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environment. Consequently, a significant deterioration in local air quality is recorded, repre-
senting a high health risk for the city’s residents. In this context, the main objective of this work is
to understand the dispersion of gas pollution in high-density urban environments, specifically the
Hail region of Saudi Arabia. The simulations carried out with Ansys Fluent 19.0 were based on
actual climatic conditions, with particular attention paid to accurately reproducing the exact
topography of the study area. The main results concern the characterization of flow behavior and
the dispersion of gas pollutants emitted by power plants. Several factors, including building ge-
ometry and wind speed, are examined. The study reveals that for a reference wind speed of more
than 7 m/s, gaseous pollution exhibits a significant tendency to accumulate within buildings,
resulting in significant concentrations.

1. Introduction

Air is considered polluted if it undergoes a significant change in composition due to any reason, or if impurities or other gases are
mixed with it to the point of harming the life of organisms that live and breathe in it. There are various types of substances that
contribute to air pollution. These substances could enter the human body through the respiratory system and directly reach the
bloodstream. They can also penetrate the body through the pores of the skin or through the digestive system via contaminated food and
drink. Flue gases emitted from factories contain numerous impurities, fumes and suspended solids. These gases frequently contain
highly toxic compounds such as arsenic, phosphorus, sulfur, and selenium. They can also transport heavy metal compounds including
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mercury, lead, as well as suspended particles of cadmium. The quantity of impurities emanating from industrial plants, especially
power plants, should not be underestimated. It is estimated that a 1000 MW coal power plant emits approximately 20 tons of sulfur
dioxide, 3.5 tons of nitrogen oxides and around 45 tons of fly ash into the air every hour [1]. These values confirm that industrial plants
release huge amounts of ash and impurities into the air every day. A significant portion of these pollutants remain suspended in the air
and contain numerous substances that are harmful to both the environment and human health. Air pollution dispersion is a significant
issue that continues to draw the attention of industrialists and researchers. They are actively seeking effective solutions to reduce
impurities, smoke and suspended solids in flue gases emitted from factories and urban sources. Using a CFD modeling, Amorim et al.
[2] conducted an analysis of urban trees on the dispersion of air pollution caused by vehicle emission. The authors employed a new
numerical model that couples the URban VEgetative canopy module “URVE” with conventional CFD tools to demonstrate that the
reduction of carbon monoxide (CO) is strongly influenced by the interaction between meteorological conditions and vegetation
density. These results have recently been supported by studies conducted by Taleghani et al. [3], Tiwari et al. [4] and Xing et al. [5].

Sharmilaa et al. [6] reviewed various studies on air pollution caused by emissions produced by road traffic. The characteristics of
road traffic in cities, including speed, volume, and vehicle congestion patterns, directly impact CO emissions, which in turn affect the
air quality in these urban areas.

The effect of building structure arrangement on air pollution has been analyzed in several papers [7-9]. In fact, it is worth noting
that the permeability of buildings and their density are significant factors that affect the accuracy of models used to simulate urban air
pollution. Even the geometry of building roofs can have an impact on the air quality in the surrounding areas.

Wen et al. [10] observed that buildings with pitched roofs reduce ventilation, lowering street velocities and turbulence, resulting in
higher concentrations of pollution. However, only a few roof configurations can reduce concentrations on the windward side. It has
also been demonstrated that the roof slope is significantly correlated with both the average pollution concentrations and their dis-
tribution within the street.

The dispersion of air pollution becomes more challenging when cities are located near industrial facilities. The key issue lies in
assessing the capability and technological advance of these industrial facilities to reduce the emissions of toxic gases and impurities.
Many research groups have devoted time to investigate the efficiency of processes, systems and facilities such as chimneys used for gas
emission in industrial plants and power plants. Banerjee et al. [11] proposed two mathematical models, namely the industrial source
complex model (ISCST-3) and the Gaussian finite line source model (GFLSM). The simulation results, applied to Pantnagar, India, using
these two models indicate that industrial plants contribute approximately 45-70 % of NO; emissions.

Issakhov et al. [12] simulated the emission of NO, NO3, CO, and NO3, HNOs3, CO; during a chemical reaction with oxygen from a
thermal power plant. The authors demonstrate that the recorded air pollution caused by these gases increases as the distance to the
chimney (emission source) decreases. In the same context, Gourgue et al. [13] demonstrate that the higher the chimney, the lower is
the concentration of gases and toxic substances at the urban ground level surrounding the plant. Nevertheless, the concentration of
pollution at higher levels can affect the upper floors of tall buildings. Reducing the number of sources with optimized height seems to
be a solution to a significant decrease in the concentration of pollution at all levels, including the ground level, as mentioned in Refs.
[14-16].

Zair et al. [17] used ANSYS/Fluent calculation code to simulate the emission from a bent chimney impacting on obstacles
(buildings). Simulation results have shown that the shape and height of buildings have a significant impact on the dispersion of
pollutants in the atmosphere. Therefore, it is preferable for the height of the stack to exceed the height of the buildings in the sur-
rounding area and to have as much distance as possible, in order to facilitate the rapid dispersion of pollutants into the atmosphere.
Furthermore, as the distance from the chimney increases, the maximum temperature of the pollutant decreases [18].

Said et al. [19] demonstrated that the flow field around a stack in a crossflow is mainly dominated by the complex interactions
between the plume wake, the stack wake, and the downwash effect. This phenomenon occurs when a crossflow passes over the top of
the stack.

A new technique for addressing atmospheric pollution while generating free electricity involves the use of solar chimneys. Re-
searchers in Refs. [20-22] have in fact demonstrated that the chimneys of solar power plants have the capability to effectively
eliminate atmospheric pollutants on a large scale, particularly fine particulate matter.

According to the conducted literature review, the investigation of pollutant dispersion in real conditions for a very specific climate,
such as a desertic and dry environment, has not been sufficiently addressed. Furthermore, the uniqueness of this study lies in simu-
lating an extensive domain, spanning more than 500 ha, with 16 pollution sources. To achieve this objective, a three-dimensional
numerical study on Ansys Fluent 19.2 was developed, focusing on the dispersion of gaseous contaminants originating from the
power plant chimneys in the city of Hail (Saudi Arabia). The effects of this pollution on the urban areas surrounding the power plants
are described in detail. Furthermore, the influence of wind speed on pollutant concentration and air quality is also examined.

2. Methodology
2.1. Studied area

The studied area is located in the Hail region of Saudi Arabia at GPS coordinates 27.46 N, 41.74E. The site measures approximately
3.5 km along the axial direction (x-axis) and 1.5 km along the lateral direction (y-axis), covering a total area of 500 ha. This study zone
includes industrial, administrative, and residential buildings (with a height between 3 m and 32 m) surrounding a power plant
composed mainly of 16 chimneys (of height 40 m). It should be noted that these chimneys are located less than 600 m from the nearest
housing in the northward direction. Fig. 1 shows the schematic view of the studied zone with a scale of 1:22200.
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Fig. 1. View and computational domain of the studied area.

2.2. Governing equations
Considering the following assumptions:
- The thermophysical properties of the fluids used (air and gas ejected by the stacks) are considered as constant except for the density
which follows the Boussinesq approximation p = p, + (T — Tp).
- Thermal differences due to the temperature gradient between the ground and the ambient air are ignored.

- Flow is turbulent and fully developed.

Using the Cartesian tensor form, the Reynolds-average Navier-Stocks (RANS) equations are expressed as follows:
Continuity equation

0
07)6,- (pu;) =0 (@D)]

Momentum equations
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Table 1
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Pr and Pr; are respectively the Prandtl and the turbulent Prandtl numbers.
Mass fraction equation for each chemical species “s"

O ) =2 [ (£ 1) 2]
ox; (puafs) O _(SC+SC,) 0x; | “

Sc and Sc; are respectively the Schmidt and the turbulent Schmidt numbers.

The subscript “s" can be: CO,, CO, H20, Ny, NO, NO3, O, or SO,

New terms have emerged demonstrating the influence of turbulence. In order to complete the equation system, it is necessary to
create a model of the Reynolds stresses.

The Boussinesq approximation is a commonly used method to link the Reynolds stress to the mean velocity gradient.

— (0w Oy 2 Oy
—puu; = i, ( P + 6x,»> 3 (Pk +u, axk)éu (5)

From the equations provided below, the specific dissipation rate (®) and turbulent kinetic energy (k) can be determined.

d d ok
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The generation of k and @ caused by the mean velocity gradient is represented by G and G, in equations (4) and (5). The effective
diffusivity and the dissipation for k and w is denoted by I'x, I'y, Yk and Y, respectively. In the current simulation, Sk and S, serve as the
source terms for the turbulent kinetic energy and the source dissipation ratio, respectively, with the latter assumed to be zero.

To calculate the effective diffusivity in the k-0 model, the following equations are required.

H

Me=p+2t
r=p+ o ®
S
p=0a @ ©)]
Mﬂ)
I,= — 1
u+ . (10
here, the turbulent Prandtl numbers for k and » are denoted by oy and 6,
o + Re,
g | R, an
1+ Re, /Rk
Re, =X (12)
Hw
. _bi
ay = 3 13)

It should be noted that the terms Ry, f;, a* and a,* which appear in equations (11)-(13) are constants of the k- model. In Table 1,
all values of the above-mentioned terms can be found.

It is important to note that the turbulence kinetic energy production (Gk) and its specific dissipation (Gw), in equations (6) and (7),
are estimated as follows:
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where R, is constant value given also in Table 1, Re, and o* are calculated by equations (11) and (12) respectively. The dissipation of
the turbulent kinetic energy Yy is given by:

Y =pp'fp ko 19
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with ¢, Rg and B, are constant values (Table 1). The dissipation of o is given as follows:
Y, =ppfy0’ (24)
1470y,
=180y, (25)
Q,: Qi Qi
= [ (26)
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1 (ou; Ou;
=5, {1 - %:*F(Mr)} (28)
F(M)=1if M, < My
F(M,)=M? — M2 if M, = Mg (29)
2k
M= = (30)
a=+/yRT (31)

Table 1 summarizes the different constants cited above:
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Table 2
Boundary conditions.
Boundaries Velocity Temperature Mass fraction Kinetic energy Dissipation rate
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Fig. 2. Some schematic presentation of the mesh (a) overview of buildings, (b) enlarged view of buildings, (c) chimney’s view.
2.3. Boundary conditions

The boundary conditions associated with equations (1)-(31) can be found in Table 2.

In Table 2, the exhaust speed of the gases at the exit of the chimney is considered to be ug = 35 m/s. The Crossflow velocity
simulating the wind, follows a power law model, with the o coefficient equal to 0.25 [23]. Using the Global Wind Atlas in the GPS
coordinates of the studied site, we could determine that for an altitude z.e = 10 m the speed u. € [0,7m /s] with an annual average of
3.5m/s.

For the turbulent kinetic energy, “I" represents the turbulence intensity estimated at 5 % for the climatic condition of Hail region
[24]. Finally, the terms d and Ht in the specific dissipation rate equations, represent respectively the hydraulic diameter of the stacks
and the altitude of the whole studied area.
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Fig. 3. (a) CO, mass fraction profile as a function of altitude in position 1 for different mesh sizes for u.f = 7 m/s and up = 35 m/s; (b)
selected position.
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Fig. 4. Average velocity profiles (a) u, (b) v for U, = 5 m/s, Uy = 8 m/s on a vertical line located at 60 mm distance from the track.

2.4. Grid distribution

Since the computational domain is very large, we opted for an unstructured mesh to strike a balance between computation time and
result accuracy. In the area surrounding the buildings and mainly around the stacks, a refined tetrahedral mesh has been adopted,
whereas a less dense mesh has been implemented in other locations (Fig. 2 (a,b,c)). In order to guarantee a high-quality mesh, several
restrictions were satisfied, including a skewness below 0.4, a volume ratio under 30, and an aspect ratio under 20.

In order to improve computational efficiency, a sensitivity analysis was conducted to optimize the mesh size. Several tests are
represented on Fig. 3, which displays the CO, mass fraction as a function of altitude. Position 1, which is located in the middle of the
buildings closest to the stacks, was used as the location for the plotting. After computing with several larger grids (714 k, 1215 k,
1819k, and 2458 k), the particular grid of 2825 k cells was ultimately selected. Indeed, the sensitivity analysis conducted on the meshes
revealed that the difference between the fine grid of 2458 k and the 2825 k grid is below 5 %.

2.5. Validation tests

For the sake of validation, the numerical results have been compared with the experimental ones of Bhouri et al. [25,26]. In these
works, the authors consider a chimney (100 mm tall, 10 mm in diameter) with a parallelepiped obstacle (150 mm tall, 50 mm wide,
and 50 mm deep). The obstacle is positioned 10 cm upstream of the chimney. The entire setup is placed inside a 3 m long wind tunnel,
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Fig. 5. Verification of numerical model; (a) CO5 mass fraction distribution and (b) temperature profile of for Uy = 8 m/s, U, = 8 m/s.

Table 3
Studied scenarios.
Scenario 1 2 3 4 5
Wind direction North
Uo 35m/s
Upef 0m/s 3.5m/s 5.25m/s 7 m/s 10.5 m/s
Uref 0 0,1 0,15 0,2 0,3

velocity ratioR =
Uo

-04 02 0 02 04 06 08 1 12 14 16 18 2 22 24

(b)

Fig. 6. Streamlines velocity contours (a) Zoom on the chimneys, (b) Zoom on the buildings at the plane Z = 1.5 m for u,ef = 3.5 m/s and up = 35

m/s.

and measurements were performed using the particle image velocimetry (PIV) technique. Although this experimental configuration is
quite simple, it can help to validate the different choices parameters of the used model. In Fig. 4 (a, b), the horizontal and vertical
velocities located at 60 mm from the stack are plotted. The maximum variation between the experimental and numerical values never
exceeds 8 %. This confirms the validity of our model from a hydrodynamic point of view.

Fig. 5 also shows a further comparative analysis between our numerical simulations and the work of Bhouri et al. [25,26]. The
dispersion of the mass fraction of carbon dioxide (Fig. 5(a)) and the temperature profile (Fig. 5(b)) on a horizontal line just above the
obstacle were plotted. Here also a very good agreement has been noted, which confirms the accuracy of our code in terms of heat and

mass transfer."
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Fig. 7. Wind speed distribution according to altitude level (a) Zoom on the chimneys, (b) Zoom on the buildings for u,.f = 3.5 m/s and up = 35 m/s.
3. Results and discussion

It is important to note that all the results are based on an effort to faithfully replicate real-world conditions. For this purpose, several
parameters, such as wind direction [24] and pollutant emission velocity from the chimney, were kept constant. However, the wind
velocity profile, in particular the reference velocity “uyef” was varied from 0 to 10 m/s. Table 3 provides a summary of the different
scenarios studied.

3.1. Flow velocity characterization

Fig. 6 (a, b) displays the streamlines’ distribution, colored by the wind speed near the ground, for a velocity of uef = 3.5 m/s (at zyef
= 10 m). Between the chimneys, the wind speed accelerates due to the narrowing of the cross-section, whereas the opposite phe-
nomenon occurs on the building site. Indeed, the fluid flow experiences a substantial decrease in velocity due to the highly uneven
topography of the site. Additionally, several recirculation zones with reverse flow can be observed, which are caused by the wake of
certain buildings.

Wind speed distribution according to altitude level is shown in Fig. 7(a and b). In the region near the chimney, where Z < 30 m, a
similar behavior to that depicted in Fig. 5 is observed, characterized by an increase in air velocity between the chimneys. However, at
Z =55m (i.e., above 15 m from the stacks) a strong intensification of flow motion is recorded due to the flue gases discharged from the
chimneys. It is only when the height exceeds 70 m (Z > 70 m) that the wind flow become uniform and homogeneous. In this case, the
airflow is no longer influenced by the ground or the chimneys.

On the buildings side, for Z < 35 m, the flow is slowed down, and in certain areas even stopped. This behavior is attributed to the
rough topography created by the buildings. However, at altitudes exceeding 55 m, the flow becomes fully homogeneous and uniform.
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Fig. 8. Side view of CO, mass fraction distribution for u,ef = 0 m/s and up = 35 m/s.
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Fig. 9. Side view of CO, mass fraction distribution for u,ef = 3.5 m/s and ug = 35 m/s.

3.2. Pollutant characterization

As shown in Fig. 8, in the absence of wind ug = 0 (velocity ratio R = uef/up = 0) the pollutant plumes disperse towards the upper
atmospheric layers, forming a cone shape with slight horizontal diffusion. The concentration of pollutants is significantly high along
the vertical lines passing through the center of the chimneys. However, no pollution risk is recorded on the ground.

For a reference wind speed of about 3.5 m/s (as shown in Fig. 9), the exhaust plume is discharged from the stack into the atmo-
sphere with at a 45° angle (on the Z-Y plan). With such a velocity ratio R = 0.1, toxic gases are still unable to reach the ground and do
not pose a danger to the surrounding buildings.

On the other hand, when R = 0.2 (Fig. 10) the velocity of the discharged pollutants loses its ability to withstand the impact and
shear caused by the crosswind. As a result, it is deflected at a significant angle away from the vertical axis of the stack. Indeed, the gases
released from the chimney exit are diverted directly to the north in the direction of the building. The pollutant gases follow a horizontal
trajectory parallel to the ground. The plume spreads out in the shape of a wide lateral cone, exhibiting significant lateral mass

10
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Fig. 10. Side view of CO, mass fraction distribution for u,s = 7 m/s and up = 35 m/s.
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Fig. 11. CO; mass fraction distribution for u,ef = 7 m/s and up = 35 m/s (a) Top view; (b) back view.

diffusion. It can also be seen that a relatively high concentration of flue gases reached the ground around the first buildings near the
stack. It can be concluded that the downwash of harmful gaseous particles, induced by crosswinds, occurs when the velocity ratio ‘R’
exceeds a certain threshold (R > 0.18).

The different other views (lateral and top) of the CO, mass concentration presented in Fig. 11(a and b) confirm the strong transverse
and longitudinal mass diffusion of the pollution as well as its important penetration into the urban building area.

Fig. 12 shows the carbon dioxide mass fraction profile for three different positions at a distance of 750 m, 1450 m and 2000 m from
the stacks respectively. A significant concentration of pollutants is observed at position 1, which is the closest position to the stacks.
The peak in concentration occurs at an elevation of approximately 48 m, which corresponds closely to the height of the stacks. As
expected, the elevated position of the stack effectively mitigated the risk of contamination on the ground in areas near the emission
sources. As the distance from the stacks increases, the intensity of the peak gas concentration diminishes due to the process of dilution
with air. However, it was observed that there is a higher concentration of gases on the ground, which can be attributed to mass

11
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Fig. 12. (a) CO;, mass fraction profile as a function of altitude at different position around building for u,sf = 7 m/s and uy = 35 m/s; (b)
selected positions.
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Fig. 13. CO, mass fraction profile as a function of u.s for position 1 and up = 35 m/s.

diffusion. In fact, as the plume cone expands, pollutant particles gradually settle on the Earth’s surface.

Fig. 13 displays the profile of the carbon dioxide mass fraction at position 1 for different wind velocities. For very calm wind
conditions (uref = 0), the pollution disperses into the atmosphere, and no pollution is detected in the vicinity of the buildings.

By increasing the wind velocity to 3.5 m/s, the pollution reaches position 1 with a relatively moderate fraction, approximately
0.01-0.015 %. This pollution is mainly localized at higher altitudes, starting from 70 m above the Earth’s surface.

As the wind speed increases, the concentration of pollutants at the peak becomes higher and its altitude gets closer to the height of
the chimney, typically around 40 m/s. Furthermore, the increase in “uyf” restricts the diffusion of pollutants to higher altitudes.

4. Conclusion

This paper presents the results of a computational simulation conducted using the ANSYS FLUENT 19.2 software. The study focuses
on the dispersion of pollutants generated by fuel combustion in a thermal power plant situated in the Hail region (Saudi Arabia).

Under realistic meteorological conditions, an investigation was conducted to analyze the distribution of wind speed and the
concentration of pollutants, particularly the carbon dioxide mass fraction. The results indicate that at a reference wind speed of
approximately 7 m/s in the northward direction, there is a significant accumulation of pollutants (with a concentration ranging from
0.01 % to 0.02 %). These pollutants can potentially infiltrate residential structures, posing potential health hazards.

It is important to note that this study has certain specificities. In addition to the arid and dry climate conditions, the computational
domain size is very large, covering more than 500 ha. Although the studied area does not encompass the entire city of Hail, it still

12
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represents a significant portion of the town’s surface area.
In the continuity of this work, it would be worthwhile to explore possible solutions to mitigate the hazards of this pollution. Four
potential options could be simulated:

- Carefully select and optimize chimneys dimensions, specifically the diameter (to adjust the ejection velocity) and height (to control
the injection altitude).

- Optimize the arrangement of chimney positions for better pollution dispersion.

- Explore the possibility of reducing the number of emission sources from 16 to 3, it is technically feasible to consolidate neighboring
chimney sets into a single larger one.

- Study the effect of adding vegetation on the dispersion of pollution.
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