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Numerical Study of Flow around Twin Cubic
Obstacles Issued from a Bent Chimney

I. Bhouri Baouab, N. Mahjoub Said, H.Mhiri, G. Le Palec, P. Bournot

Abstract—we present in this work a numerical study of
pollutant dispersion resulting from a bent chimneyaround twin
obstacles placed in the lee side of the source.

A three-dimensional numerical model with the turbulent
Reynolds Stress Model (RSM) and a non-uniform gricsystem
was used to examine the effects of a double tandewbstacle
cubic on the development of the incoming flow.

The results obtained in three-dimensional configurabn make
possible the description of the dynamic and massésatures and
the determination of the velocity ratio effect on he pollutant
distribution.

Index Terms—bent chimney, two
simulations, dynamic feature, mass feature

cubic, numerical

I. INTRODUCTION

detailed measurements & = 22,000 are considered to be
representative for all Reynolds numbers in the e@ang
12,000 <Re < 40,000. Through a series of experiments for a
wide range of cube spacing, they observed thatrabpg on
the distance between the cubes three distinct flatterns
exist. For small spacing, the shear layer sepayditom the
first cube reattaches on the sides of the secosthde and
Periodic vortex shedding can only be detectedenithke of
the downstream cube. The two cubes essentiallyasch
single bluff body.

In the work of Martinuzzi [3] two surface-mountedbes,
of height h, in tandem arrangement was investigébedc
spacing 2h using phase-averaged Laser Doppler Mebdry.
Tests were conducted for a Reynolds number of 22,00

The increased concentrations of atmospheric poitsta based on h and the free stream velocity, and aroaippately
observed in urban areas and the concern that has b8.07h thick laminar boundary layer. They showed tha

developed for the effects of pollution on humanltehave
increased the need for thorough studies of atmaegpfiew
and dispersion near buildings. We will restraithia present
study to the works that considered two obstacles.

Oke [1] studied in a wind tunnel the flow in a sftre
bordered by two obstacles, and showed the existafitece
modes depending on the dimension of the obstaciédte
distance that separates them. If the obstacleweltespaced
from/to each other, the flow is connected with ecession of
identical structures around insulated obstaclesemWthe
variation decreases, the wakes are disturbed. The f
downstream from an obstacle is reinforced by aedé&tin on
the level of the face upstream of the followingtabte. When
the ratio between the distance separating the dbstand
their height is even weaker, the street is clogg@inaand a
recirculation is established with one street idmitito the
other. The flow is then known as razing.

Martinuzzi [2000] studied the flow past two cubes i
tandem, it was observed that for Reynolds numhberthé

range 3000 Re < 40,000 the flow around the cubes is onljandem arrangements.

weakly sensitive to Reynolds number. In particuldeir
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structure of the turbulent field in the cavity regidiffers
significantly from that in the base region of a tdimensional
obstacle.

Norio [4] studied the flow around two circular ayiers in
tandem arrangement using a third-order upwinddieiement
scheme. The two circular cylinders are arrangetl witme
spacing between the cylinders. At the Reynolds rarmnu
1000, the obtained numerical results are qualigtiv
compared with experimental data.

Mahjoub [5] described the investigation on the flanound
circular cylinder obstacles mounted on a groundrfld@ hey
used the Particle Image Velocimetry (PIV) techniglibey
showed that the size of the vortex at the leesideeocylinder
is big; the turbulence intensity is, however, sg@n

In parallel to the experiments a three-dimensional
numerical model which employs a RMS turbulence wies
scheme and a won-uniform grid system was developleely
examined the wind flow perturbations, recirculatiand
turbulence generated by two circular cylinder otlsts on
They showed that the flow
reattachment promoted by the upwind obstacle atted
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restrict the vertical extent of vortex below theofréevel.

Ultimately, it enlarged recirculation zone behig tsecond

obstacle and reduced the vertical velocity andayeheight y,(m)

of flow above the downwind cylinder as well as imet

downwind. An experimental investigation was carried by I=10m

Mahjoub[6] to study the structure of the flow fieddound

three dimensional rectangular obstacles. The stwdg h=85m Hb=46m

performed in wind tunnel using a Particle Imagedéahetry

(PIV) system. They showed that the structure of fthe ; x(m)
' +—> >

3

depend on the spacing between a pair of tandemealig z@/‘ Citoam T Lo

obstacles.

A three-dimensional numerical model with the tudmil ) ] )
Reynolds Stress Model (RSM) and a non-uniform gyistem Fig. 1 Model configuration
was used to examine the effects of a single reatang The equations governing this problem are obtairsdgu
obstacle and a double tandem obstacle on the geveltt of the Favre decomposition and are thus written irfaiewing
the incoming flow. For the case of two rectangurdem form:

obstacles, the flow patterns were characterizethéngap 6(50})

region as a function of the distance between tistactes. PV 0 @
Joongcheol Paik et al [7] investigated the perforoeaof :

unsteady Reynolds-averaged Navier-Stokes (URANS) d(Z)q G) B dp L0 au, (p 7)

computation and various versions of detached eddy IX; Cdx% R ﬂﬁ_’ou ~P)9g, @

simulation (DES) in resolving coherent structuretirbulent _

flow around two cubes mounted in tandem on a flatepat 0"(/?5,- T) 0| (M LM oT

Reynolds numberRg) of 22,000 and for a thin incoming ax ax Pr o a_ @)

boundary layer. Calculations are carried out usiogr o~

different coherent structure resolving turbulenamisis: [8] d(puj f) 0 ( 7 ﬂt) of @

URANS; [9] the standard DES [10] the Delayed DES I X; ax Sc o; )X,

(DDES); and [11] the DESThe grid sensitivity of the

computed solutions is examined by carrying out &tfens  The introduction of the fluctuating sizes makes #jstem
on two successively refined grids. open. Its closing requires the use of a turbulencdel which
They showed that all turbulence models reprodug@akes it possible to obtain a number of equatigusito the
essentially identical separation of the approachlibundary umber of Unknown parameters.
layer and vyield an unsteady horseshoe vortex systemyjahjoub et al. [12] show that the three first-ordesdels
consisting of multiple vortices in the leading edggion of (the standard ke model, the k-c RNG Model, and the
the upstream cube. realizable ke model) produce identical results in the upstream
However they observed some discrepancies between §hq far downstream regions of the three-dimensigetal
URANS and all DES solutions in other regions okfest However, only the second order model is showne gbod
such as the shear layers emanating from the cuhbes, resylts in the exit region and in the trailing zafethe jet.
inter-cube gap and the downstream wake. Based on this last result, we choose this secoderaosure
model (also called Reynolds Stress Model) in tlaipgr. So
the following equation is solved:

Il. NUMERICAL STUDY
The mean flow field surrounding chimney and obstscl 9 0 . -[-—a aq .
attached to a wall under a turbulent flow is okedirby &(pwuu)—&u% yu) P{ & dJ +0) +G +g+g O
varying u,. Consideration is given to a steady, “—— “——~ ~ ~
three-dimensional and turbulent flow. The studieadsi is Gi D-'-' P

shown in fig. 1. We consider a reel case: the height of the T
chimney is 85m, the diameter is 8 5m and the lengtthe Cj being the convective ter@” . Pu- D” ,G” , @jand

downstream of the bent chimne
y Productlon, the turbulent diffusion, the buoyancy

production, the pressure strain and the dissipati[13].
The equations of the turbulent kinetic energy ¢d af the

dissipation rate of the kinetic energp) @ssociated with the
second-order model are defined as follows:
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The boundary conditions associated with the abgstem g T
of differential equations are summarised in tablel. !

B

Table 1. Boundaries conditions
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Several important problems arise from the numerical
simulation of this problem. The topology of theviloequires (b) Between the to building
a very fine meshing in a great part of the domkarorder to
get a precise description of any variations,ipaldrly near
the chimney and the obstacles, we adopted a ndaromi
meshing.

The numerical code uses the finite volume methbd, t —_—
solution of equations being based on the algor&hMPLER
proposed by Patankar [14] for the obtained algebrai
equations we use an implicit scheme. The eliminatiethod
of Gauss associated with an under-relaxation tecienis b=
used to solve the resulting tridiagonal matrix.

We introduce a temperature gradient between thelomo (c) Downstream of the second building
and we inject a non reacting fume mixed with aithwi the
chimney nozzles. The composition of the smoke i9%0
CO2, 76.9% N2, 1.8% 02, and 0.4 % SO2. The ejection
velocity UO=4m/s, the temperature of ejection TO&1@&nda  once the pollutant interacts with the buildingse flow
wind velocity Uo=18°, the cross flow temperature¥18°.  hecomes disturbed and we distinguish four main gone

Itis assumed that all species have the same m&=®h  The impact of the flow with the first bloc forcesto come
behaviour in this way; we will consider the £@s a pack which generates a reverse flow region initise Zone.

Fig. 2 Global and zoomed views of the velocity vestn
the symmetry plan (z=0) apxtdm/s and w=4m/s.

reference. The second zone is located above the first blotadhthe
brutal increase of the pressure caused by the filst
. RESULTS provokes the deviation of the fluid towards thefrafdthe met

A. Dynamic features building.

The third zone is situated between the two obstatiethis

We present in figure 2 mean velocity vector issfiech a  region we notice the existence of a large zonedfculation.

bent chimney around twin cubic obstacles underoigioatio The fourth zone is the region downstream the sebtoal
R=1. This zone is generated by the effect of the setwrilding.

Figure 2.a shows that the separation vector imgiogethe

front face of the first obstacle at a stagnatiofmnpolhe
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resulting recirculation gives rise to a horseshogex, which
extends to the sides of the obstacle. The positibithe
horseshoe vortex is shown upstream of the firstamies

We notice also that the flow is separated and ecatdd
when impacting against the first obstacle. We motike
development of the shear layer from the frontaheor

Figure 3.a describes the horseshoe vortices (H&&) t
form near the wall, windward of the first obstaeled wrap
around the base of the building' columns.

The adverse pressure gradient formed at the injeetall
forces the wall boundary layer to separate and ftim
horseshoe vortex. This vortex system is then s$tegtcand

The shear layer vortices (SLV) form at the integfacconvected about the periphery of the buildings like

between the front surface of the obstacle and tto®ming
cross flow. They are the dominant structure in tbgion
separating the bent chimney and the first buildifibese
vortices are quasi-steady and form on the latetgés of the
obstacle as a result of the Kelvin-Helmholtz ingigb

We can observe a well-developed vortex upstreatheof
model, with a stagnation point. This vortex is du¢he shear
of the approach flow near the floor.

Figure 2 b shows that between the two obstaclesntiia
vortex centre is shifted towards the downstreanteaibs side,
the flow direction close to the floor being frometh
downstream to the upstream obstacle, while it isgdted
along the horizontal direction we can also noteptfesence of
the recirculation region developed above the oltestatVe
assist to the development of significant clockwisetices
inside the space separating the twin obstacles.

necklace; this is analogous to the vortex systeméa when
an approaching boundary layer interacts with andgr
mounted to a wall [15]. The HSV are found to beadte
oscillating or coalescing. Frequencies of osciflathave been
found to be correlated with periodic motions of igpt
vortices. (Mariotti et al. [16]).

Figure 3.b describes the region wake.

Figure 3.c presents the separation point.

B. Masses features

Figure 4 presents the contours of the mass fracid®O,
under velocity ratio R=2 in the symmetry plan z¥{e notice
that the pollutant ejected by the bent chimney sendollow
the shape of the first obstacle: in fact the fumeumvents the
obstacle creating a recirculation zone. The trajgcof the
obstacle is influenced by the flow around the fidsstacle, by

In the wake of the downstream obstacle (Figure 2a.c) the recirculation zone, the wakes and the turb@eneated in

recirculation zone extends up to a distance of aibbu

We present in figure 3 the contours of the longditad
vertical and lateral velocity components in thenpyee46m
under a velocity ratio R=1.
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Figure 3.Contours of the velocity in the plan y=46
(a) Longitudinal velocity
(b) Vertical velocity
(c) Lateral velocity

- Separation point

these regions. The second obstacle increasesshuption of
the structure of the pollutant.
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Figure 4.contours of mass fraction of 6 symmetry plan
Z=0for R=2

We represent in figure 5 the vertical distributiohthe
mass fraction field under velocity ratio R=1 and2Rn the
symmetry plan (Z=0).

Figure 5 examine the vertical distribution of thess
fraction field under velocity ratio R=1 and R=2different
longitudinal locations from the domain. These |omag
definitions are only based upon the buildings ewcgtaent.
The first position corresponds to the upstreamhef first
obstacle (x=90m), the second is placed at theabtife first
building (x=137m), the third is located between tie
obstacles, the fourth one is situated at the rdédti@ second
building (x=280m) and the last one is located fawvdstream
by the end of the domain (x=400m).

Figure 5.a shows that at x=90m the mass fraction
distribution adopts Gaussian profile behaviour asassist to
the registration of a single peak that is locateg=87m, it
corresponds to the exit of the chimney. As we peegltin the
longitudinal direction (the fume direction) the tially
Gaussian profile begins to widen: it expands in\tbgical
direction due to the altercations of the fume dicecby the
presence of the twin obstacles. The initial valgealso
affected due to the already began dispersion ofuime and
in some cases its deposition downward.
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In the other hand we studied the mass transfeerb

velocity ratios (R=1 and R=2). We deduced thatvhlecity

_ , ratio can greatly affect the pollutant concentratio a local
X=90 m : upstream . .

of the first building area. The higher the wind speed, the lower theutaoit

Xx=137m:at the roo concentration.

of the first building)

Xx=200m : between the

two building) V.NOMENCLATURE
Xx=280mat the roof c

the second building

x=400m :downstream Symbol Description Unit
the second building d Chimney Diameter m
Hb Building Height m
. f Mass Fraction No unit
2eam Y (M) g Gravitational Acceleration nf's
200 Gk Term of production due to kg/(m $)
buoyancy forces
k Kinetic Energy of Turbulence s’
L2 Distance separating the two m
buildings
Py Term of production due to the  kg/(m $)
mean gradients
R Velocity Ratio No unit
S| Mean Strain Rate No unit
T Temperature K
U, Crossflow Velocity m/s
Uo Injection Velocity m/s
Ui, Uj Velocity components along
the i and j directions
u, v, w Velocity components along m/s
y, andz directions
Figure5. Vertical distribution of the G@nass fraction X, Y, Z Cartesian Coordinates m
under two wind velocity in the symmetry plane (z=0) Greek Symbols
) Volume mass Kg/m®
Thermal Expansion No unit
Far downstream of the twin obstacles, the distidloubf Coefficient
the CQ is progressively flattened: the distorting effetthe e Dissipation Rate of the No unit
obstacles is no longer as significant as previously Turbulent Kinetic energy
Figure 5.b shows that when the velocity ratio iases the u Kinetic Viscosity kg/(m s)
mass fraction maximum moves to the top of the dered " Turbulent (or eddy) Viscosity kg/(m s)
sections, and the maximum value increases also.
We concluded that wind velocity can greatly afféoe i Kronecker symbol (=1 if i=j No Unit
pollutant concentration in a local area. The higter wind and 0 if ]
speed, the lower the pollutant concentration. Wilildtes Subscripts
pollutants and rapidly disperses them throughou¢ th Conditions in Crossflow No unit
immediate area. 0 Exit Section of the No unit
Superscripts
IV. CONCLUSION - Reynolds average No unit
We have examined in this paper the dynamic feadark ~ Favre average No unit

the mass transfer generated under the presena® airhilar
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