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Abstract

This study investigates the dispersion of pollutants emitted from a chimney in the vicinity of a three-
dimensional rectangular building. In the experimental part, a wind tunnel setup was used, where tracer
discharges (air seeded with glycerin particles) were continuously released from a point source located
within a regular array of building-like obstacles. Measurements of mean velocity and turbulence
parameters were obtained. Particle Image Velocimetry (PIV) was employed to capture both
instantaneous and mean dynamic characteristics. In the numerical part, the proposed model simulates
the flow dynamics and heat transfer using the three-dimensional Reynolds-averaged Navier—Stokes
(RANS) equations with an RSM turbulence closure model. The comparison between experimental and
numerical results shows a high level of agreement. A comprehensive analysis was conducted to assess
the influence of wind velocity on pollutant dispersion from the chimney around the building and its

surroundings.
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1. Introduction

With urban and industrial growth, air pollution has become a major concern for organizations working
to improve environmental conditions. Protecting air quality in cities requires understanding how
pollutants spread and disperse, whether they are gases, particles, liquids, or even noise. In the case of
gaseous emissions, factors such as building density, street geometry, and layout play a key role in how
pollutants move. Regulations aim to keep emissions low enough to minimize their impact on the
environment. At the local scale, the presence of buildings strongly influences airflow. Obstacles such
as towers or street canyons create recirculation zones that trap pollutants and lead to high, uneven
concentrations. Our focus is on this scale, studying how different building shapes cylindrical,
rectangular, or parallelepiped affect the surrounding airflow and turbulence. The flow field is complex,
especially when rough urban surfaces interact with environmental winds. Earlier research often
simplified the problem, either by ignoring pollutant sources or by studying dispersion over flat terrain
without considering buildings. To capture these dynamics more realistically, we use a 2D block-
structured hexahedral mesh with FLUENT. Different turbulence models are applied (standard k—e, k—
®, and Reynolds Stress Transport) to simulate the flow. Previous studies have also highlighted the
importance of building shape and wind direction. For example, Liu et al. [1] used LES to model
pollutant transport in street canyons, showing its effectiveness for predicting dispersion in crowded
areas. Lateb et al. [2] studied roof-stack emissions near towers, analyzing the effect of stack height and
exhaust velocity. Gausseau et al. [3] examined how wind direction changes dispersion from building-
mounted stacks, while Sivanandan et al. [4] investigated how temperature gradients and stack
orientation influence plume rise and spread. Turbulence was modeled using the realizable k—¢
approach in FLUENT. In inline stack configurations, the upwind plume shields the one behind it,
allowing for greater plume rise under the same temperature gradient. Compared to angled or staggered
setups, the inline case also shows stronger plume oscillations. Several experimental and numerical
studies help shed light on these dynamics. Mahjoub et al. [5,6] used Particle Image Velocimetry (PIV)
to study coherent structures in the wake of a circular jet from a stack in crossflow, focusing on regions
near the chimney tip. In another study, Mahjoub et al. [7] examined flow around 3D rectangular
obstacles in a wind tunnel, testing different angles of attack. Contini et al. [8] showed that the Reynolds
number of the stack flow can strongly influence plume trajectories in small-scale experiments. Other
researchers looked at building effects. Saathoff et al. [9] studied how rooftop structures change
dispersion from rooftop stacks, while Castro et al. [10] compared experiments with LES and DNS,
finding LES gives excellent agreement. Fuka et al. [11] investigated scalar dispersion in building

arrays, showing how even slight shifts in wind direction can alter pollutant spread. Amamou et al. [12]
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explored chimney emissions near a cylindrical obstacle in a wind tunnel, combining PIV experiments
with RSM simulations. Their results confirmed that wind speed and obstacle presence strongly affect
the velocity, temperature, and concentration fields. We carried out a wind tunnel experiment to study
how airflow interacts with an obstacle, using Particle Image Velocimetry (PIV). Different wind speeds
were tested to measure flow behavior, especially turbulence near the obstacle. The experimental results
were then compared with numerical simulations based on the Reynolds Stress Model (RSM). Once

validated, the model was used to examine how obstacle position affects the flow.
2. Experimental set-up

The experiments were performed in a 3 m-long wind tunnel with a 0.2 m % 0.5 m test section. The jet
was produced by a smooth iron pipe, 0.1 m long and 10 mm in diameter, connected to the main air
supply and discharging air at constant temperature. An isolated rectangular obstacle and the chimney
were both positioned along the central vertical plane of the tunnel (Figure 1). Flow measurements
combined Particle Image Velocimetry (PIV) to capture instantaneous and mean velocity fields with
hot-wire anemometry to validate the cross-flow velocity. To minimize boundary effects, the setup was
placed about 2.9 m upstream of the tunnel exit. The cross-flow was generated by motors at the tunnel
entrance, with velocities limited to 12 m/s from the lower inlet section. To visualize mixing, glycerin
particles were added to the chimney jet. PIV measurements were carried out using a TSI PowerView

system, and the averaged fields were obtained from 500 successive acquisitions.

Lateral glass wall ----- ,--- Lateral wooden wall

\\ \ , . 7z A
Upper inlet section - --_ \\
\

\ 0.5m
_ 3m %
A Exit section

Ay

ﬂVO v

U ] k %
g “02m

. . , ---- Ground of the wind tunnel
Lower inlet section ---

Figure 1. The emplacement of the chimney, obstacle and the Cartesian coordinate system in the wind tunnel

3. Computational set-up

The average flow field around the stack and the rectangular obstacle at ground level was simulated

under steady, three-dimensional, turbulent conditions. The numerical approach follows the
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methodology of Mahjoub et al. [5], first validating the model and then introducing additional
conditions to better capture real flow behavior. The governing equations include conservation of mass,
momentum, energy, and species transport, expressed in Cartesian coordinates and solved using Favre’s
decomposition. To close the system, the Reynolds Stress Model (RSM) was adopted, as it accounts
for the effects of turbulence through second-order closure. The main modeled terms include molecular
diffusion, turbulence production, turbulent diffusion, buoyancy effects, pressure strain, and

dissipation.

Equations for turbulent kinetic energy (k) and its dissipation rate (¢) were also solved. The boundary

conditions applied to the system are summarized in Table 1.

Table 1. Boundary condition.

Velocity (m/s) Temperature (K) Mass g
Boundaries Fraction Kmeglc; /lelergy Rate of dissipation m? s3
-~ ~ 3
Chimney A=uy,7=0,w=0 T=T, f=r ko = 1073ud e = k2/0.5d [13]
3

Crossflow U=y, D=0,W=0 T=T, f=0 ko =5.1073u2 e =k3/0.2Hr [13]
Obstacles and 1=0,7=0,"w=0 aT /on = af/on=0 k=0 de/dy =0
ground

Other boundaries T _ g% _g2%_ oT Jon = af/on =0 ok/on =0 de/on =10

on > on > on

of the domain

Running the numerical simulation posed several challenges. The flow structure required very fine
meshing across much of the domain. To capture the details, especially around the chimney, the
obstacle, and the ground, we used a non-uniform grid with denser cells in these regions (standard wall

functions applied). Overall, the mesh remained very fine in a large part of the domain (Table 2).

Table 2. Grid steps in the different locations of the domain.

Direction A Oix Ay Az
Longitudinal Upstream of the chimney 0.008 0.98
Xit1 = Xi + OxA Near the chimney and the obstacle 0.001 1
Downstream of the obstacle 0.006 0.98
Transverse Near the ground 0.001

As we move away, the step of calculation 0.003
increases gradually

Step of calculation increases gradually 0.007

Lateral 0.004
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The grid was refined between the elevated jet and the obstacle (Figure 2) to better capture flow details.
We tested three grids: a coarse one (216 x 130 x 35), a finer one (250 x 145 X 40), and a very fine one
(250 x 155 x 50) with more cells in the vertical and lateral directions. The final computations were
carried out with the finest grid (250 x 155 x 50), since grid-independence tests showed that the
difference from the medium grid was less than 5%. This confirms that the chosen mesh provides grid-

independent results.

Figure 2. Computational grid on the median plane

4. Results and discussion

Laboratory experiments are a valuable tool for studying pollution dispersion. They provide scaled-
down insights that can be applied to real situations, complementing other approaches such as field
observations, analytical models, and numerical simulations. Each method has its strengths and
limitations, but together they help clarify the mechanisms involved. In Figure 3, we examined how the
distance between the chimney and the obstacle affects plume behavior. Two cases were tested: one
where the distance equals three times the chimney height, and another where it equals twice the
chimney height. The obstacle height was fixed at 9 cm, with both wind and ejection velocities set to 8
m/s. Results show that the plume impact is stronger when the obstacle is placed farther away (three

times the chimney height). This is expected, as the plume spreads conically with distance from the

chimney. The velocity ratio here is 1.

Figure 3. Plume evolution around an obstacle for a velocity ratio equal to 1 and for two gaps from the source
(20 cm, 30 cm) vo = 8 m/s, ux= 8 m/s
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In Figure 4, the obstacle height was varied (h, = 6 cm and hy, = 9 cm) while keeping its distance from
the 10 cm chimney fixed at 20 cm. When hy =9 cm, the plume rises, bends, and flows over the obstacle.

For hy = 6 cm, the plume clears the obstacle without direct contact.

(@) hy=6cm (b) hp=9cm

Figure 4. Effect of obstacle height, vO= 8 m/s, uco= 8 m/s

Figure 5 shows the plume in the horizontal plane through the chimney exit (xz-plane). The results
indicate that the flow is not purely two-dimensional, as vortices and lateral bypasses appear near the
chimney, revealing non-zero velocity along the z-direction. When the wind tunnel flow exceeds the
plume velocity (Fig. 5a), the plume behaves passively, simply following the transverse wake created
behind the chimney similar to the wake of a cylinder. This wake-like structure persists even when the

crossflow velocity is lower (Fig. 5b).

(a) Wind velocity greater than ejection (b) The wind velocity is equal to the ejection c) Wind velocity equal to the ejection velocity
velocity vi= 8m/s, u,=12 m/s velocity vo= 8 m/s, u= 8 m/s (R=), Distance chimney-obstacle=20 cm, h,=6 cm

Figure 5. Visualization of the plume in a horizontal plane

At the chimney exit, turbulent structures known as Kelvin—Helmholtz instabilities appear (Figure 6,

for R=w0, 5.4, 1.4, and 0.7).

U =0 m/s (R =o0) Uo = 0.25 m/s (R=5.4) Uo=0.95m/s (R=1.4) U =2m/s (R=0.7)

Figure 6. Experimental visualization of the influence of the external flow near the chimney exhaust, vO = 1.35 m/s
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These arise when two fluid layers moving at different speeds interact, forming a vortex sheet at their
boundary. The rotation of these vortices depends on the velocity ratio between the jet and the wind
(vJ/ux). To study this effect, we considered four velocity ratios. When R = oo (no wind), the jet expands
freely outward. With external flow added (R = 5.4, 1.4, and 0.7), the shear layer changes direction:

clockwise when the jet dominates, and counterclockwise when the wind prevails.

The experimental setup was reproduced numerically to ensure consistency. We modeled a 3D
isothermal jet flow in a steady turbulent regime (Too = 293.15 K, vo = 8 m/s, Req = 5128). Figure 7
compares experimental and numerical results obtained with the second-order turbulence model,
focusing on the longitudinal and vertical mean velocity components. At x = 0.05 m (between the
chimney and the obstacle) and x = 0.125 m (on the obstacle roof), the longitudinal velocity shows clear
disturbances caused by the building, with results matching the experiments well. For the vertical
velocity, profiles at the same locations confirm this agreement. At x = 0.05 m, the vertical velocity is
higher than at x = 0.125 m, indicating that the obstacle slows the flow. The section above the roof
shows two peaks, reflecting a recirculation zone and negative velocities just above the surface. Overall,
the RSM turbulence model reproduces the main features of pollutant dispersion around buildings under

different wind conditions with good accuracy.
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Figure 7. Mean longitudinal U and normal v velocity profiles at vo= 8 m/s and ux= 8 m/s
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Figure 8 presents the longitudinal and vertical velocity profiles along the normal coordinate y at

different positions (x= 0.20, 0.30, 0.35, and 0.40m) in the recirculation zone. Downstream of the

obstacle, the negative velocity values confirm the presence of recirculation. The longitudinal velocity

shows two peaks: the upper peak corresponds to the pollutant jet trajectory, while the lower peak

results from fluid passing through the wake near the ground. Both peaks decrease with distance

downstream. Recirculation is clear at x=0.20m and x=0.30m, but nearly absent at x=0.40m.
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Figure 8. Velocity profiles behind the obstacle (in the recirculation zone) vo= 8 m/s , ux= 8 m/s
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5. CONCLUSION

Our paper presents both experimental and numerical investigations to better understand the interaction
between a continuous plume emitted from a chimney and a nearby building under varying wind
velocities. The experiments were conducted using Particle Image Velocimetry (PIV), while the
numerical simulations employed the Reynolds Stress Model (RSM) for turbulence. All collected data
have been thoroughly validated. The agreement between the wind tunnel measurements and the
numerical results, using identical inlet boundary conditions, was quite good. Key flow features,
particularly the large vortex structures, were predicted very accurately. Plume dispersion was also
analyzed using digital image techniques, and the turbulent dispersion model describing pollutant

spread is presented.

The most significant findings of our study can be summarized as follows:
e The presence of a building behind the stack strongly affects the flow structure.
o Differences in height between the stack and the building modify the plume pattern.
e Higher wind speeds cause the plume to spread further before reaching ground level.

e At low wind speeds, the plume tends to rise more vertically due to the greater momentum

difference between the released pollutant and the incoming wind.
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