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ABSTRACT:

The flow and dispersion of stack—gas emitted from different an elevated point source around flow obstacles in an
urban environment have been investigated theoretically using computational fluid dynamics models (CFD) and
experimentally in the diffusion wind tunnel under different condition of thermal stability using a tracer gas technique
without buoyancy. The flow and dispersion fields in the boundary layer in an urban environment were examined at
different flow obstacle. Gaseous pollutant is discharged in the simulated boundary layer over the flat area. The CFD
models used for the simulation were based on the steady—state Reynolds—Average Navier-Stoke equations (RANS)
with k—¢ turbulence models; standard k—¢ and RNG k—¢ models. The flow and dispersion data measured in the wind
tunnel experiments were compared with the results of the CFD models in order to evaluate the prediction accuracy
of the pollutant dispersion. The results of the CFD models wind tunnel experiments showed good agreement with the
results of the wind tunnel experiments. The obtained results indicate that the turbulent velocity is reduced by the
obstacles models, and the maximum dispersion appears around the wake region of the obstacles. Moreover, these
results are used to validate the corresponding Gaussian dispersion model prediction.
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around a cube and prismatic obstacles and the
variations of flow with obstacle dimensions
have been compared with those under a flat-
plate condition, also including the stack gas
diffusion (e.g. Wilson, D.; 1979, Schulman and
Scire, J.; 1991, Wilson, D.J. and Lamb, B.;
1994, Meroney, et al.; 1999), have been made.
In an examination of the flow and
concentration behind a model cube in the wind
tunnel, Merony and Yang (1971) and other
varied Vs/U, Hs/H and wind direction. There
have also been a number of wind tunnel studies
of flow and/or dispersion around a single
surface- mounted obstacles and small group of
building in a turbulent boundary layer of
1994, and

others. For instance, the numerical simulation

Snyder, 1993, Snyder, Lawson,
of the flow and prediction of pollutant
dispersion around obstacles buildings have
been carried out by many authors using
physical simulation such as in Halitsky (1963),
Robins and Castro (1977), Wilson and Britter
(1982), Wen-Whai and Meroney (1983), Huber
(1989), Isaacson and sandri (1990), Higson et al.
(1994), Saathoff et al. (1995), Macdonald et al.
(1998), Mavroidis and Griffiths (2001), and
Mfula et al (2005).

The main objective of the current study is
to conduct a wind tunnel investigations with
CFD simulation to improve our understanding
and computational modeling of the flow and
pollutant dispersion emitted from an elevated
point source around flow obstacles in an urban
area under different types of atmospheric
stability within the atmospheric boundary
layer. Moreover, Sufficient data to validate the
corresponding Gaussian dispersion model
prediction are obtained. The flow and diffusion
fields in the boundary layer in an urban
environment were examined in three flow
obstacle cases: (a) without flow obstacles, (b)
Coils for cooling
Electric heater for heating

after 2-D plate model obstacle, and (c) after 3-D

cubic obstacle model. Commercial
Computational Fluid Dynamics, CFD software,
such as FLUENT (2005) solves conservation
equations for continuity, momentum, energy

and concentration.

EXPERIMENTAL SET-UP:

Closed thermal diffusion wind tunnel was
used to perform the experiment. The schematic
diagram of the experimental set-up in the
present study is illustrated in Fig. (1). Three
different types of thermal stratification (stable,
neutral and unstable) within the atmospheric
boundary layer were created in the test section
by controlling the inflow temperature and wind
tunnel floor temperature. Heating the air and
cooling the wind tunnel floor produced a stable
stratified layer. The inflow temperature (T;)
and wind tunnel floor temperature (Ty) were set
at 27.8°C and 21.0°C respectively, where the
Bulk Richardson number (Rig-gH (T;-Ty)/Ty
U%) was set at 0.04 and Reynolds number (R,)
was 6X10°. While, cooling the air and heating
the wind tunnel floor produced an unstable
stratified layer. The wind temperature and
wind tunnel floor temperature were 11.9 and
16.0°C respectively, where Rig was at —0.06 and
R. was 10X 10°. In neutral stratified layer, Rig
was 0.0 and R, was 4X10°. The scale of the
model was also set to be 1:500. The obstacle
two-dimensional plate was 60 mm height and
1600 mm width. The
dimensional cubic building model was
60X60X60 mm. The stack is modeled by the
cylinder with inner and outer diameter of 4 & 6

obstacle three-

mm. The schematic diagrams of flow obstacles
and different
illustrated in Fig. (2). The model stack was
located at X=0. Measurements were made with

elevated stack model are
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Fig. (1): Experimental set-up in wind tunnel

Obstacl flow
Wmd Wmd
Stack Stack

Obstacle flow

Fig. (2): Flow obstacles and different elevated point source

the model stack height of 60 mm and changed
to 30 mm with three different atmospheric
conditions to clarify the effect of source height
on diffusion.

A Laser Doppler Anemometer, LDA was
used to measure the mean velocities and
turbulence intensities in longitudinal and
vertical directions. The flow and floor
temperatures were measured using thermo-
couple with copper-constantan thermocouples,
which is installed at five positions.

Ethylene, C;H,, was used as tracer gas and
released from a point source for diffusion
measurements.

A hydrocarbon analyzer

detector (FID) was used to measure the C,H,

concentration. The concentration measurem-
ents, are presented in the ratio of C/C,, where
C is the measured concentration, and C, is the
reference concentrations (CD=Q/UHHH2, where
Q is the source volume flow rate, Uy is the free
stream velocity at the height of obstacle, Hy). In
the present study, the emission velocity from
the stack was 10% of the free stream velocity.
Therefore, the effluent velocity of the pollutant
is assumed negligible. Since a density of C,H,
gas is almost the same as, the density of
pollutant gas can be thought to have the same
density at the height of the pollutant effluent in
the boundary layer.
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Fig. (3): Computational domain and mesh division

EXPERIMENTAL CONDITIONS:

All these experiments were carried out with
the following conditions: a) wind velocity
profile of i power law is simulated for all three
cases, b) gaseous pollutant is discharged in the
simulated boundary layer over the flat area, c)
the effluent velocity of the pollutant is set to be
negligible, d) the density of pollutant gas is the
same as the height of the pollutant effluent in
the boundary layer and e) the stratified wind
tunnel experiments were performed under
three atmospheric conditions: stable (Rig=0.04),
neutral (Rig=0) and unstable (Riz=-0.06).

K-€ TURBULENCE MODELS:
1-Geometrical Configuration

The computational mesh employed was a
conventional non uniform mesh for which the
number of grid cells, faces and nodes were

Continuity equation:

ou,
“i_oa
o m

1

Momentum equation:
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345360 cells, 1020957 faces, and 360696 nodes.
A typical grid configuration in the near wake
region of the building model is shown in Figure
(3). The final meshes consist of fluid cell. All
calculations were performed using FLUENT
6.2.16, a commercial finite volume —based CFD
model (FLUENT, 2005). In addition, the
geometry was modeled using GAMBIT 2.2.30
software.

2-Governing Equation:

The fluid flow was modeled by partial

differential equations describing the
conservation of mass, momentum and species
concentration in three rectangular Cartesian
coordinate directions for steady,
incompressible flow which after Reynolds

averaging become:

—— | w2
ox;  Ox
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Species transport equation:

ou . -
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ot Ox, ox Ox J

J J J

The Reynolds stress and turbulent flux in equations (2) and (3) are parameterized in terms of

grid-resolvable variables as
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T
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where v,and v, are the turbulent viscosities of momentum and pollutant concentration, respectively,
o0ij is the kronecker delta, Tk is the turbulent kinetic energy.

Turbulent energy transport equation.

%+—6Tmui :i[L%J—H}‘ %4_% %—8 (7

ot Oox, ox,\ o, Ox, ox; 0Ox, |ox,

To model the turbulent dissipation rate, the sink term in the turbulence dissipation
standard k-¢ model (Launder, 1974) and RNG equation to account for non-equilibrium strain
k-¢ model (Yakhot, 1992) are adopted here for rates and employs different values for the
computational efficiency and accuracy. The model coefficients (Kim et al., 2004). The
RNG k-¢ model differs from the standard x-¢ turbulent dissipation rate in the standard x-¢
turbulence scheme only through the modified model expressed by the following equation:
equation for & which includes an additional

o Oeu, 0 [vt aej e (ou, Ou,)\ou, &’
—t—=———— |+, — V| —F— | ——C,— (8
ot oOx, Ox,\o, O Tyx Oox y Ox, |Ox y Tyr

On other hand, the turbulent dissipation rate in the RNG k-¢ model expressed by the following

equation:

O0¢ Oeu;, 0 (v, O¢ P ou, Ou; \ou, g’
T T AT s Vil oot s G RO
ot Ox, Ox Ty \Ox; Ox; |ox, Tyx

o, OX; 5
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where oy, 6., c;; and c;; are empirical constants. An extra last term on right-hand side of equation (9)

is an extra strain rate given by

1-n/n
R=cn’e’—"— (10)
! k(1+ﬁ0773)
1/2
T. || Ou, auj ou,
= +—L =t an

e || Ox; Ox, |ox,
where, u; is the ith mean component; p is the deviation of pressure from its reference value; c is the
mean concentration of any passive scalar (say, any pollutant); z’and ¢’ are fluctuations from their
respectively u; and c, respectively and p is the air density. Txzand ¢ stand for the turbulence kinetic
energy and its rate of dissipation, respectively. v is the kinematic viscosity of air, D is the molecular
diffusivity of pollutant, S. denotes the source of pollutant. c,, oy, 6;, Ci;, Cz¢, €2, G, Mo and P are the
turbulence model constants tabulated in Table (1).

In modeling urban flow and dispersion, 3-Boundary Conditions:
smaller grid size is desirable around building A wall function was employed in the near-
model to better resolve flow and dispersion
field there. To make the CFD model efficient

for a given computing resource, a non-uniform

wall region. The inlet velocity profile for the
atmospheric boundary layer was applied based

on wind profile through the wind tunnel
grid system is implemented in the model. The experimental data as shown in Fig. (4). The
above ~ governing  equations are solved inlet profiles for the turbulence kinetic energy
numerically on a staggered grid system using a Ty and dissipation rate ¢ are found in
finite-volume method with the semi-implicit

FLUENT and read.
method for pressure-linked equation (SIMPLE)
algorithm (Patanker, 1980). For further details
of the numerical procedure, refer Baik et al.
(2003).
2
u
T, =——= (13)
VEu
3/4 (3/2
Ke )

g =% (14)

where u; is the friction velocity and / is the turbulence length scale. More details about equations (13)
and (14) refer to FULENT (2005).

Table (1): Turbulence model constant values

Model | Constant Cy ok o; Cie | € [ o Mo p
Standard Val 0.09 1.0 1.3 144 | 1.92 - 0.7 - -
RNG alue 0.0845 | 0.1719 | 0.1719 | 1.42 | 1.68 | 1.68 - 4.38 | 0.012
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RESULTS AND DISCUSSION:
1-Simulated boundary layer:

A simulated atmospheric boundary layer
was obtained by using a combination of spires
and roughness elements on the floor of the
tunnel as shown in the schematic diagram of
Fig.(4). This combination of spires and
roughness elements produced a simulated
atmospheric boundary layer with a normal
depth, &, of 1000 mm and a free stream wind
speed, U_ of 1.3 ms'. Fig. (4) shows the
simulated turbulent boundary layer in the wind
tunnel under three atmospheric conditions:
stable, neutral and unstable at X/Hgp=3
(X/Hgpy=0.0 and -0.05 corresponding to the
position of the model stack and the flow
obstacles). Fig. (5) shows typical temperature
profiles in the vertical direction for stable and
unstable stratified boundary layer at X/Hg=-3,
0, 0.7, 1 and 1.3. On the stable stratified flows,
show almost linear profiles in the vertical
direction and uniform temperature profiles at
the stream-wise direction.

2-Flow characteristics of the boundary
layer:

The flow profiles were made at three
different spots along the centerline of the wind
tunnel; X/Hgpy=0, 0.2, and 0.6. The flow
obstacles were located at X/H),~-0.05. All the
velocity data are non-dimensionalized by the
reference velocity Uy, at the height of 600 mm.
All the vertical profiles were measured in the
turbulent boundary layer starting at 3 mm
above the floor. The CFD and wind tunnel
results in the flow patterns for all three
atmospheric conditions; neutral, stable and
unstable cases with three flow obstacle cases
are shown in Figs. (6 to 11). As shown in these
figures, agreement between the CFD and wind

-41-

tunnel results for flow characteristics is quite
good under thermal stability. The difference
was without obstacle and with cube model
under unstable condition. The buoyancy forces
affect the mean stream-wise and turbulence in
the region up to Z/Hp<2. A thick internal
boundary layer can be seen in the case with
plate obstacle due to increased turbulence
velocity in the three atmospheric conditions,
while in the case with cube obstacle, the
internal boundary layer generated is thin and
more or less the same in the case without
obstacles. The reattachment length of the
separated flows with plate obstacle is longer
than that with the cubic model. The profiles of
mean velocity in the leeward direction with the
three flow obstacle cases in the neutral and
stable  boundary layer  thickness are
approximately the same, but the mean velocity
profiles are increased in the unstable boundary
layer due to increase in the turbulence, which
augments momentum transfer from higher to
lower levels. The value of turbulence velocity in
the leeward with the plate model is higher than
that without obstacles and with the cube model.

3-Dispersion characteristics of the

boundary layer:

To establish dispersion characteristics of
the simulated boundary layer, dispersion
concentration were predicted using CFD
models and wind tunnel experiment through
the atmospheric stability with the three flow
obstacle at three leeward distances: X/H4,=0.2,
0.3, and 0.6. The model of the stack (H,) was
located at X/H;p~0. Concentration predication
were made using the model stack height of
H/H=1 and changed to 0.5 for the same three
cases, where, H is a height of obstacle model.
The dispersion concentration, K were measured
in the boundary layer at stack height, H/H=1
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and 0.5 for all three atmospheric conditions
with the three flow obstacle cases are shown in
Figs. (12 to 17). In general, when effluents come
out of the vertical stack at low momentum or
low mean vertical velocity, and horizontal flow
sufficiently strong around the stack, the
effluent plume may be drawn down in the low
pressure region in the near wake of the stack.
This phenomenon is referred as stack
downwash (Arya, 1999). In these figures, the
CFD simulation predicted a similar concentra-
tion diffusion with that in wind tunnel
experimental results. The computed
concentration diffusion using the standard x-¢
model was observed quite agreement with the
experimental results. The discrepancies in the
spread concentrations between the wind tunnel
and CFD models at some points in the vertical
profiles may be due to low Reynolds number in
the wind tunnel. The peak value of
concentration for the three atmospheric
conditions with the three cases of flow obstacle
are ranging from 4 to 9 at a half stack height,
where the effluent is emitted near the
separation-reattachment region and created the
downwash due to the emission velocity from the
stack was 10% of the free stream velocity.
Dispersion concentration using the plate model
is less than that of the cubic model due to the
increased turbulence velocity for the plate
model. While, at the half stack height, the
concentration without flow obstacle is higher
than that with the plate and cube model. The
value of concentration when using the plate
model in the three atmospheric conditions is
approximately the same at H/H=0.5 and 1, this
is also found in the case of the cube model. But,
the value of concentration without obstacle at
Hy/H=0.5 is higher than that of H/H=1 because

of the increased stream velocity. The maximum

-42-

concentration is found around the wake region
of the obstacles. Therefore, the spread
concentration is high near the stack and getting
smaller as the distance increased away from the
stack. In general, the spread concentration for
the unstable is higher than that of the neutral
and stable atmospheric conditions (Ogawa,
1974) as drawn also the present work, the
concentration in an unstable case is higher than
that in neutral and stable cases in the case of
Hy/H=0.5 and 1. This is due to the decrease of
turbulent diffusion in unstable condition.

CONCLUSIONS:

After the careful investigation on the flow

and pollutant diffusion in an wurban
environment using CFD meodels and wind
tunnel experiments, the results obtained may
be summarized as the following: (1) The
buoyancy forces have effect on mean stream-
wise and turbulence in the region up to Z/Hgg <
2, (2) A thick internal boundary layer is
generated in the case with plate model, (3) The
inner boundary layer is very thick around the
wake region due to the turbulence mixing, (4)
The peak concentrations for the three
atmospheric conditions with the three flow
obstacle cases are ranging from 4 to 9 at the
half stack height, (5) Dispersion concentration
in unstable case is higher than that in neutral
and stable cases, (6) Dispersion concentration
for the cubic model are higher than that of the
plate model, (7) The value of concentration
with stack height Hs/H=0.5 is higher than that
when Hs/H=1, and (8) The
concentration is found around the wake region

maximum

of the obstacles.
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Fig. (4): Vertical profiles of mean velocity and turbulent intensity in the simulated boundary layer
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Stable case (X/Hg00=0.2)

Stable case (X/Hg00=0.6)
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Fig. (6): Mean velocity components in longitudinal direction under stable condition
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Neutral case (X/Hg00=0.2)
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Fig. (7): Mean velocity components in longitudinal direction under neutral condition
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Fig. (8): Mean velocity components in longitudinal direction under unstable condition
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case (X/Hg00=0.6)
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Fig. (9): Turbulence velocity components in longitudinal direction under stable condition
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Fig. (10): Turbulence velocity components in longitudinal direction under neutral condition
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Fig. (11): Turbulence velocity components in longitudinal direction under unstable condition
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Fig. (12): Dispersion concentration, K with stack height, H,/H=0.05 under stable condition
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Fig. (13): Dispersion concentration, K with stack height, H,/H=0.05 under neutral condition
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Fig. (14): Dispersion concentration, K with stack height, H/H=0.05 under unstable condition
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Fig. (15): Dispersion concentration, K with stack height, H/H=0.1 under stable condition
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Fig. (16): Dispersion concentration, K with stack height, H/H=0.1 under neutral condition
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