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Abstract: The computational fluid dynamics (CFDs) models based on the steady Reynolds-averaged
Navier–Stokes equations (RANSs) using the k−ω two-equation turbulence model are considered in
order to estimate the wind flow distribution around buildings. The present investigation developed a
micro-scale city model with building details for the Hail area (Saudi Arabia) using ANSYS FLUENT
software. Based on data from the region’s meteorological stations, the effect of wind speed (from
2 to 8 m/s) and wind direction (north, east, west, and south) was simulated. This study allows us
to identify areas without wind comfort such as the corner of the building and the zones between
adjacent buildings, which make this zone not recommended for placement of restaurants, pedestrian
passages, or gardens. Particular attention was also paid to the highest building (Hail Tower, 67 m)
in order to estimate, along the tower height, the wind speed effect on the turbulence intensity, the
turbulent kinetic energy (TKE), the friction coefficient, and the dynamic pressure.

Keywords: comfort zone; buildings; CFD simulation; turbulence model; urban community
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1. Introduction

Lower atmospheric wind studied around the buildings in urban areas [1] attracts the
interest of many researchers due to the wide range of practical applications that could
be treated. Such applications include urban wind energy production [2,3], air pollutants
and dust dispersion [4,5], the effects of sandstorms on buildings [6], comfort and safety of
pedestrians [7,8], etc.

Two approaches can tackle the study of urban wind. Firstly, the experimental ap-
proach [9,10], which is very costly and requires means to install several meteorological
stations. Unfortunately, this approach can only give local measurements and is not well
adapted to urban sites with a very diversified topography. With the improvement of
computational tools and mesh generation software, the second numerical approach, using
computational fluid dynamics (CFDs) [11–15], is becoming more and more interesting. In
fact, CFDs, which are far less expensive in terms of time and money, provide local results in
any point of the domain of study. Liu et al. [16] carried out a numerical study to simulate
the distribution of the wind in urban areas. The mentioned authors built a full-scale model
and construction details using the existing weather data of the community. This full-scale
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model is developed in the case of distance ranging from 2 to 20 km, which is positioned
between “micro-scale” and “mesoscale” models. Three-dimensional RANS equations were
resolved in order to find the urban wind flows. The performed model proved its capability
to detect the wind topography in the community with an overestimation of the wind
speed of 20% compared to the measured data on the roof building located on the site.
Ricci et al. [17] investigated the accuracy and reliability of different turbulence models on
steady three-dimensional RANS CFD simulations of wind flow for urban areas.

The influence of the k-ω as well as the k-ε turbulence models and roughness values
are analyzed to measure their effect on the wind flow in complex urban areas. The authors
performed a reduced-scale (1:300) model of a neighborhood in Livorno (Italy). The average
wind velocity profile, turbulent kinetic energy (TKE), and turbulent dissipation obtained from
measurements and CFD simulations were compared at several locations. They concluded that
the turbulence model has a considerable effect on the distribution and topography of wind,
while the surface roughness has no effect on the different flow parameters.

Kang et al. [18] studied the trees’ influence on enhancing wind comfort of pedestrians
in urban areas. They exhaustively examined pedestrians’ wind comfort by considering
the direction and the frequency of the wind. Special interest was also paid to the leaf
surface density in order to reproduce the topography of the flow as closely as possible to
the reality. The authors show that when the airflow passes through the trees, a clear wind
comfort improvement for pedestrians was observed. The dispersion of pollutant emissions
in an urban environment containing several buildings was studied by Chua et al. [19] for
vehicle traffic and Toja-Silva et al. [20] for thermal power plant chimneys. The extent of
pollution dispersion was determined for different wind speeds and directions. Feng and
Gu [21] numerically studied the effect of wind veering on super high-rise buildings under
different wind directions using large eddy simulations (LES). The authors concluded that
the maximum wind loads occur in the range of 60◦–75◦ of wind direction. Fan et al. [22]
performed a numerical simulation on the blocking effect of buildings on airflow based
on LES using the open FOAM code. The results showed that the spanwise width has an
important effect on the horizontal recirculation flow.

Tominaga and Shirzadi [23] performed an experimental investigation using a wind
tunnel on the flow structure around a group of buildings. The authors indicated the
performed experiments can improve our understanding around the flow around actual
buildings; a limitation was that they only used one wind direction. Zheng et al. [24]
performed CFD simulations based on the k-ε turbulence model to predict the wind flow
structure around a building with a focus on the effect of the surrounding buildings’ con-
figurations. Liu et al. [9] used the LES technique to investigate the stratification effect
on the wind over simplified tall buildings. The authors concluded that higher building
density leads to less wind velocity fluctuations. Lee and Mak [25] studied the effects of
wind direction and building arrangement on air flow structure and contaminant dispersion.
It was found that the wind direction can be used to optimize the ventilation and pollutant
dispersion. Kim et al. [26] used the deep learning and PIV technique to predict the flow
around buildings. The combination of these two techniques represents a powerful tool,
providing a better understanding of the flow structures around buildings.

Liu et al. [27] studied the flow around a building via the CFD with a focus on the effect
of the surrounding buildings’ arrangement. The authors mentioned that their study is
helpful in planning the urban configurations of buildings. Tamura et al. [28], experimenting
with a wind tunnel, studied the effect of dimensions on the flow around a square building.
Zheng et al. [29] experimentally studied the effect of aerodynamic on the wind load on tall
buildings. The results showed that the building’s shape has an important effect on drag and
lift forces. Zhou et al. [30] studied the effect of a twisted wind on the flow behavior around
tall buildings. The authors used the LES for the computational analysis and a wind tunnel
for the experiment investigation and showed that the twisted wind has a considerable
effect on the flow structure around the building. Han et al. [31] performed a numerical
study to validate the combined LBM-LES technique applied to a wind flow around a typical
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building. The authors mentioned that their method can provide very accurate results for
the velocity field.

To the best of our knowledge, the computational fluid dynamics study of wind disper-
sion in a community with low density structures, and without vegetation (as in the case of
most Gulf countries), has not been investigated. In this work, the effect of wind speed and
direction in Hail City (Saudi Arabia) is analyzed and detailed.

2. Mathematical Formulation
2.1. Real View of the Studied Area

A real view of the studied configuration is shown in Figure 1; this configuration is
located at the city center at 27◦31′23′′ N and 41◦41′50′′ E and the buildings surrounding the
study area are of low height. The site contains six compartments: Dates market, Semah
Center Hail, Saudi Post, mosque of Dr. Muhammed al-Mujil, Saudi Arabian Airlines,
and the Hail Tower. The ground is mainly composed of sand. Dimensions of the studied
domain are 315 m along the axial direction (x-axis) and 320 m along the lateral (y-axis)
direction, resulting in a total area of 100,800 m2. The four orientations are presented in
Figure 1.

Figure 1. Real view of the studied area.

2.2. Hypothesis

The considered RANS equations system is written with respect to the Cartesian
coordinate with the origin o showed in Figure 2. The considered assumptions for the
present investigation are as follows:

• Flow with three-dimensional (3D) aspect in steady state.
• Air is considered as the work fluid with constant physical and thermal properties.
• Flow with turbulent and fully developed aspect.
• Thermal effects due to the thermal gradient between the ground and the ambient air

are neglected.



Mathematics 2022, 10, 1118 4 of 14

Figure 2. Geometric configuration and numerical domain.

2.3. Geometric Configuration and Numerical Model

Figure 2 shows the numerical domain adapted for the present configuration. The
tower height, H = 67 m, is considered as the reference value of all distances. The dimensions
of the numerical domain are considered to be (10H × 10H × 5H) along the x, y, and z-axis.
The estimated blockage factor is therefore less than 0.3%. It seems important to note that all
extensions of this domain have no effect on the present numerical results.

2.4. Governing Equations

The Reynolds-average Navier–Stocks (RANS) equations can be written in Cartesian
tensor form as follows:

∂

∂xi
(ρui) = 0 (1)

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂ul
∂xl

)]
+

∂

∂xj

(
−ρu′iu

′
j

)
(2)

Additional terms now appear which represent the effect of turbulence. These Reynolds
stresses must be modeled in order to close Equation (2). One common method employs the
Boussinesq approximation to relate the Reynolds stress to the mean velocity gradient.

− ρu′iu
′
j = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3

(
ρk + µt

∂uk
∂xk

)
δij (3)

The turbulent kinetic energy k and its specific dissipation rate ω are obtained from the
following equations:

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk −Yk + Sk (4)

∂

∂xi
(ρωui) =

∂

∂xj

(
Γw

∂ω

∂xj

)
+ Gω −Yω + Sω (5)

In these equations, Gk and Gω represent, respectively, the generation of k and ω due
to the mean velocity gradient. Γk and Γω are, respectively, the effective diffusivity for k
and ω. Yk and Yω are the dissipation of k and ω, respectively, due to the turbulence. Sk
and Sω are the source terms for turbulent kinetic energy and its source dissipation ratio
(considered to be zero in the present simulation), respectively. The default value of the



Mathematics 2022, 10, 1118 5 of 14

turbulent Prandtl number Prt is 0.85. The effective diffusivity for the k-ω model is given by
the following expression:

Γk = µ +
µt

σk
(6)

µt = α∗
ρk
ω

(7)

Γω = µ +
µω

σω
(8)

where σk and σω are the turbulent Prandtl numbers, respectively, for k and ω.

α∗ = α∗∞

(
α∗0 + Ret/Rk

1 + Ret/Rk

)
(9)

Ret =
ρk
µω

(10)

α∗0 =
βi
3

(11)

Rk and βi constant value (Table 1). It is noted that for the k-ω model with a high
Reynolds number, α∗ = α∗∞ = 1. The production of turbulent kinetic energy Gk and
the production of its specific dissipation Gw in Equations (4) and (5), respectively, are
defined by:

Gk = −ρu′iu
′
j
∂uj

∂xi
(12)

Gk = µtS2 (13)

S ≡
√

2SijSij (14)

Gw = α
w
k

Gk (15)

α =
α∞

α∗

(
α0 + Ret/Rw

1 + Ret/Rw

)
(16)

where Rω is constant value (Table 1), Ret and α∗ are given by Equations (10) and (11),
respectively. It is noted that for the k-ω model with a high Reynolds number, α = α∗ = 1.
The dissipation of the turbulent kinetic energy Yk is given by:

Yk = ρβ∗ fβ∗kω (17)

fβ∗ = 1 if χk ≤ 0

fβ∗ =
1+680χk

2

1+400χk
2 if χk ≤ 0

(18)

χk ≡
1

ω3
∂k
∂xj

∂ω

∂xj
(19)

β∗ = β∗i [1 + ζ∗F(Mt)] (20)

β∗i = β∗∞

(
4/15 + (Ret/Rβ)

4

1 + (Ret/Rβ)
4

)
(21)

where ζ∗, Rβ, and β∗∞ are constant values (Table 1) and Ret is given by Equation (10). The
dissipation of ω is given as follows:

Yw = ρβ fβω2 (22)

fβ =
1 + 70χw

1 + 80χw
(23)
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χw =

∣∣∣∣∣ΩijΩjkΩki

(β∗∞ω)3

∣∣∣∣∣ (24)

Ωij =
1
2

(
∂ui
∂xj
−

∂uj

∂xi

)
(25)

β = βi

[
1−

β∗i
βi

ζ∗F(Mt)

]
(26)

F(Mt) = 1 if Mt ≤ Mt0
F(Mt) = M2

t −M2
t0 if Mt � Mt0

(27)

M2
t =

2k
a2 (28)

a =
√

γRT (29)

Table 1. Values of the constant used in Equations (1)–(29).

α*
∞ α∞ α0 β*

∞ βi Rβ Rk Rw ζ* Mt0 σk σw

1 0.52 1/9 0.09 0.072 8 6 2.95 1.5 0.25 2 2

For the k-ω turbulence model with a high Reynolds number, β∗i = β∗∞, and for
incompressible flow, β∗ = β∗i . Table 1 summarizes the different constants cited above.

The drag force energy and its specific dissipation rate are obtained from the follow-
ing equations:

FD =
1
2

CDρV2 A (30)

where CD is the drag coefficient
CD = C f + CP (31)

Cf is the friction drag coefficients and Cp is the pressure drag coefficients.
It should be noted that, although the climate of the region under study is particularly

warm and the thermophysical properties can vary with temperature, movements due to
the natural convection can take place. We tried some simulations using the Boussinesq
approximation (ρ = ρ0 + β(T − T0)) without noticing any variation in the results. In fact,
given the wind speed used in this work of 4 m/s, the inertial forces are predominant and
all other thermal forces, such as thermal buoyancy forces, can be neglected.

2.5. Grid Distribution and Boundary Conditions

Refined tetrahedral mesh is adopted in the vicinity of the compartment surfaces and
more relaxed mesh elsewhere. Grid is uniformly adopted in all of the compartment segment
(Figure 3) with a mesh spacing s = 3. For the numerical domain segment, uniform mesh is
used with a spacing s = 15. The volume mesh evolved from the compartment’s surfaces
until the domain external surface reached an expansion ratio e = 1.2, giving a final number
of cells in all the domains equal to 800 × 103. In the present simulation, the standard
k-ω turbulence model, with the enhanced wall treatment employed to resolve the laminar
sublayer, y+ at the wall-adjacent cell should be on the order of y+ = 1. However, a higher y+
is acceptable as long as it is well inside the viscous sublayer (y+ < 4 to 5). The present mesh
near the wall is fine enough to assure these limit values of y+.
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Figure 3. Mesh and boundaries conditions.

At the inlet, the VELOCITY INLET boundary condition is considered, and the velocity
profile (boundary layer profile) at the inlet is chosen to ensure the development of the
atmospheric boundary layer. At the “Ground + Building”, the WALL boundary with no
slip condition is adopted (u = 0, v = 0, and w = 0). Note that u, v, and w present, respectively,
the velocity component along the x, y, and z axis. We also apply the “lateral boundary”
PRESSURE INLET condition and, finally, the “outlet” PRESSURE OUTLET boundary
condition (Figure 3). At these boundaries (PRESSURE INLET and PRESSURE OUTLET),
the pressure is equal to the atmospheric pressure (P = Pa) and ∂u

∂y = ∂v
∂y = ∂k

∂y = ∂ω
∂y = 0.

At the inlet boundary, the turbulent kinetic energy k and its specific dissipation rate ω
are given by the following expression:

k0 =
3
2
(Iu0)

2 (32)

ω0 =
k1/2

0

C1/4
µ 0.07d

(33)

where I is the turbulence intensity taken from the meteorological condition of Hail City
I = 5%, u0 is the average value of the inlet velocity (in the present study u0 = 2, 4, 6, and
8 m/s), Cµ is a constant value equal to 0.09, and d is the hydraulic diameter d = 457 m.
Based on the different considered inlet velocity, we obtained the following values of k0
and ω0. The imposed values of k0 and ω0 imposed at the inlet boundary are presented in
Table 2.

Table 2. k0 and ω0 values at the inlet boundary.

u0 (m/s) k0 (m2/s) ω0 (1/s)

2 0.015 0.007
4 0.06 0.014
6 0.135 0.021
8 0.24 0.028

2.6. Numerical Method

The governing equations are numerically solved using ANSYS FLUENT software
based on the finite volume method developed by Pantakar [32]. The method of numerical
resolution consists of integrating the momentum conservation, the mass conservation, the
(TKE) turbulence kinetic energy k, as well as the specific dissipation rate of the turbulent
kinetic energy ω equations on each control volume. The discretization of these equations is
based on the second-order upwind technique. More detail on this technique can be found



Mathematics 2022, 10, 1118 8 of 14

in Ref. [33]. The velocity–pressure coupling is based on the “SIMPLEC” algorithm. The
considered convergence criterion is 10−4. We have verified that decreasing this convergence
criterion has practically no effect on the results.

2.7. Validation Test

In order to validate our numerical model, we performed simulations under the nu-
merical conditions of Ramponi et al. [13]. This numerical work was carried out on an
urban configuration composed of regular arrays of rectangular buildings with a plan area
of 16 × 24 m2 and heights of 18 m. Two plots are validated in the present section: the axial
velocity U (Figure 4a) and the pressure coefficient Cp (Figure 4b). As shown in Figure 4, our
chosen model uses the simple algorithm (semi-implicit method for pressure-linked equa-
tions) with the k-ω turbulence model and for three different mesh sizes, i.e., 128 × 103 cells,
400 × 103 cells, and 600 × 103 cells. Figure 4a clearly shows a noticeable difference between
the plot using 128 × 103 and 400 × 103 cells, whereas no significant difference is observed
between plots with 400 × 103 and 600 × 103 cells. So, the grid-size convergence is reached
for the 400 × 103 cells, which allows reduced calculation times and delivers results in
agreement with Ramponi et al. [13], with an error rate of less than 2.5%.

Figure 4. Wind speed and pressure coefficient validation (a) Vertical profile of stream-wise wind
speed (b) Pressure coefficient.

In Figure 4b, we show the pressure coefficient plot for different turbulence models,
such as the standard k-ω, SST k-ω, the standard k-ε, as well as the RSM model. It can be
construed from Figure 4b that the k-ω turbulence model shows the best agreement with the
results of Ramponi et al. [13] compared to other turbulence models.

In Figure 5, further validation tests with the experimental work of Glumac et al. [10]
were conducted. These tests were carried out with a wind tunnel using a prototype
composed of five high buildings. The pressure coefficient profiles show good agreement in
comparison with the experimental measurements, with a maximum error rate of about 8.2%.

Figure 5. Comparison of the pressure coefficient profiles for different wind angles with Glumac et al. [10].



Mathematics 2022, 10, 1118 9 of 14

3. Results

According to our weather station located at the University of Hail at about 10 m
above ground level (Figure 6), the average wind speed throughout the year is estimated
to be between 3.5 (September) and 4.4 m/s (March), i.e., an annual average of 4 m/s.
The wind rose plotted for the years 2020/2021 (Figure 7) shows that there are no real
preferential directions.

Figure 6. Weather station at Hail University (KSA).

Figure 7. Wind rose at Hail University (10 m above ground level).
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In Figure 8, we present the streamlines in addition to the axial velocity contours (along
the x-axis) for 4 m/s wind speed coming from different directions: EAST (a), WEST (b),
SOUTH (c), and NORTH (d). A zoomed view of the vicinity of the various buildings is pre-
sented in Figure 9 to clearly show the vortices formation, as well as the high-velocity zones.

Figure 8. Streamlines and X velocity contours on the plane Z = 1.5 m: V = 4 m/s for the EST direction
inlet (a), the WEST direction inlet (b), the SOUTH direction inlet (c), and the NORTH direction inlet (d).

Figure 9. Zoomed view streamlines and X velocity contours: V = 4 m/s, SOUTH direction inlet
(a) Hail’s tower, (b) Mosque, (c) Dates Market, (d) Semah Center Hail.
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It can be observed from Figure 8 that the streamlines are serried around buildings
while they are looser and aligned away from buildings. This is due to the friction of
the wind against the surfaces of buildings. The contours of the axial velocity also show
red color zones, which indicate an acceleration of the velocity along the corners of the
buildings. These regions of high velocity are not very comfortable for pedestrians, and it is
not recommended to place restaurants, pedestrian passages, or gardens nearby.

Figure 9 clearly shows that on these corners, the wind tries to escape when it is
confronted with building surfaces, which causes a sudden velocity acceleration. The same
figure also shows the formation of recirculation vortices in the upstream part of the flow.
The zones where vortices are formed are characterized by a reversed flow (negative value
of the axial speed) and by a depression (negative value of the pressure).

Behind the Hail Tower, two vortices are formed downstream of the flow; these counter-
rotated vortices are identical in the case of symmetrical geometry (Figure 9a). Vortices are
also formed at the building’s corners and the velocity acceleration is clear (Figure 9b–d).

On the other hand, a phenomenon called the Venturi effect can also be seen in
Figure 9a,b. This phenomenon happens when the flow crosses between the mosque and
the Hail Tower (Figure 9b). In this region, we can observe that the streamlines are more
compact when the flow passes. Along the latter mentioned zone, an increase in the ve-
locity and a decrease in the pressure (depression zone) constitute negative conditions for
pedestrian comfort.

In order to show the flow evolution around the height of the Hail Tower, Figure 10
presents the streamlines in addition to the axial velocity contours around the Hail Tower
passing by plans 1 and 2. As clearly shown in Figure 10, in the vicinity of the Hail Tower, the
streamline serried due to the shearing effect of the flow on the building surfaces. Red color
zones highlight the acceleration of the flow when trying to cross the building surfaces. Open
windows in these levels will generate disturbances and violent draughts for the occupants.

Figure 10. Streamline and axial velocity contours in the vicinity of the Hail Tower.

To study the characteristics of the flow in the vicinity of the Hail Tower for SOUTH
direction wind with different velocities V = 2, 4, 6, and 8 m/s, we show the evolution of
dynamic pressure Pd (Figure 11a), the friction coefficient Cf (Figure 11b), and the turbulent
kinetic energy k (Figure 11c).
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Figure 11. Dynamic pressure (a), friction coefficient (b), and the turbulent kinetic energy (c) as
function of altitude z.

It can be observed that the dynamic pressure, the friction coefficient, and the turbulent
kinetic energy, respectively, continue to increase up to the height of 30 m. This clearly
shows the increase in the turbulence level on the vicinity of the tower’s surfaces. From a
height z = 30 m up to z = 40 m, all the curves have a plateau region; this is expressed by
constant values of the dynamic pressure, the friction coefficient, and the turbulent kinetic
energy. This clearly shows stabilization in the level of turbulence in the vicinity of the Hail
Tower for a height along this intermediate zone. From z = 40 m, the curves continue to
increase up to a height z = 67 m.

We can observe that, for the different curves along the first zone (up to z = 30 m), the
rate of the dynamic pressure, friction coefficient, and turbulent kinetic energy all increase
with the wind velocity. This shows that the intensification of the turbulence level while
ascending in height is more pronounced for large values of wind velocity. Along the second
zone, between z = 30 and z = 40 m, Pd, Cf, and k remain constant when varying z and
increasing amplitude for large values of the wind velocity. Along the third zone (z = 40
up to z = 67 m), the growth rate of the different curves is strongly influenced by the wind
speed. We can clearly observe that the slope of the Pd, Cf, and k as a function of z increases
with wind velocity, which shows the intensification of the height effect on the turbulence
level as the wind speed increases. Thus, the top of the tower has a high turbulence zone
when the air speed exceeds 4 m/s. It is therefore strongly discouraged to install a landing
zone for helicopters, for example, or to plan any human activity in the open air.
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4. Conclusions

A numerical investigation was conducted to study the wind distribution around
buildings in a low-density urban community using ANSYS FLUENT software. The city
center of Hail in Saudi Arabia was used as the study area. Several wind directions and
speeds were considered. In this study, we were able to identify areas of wind discomfort,
specifically areas characterized by high depression and high turbulence. Special attention
was given to the Hail Tower (the tallest building in the region). We were able to identify
and locate the various vortices that arise in the wake of the tower. It was also shown,
through the estimation of the dynamic pressure, the friction coefficient, and the turbulent
kinetic energy, that from an altitude of 30 m, the level of turbulence near the tower’s
surfaces increases considerably. Depending on the wind speed, an intensification of up to
730% of the turbulent kinetic energy was noted for a variation of 2 to 8 m/s. Finally, this
work studies the wind comfort of pedestrians in urban areas and confirms that weather
conditions (wind speed and direction) and building layout are key parameters for comfort.
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