time history (Figure 5).
It is shown (Figure 5) that the time dependence of the lift coefficient is dominated by the
main shedding vortex frequency in the wake of the cylinder, while the harmonic and
sub-harmonic contributions are negligible.
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(Re = 2.2 × 104).

In Figure 6, the instantaneous vorticity field around the square cross-section at the
characteristic time instants A, B, and C of the lift coefficient time history, denoted in Figure 4,
are illustrated for one period of vortex shedding. The vorticity contours are presented
at these three characteristic instants for all examined cases throughout this study. It is
observed that flow separation emanates at the upstream corners of the cross-section.
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characteristic time instants (A–C) (from left to right) shown in Figure 4.

Based on the x coordinate along the perimeter of the square cross-section defined
in Figure 7, the obtained mean pressure coefficient on the surface in Figures 8 and 9 is
compared with experimental and numerical results from the literature, respectively, for
various Re values in the 104 to 105 range, exhibiting very good agreement. It is noted
here that the comparison to flow results at Re of the same order but not of identical value
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(2.2 × 104) is valid because, for this particular geometry, flow separation and turbulence
development are strongly dictated by the sharp corners of the cross-section and weakly
dictated by viscous effects, i.e., Re. Due to symmetry, the distribution is only presented
along the upper half of the cross-section.
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Figure 9. Comparison of computed cp,mean values for a zero-degree angle of incidence and
Re = 2.2 × 104 with numerical results for Re values in the 104 to 105 range [31,33,34].

In Figure 10, corresponding results for the cp,rms distribution are illustrated. The maxi-
mum cp,rms is observed at the lateral sides of the cross-section due to the alternate shedding
of vortices, while at the windward side, cp,rms has values gradually varying from 0 to 0.2,
and at the leeward side from 0.4 to 0.3. As shown in both works [20,21], whose data are
shown in Figure 10, the fluctuating pressure distribution is a very sensitive quantity, espe-
cially along the lateral and the leeward sides of the cross-section, and substantial differences
are observed, even among experimental works; see, for example, Figure 5 in Bearman and
Obasaju [20]. Therefore, the deviation between our results and the experimental ones are
within the sensitivity range for this quantity.

Further comparisons of obtained results with experimental and numerical results
from the literature are listed in Tables 1 and 2, respectively. For the numerical results from
the literature, the numerical method which was used is also provided. A good match
was observed.
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Figure 10. Comparison of computed cp,rms values with experimental results for a zero-degrees angle
of incidence (Re = 2.2 × 104) [20,21].

Table 2. Comparison of aerodynamic coefficients with numerical results for a zero-degrees angle of
incidence.

Author Method Re
(×104) cf,mean cf,rms cL,rms St

Sohankar [30] LESs 2.2 2.25 0.200 1.50 0.130

Oka and Ishihara [31] LESs 1 2.06 0.140 1.26 0.125

Xu and Zhang [32] URANS 2.14 2.09 - 1.39 0.121

Tian et al. [33] URANS 2.14 2.06 - 1.49 0.138

Cao and Tamura [34] LESs 2.2 2.21 0.205 1.26 0.132

Zhang [35] URANS 2.2 2.20 - - -

Dai et al. [36] URANS 2 2.00 0.204 1.13 0.130

Our study URANS 2.2 2.09 0.158 1.17 0.134

3.1.2. Nonzero Angles of Incidence

Next, a parametric study was conducted to obtain pressure coefficient distributions for
various angle of incidence values, α, up to 45◦. The vorticity fields at the three characteristic
instants (A, B, and C) of the lift coefficient time history for α = 15◦, 30◦, and 45◦ are depicted
in Figures 11–13, respectively. Compared to the case of a zero-degrees angle of incidence,
the flow separation at α = 15◦ and 30◦ may also emanate at the two upstream corners
of the cross-section or even a downstream one, as α increases (Figures 11 and 12). For
the case of α = 45◦, the flow separation emanates at the two symmetrical corners of the
cross-section (Figure 13).
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The mean pressure coefficient distributions for the various angles of incidence are
presented along the perimeter of the square cross-section, as defined in Figure 14. The
computed pressure coefficient distributions are compared with experimental [21] and
numerical results [31,48] in Figures 15–17, confirming that the k-ω (SST) turbulence model
with the standard wall function approach is capable of effectively capturing the pressure
coefficient distribution on a square cross-section for various angles of incidence.
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α = 15◦ [21].

The obtained results of the mean pressure coefficient distributions for various angles
of incidence at Re = 2.2 × 104 are compared in Figure 18. No significant differences are
observed on the windward side (0–1), while larger values of cp,mean are observed at the
sides 1–2 and 2–3, gradually increasing as the angle of incidence increases and reaches the
maximum value for α = 45◦.
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of incidence.

3.2. Numerical Results for High Reynolds Numbers

In this section, the airflow around the square cross-section at higher Re values is
investigated, obtaining numerical results for Re = 2 × 106 and Re = 107, and comparing
them with the corresponding ones for Re = 2.2 × 104. The high Re cases are investigated
because in the wind flow around buildings, Re values larger than 5 × 106 are developing.
Thus, the resulting pressure coefficient distributions constitute an estimation of the wind
actions to be considered for the structural design of buildings. For such higher Re values,
not many results can be found in the literature, particularly for nonzero angles of incidence.
Two different values of the turbulence intensity level at the inlet boundary, I = 0.05 and
0.2, are considered with negligible differences on the final results; the ones with I = 0.2 are
presented here. According to EN1991-1-4 [37], the value I = 0.2 corresponds to a relatively
high level of incident flow turbulence on tall buildings.

3.2.1. Zero-Degrees Angle of Incidence

For a zero-degrees angle of incidence, the results are also compared with the experi-
mental data of Delany et al.’s study [17] and the numerical results of Sohankar’s study [30],
based on the LES approach, along with provisions of EN1991-1-4 [37] and AS/NZS [38].
The presented pressure coefficient distribution from the EN1991-1-4 refers to buildings
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with AR = 5. For buildings with high AR values, the flow in the middle part is considered
to approach 2D conditions [39,40].

The oscillating nature of the flow separation is present at the high Re cases as well, as
highlighted in Figures 19 and 20 where the instantaneous vorticity contours are shown for
Re = 2 × 106 and 107, respectively, for a zero-degrees angle of incidence. Alternate vortices
at the downstream side of the square cross-section at the characteristic time instants of the
lift coefficient time history are also observed in Figures 19 and 20. The increase in the Re
number is achieved by an increase of a factor of five in the incoming velocity magnitude.
The resulting vorticity magnitude, both in the boundary layers and in the wake, also
increased by a factor of about five.
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Figure 19. Vorticity magnitude (s−1) for a zero-degrees angle of incidence (Re = 2 × 106) at the
characteristic time instants (A–C) (from left to right) shown in Figure 4.
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For a zero-degrees angle of incidence, the dependence of the mean drag coefficient,
the drag rms, the lift rms, and the St number in the range 5 × 103 to 107 is presented in
Table 3. The present results are compared with available results from the literature [17,30],
exhibiting a satisfactory match.

Table 3. Aerodynamic coefficients with respect to Re.

Re Variable Our Study Delany
et al. [17]

Sohankar
[30]

EN1991-1-4
[37]

5 × 103–5 × 104

cf,mean 2.09 1.9 2.24 2.1
cf,rms 0.16 - 0.2 -
cl,rms 1.17 - 1.45 -

St 0.134 - 0.123 0.12

3 × 105–3 × 106

cf,mean 2.28 1.95 2.29 2.1
cf,rms 0.18 - 0.18 -
cl,rms 1.61 - 1.51 -

St 0.1 - 0.128 0.12

4 × 106–107

cf,mean 2.35 - 2.24 2.1
cf,rms 0.15 - 0.2 -
cl,rms 1.37 - 1.58 -

St 0.1 - 0.124 0.12

As illustrated in Table 3, the cf,mean value increases slightly as the Reynolds number
increases from 5 × 103 to 107. The cf,rms value is almost unaffected by the Reynolds number,
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while cl,rms has a higher variation but without an obvious trend. The St number exhibits a
significant reduction with increasing Re from low to medium values, but not from medium
to higher ones.

A comparison of the distribution of mean and rms pressure coefficients for the exam-
ined Re numbers is presented in Figures 21 and 22, respectively. It is concluded that an
increase in the Re number does not significantly affect the max or min cp,mean and cp,rms
values on the sides of the square cross-section for a zero-degrees angle of incidence.
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Figure 22. Rms pressure coefficient distribution for a zero-degrees angle of incidence.

3.2.2. Nonzero Angles of Incidence

Similar analyses are carried out for Re = 107 and α = 15◦, 30◦, and 45◦. The corre-
sponding vorticity contours are shown in Figures 23–25. The development of the vortex
shedding effect is demonstrated. While flow separation emanates at the two upstream
corners of the square cross-section for a zero-degrees angle of incidence, for nonzero angles,
it may emanate at a downstream corner as well. For the case of α = 45◦, flow separation
emanates at the two symmetrical corners. For α = 15◦ and 30◦, the asymmetry of the wake
is demonstrated in Figures 23 and 24. Vortices are generated at the upper and lower sides
of the square cross-section due to boundary layer separation (Figures 23–25).
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Figure 25. Vorticity magnitude (s−1) contours for Re = 107 and α = 45◦ at the characteristic time
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The mean pressure coefficient distribution results for Re = 107 are shown with dashed
lines in Figure 26, while the corresponding results for Re = 2.2 × 104 are presented with
continuous lines. The cp,mean increases on sides 3–4 as the angle of incidence increases. On
sides 1–2 and 2–3, differences between the two Re numbers in the ranges of 15% and 38%,
respectively, are observed for α = 45◦. In all other cases, the differences are smaller, i.e.,
around 5%.

Buildings 2024, 14, x FOR PEER REVIEW 14 of 18 
 

Figure 23. Vorticity magnitude (s−1) contours for Re = 107 and α = 15° at the characteristic time in-
stants (A–C) (from left to right) shown in Figure 4. 

(A) (B) (C) 

Figure 24. Vorticity magnitude (s−1) contours for Re = 107 and α = 30° at the characteristic time in-
stants (A–C) (from left to right) shown in Figure 4. 

(A) (B) (C) 

Figure 25. Vorticity magnitude (s−1) contours for Re = 107 and α = 45° at the characteristic time in-
stants (A–C) (from left to right) shown in Figure 4. 

The mean pressure coefficient distribution results for Re = 107 are shown with dashed 
lines in Figure 26, while the corresponding results for Re = 2.2 × 104 are presented with 
continuous lines. The cp,mean increases on sides 3–4 as the angle of incidence increases. Οn 
sides 1–2 and 2–3, differences between the two Re numbers in the ranges of 15% and 38%, 
respectively, are observed for α = 45°. In all other cases, the differences are smaller, i.e., 
around 5%. 

 
Figure 26. Mean pressure coefficient distribution for various angles of incidence. 

 

 

The rms pressure coefficients for Re = 107 are shown with dashed lines in Figure 27, 
while the corresponding results for Re = 2.2 × 104 are presented with continuous lines, 
exhibiting non-negligible differences. As the angle of incidence increases, the rms values 

Figure 26. Mean pressure coefficient distribution for various angles of incidence.

The rms pressure coefficients for Re = 107 are shown with dashed lines in Figure 27,
while the corresponding results for Re = 2.2 × 104 are presented with continuous lines,
exhibiting non-negligible differences. As the angle of incidence increases, the rms values
on sides 1–2 and 2–3 increase by an average of 20%, while on sides 0–1 and 3–4, the effect
is smaller.
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4. Discussion

As already mentioned, the obtained results for 2D conditions are considered to be
representative for the middle parts of buildings with a square cross-section and high AR
(>>5) values, far from the roof and the ground, and at several angles of incidence. Typical Re
values for such problems are larger than 106, for which limited experimental and numerical
results are available in the literature. While the structural design against wind actions for
buildings with AR ≤ 5 is based on the distribution of the pressure coefficient, cp, along the
surfaces of the walls and roof, for AR > 5, the pertinent codes only propose values of the
force (drag) coefficient, cf, per unit height of the building. Such values are sufficient for
accounting for the wind effects on the main structural system of the building as a whole, but
cannot predict the local effects of wind on the secondary structural system by supporting
the building façade or cladding elements.

For this purpose, the highest local wind pressure values must be employed, which
are estimated here through the use of the peak factor k. In other words, the maximum and
minimum expected values of pressure coefficients are estimated, according to Equations
(11) and (12), for peak factors equal to k = 2.5 and k = 3.5, to cover a range of k values
proposed in the literature [45–48]. Corresponding results are presented in Figure 28 for a
zero-degrees angle of incidence and in Figure 29a,b for all examined angles of incidence.
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For a zero-degrees angle of incidence, the effect of the peak factor k on the max/min
pressure coefficient values is larger at the sides of the bluff body and is less significant at
the windward and leeward sides. As shown in Figure 29a, the highest maximum values
are observed on sides 1–2 for α = 0◦ and α = 45◦. On sides 3–4, the highest maximum
values occurred for α = 45◦. On the windward side, the maximum and minimum values
of the pressure coefficient present small differences for all examined angles of incidences.
The highest cp,min values occur on sides 1–2 and 2–3 for α = 30◦ and α = 45◦, as presented
in Figure 29b.
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5. Conclusions

The airflow over a square cylinder at high Reynolds numbers for various angles
of incidence was investigated by employing URANS equations using the wall function
approach. The simulations were performed using the k-ω (SST) turbulence model. This
numerical approach was validated by comparing time-averaged and rms quantities of the
aerodynamic coefficients for Re = 2.2 × 104 with experimental and numerical results from
the literature.

The numerical analyses were then extended to higher Re cases, representative of
wind flow around tall buildings. The magnitude of the pressure coefficients was found to
increase with increasing Re and increasing α. The computed values are significantly higher
than the ones provided in EN1991-1-4 for structures with square cross-sections, which are
limited to cases with α = 0◦ and buildings with AR ≤ 5. This study helps to address the
gap in pressure coefficient data that can be used in the structural design of taller buildings
with AR > 5, taking into account the effect of realistic high Re and nonzero α values, using
URANS equations which may be employed in future work for other, more complex cross-
sectional shapes, offering computational advantages. Due to the 2D nature of the presented
computations, computed pressure coefficient distributions may be considered to be suitable
for the design of secondary structural systems supporting the cladding in the middle parts
of buildings with higher AR values where the flow resembles better 2D conditions.
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