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ABSTRACT

An investigation of the dispersion of pollutants ejected from a chimney around a three-dimensional
cylindrical obstacle within a crossflow air stream was conducted in this paper. The dynamic evolution of air
seeded with glycerin particles ejected from an elevated jet around the isolated obstacle in a wind tunnel was
experimentally studied using the Particle Image Velocimetry (PIV) technique and under different velocity
ratios between the chimney ejection and the wind source. The dispersion of CO, pollutant around the
cylindrical building was numerically predicted based on measured experimental data using the finite volume
method and the Reynolds Stress Model. A good agreement between experimental and computational results
was found. Velocity, temperature and concentration results revealed that the velocity of the wind together

with the presence of the isolated building obstacle influenced the flow structure.

Keywords: experimental study; numerical simulation; turbulent flow; chimney; building; pollutant

dispersion
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Description

Chimney Diameter

Obstacle Diameter

Chimney height

Building Height

wind tunnel height

Mass Fraction

Gravitational Acceleration

Term of production due to buoyancy forces
Grashof number

Kinetic Energy of Turbulence

Production term due to the mean gradients
Velocity Ratio

Reynolds number Re = %d

Mean Strain Rate

Temperature

Crossflow Velocity

Injection Velocity

Reynolds stress

Velocity components along the i and j directions
Velocity components along X, y, and z directions

Cartesian Coordinates

Greek Symbols

Density

Thermal Expansion Coefficient

Dissipation Rate of the Turbulent Kinetic energy

Kinetic Viscosity
Turbulent (or eddy) Viscosity
Kronecker symbol (=1 if i=j and 0 if i#j)

Subscripts
Conditions in Crossflow

Exit Section of the Jet

Superscripts
Reynolds average

Favre average

m?/s?

kg/(m s?)

m/s

m/s

m?/s?

m/s

Kg/m?
K—l

m? s
kg/(m s)
kg/(m s)
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INTRODUCTION

The spread of a potentially dangerous contaminants ejected from a high point source, such as smokestack
gases, is of significant interest due to their destructive effects on the safety and health of humans and the
community. The buildings density and arrangement in the urban area influences the dispersion of emitted
pollutants which prompted many researchers to investigate these complex phenomena both experimentally
and numerically. Also, the presence of wind could be an important factor that affects the pollutant dispersion
in urban environment. Numerous studies have been concentrated on the pollution diffusion under weak winds
[1-3] and they showed that standard steady state Gaussian plume models generally overestimate pollutant
concentrations at ground level under low wind conditions [4].

Several investigations have been performed to explore the flow behavior around an obstacle [5-7] using wind
tunnel experiments. Higson et al. [8] conducted an experiment in the wind tunnel using a rotatable model
building built on flat terrain. The wind tunnel experiments tend to over-estimate the situation with the highest
concentrations found around the building and underestimate the situation when the pollutant concentrations
were below or within the minimum range. This indicated that the continual changing direction of travel of the
plume could have an effect on evaluation. Sada [9] simulated stack gas diffusion within an unstable
atmospheric boundary layer over a coastal region using a wind tunnel experiment. The wind tunnel
experimental results illustrated the maximum increase in pollutant concentration that could occur within a
closer distance to the source when the level of convection was relatively stronger in atmosphere. Marvoidis et
al. [10] conducted an experimental study of the dispersion of atmospheric pollutant around isolated obstacle
of different shapes and orientation. They found that the presence of taller obstacle leads to a reduction of near
ground concentrations. Dutta et al. [11] studied the flow structure past a square cylinder obstacle with
different orientations and at two low Reynolds numbers (Re=97 and Re=187). The authors used two-
component hot wire anemometry to measure the velocity. They concluded that dynamic features depend
strongly on the cylinder orientation in the near wake however, in the far wake, this dependence becomes
weak. Wind tunnel experiments have been conducted by Lin et al. [12] on high-buoyancy exhaust gas
dispersion around an isolated cubic building under three exhaust speed ratios. Lin et al. [12] reported that the
high buoyancy in diluting pollutant becomes more effective by increasing the exhaust ratio. Herein, they
elucidated that high buoyancy and low exhaust ratio cause stronger concentration fluctuations.

Wind-tunnel tests represent a possible alternative to the field study which, despite the precision in following

the dispersion of pollution in urban areas, costs much. In addition, generally it is not possible to determine
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species concentration at different sensitive locations in a city owing to the significant cost and testing
problems implied. Nevertheless, the necessity of understanding and predicting the pollutants dispersion
properties under various conditions reinforces the use of computational fluid dynamics (CFD) approach. An
experimental and numerical study of the flow around an isolated square cylinder has been conducted by
Abdel dayem and Bayomi [13]. In this work, three Reynolds numbers were used (13.5% 104, 9.5x 10* and
6.8x 10%) and four angles of attack over the cylinder (0°, 15°, 30° and 45°) were tested. The process was
repeated for the three considered Reynolds numbers. Four angles of attack of 0°, 15°, 30° and 45° were
considered to study any possible flow direction around the cylinder. The authors turned to the CFD method,
by the means of by the ANSYS code, to verify experimental data and to visualize the flow around the
cylinder. A satisfactory agreement between computational and experimental results was found. Mahjoub et
al. [14, 15] focused on the flowfield and turbulent structures behind an elevated jet by means of wind tunnel
tests and computational simulations. They employed the particle image velocimetry (PIV) in measurements
and retrieved experimental results were reported and validated with numerical calculations. Later, Mahjoub
et al. [16] examined the flow behavior around single and double obstacles in a wind tunnel using a PIV
technique and numerical simulations through the RSM turbulence model. The findings proved that the flow
structures around the obstacles depend on the Reynolds number and the distance between the pair of
obstacles. Based on their wind tunnel experiments [12], Lin et al. [17] reproduced the scenario of a high-
buoyancy gas with one selected exhaust speed ratio to predict its dispersion around an isolated cubic building
using the CFD software STAR-CCM+ 12.02.010. The target building model was set at a 1:50 scale and
RANS and LES models have been assessed. The accuracy of the CFD models was validated in terms of
velocity and concentration fields. The authors showed that both RANS and LES models correctly predict the
concentration field, except that the RANS model overestimates the time-averaged concentration near the
source. In the same context, the performance of RANS and LES models has been assessed by Ma et al. [18]
through a confrontation between predicted and wind-tunnel experimental results. Likewise, the authors found
that the LES model predicts better the time-averaged concentration field. Ma et al. [18] studied the influence
of plume buoyancies on the dispersion of pollutants around a cubic building. They reported that the positive
plume buoyancy increases the fluctuating concentration behind the obstacle, while the negative buoyancy
limits the pollutants dilution in the wake region. Another parameter which influenced on the dispersion of
pollutant around an isolated obstacle was the side ratio effect (building length- to-building width), as

considered by Jiang and Yoshie [19]. In their study, Jiang and Yoshie performed numerical simulations using
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LES model to analyze the effect of four different side ratios (from 0.25 to 1.5) on the gas dispersion around
an isolated obstacle at a Reynolds number of Re=7500. Also, the authors have been strengthened their
research by setting different source positions on the ground. For all treated cases, the main observation was
the existence of a primary separation region at the ground level together with a recirculation region behind
the high-rise building.

A variety of numerical studies has been conducted to investigate the flow and the dispersion of pollution
from a pollutant elevated source whether in presence of an obstacle or not. Adair [20] investigated the three-
dimensional dispersion of a non-floating passive scalar ejected from a chimney into a turbulent boundary
layer. The author used a Reynolds-averaged Navier-Stokes method to solve the problem. Overall, a good
agreement between predicted and measured concentrations has been obtained, expect in the far wake with the
presence of a building. Wang and liang [21] examined the evolution of the flow over a three-dimensional
obstacle. They studied the effect of the incidence angle. Huang et al. [22] examined the influence of roof
edges on the wind velocity and the pollution distribution in an urban road using a two-dimensional model
under the FLUENT code. The simulated dynamic and scalar fields showed clearly that the in-canyon vortex
dynamics and the distribution of pollutants depend on the wedge-shaped roof configurations. The authors
adopted the standard k-¢ turbulence model in simulations. The same approach has been followed by Huang
and Zhou [23] and Huang et al. [24] who investigated a two-dimensional computational model simulating the
airflow and the dispersion of pollutants in urban street canyon with an elevated expressway [23] and taking
into account different shapes and different heights of building roofs [24]. Huang et al. [25] treated
numerically the ventilation problem of a large space mechanical plant with multiple pollution sources. The
finite-volume based commercial software STAR-CD has been used for the calculation. The results of this
CFD analysis showed the possibility of improvement of the pollution properties through the decrease of the
buildings densities on the windward side and the reduction of obstacles in the perpendicular wind direction.
Abassi et al. [26] used the Lattice Boltzmann equation with the BGK model to simulate a laminar flow
around a square obstacle. The model has been validated by a comparison with experimental data obtained by
PIV technique. The findings of large-scale simulated atmospheric flows stably stratified surrounding a large
individual and complex shaped building are reported by Korycki et al. [27]. The authors revealed that the
Froude number seems to be the major parameter that controlled the wake structures and vortex patterns.

Keshavarzian et al. [28] have developed a numerical model to perform wind-flow and pollutant dispersal
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simulations in the vicinity of a high-rise building. The effect of the location of the pollution source on the
dispersion of the pollutant towards a building was studied.

As shown in the above literature review, many parameters could influence the flow structure surrounding an
obstacle. In this paper, wind tunnel experiments on the dispersion of pollutants around an isolated cylindrical
building have been conducted to evaluate the CFD simulations accuracy later. The evolution of the airflow
and the pollutant dispersion has been represented by mean flow velocity vectors and associated turbulence
parameters using the PIV technique and under different velocity ratios between the chimney ejection and the
wind source. Afterwards, three-dimensional numerical simulations have been carried out to reproduce the
same experimentally treated cases. The Navier-Stokes equations have been solved using the second-order
turbulence RSM model. The comparison between the experimental data and predicted results showed a good
agreement. The current computation method is intended to be applied to atmospheric dispersion. A practical
case study illustrating the dispersion of CO, pollutant has been presented in terms of velocity, temperature

and concentration fields.

EXPERIMENTAL SET-UP

In experiments, the chimney was emitting within a wind tunnel with a cross section of 0.2 m wide x 0.3 m
high and 3 m long. The arrangement of the studied model is shown in Figure 1. The isolated cylinder obstacle
and the air chimney were installed at the center plane far from the tunnel entrance. The wind tunnel was
designed with a wooden and plastic-covered floor for visualization purposes, one side face made of wood and
painted black to diminish light reflections, the other face made with Pyrex to provide optical access and the
upper wall of the tunnel was open. The wind flow was coming from two sections at the entrance of the
tunnel; the inferior one allowed velocities between 0 and 16 m/s while the superior entry section introduced
velocities between 0 and 42 m/s. For present experiments, the velocity did not exceed 16 m/s, thus both lower

and upper entrance sections were considered.
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Several hot wire velocity measurements were carried out at the entrance of the wind tunnel. We consequently
performed an accurate location of the Reynolds independent zone and justified the above mentioned 20-
diameter emplacement of the chimney jet downstream of the wind tunnel inlet section. The efficiency of this
set-up is further proved by Figure 2 where we represented the mainstream velocity revealing a shear layer
width that did not exceed 10 mm and a global turbulence intensity level lower than 0.2%. Herein, we remind
that the boundary layer thickness is defined as the point where the local velocity attains 99% of the free-
stream velocity (the measurements are done without the chimney and the obstacle).

To show that the limits of the wind tunnel don’t influence on the evolution of our problem, in Figure 3, we
have observed the plume behavior in a horizontal plane, passing through the chimney exit section (xz plane).
This visualization shows us shape factor, momentum thickness, displacement thickness. Indeed, we can
observe vortex structures that show that the velocities along the z component, perpendicular to the plane
(X, y) are not zero. When the wind tunnel flow is faster than the plume flow (figure 3.b), we can consider that
the plume does not have its own motion: it follows the transverse flow in the wake that it creates after the
chimney. We can see that the shape of the plume is analogous to the shape of a wake behind a cylinder. This

shape is preserved when the velocity of the cross flow is lower (figure 3.a).
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(c) PIV turbulence intensity (d) PIV horseshoes vortices (velocity magnitude)

Figure 3. Different types of vortical structure associated with the chimney -jet near field
in a horizontal plane y/d=1.1, without cylindrical obstacle
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The air stream from the chimney was seeded with glycerin particles to identify its proper development. The
density and the viscosity of the glycerin particle were p = 1.23 g/cm? and p = 1.48 1073 Pa.S, respectively, with a
surface tension of 59.4 10 N/m and Refractive index 1.47. The particle diameter was approximately 1 pm. One
milliliter of pure jet fluid contains an average density of 30 glycerin particles. The height and the diameter of the
cylindrical obstacle were 140mm and 20mm, respectively.

The particle image velocimetry (PIV) technique was used to measure the instantaneous and mean dynamic fields
and the hot wire anemometry technique was applied to determine the cross-flow velocity. The two-dimensional
measurements using the PIV technique based on a TSI PowerView system [18] was then developed. This
measurement technique needed a 50 mJ dual YAG laser generating two flat pulses with a single period of time
between 5 x 10 and 108 s. It also required a high-resolution PowerView 4M cross-correlation camera to
acquire the data images and a synchronizer. The windows software “Insight” was used for the acquisition, the
processing and post-processing of the collected data. “Insight” permitted the synchronization of the pulses
according to the observed phenomena, and the adjustment of the time step between two images. This time step
was 70 us. In order to avoid sub-pixel bias errors and spurious vectors, the velocity vectors were calibrated at
130 pmpixel! and limited to the representation of the velocity field in regions where the luminance was

sufficiently strong. The average of the final fields is done over 500 successive acquisitions. Fer-each-point-the

exeeed—-5%-—From the top of the wind tunnel, the sheet of light was directed by a 45° mirror giving rise to a

shadow zone upstream of the obstacle where the measurements were not possible in this region.
The uncertainty of the experimental measurement has been quantified and calculated based on the works of

Gomit et al. [29], Sciacchitano [30], as well as the GUM guide [31]. From the mathematical model
(Y = f(pl, P25y Pn )) and the standard uncertainties Un of each parameter p;, the combined uncertainty
n

Un, is estimated from the propagation law expressed in the form: Un (Y)2 = Z (Ci )2 X Un(pi )2 when the
i

input quantities are independent. Herein, C; = —— are the sensitivity coefficients. The expanded uncertainty is
i

obtained by multiplying the compound uncertainty by a coverage factor k. In practice, a value of k equals to 2 is

11

E-mail: twrm-peerreview@journals.tandf.co.uk URL: http://mc.manuscriptcentral.com/twrm



oNOYTULT D WN =

Waves in Random and Complex Media

often used. In the case of a normal distribution, this corresponds to a probability of 95% that the true value of the
measured lies within the confidence interval.

As proposed by Gomit et al. [29], the two major contributions to PIV measurement uncertainties are the
uncertainty related to the estimation of the magnification factor (calibration) and that related to the estimation of
the displacement of the particles inside each interrogation cell.

In the experiments, a particular effort has been made on the calibration by adjusting the perpendicularity of the
camera with the wall of the wind tunnel and the parallelism between the laser sheet to the wall. The uncertainty
on the angle camera laser sheet was estimated less than 1 degree, which leads to an uncertainty on the flow
velocity of about 10-* m/s. The measurement of the 8 cm calibration ruler is assumed to be valid to within 2 px.
The uncertainty on the displacement of the particles estimated by the PIV algorithm is typically given in the
literature as less than 0.1 pixel [32]. The TSI-Insight PIV algorithm has been tested [33] and gave better results
compared to competitors, and we can reasonably take the value 0.05 pixel.

The particle size of the order of a micron is optimal [30] in this configuration for a good signal-to-noise ratio
while ensuring a minimum slip velocity, calculated by means of Stokes' law in our case at 4 pm/s.

The synchronization of ND:Yag lasers is the one with the lowest systematic error [34] it can largely be
considered negligible, especially in view of the flow velocities studied here.

All these values and their impact on the uncertainty of the total measured velocity are calculated and summarized
in the table below for a measured velocity of 11 m/s.

Table 1. Experimental measurement uncertainty

pi Un(p;) |Gi|.Un(p:)
Ruler length uncertainty (m) 7.22 x 10° m 1.10 x 102 m/s
Deplacement error 0.05 px 6.43 x 102 m/s
Pixel calibration error 2 px 2.6 x 102 m/s
Camera angle error 7.51 x10®¥% m 1.07 <103 m/s
Slip velocity 4 um/s 5.14 x 10 m/s
Combined uncertainty 0.07 m/s

12
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From the standard uncertainty of each parameter, the combined uncertainty is then estimated from the law of

propagation stated above as follows:

Un, (V)= i(c,)2 x(Un(p,)* =0.070m /s

The extended uncertainty is obtained by a coverage factor £#=2, and the final measurement’s result at the

considered point is therefore: V' =11.0£0.140m /s (k=2). The estimated uncertainty here is about 1.27% of the

measured value.

Before setting the cylindrical obstacle, we intended to present the sectional instantaneous views of chimney - jet
wakes evolutions for six different instances in Figure 4. The wake vortices are perhaps the most intriguing
structures in the near field. They have some characteristics which are similar to wake vortices of solid cylinders,
but differences between the chimney-jet (a fluid) and the cylinder (a solid) as obstacles to the crossflow suggest
significant differences in how the wake vortices should form. Furthermore, if the “wake” is defined as the region
downstream of the chimney-jet, between the jet and the chimney, it can immediately be seen that this is
fundamentally different from a cylindrical obstacle - wake. Downstream of the chimney-jet, there appears to be a
quiescent region with low vorticity (shown in blue). Further downstream, the flow contains larger scale features
which move slowly in the direction of the crossflow.

Instantaneous realizations of the jet velocity field are very different from the corresponding ensemble-averaged
fields. Figure 5 shows typical mean and instantaneous side-view images through the y/d=11 plane of a Re=1875.
In this figure, the velocity vectors and the vorticity pattern on the horizontal plane (y/d=11) are shown. A
recirculation zone is found in the jet-wake between the forward and aft stagnation points which are located on
the symmetry axis z/d=0. Inside the recirculation zone, along the symmetry axis, reverse flows evolve from the
aft stagnation point and go towards the forward stagnation point. The chimney jet generates vorticity for its own
wake, of one sign on one side and of opposite sign on the other side. On the whole, the Karman vortex gradually
grows up in the shear layer and moves towards the wake centerline. Just after passing through the wake bubble,
it starts to move fast. As it goes downstream, it gets away from the centerline slightly and then turns to the
centerline again. Finally, it moves parallel to the x axis. The paths of vortices shed at upper and lower sides meet
together at the reattachment point. Far downstream, the lock-on makes the vortex remain much closer to the

centerline. Thus, it appears that the upper and lower vortex streets are formed into a line.

13
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Figure 4. Cross-sectional instantaneous vorticities of the flow downstream chimney-jet and their wakes,
Re=1875 and Re,=1.87 10*
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COMPUTATIONAL SET-UP

The average of flow field around the chimney and the obstacle was obtained by changing the velocity of the
crossfow stream u,.. The flow was three-dimensional, turbulent and steady. The numerical approach used in this
work was close to the one developed by Mahjoub et al. [35]. The conservation laws of mass, moment and energy
were written by Navier's equations. The origin of this system corresponded to the center of the chimney based at
the wind tunnel floor, as illustrated in Figure 1, with ‘x’ in the longitudinal direction, ‘y’ in the normal direction
and ‘z’ in the lateral direction. The processed equations dealing with this problem were acquired through Favre
decomposition and are expressed as follows:

Continuity equation:

o(pu;)

—=O 1

ox] (1)

Momentum equation:

0w &) o5 o [ 0w —w

=- + L-pusu; [+(p, —P)g O 2

an 8xi aXJ MaXJ PYi g (p p)g i ()

Energy equation:

6(5ﬁjT): 0 (iJth@T 3
OX; oxj\(Pr o, )0x;

Mass fraction equation:

oGuT)_o (u w)of W
an aXJ Sc Gr 6XJ

The above system of equations introduced an additional number of unknown parameters whose resolution

required a closure turbulence model.

The second-order turbulence model; the Reynolds Stress Model (RSM), was selected in this numerical study
based on previous findings of Mahjoub et al. [14, 35]. These authors pointed out that the RSM predicted the jet
evolution in the exit region and in the leakage area better than first-order models. The RSM representative

equation was given below:

o —_ = o 0 —vv —|—w0u, — &
8X—k(Pukuiuj)=aX—kHa(uiuj)—P uiukx ujug 6xj +Djj +Gjj +¢; + & )
— S - = ~— —

G D Pij
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With
Cij : convective term.

Dg : molecular diffusion

oNOYTULT D WN =

Pij : stress production

12 Dj; : turbulent diffusion
Gjj : buoyancy production
17 (j; : pressure strain

€;; : dissipation rate of the turbulent kinetic energy

24 The equation expressing the kinetic turbulent energy (k) and the dissipation rate of the kinetic energy (¢) related

26 to the RSM are given below:

Ok aXJ

34 a(5ﬁ~ 8) 0 L | Oe 1 € - g’
35 ! =3 o+ | —— |+ Cgy = (P + Ci3Giji )=~ Cop p— ™
X C, 2 k

00X

o(p ;K
30 Pk o ((“”t)ak}l(PiHGﬁ)—ﬁs ©)
X . 2
[ k

j

0T, oT
39 And: Py =2, [aul e

oy 0X;

2
j , Gii =2Pg;

i

44 The employed constants are defined in Table 2.

47 Table 2. Constants used in the second-order model equations

50 Csl CSZ Ok O¢

52 1.44 1.92 0.82 1.0

56 The boundary conditions related to this physical problem were described in Table 3.
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Table 3. Boundary conditions.

Temperature Mass Fraction
Boundaries Velocity Kinetic energy Rate of dissipation
chimney u=0, T=T, F=F, ko =10"u2 |e=k)*/05d [36]
V =Vyo,
w=0
U=u,, |T=T, F=0 K, =510%u2 | e=k¥2/0210 [36]
Wind flow ~
v=0,
w=0
u=0, oT aF _, k=0 0 8/0 y=0
on | |om
Obstaclesand | 7= ,
ground floor | & _
oir/on=0, | 0T _, oF o0k/on=0 0g/on=0
on 1.3 24
Other faces of | 5 Y/on=0,
the field 0%/on=0

The elevated circular jet with diameter d emits a fume with an ejection velocity vy equal to = 8 m s-!. This flow is
subjected to a various crossflow velocity u,.. The Reynolds number based on the diameter of the jet is Re=5000.

The temperature of air ambient T, is 293.15 K and the fume temperature T, is 343.15K. The Grashof number is

Ty — T, )Jd*
given by Gry :M and equal to 7 10°. The ratio Gry / Re? is extremely small (= 2.8.107%) [37].
v

This small ratio implies that the effect of buoyancy is negligible and thus that temperature acts only as a passive
contaminant. The temperature and concentration are considered as passive scalars.

The flow topology necessitated very fine meshing in a large part of the configuration domain. A non-uniform
mesh, extremely tight in the proximity of the chimney, the obstacle and the ground was chosen in order to
accurately describe all parameter variations. Table 4 summarized the different values adopted of the mesh in the

different parts of the domain.
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Table 4. Grid steps in different locations of the domain.

Direction A Ol Ay Az

Longitudinal Upstream of the chimney 0.008 0.98

oNOYTULT D WN =

9 Xir1= XA Near the chimney and the obstacle 0.001 1

1 Downstream of the obstacle 0.006 0.98

13 Near the ground 0.001
15 Around the chimney and the obstacle 0.003

17 Transverse  Far from the upper obstacle face 0.007

19 Lateral 0.004

23 The grid layout in the region between the elevated jet and the obstacle was specified to be finer than that in the
25 downstream region. A grid independence assessment was conducted through three different meshes. A coarser
27 grid of 216 x130 %35 in the x, y and z directions respectively, a second finer grid of 250x145x40 which was
refined in the vicinity of the jet exit and around the obstacle and a third grid with a large number of cells added
in the vertical and lateral directions, yielding 250x155x%50 cells were tested. Figure 6 represented longitudinal

and vertical velocity profiles for the three picked meshes at x /d= 5 and for v, = 8m/s (the Reynolds number

35 based on the chimney diameter d and ejection velocity vy, Re:VLd=5000) and u,=5m/s (The Reynolds
v

. . . . 0 .
38 number based on the height of the blowing section [ and crossflow velocity u..,, Rej = do”—94 10%). The grid
v

41 independence assessment showed that experimental data is quite predicted by Mesh 3. Therefore, the

43 calculations were carried out with 250x155x50 grid for all the cases.
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Figure 6. Mesh sensitivity analysis
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The numerical code employed the finite volume method based on the SIMPLER algorithm [38]. The implicit
scheme was implied for the resulting algebraic equations. The Gaussian elimination method linked to an under-
relaxation technique was utilized to compute the obtained tri-diagonal matrix (Table 5).

Table 5. Settings of model

Items Settings

Turbulence model Reynolds Stress Model (RSM) with constants given in Table 2

Discretized method Finite volume Method

Numerical method The implicit scheme was implied for the resulting algebraic equations

Convergent criteria The iterative cycle was terminated when the following convergence criterion
is established. fn:l:lfn <1073

In the previous equation, f represented the velocity components, turbulent

kinetic energy and dissipation rate, while n is the iterative number.

RESULTS AND DISCUSSION

First of all, the experimental results were presented and then the validation of the numerical approach was
performed by comparing predicted results to experimental data in several positions and for different parameters.
After the choice of the turbulence model, heat and mass transfer analysis of pollutants ejected from a punctual
source was carried out.

The effect of the wind velocity on turbulent structures was illustrated in Figure 7 for three velocity ratios
between the chimney ejection and the wind source (R = vy/u,,). The tested values of the velocity ratio were R =
1.6, R =1 and R = 0.67 for Re; = 9.4 10* (u, = 5 m/s), Re, = 1.5 10° (8 m/s) and Re; = 2.25 10° (12m/s),
respectively. To show the global evolution, we present three images correspond to different times in each
velocity ratio (R). Turbulent structures are clearly observed at the exit of the chimney for the different velocity
ratios which are called Kelvin-Helmholtz instability. This phenomenon consists of shear layer instabilities of
surfaces separating the two fluids moving with different velocities leading to a "vortex sheet" formation on the
border between the two fluid flows. From Figure 7, these turbulent structures are found to rotate in one direction
or in the other. In fact, the direction of rotation depends on the ratio R between the ejection velocity and the wind
velocity. For R = 0.67, it is shown the existence of clockwise rotating vortices imposed by the transverse flow

whose velocity is higher than that of the injection. For R = 1 when the velocities of the two flows are equal, bi-
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directional vortices are observed giving rise to instabilities formation which in turn lead to other vortices having
also two directions of rotation. This results in regular "mushroom" shaped vortices. For the case of R=1.6, the

interface instability generates vortices with a counterclockwise rotational direction, as shown in Figure 7.
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37 Figure 7. Effect of the wind velocity on turbulent structures
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The behavior of a plume discharged from a stack with a velocity of vy = 8m/s (Re=5000) and exposed to various
free stream (Re, = 9.4 10* (u,, = 5 m/s), Reg = 1.5 105 (8 m/s) and Re = 2.25 10° (12m/s)) was depicted in Figure
8 in cases of absence and existence of a cylindrical obstacle. The complex flow behavior was a consequence of
the interaction between the downflow effect, which is initiated by the crossflow induced by the stack outlet, the
upward shear impact generated by the outflowing plume, and the wakes behind the plume, the stack and the
obstacle.

This visualization allowed us to see that the surrounding flow strongly influences the plume flow. The major
determinant of the plume form is the exit velocity over the wind velocity (velocity ratio). When this ratio is
greater than 1, it is possible to differentiate three phases of plume evolution in the ambient surroundings. In the
first region: the plume prevails over the flow. In the second region: the exhaust velocity is equal to the
crosswind. In this phase, the ejection velocity is equal to the crosswind and the plume starts to curve. In the third
and final region, the crosswind is overpowered and the flows are transported towards the wake of the chimney.
In summarizing, the image analysis showed the behavior of the plume with and without obstacles.

It is worth noting that the released plumes curved in the direction of the crossflow stream; more the wind
velocity was stronger, more the plume was straight (from R = 1.6 to R = 0.67). Downstream of the plume, a
wake zone forms in both cases, with or without an obstacle. In the case of a ground source without the presence
of an obstacle, this wake region (the plume wake) reacts with the boundary layer at the ground surface. For an
elevated source with a flat unobstructed environment, the plume wake reacts with the wake downstream of the
stack (stack wake). In the presence of an obstacle, representing a building, the whole flow structure changes.
There are two regions of wake behind the chimney and behind the building. In both cases, typical flow patterns
are shown in the first plume region coming from the chimney. This analysis also revealed how the obstacle-free
plume reaches higher peaks. These image analyses were used to better determine the shape of the plume and

especially to specify the inversion layers and their relationship with the obstacle.
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Figure 8. Effect of the obstacle presence on the plume evolution, Re=5000
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Figure 9a depicted the mean velocity vectors in the wake near the building (cylindrical obstacle) in the median
plane section. A strong deflection of the fluid behind the building and a saddle point which limits its penetration
in the wake were observed. The position of this saddle point varies according to the value of the velocity ratio,
but it allows dividing the wake into four regions. Indeed, the upper left region which is the part of the
recirculation zone subject to the downflow created by the free end of the building has an unstable focus. The
upper right region is the part of the flow outside the recirculation zone and, despite the obvious influence of the
recirculation zone, it exhibits upward motion further into the wake due to the contribution of the lateral flow.
The third region, located lower left, is the part of the recirculation zone dominated by the influence of the bottom
wall. Finally, the fourth region is the zone of the interaction between the bottom wall and the wake.

Figures 9b and 9c showed the vertical and longitudinal components of the velocity ( Wand ¥ respectively) for
Re=5000 and Re; = 3 10° leading to a velocity ratio less than 1 (R = 0.5). It is clear that the jet emitted by the
chimney and seeded by glycerin particles is immediately deflected by the transverse flow (the wind velocity).
The transverse flow was not seeded that is why it could not be seen in these figures. An aspiration of the flow is
noted behind the chimney. The ejected jet elevation is not very high and the flow distribution is influenced by
the presence of the cylindrical obstacle. The stagnant point is located at a height equals to 110mm. A part of the
jet flow is trapped between the chimney and the building obstacle and the other part passes over the obstacle. It
is worth mentioning that vortices of small dimensions rotating in the opposite direction of the clockwise are
developed downstream of the cylindrical obstacle, on its top and on its lateral side, confining the recirculating

zone behind the obstacle.
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Figure 9. Contours of a) mean velocity, b) vertical velocity component % and c) longitudinal
velocity component #vectors (Re=5000 and Re; = 3 105)
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Figure 10 showed the visualization of the plume evolution emitted from the chimney at viq=8m/s (Re=5000) and
exposed to various wind speeds: u,=5m/s (Re; = 9.4 10%), u,,=8m/s (Re; = 1.5 10°), u,=12m/s (Re, = 2.25 10°)
and u,,=16m/s (Re; = 3 10%). It is noticed that the form of the plume is distinctly influenced by the velocity ratio.

When the velocity ratio v /u,, is higher than 1 (fourth image), it is possible to identify three phases in the

evolution of the plume. The first phase corresponds to the jet exit which is practically vertical. The second phase
is identified by the weakening of the jet velocity to become equal to that of the upstream flow and by the curving
of the jet. Finally, the third stage occurred when the main flow predominates and the plume becomes horizontal.
In this case, the free end of the cylindrical obstacle is flushed with the plume and it is noted that the recirculation
area behind the obstacle is significant compared to the three others velocity ratios. Also, given the high jet
elevation, it is observed that the jet evolution is important above the cylindrical obstacle. For the velocity ratio

Vo /u, = 1 (third image), the first phase is not apparent. As the vertical velocity of the plume is equivalent to

the horizontal velocity of the ambient flow (characteristic of the transition between the 1%t and 3™ phase), the
plume can be considered to leave the chimney and directly start its second phase. It encounters the obstacle at a

height lower than that obtained for a velocity ratio R> 1. In the case of velocity ratio v /u,, is lower than 1, the

first two phases are not seen. The plume only drips in the wake formed by the ambient flow above the chimney.
It evolves in line with the ground and around the obstacle at a much lower height compared to the other cases.
The higher is the wind velocity, the larger is the recirculation zone downstream of the obstacle.

A recirculation zone is observed on the top of the cylindrical obstacle. It seems to be due to the separation of the
fluid arriving on the upstream edge of the cylinder from the chimney. But at high ejection velocity, the
separation does not occur directly on the edge but further on the top of the obstacle. The fluid reaching the side
surfaces of the building accelerates as it approaches the free edge. Due to the pressure variation between the side
surfaces and the top, the fluid has an upward velocity component. Thus, on each side surface, the shear layer
rolls up on each side to fold back onto the top and gives rise to the marginal vortices. These vortices,
symmetrical on average, contribute to the deflection of the fluid in the wake of the cylindrical building and can

alter or even destroy the von Karman vortices.
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Figure 10. Influence of wind 8velocity on the evolution of the plume emerging from the
chimney around a cylindrical obstacle, Re=5000
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Velocity vectors of the four velocity ratios cases presented in Figure 11 show that the wind velocity has a
pronounced impact on the flow structure. In fact, the flow emerging from the stack tracks the direction of the
momentum plume exhausted. Then, it is redirected by the wind velocity and hits the front face of the building,
forming a stagnation zone. The height of this latter varies with the value of the wind velocity. The velocity in the
stagnant region is quite low, which justifies the low intensity of the vortices developed. At the top of the
cylindrical obstacle, it is revealed the existence of a separation zone dominated by a strong swirl for the velocity
ratio R=1.6. For the cases of velocity ratios R=1 (v,=8 m/s and u,=8m/s) and R=1.6 (vy=8m/s and u,,=5m/s), it is
remarked that a small recirculation region is formed in the building upper face. In this region, the flow separated
from the upstream edge of the cylindrical construction connects to the roof at a distance downstream from this
boundary. The flow returns to the interior of the separation bubble with high degrees of turbulence. The wake of
the upper surface of the building includes both recirculation and high turbulence regions. In the downstream
region, behind the rear face of the obstacle, there are recirculation zones with different sizes depending on the

velocity ratios. The flow is entrained into a big recirculation region in the case of R = 0.5.
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In order to extent the investigation of the chimney flow behavior behind a cylindrical building numerically, it
was mandatory to validate the turbulence closure model by confronting predicted results with experimentally
collected data. Simulations were performed using the RSM model and covered both mean and turbulent features.
Longitudinal and vertical distributions of the dynamic field in various streamwise emplacements of the flow field
were considered. The first position was x/d = 5 which represents the halfway between the stack and the
cylindrical obstacle. The second position was x/d = 11 situated in the middle of the building. The third position
was x/d = 16 located in the recirculation region downstream of the cylindrical obstacle. The plume was ejected at
a fixed velocity value ug=8m/s (Re = 5000) and under a wind velocity u,,=8m/s (Re; = 1.5 10°).

Figures 12 and 13 illustrated predicted and measured results of the longitudinal U and vertical V velocities at
the three selected locations of the domain as a function of the vertical coordinate (y) for R=1. The experimental
data was compared to the numerical simulation results achieved by the second-order model (RSM). The
accordance between experimental and numerical findings is considered acceptable with an averaged error of 5%
for both velocity components. For the mean vertical velocity profiles in the first axial position, the influence of
the obstacle's presence is not important in this position. The shape of the evolution has a Gaussian profile. The
results at the second position and in the downstream region show the presence of two peaks (one positive and
one negative) which is the result of recirculation zones. The important negative peak is located at the end of the

obstacle for these both latter locations.
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n..n nen

u'u
The computed Reynolds stress —— and —~ and the experimental data were compared in Figure 14 at
Ugp Vo

different locations (x/d=5, x/d=11and x/d=16) and at Re=5000 and Re;=1.5 10° (R = 1). It is obvious that there is
a qualitative match between horizontal and vertical stresses and a satisfactory agreement between experimental
and computational results. However, the averaged error between measured and simulated data is about 17%
which is higher than that for mean velocities.

Upstream of the cylindrical obstacle (x/d=5), the fluctuating turbulent velocities are very high with reference to
those calculated above (x/d=16) and downstream of the building (x/d=16). In fact, the horizontal and the vertical

n..n "nen

u"u V'V
fluctuation components, —— and ——, attain maximal values of approximately (2.8 102 ) and (1.06 102),
0 Vo

respectively upstream of the building. Whereas in the top of the building, the peak values of the horizontal and
vertical Reynolds stresses are about (6.87 1073) and (2.03 10-3), respectively. In downstream of the building, the
peak value of the horizontal Reynolds stresses is about (8.91 10-) and those of vertical Reynolds stresses is (7.34
10-%). Far downstream, the horizontal and vertical stress ends seem to disappear when leaving the interaction

arca.
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Figure 15 displayed velocity contours of the pollutant ejected from an elevated jet (mock-up model of an
industrial chimney) at Reynolds number Re=5000 and under various Reynolds numbers Re; (Re, =3 103,
Re=1.5 105, Re, =9.4 10%) in different cross-sectional planes. The first cross-sectional plane was the horizontal
XZ plane located at the mid chimney height (y/d=5), the second plane was fixed at the level of the chimney exit
(y/d=10) and the last one was set over the whole mock-up at y/d=16. A narrow band of descending movement
along the centerline of the wake downstream region of the obstacle is noticed. This disappears at the last cross-
sectional plane (y/d=16). Interspersed filaments of rising and falling pollutants spread externally from the wake
centerline in a V-shaped pattern. These filaments are footprints of vortex structures that move with the mean
flow. The dimension of this vortex increases with the wind velocity (u,= 16 m s!, Re, =3 105) as it is clearly
shown in the lateral plane y/d = 10. This latter depicts the impact of the wind velocity. As can be seen, the
different turbulent structures were successfully presented, indicating the existence of organized stationary
movements, such as the horseshoe vortex around both the base of the elevated jet (chimney model) and the
cylindrical building model and the recirculation vortex at the lee side of the obstacle. It is obviously illustrated
by these figures the presence of the horseshoe vortex and the marginal vortices which originate at the top of the
cylinder but which, further in the wake, amalgamate with the lateral flow to form the trailing vortices. The fluid
below the stagnation height (depending of the velocity ejection) goes almost horizontally through the cylindrical
obstacle and splits off from the limit in an essentially two-dimensional way (distinctly shown in y/d= 5 and y/d =
10 planes, for all velocity ratios). This separation of the boundary layer in almost lateral planes has often been
invoked to describe the heeded eddies circulating around vertical axes in wakes. The recirculation zone over the
upper face of the building is clear in the lateral plane y/d= 16 and its size is important for the ambient velocity

u,.= 5ms-! correspondent to Reynolds number Re; =9.4 10%.

37

E-mail: twrm-peerreview@journals.tandf.co.uk URL: http://mc.manuscriptcentral.com/twrm



oNOYTULT D WN =

1.2 1 0.94

Re;=9.410*

I
Y ] Re = 9.4 104

Re;=9.4 104

Waves in Random and Complex Media

0.66 04 026 01 0 1.12 1 0.75 0.5 0.25

Re;=1.510°

LR

Re;=1.510°

Re,=1.510°

0.87

Figure 15. Mean velocity contours of the global chimney jet” progression around the cylindrical

obstacle at different lateral planes and under different wind velocities and Re = 5 10°

E-mail: twrm-peerreview@journals.tandf.co.uk URL: http://mc.manuscriptcentral.com/twrm

0.62

0.5 0.37

0.12

Page 38 of 57



Page 39 of 57

oNOYTULT D WN =

Waves in Random and Complex Media
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The variation of the Strouhal number with Reynolds numbers (Rey = and Rep = ) are presented

in Figure 16. The range of Reynolds number applied is within 3125 and 20000. The Strouhal numbers decreased
as the Reynolds number increased. The calculated Strouhal numbers agreed to the experimental results found by
Roshko [39, 40] at the same Reynolds numbers [41].

The static pressure coefficient (Cp) on the chimney and the obstacle is shown in Figure 17. For both chimney
and obstacle, predicted pressure coefficients on the centerline plane (z/d=0) of windward and leeward facades
are presented. For the windward facades, the pressure coefficient of the cylindrical obstacle was weaker
compared to those of the chimney because at the entrance the air is accelerated. On the other hand, Figure 17 (b)
shows that the leeward pressure coefficient of the chimney fagade was much smaller than the leeward pressure
for the obstacle. In the region between the chimney jet and the cylindrical obstacle, the crossflow is trapped,
that’s why it is illustrated the leeward coefficient pressure smaller than the upstream Cp. Altogether, this figure
imply that the pressure difference between the windward and leeward fagades (the driving force for cross
ventilation) of short obstacle (we can consider the chimney as an obstacle) was higher than that for long obstacle
(cylindrical obstacle). In other words, the ventilation rate of short obstacle will be larger than that of long

obstacle.
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After treating the dynamic behavior of the flow field, the discussion would be devoted to the thermal aspect and
the dispersion of the CO, pollutant ejected from the chimney at a temperature T, =343.15K within the
environing air mainstream (T,, =293.15K). Figure 18 depicted the lateral distribution of the pollutant temperature
at successive y cross sections. The considered planes were situated above the chimney at mid height (from y/d=7
to y/d = 10) which reflected the downwash behavior of the pollutant and over the chimney exit (y/d=10.1 to y/d=
15) due to the interesting phenomena it yields: the extension of the rear plume, the ascension of the plume
around the cylindrical obstacle and the creation of a trapped flow behind the obstacle in the downstream region.
The results shown in Figure 18 clearly indicated that the flow separates at the front edges of the cylindrical
obstacle, resulting in severe separation vortices. The principal characteristic is the two horseshoe structures
created in front of the face chimney pipe and in front face of the obstacle as a consequence of the adverse
pressure gradient. The vortex is deviated downstream following the lateral faces of the cylindrical obstacle. The
horseshoe vortex system upstream of the obstacle and the two enormous vortices separating each side of the
obstacle are perceptible at various lateral planes. The vortices separated on the sides approach the back of the
obstacle. Within the rear chimney nozzle, there is a decreasing profile starting from an initial pollutant
temperature value until reaching the environment temperature. This initial value is reasonably distinct as the

temperature of pollutants are cooled by the cross flow.
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It would be useful to examine how the velocity ratio influences the heat transfer process in the presence of the
cylindrical obstacle. Averaged isotherms contours around the cylinder were displayed in Figure 19 for various
velocity ratios; R=1.6, R=1 and R=0.5 corresponding to Re; =9.4 10%, Re; =1.5 10° and Re, =3 10, respectively
and for Re=5000. This figure revealed that the isothermal contours are affected by the wind velocity u.,. Indeed,
the temperature penetration depth in the principal flow decreases over the upper surface of the obstacle as the

wind velocity u,, grows (Table 6).

Table 6. Maximum values of Temperature on the upper surface of the cylindrical obstacle.

R=0.5 R=1 R=16
X position x/d=10 x/d=12 x/d=10 x/d=12 x/d=10 x/d=12

Y position y/d=14.1 y/d=14.1 y/d=14.1 y/d=14.1 y/d=14.1 y/d=14.1
Temperature T=29324K  T=293.22K T=295.1K  T=2947K  T=299.7K  T=299.1K

The larger deflection of the lower shear layer, followed by stronger recirculation zone, with increasing the wind
velocity u,, extends the penetration depth in front of the upstream face of the obstacle. Similarly, the temperature

penetration depths over the obstacle front face are influenced by the velocity ratio, as recapitulated in Table 7.

Table 7. Maximum value of Temperature over the front face of the obstacle.

R=0.5 R=1 R=1.6
X position x/d=10 x/d=10 x/d=10
Y position y/d=11 y/d=12 y/d=14
Temperature T=298K T=300K T=301K

The maximum temperatures downstream the rear surfaces of the obstacle were described in Table 8§ for different
velocity ratios R. It was worth noting that the temperature of the pollutant in the ground is not significantly

affected by the velocity ratio R.

Table 8. Maximum value of Temperature in the downstream region of the obstacle.

R=0.5 R=1 R=1.6
X position x/d=14.5 x/d=14 x/d=12.5
Y position y/d=11 y/d=12 y/d=14
Temperature T=295.5K T=297.5K T=301K
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The pollutant could be a fume ejected by a mockup of industrial chimney. The non-reactivity of the fume
allowed envisaging a single pollutant as for example, CO,. The observations found based on the CO, species
behavior will stand valid for other examples of pollutants. Thus, in the following, the Carbone dioxide was
considered as a pollutant evolving from a chimney in order to follow its progress throughout the field in the
presence of cylindrical building (cylindrical obstacle).

Figure 19 shows the profiles of the mass fraction of carbon dioxide in the central plane for several longitudinal
positions x/d (in front of the obstacle, for x /d= 5, on the roof in the middle of the obstacle, for x /d= 11, just
downstream of the rear edge, for x/d =20, and, finally, downstream of the obstacle, for x/d=30, x/d=35, and
x/d=40) as a function of the normal y/d coordinates for different velocity ratios R=1 (Re=5000 and Re;=1.5 10%),
R=0.67 (Re=5000 and Re=2.25 10°) and R =0.5 (Re=5000 and Re;=3 10°). The evolution of the pollutant before
the obstacle and in the vicinity of the obstacle is examined. For the zone located between the chimney and the
obstacle x/d =5, the mass fraction of the pollutant is maximum. The profile is Gaussian, the level of the
maximum is higher than the height of the chimney and this is due to the preponderance of the ejection velocity in
this region. In this region, the plume, still in its first phase of evolution, is guided by its initial inertia. On the
roof where x /d= 11, we notice that the maximum concentration is just on the roof and it starts to decrease
rapidly (for the three cases) because of the wind velocity which dilutes it rapidly. In the downstream region of
the building, the profile of the mass fraction has regained its Gaussian shape. In this area the pollutants are

trapped. The maximum pollutant levels are recorded in the positions x = 0.200m and x = 0.300m.

45

E-mail: twrm-peerreview@journals.tandf.co.uk URL: http://mc.manuscriptcentral.com/twrm



oNOYTULT D WN =

Waves in Random and Complex Media

20 — y/d

B ——  Re=3.00 10°
————— Re;=2.25 10°
%= - Re=1.50 103

Fcon

0 0.01 0.02 0.03 0.04

x/d =20

Fcoz

4e-3 6 e-3

Fcoz
I ! |
3e-3 4e-3

Page 46 of 57
19 7y/d
17 x/d=11
\\\
\\ . -
N ~
i % ~_
\\\\ ~o
15 — \\\ \\~
\\ I
i \ [
Fcon
13 \ ‘ \ w ‘ \ I \ |
0 2e-3 4 e-3 6 e-3 8e-3 1e-2
Fcoz
‘ \
0 2e-3 4e-3 6 e-3
=~ ~
N
/
_-
-~
x/d =40
Fcoz
\ ' \
3e-3 4e-3

Figure 19. Evolution of carbon dioxide at different normal positions in the medium plane for Re=5000
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Figure 20 presented the cross-sectional contours of the CO, mass fraction at different lateral planes (y) for the
velocity ratio R=1.6 (Re=5000 and Re(=9.4 10%). It is evident that the pollutant ejected from the elevated jet was

separated after hitting the upstream face of the cylindrical obstacle. The presence of the horseshoe vortex around

oNOYTULT D WN =

9 the chimney was clearly shown in the two planes y/d=10 and y/d=10.5. However, in others planes, the horseshoe
1 vortex was found around the obstacle. It was also observed that the presence of the counterclockwise-rotating
13 bubble was behind the downstream face of the obstacle and it was well presented in the plane y/d=12.5. Over the

15 plane y/d = 17, there was no pollutant.
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Figure 20. Cross-sectional contours of the CO, mass fraction at different lateral planes (y) for R=1.6
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Figure 21 illustrated the cross-sectional contours of the CO, mass fraction around the cylindrical obstacle at
various and successive normal planes (x) for the velocity ratio R=1.6 (Re=5000 and Re=9.4 10%). At the
pollutant nozzle level, the ejection velocity is more important than the ambient velocity that can be noticed by
the elevation of pollutant. The three phases of pollutant dispersion were clarly dedected. The pollutant flowing
around a cylindrical topographic obstacle was obliged to be immobilized at the cylindrical obstacle surface
accordingly to frictional coupling between the pollutant and the cylindrical obstacle boundary. The aspect of the
flow promptly above the boundary depended on the impact of viscous effects, as determined by the velocity ratio
and the Reynolds number. The pollutant is immediately above the surface of the cylindrical obstacle and then
adopts the shape of a thin boundary layer on which the flow velocity rises from zero at the surface to
approximately the ambient velocity u,, away from the surface. The boundary layer fluid percolating the obstacle
surface at certain point confluenced an adverse pressure gradient. The boundary layer had a tendency to separate
from the obstacle and shed its vorticity into the internal fluid. Boundary layer separation was the cause of wake
generation in most flows of interest in engineering applications and problems. In the normal cross-section, the
formation of the essential pair of vortices rotating in the wake directly behind the building was noticeble. The
rotating pair was visualized in many normal planes upstream the chimney where there was no information about
the pollutant only the air flow was viewed. Between the chimney and the cylindrical obstacle, the mass fraction
contours showed the maximun fraction presented in this gap. In the third region, the size of the rotation pair

become considerably bigger.
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Figure 21. Cross-sectional contours of the CO, mass fraction around the cylindrical obstacle at
different normal planes and for R=1.6
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CONCLUSION

An experimental and numerical investigation of the evolution of chimney flow ejected into a crossflow ambient
air flow stream with the presence of a cylindrical obstacle had been accomplished. The visualization of flow
patterns of the plume from a stack in the vicinity of the obstacle had been examined. Contrary to most of the
previous CFD studies of urban dispersion which focused on the far-field spread of pollutants, the present
simulations focused on the region close to the chimney jet, the obstacle and in the surrounding. They were
validated by comparison with wind-tunnel measurements for four different wind velocities, for which a high-rise
obstacle is located immediately upstream of the emitting chimney. The agreement between numerical
simulations using the second order turbulence model (RSM) and wind-tunnel measurements was good. The
pollutant dispersion around the cylindrical obstacle was carried out for various cases of increasing wind velocity.
It is found that the wind velocity has a pronounced influence on the flow structure. The flow characteristics
including separation point, vortex — shedding behavior, pressure coefficient evolution and Strouhal number are
studied. It is shown that the dispersion of low-velocity exhaust helps the formation of the recirculation bubble, in
the roof zone. We determine dynamic, thermal and mass characteristics of these fields in many positions in and
above the recirculation region. The results indicated that the pollutant mass fraction spread was high near the
elevated jet and decreased with increasing distance from the elevated source. For a higher wind velocity, the
flow motion and separation increased in the wake zone, and the pollutant mass fraction of the lateral spread at
the average chimney height decreased. The vortex circulation flow was fast and strong, and the pollutant mass

fraction of the vertical spread was low.
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Figure Captions List

Chimney and obstacle positions in the wind tunnel

Mainstream velocity 20 diameters downstream of the inlet test cross section.

Different types of vortical structure associated with the chimney -jet near field in a
horizontal plane y/d=1.1, without cylindrical obstacle
Cross-sectional instantaneous vorticities of the flow downstream chimney-jet and their
wakes, Re=1875 and Re;=1.87 104

(a) Mean velocity field, (b) instantaneous longitudinal-velocity, (c) mean vorticity field,
(d) instantaneous vorticity, Re=1875 and Re,=1.87 10*

Mesh sensitivity analysis

Effect of the wind velocity on turbulent structures
Effect of the obstacle presence on the plume evolution, Re=5000
Contours of a) mean velocity, b) vertical velocity component ¥ and c) longitudinal
velocity component Hvectors (Re=5000 and Re; = 3 105)
Influence of wind 8velocity on the evolution of the plume emerging from the chimney
around a cylindrical obstacle, Re=5000
Velocity vectors for various velocity ratios in the presence of a cylindrical obstacle
Mean longitudinal U velocity profiles at R=1
Mean normal V velocity profiles at R=1
Horizontal and vertical Reynolds stress at different streamwise locations
Mean velocity contours of the global chimney jet’ progression around the cylindrical
obstacle at different lateral planes and under different wind velocities and Re = 5 10°

Strouhal vs. Reynolds number for the chimney (a) and the obstacle (b)
Pressure coefficients on the center plane (z=0): (a) windward facade; (b) leeward facade.

Temperature evolution around the cylindrical obstacle at different lateral planes for
Re=5000 and Re; =3 10°

Evolution of carbon dioxide at different normal positions in the medium plane for
Re=5000

Cross-sectional contours of the CO, mass fraction at different lateral planes (y) for
R=1.6, Re=5000 and Re(=9.4 10*

Cross-sectional contours of the CO, mass fraction around the cylindrical obstacle at

different normal planes and for R=1.6
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Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

Table 8

Waves in Random and Complex Media

Table Caption List

Experimental measurement uncertainty

constants of the second-order model

Boundary conditions

Grid steps in different locations of the domain

Settings of model

Maximum values of Temperature on the upper surface of the cylindrical obstacle

Maximum value of Temperature over the front face of the obstacle

Maximum value of Temperature in the downstream region of the obstacle
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