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Abstract. A non isotropic turbulence model is extended and applied to three dimensional
stably stratified flows and dispersion calculations. The model is derived from the algebraic
stress model (including wall proximity effects), but it retains the simplicity of the “ eddy
viscosity” concept of first order models. The “ modified k-£” is implemented in a three
dimensional numerical code. Once the flow is resolved, the predicted velocity and turbulence
fields are interpolated into a second grid and used to solve the concentration equation. In this
work the model is evaluated against a full scale dispersion experiment. Flow and tracer
dispersion over Cinder Cone Butte (USA) is computationaly simulated. The lateral divergence
at low levels, a marked characteristic of stable flows, is well reproduced by the model. The
plume path and its sensitivity to the approaching wind direction are well captured. Ground
level concentrations are overestimated by the numerical model, probably because of large
deviations of the wind direction near the ground during the field experiment, which spreaded
the plume and resulted in low ground level concentrations.
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1. INTRODUCTION

The study of flow over complex terrain has been intense in the last two decades,
aiming both the analysis of structural implications due to strong winds (neutral atmosphere)
and the pollutant dispersion under neutral or stable conditions. More recently, the
computational simulation has been used along with laboratory and field experiments in order
to improve mathematical models which try to represent the very complex physical phenomena
involved in the atmospheric boundary layer flows.

The phenomenal increase in computer power over the last two decades has led to the
possibility of computing such flows by the integration of the (modelled, time-averaged)



Navier-Stokes equations and a corresponding concentration equation for the pollutant
transport. Raithby et al (1987) employed the k-€ model (with modification in the C, value) to
calculate the neutrally buoyant flow over the Askervein hill, and compared their numerical
results with the experiment made over the real terrain in Scotland. Dawson et al (1991) also
used the k- model (with some modification in the constants of the dissipation equation) to
simulate the flow and dispersion over Steptoe Butte (Washington, USA) under neutrally and
stably stratified atmosphere. Their results were favorably compared with experimental data,
indicating that mathematical models using the eddy viscosity assumption in the turbulence
closure could be used to predict the flow and pollutant dispersion over complex terrain.

Koo (1993) developed a non-isotropic modified k-€ to account for different eddy
diffusivities in the lateral and vertical directions in the atmosphere. His model is derived from
the algebraic stress model and was applied in one dimensional problems to predict the vertical
profiles of velocity, potential temperature and turbulence variables for horizontal flow in a
homogeneous boundary layer. Also, the model was applied in two dimensional problems to
simulate the sea breeze circulation and the manipulation of the atmospheric boundary layer by
athermal fence

Castro and Apsley (1997) compared numerical (using a “dissipation modification” k-
model, as named by the authors) and laboratory data for two-dimensional flow and dispersion.
Also, Apsley and Castro (1997) used a finite-volume code to compute flow and dispersion in
stably stratified flow over a complex topography (Cinder Cone Butte). They applied a length
scale limiting strategy suitable for atmospheric boundary layer applications.

In Brazil, Dihimann (1989) studied numerically the thermal discharge (from chimneys)
into neutral and stable stratified environments. Santos et al (1992) applied the standard k-€
model to simulate the discharge of a chimney and the correspondent plume dispersion over a
flat terrain. Queiroz et al (1994) applied the standard k-€ model to study (in two dimensions)
the effect of heat islands in the atmospheric diffusive capacity. Netto et al (1997) developed a
methodology to determine the atmospheric dispersive capacity in the convective atmospheric
boundary layer in a given region during daytime. As a result, the Pasquill stability class and
dispersion parameters are determined. Bogon and Maliska (1997a, 1997b, 1998) extended the
non isotropic k-€ model of Koo (1993) to numerically simulate the flow and pollutant
dispersion over complex idealized topography, under neutral and stable stratification.
Computational results were compared with experimental data obtained from a wind tunnel
simulation.

More sophisticated models, like the Reynolds stress model were also applied to
environmental flows and pollution. Sykes and Henn (1992) applied the Large Eddy
Simulation technique to simulate plume dispersion. Our view is that for the time being,
because of limitations in computer resources, those more complex turbulence models (like
Reynolds stress and LES) are not suitable for most engineering problems, due to large CPU
time and memory required.

The main effects of topography on the dispersion of pollution result from changes to
the mean flow (which affects the plume path), turbulence (which affects the plume shape and
the rate of spread) and the possibility of advection into, or release within, recirculating flow
regions. In the present work we extend the modified k- model of Koo (1993), cited above, to
three dimensional flows and pollutant dispersion in neutrally stratified environments.This
work is dedicated to the numerical study of flow and pollutant dispersion over area terrain.
Previous works of the present authors concerned the calculation of flow and dispersion over
idealized topography and their results were compared to laboratory experiments. This time,
our results are compared with the results of full scale and laboratory experiments.



2. MATHEMATICAL MODEL

The task of computing the concentration field downstream from a pollutant source is
divided into two decoupled steps. Firstly we calculate the flow (velocity, temperature and
turbulence variables) in the region of interest. Secondly, we use the computed velocity field
and eddy diffusivities to solve the concentration equation. This separation can be done as we
consider that the pollutant release does not disturb the flow. In fact, in the Cinder Cone Butte
experiment, against which we compare our results, the tracer gas was released with practically
no momentum nor buoyancy force.

The governing equations for the stratified flow are the conservation of mass,
momentum and energy, written below in the usual tensor notation. Dispersion of a pollutant is
computed from the concentration equation, after the flow is resolved.
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where u; is velocity in x; direction, p isthe air density, p is the pressure deviation with respect
to the hydrostatic pressure, 8 is the potential temperature, ¢ is concentration, K{n is the
turbulent eddy viscosity in the j direction, Kl and K. are the eddy diffusivity in the j
direction, respectively for heat and concentration. As the horizontal extension of the problem
is 3 km, the Coriolisforce is neglected. According Meroney (1990), for distances up to 50 km
this simplification may be assumed.

In environmental flows the non isotropic character of turbulence is notable, specialy in
the case of dispersion of a scalar (pollutant) in the flow. For the case of stably stratified flows,
for instance, vertical fluctuations are much inhibited due to buoyancy forces (arising from the
positive vertical temperature gradient), while horizontal fluctuations are not. The turbulence
model applied is a non isotropic k-€. Anisotropy of the turbulence is taken into account by
considering different turbulent diffusivities for horizontal and vertical directions. Due to
limited space, description of the turbulence model is not here presented. Details may be seen
in Bogon and Maliska (1997a, 1997b, 1998).

3. EXPERIMENTAL STUDY
In 1980 the US Environmental Protection Agency (EPA) conducted afull scale dispersion

experiment in ldaho, USA. The chosen site was Cinder Cone Butte (CCB), an isolated,
roughly axisymetric hill about 100m high and 500m radius. Meteorological information



indicated an ocurrence of very stable conditions during nightime in that region. Tracer gas was
released approximately 600m upwind the hill, at 35m above the local terrain. Samples were
placed at the ground level al around the hill and gas chromatography was used to determine
the tracer concentrations. The results represent hour averaged values. Wind speed and
direction, temperature and velocity fluctuations were measured at six meteorological towers
(four of them 10m, one 30m and one 150m high). Tethersonde and minisonde systems
collected some data above the heights of the towers. A complete description of the field
experiment is reported by the EPA (Truppi and Holzworth, 1984).

4. NUMERICAL EXPERIMENT

Here, we report the computational simulations of one particular case study (experiment
206, 05:00-06:00 local time).This case was chosen because it is representative of very stable
atmospheric conditions, which is generally the worst situation from the view of atmospheric
pollution. Also, this case was aready numerically studied by Apsley and Castro (1997), and
was object of a laboratory (towink tank) experiment conducted by the EPA (Snyder, 1990).
Figure 1 sketches the problem as it was computationally simulated for the flow calculation.
For the flow, the domain extends 3km in the lateral (horizontal crosswind) direction. For the
concentration, the grid is 1500m long in the main flow direction (x), begining 50m upwind the
source. Laterally it extends 1200m in the crosswind direction, and is 300m high.
4000

1000

. I} _

_ 5959 X
2000 2000

Figure 1- Sketch of the simulated flow problem (distancesin m)

As the grid used for computing the flow is not adequate for the concentration
calculation, a second grid (refined near the source) is used for the last purpose. Velocities and
eddy diffusivities obtained from the flow solution are interpolated into the second grid for the
concentration calculation. Also, in order to verify grid dependent errors, the computations are
made in acoarse and in afine grid. Figure 2 illustrates the grid used for flow (inflow boundary
at left). Coarse grids have half the number of volumes in each direction, with respect to the
fine grids. Flow grids are 35x32x18 and 70x64x35, concentration grids are 49x49x27 and
98x97x55. The grids were algebrically generated by our code TOPOGRID, which takes the
digitised topography and produces grids aligned with the upwind direction, alowing local
refinement where it is necessary.

The average upwind direction is 127° (with respect to the W-E direction) and the



average speed at the tracer source is 1,1 m/s. The potential temperature gradient of the
approaching flow is 2,1 K / 100 m. The finite volume method is employed to solve the
governing equations, in a non orthogonal, generalized curvilinear coordinate system. Co-
located arrangement is used for variables storage in the grid, and the QUICK interpolation
scheme with source deferred correction term (Lien, 1994) is applied on the convective terms,
except for turbulence variables where a hybrid scheme (WUDS) is adopted. Our own codes
NAVIER (1991) and SMOKE (1997) are used to solve the governing equations, respectively,
for the flow and concentration.
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Figure 2- Top view of the fine grid for the flow calculation over CCB

5. BOUNDARY CONDITIONS

Velocity and potential temperature at the upwind boundary were adjusted from the
experimental data. As the turbulence intensity was not measured, turbulent kinetic energy and
its dissipation rate at the inflow were determined by solving the one dimensional counterparts
(in the vertical direction) of the governing equations for the flow, using the velocity and
temperature inflow profiles.
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where up=6m/s, 6 = 279K , T, = 0.053 K eL =33 m (comprimento de Monin-Obukhov).

At the ground, the law of the wall suitable for atmospheric flows is applied. Velocity and
temperature at the volumes adjacent to the ground are related to momentum and heat fluxes by
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where V,, 6, and h, are velocity, temperature and height of the volumes adjacent to the
ground, ugisthe friction velocity, 8 ¢ isthe ground temperature, H is the heat flux and zy is the
surface roughness (=0,1m). For the turbulence variables it is assumed local equilibrium at the
ground, and for concentration the ground is considered impermeable (null mass flux). All
fluxes of momentum, heat and pollutant at the lateral and upper boundaries are null. Diffusive
flux of all variables are neglected at the outflow boundary.

6. FLOW RESULTS

An interesting feature of stable stratified flows is the fact that, in presence of an obstacle,
at low levels the flow does not have enough energy to overpass the hill. This lower layer has
significant lateral divergence with the flow following the countours of the hill. According to
Snyder et a (1985), there is an upstream height - the dividing streamline height - below which
flow has insufficient energy to attain the summit of the hill and must pass around the sides.
The calculated height of the so called dividing streamline for the present case study is 32m. In
the numerical simulation, however, there is not a clear separation between the lower (almost
horizontal) and the upper (passing over the hill) layers. It was found that for heights up to
=10m the flow is essentially horizontal, passing around the hill. Above =20m the flow
overpasses the hill with no latera divergence. The numerical dividing streamline height of
=15m may be assumed, considerably less than the theoretical height of 32m.

7. CONCENTRATIONRESULTS

A plume released in stable atmosphere over flat terrain demands longer distances to reach
the ground, because of relative small turbulent diffusion, in contrast with releases under
neutral or unstable flows. Over irregular terrain the plume reaches the ground much closer the
source (compared with flat terrain) due to the topography. In the present case of CCB the
plume reached the ground on the upwind slope of the hill, roughly 400m downwind the
source. Other important feature is the lateral deviation, caused by the divergence of the flow,
which turns around the hill at low levels (up to 15m, as explained in the previous section).
Concentration results at the ground (1m above local terrain) are shown in fig. 4. Numerical
results are overestimated, when compared with the experimental values. This can be explained
by the large variation of the flow direction near the ground (20° to 240°, 127° average), as



plotted in fig. 3. Changes in the wind direction drive the plume from one side of the hill to
another, alternately. That causes a large spread of the real plume and, hence, lower
concentrations at the ground.

As cited in the introduction section, Apsley and Castro (1997) numerically studied the
flow and dispersion over CCB. Due to the limited space it is not possible to present their
results in this work to better compare them with ours . We verified that the plume path was
similarly predicted by their model (comparing with our results), while the concentration
values obtained by those authors were even more overestimated than our results, when
compared with the experimental concentrations.

To verify the influence of the wind direction (WD), two different cases were numerically
studied. Deviations of 5° and 10° with respect to the observed mean wind direction (127°)
were considered. Boundary conditions were the same as for the case WD=127°. Fig. 5 shows
ground level concentration contours for WD=127°, 122° and 117°. Our numerical and the
EPA’s laboratory small scale experiment (Snyder 1990) results may be compared. It can be
noticed that in the physical experiment the influence of the approaching wind direction is
more significant. Also, the towing tank concentrations are clearly overestimated. As the
approaching flow wind direction changed by a mere 10°, the region of high ground level
concentrations switched from one side of the hill to the other, consistent with the large spread
of concentration encountered over the hour during the field experiment.
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Figure 3 - Upwind mean direction (deg) to predict the plume path , while the
concentration values are overestimated.

8. CONCLUSION

A modified non isotropic k-€ model is applied to simulate three dimensional stably
stratified atmospheric flow (Pasquill class E) and dispersion over rea terrain (Cinder Cone
Butte - CCB). Anisotropy of the turbulence is taken into account by considering different
turbulent diffusivities for horizontal and vertical directions. Once the flow is calculated, the
variables are interpolated into a second grid and the concentration equation is resolved. The
finite volume method is employed to solve the differential model equations. Results show the
characteristic of lateral divergence of the low levels of the flow, which contour the hill
horizontally. This lateral divergence causes the plume to be convected to one side of the hill.
The predicted plume path isin concordance with the experimental data from CCB. Numerical
concentrations at the ground are overestimated, much possibly because of large changes in the
upwind mean direction during the field experiment, which enhanced the spread of the real



plume and resulted in lower concentrations.
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Figure 4 - Ground level concentration contours for WD=127° (dotted values are experimental)
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(8) WD = 127°

(c) WD = 117°
Figure 5 - Sensitivity to wind direction (WD).
Numerical (left) and laboratory (towing tank) results (right) - valuesin ppt

10. REFERENCES

Apsley, D. D., Castro, . P., 1997, Numerical Modelling of Flow and Dispersion Around
Cinder Cone Butte, Atmospheric Environment, vol. 31, no 7, pp. 1059-1071.

Bocon, F. T. and Maliska, C. R. , 19973, Numerical Modelling of Flow Over Complex
Terrain, Proceedings, XVIII Iberian Latin American Congress on Computational Methods



in Engineering, Brasilia- DF, published in CD-ROM.

Bocon, F. T. and Maliska, C. R., 1997b, Numerical Modelling of Flow and Dispersion Over
Complex Terrain, Proceedings, XIV Brazilian Congress of Mechanical Engineering,
ABCM, Bauru-SP, p. 211-218.

Bocon, F. T. and Maliska, C. R.,1998, Application of a Non Asitropic Turbulence Model to
Stable Atmospheric Flows Over 3D Topography, Proceedings, VI Brazilian Congress of
Engineering and Thermal Sciences, ABCM, Rio de Janeiro-RJ, p. 1334-1339.

Castro, I.P. and Apsley, D.D.,1997, Flow and Dispersion Over Topography: A Comparison
Between Numerical and Laboratory Data for Two-Dimensional Flows, Atmospheric
Environment, vol. 31, no 6, pp. 839-850.

Dawson, D., Stock, D.E. and Lamb, B. , 1991, The Numerical Simulation of Airflow and
Dispersion in Three-Dimensional Atmospheric Recirculation Zones’, J. Applied
Meteorology, vol. 30, pp. 1005-1024.

Dihlmann, A., Maliska, C. R., Silva, A. F. C.,1989, Solucdo Numérica da Descarga de Jatos
Poluentes em Meio Estratificado, Anais do X Congresso Brasileiro de Engenharia
Mecanica, ABCM, Rio de Janeiro-RJ, p. 101-104.

Koo, Y.S,, 1993, Pollutant Transport in Buoyancy Driven Atmospheric Flows, Ph.D. Thesis,
The Louisiana State University and Agricultural and Mechanical Col.

Lien, F.S. and Leschziner, M.A.,1994, Upstream Monotonic Interpolation for Scalar Transport
With Application to Complex Turbulent Flows, Int. J. For Numerical Methods in Fluids,
vol. 19, pp. 527-548.

Meroney, R. N.,1990, Fluid Dynamics of Flow Over Hills / Mountains- Insights Obtained
Through Physical Modeling. Chapter 7 in Atmospheric Processes Over Complex Terrain.
Meteorological Monographs, v. 23, p.145-171.

NAVIER, 1991, Development of Computational Codes for the Solution of High Speed Flows,
Report for the Instituto de Atividades Espaciais do Centro Técnico Aeroespacial, Federa
University of Santa Catarina, Mechanical Engineering Dep., CFD Lab (SINMEC), part
VII.

Netto, P. R., Lyrio, A. L., Queiroz, R. S., 1997, An Alternative Methodology For Evaluation
of Atmospheric Dispersion in a Given Region, Proceedings, X1V Brazilian Congress of
Mechanical Engineering, ABCM, Bauru-SP, p. 203-210.

Queiroz, R.S., Fabo, RA. & Vargédo, L.M.C.,1994, Influéncia de Ilhas de Calor na
Capacidade Dispersiva Atmosférica, V Encontro Nacional de Ciéncias Térmicas, ABCM,
pp. 387-390.

Raithby, G. D., Stubley, G. D., and Taylor, P. A., 1987, The Askervein Hill Project: A Finite
Control Volume Prediction of Three-Dimensional Flows over the Hill, Boundary-Layer
Meteorology, v. 39.

Santos, J. M., Nieckele, A. O., Azevedo, L. F. A.,1992, Dispersdo de Contaminantes na
Atmosfera. Modelagem Através da Solugdo Numérica das Equacdes Fundamentais de
Transporte. IV Encontro Nacional de Ciéncias Térmicas, ABCM, Rio de Janeiro, p. 419-
422.

SMOKE, 1997, Computational Code for the Solution of 3D Scalar, CFD Laboratory
(SINMEC), Mechanical Engineering Dep., Federal University of Santa Catarina.

Sykes, R. I., Henn, D. S. , 1992, Large-Eddy Simulation of Concentration Fluctuations in a
Dispering Plume, Atmospheric Environment, v. 26A, n. 17, p. 3127-3144.

Truppi, L. E., Holzworth, G. C., 1984, EPA Complex Terrain Model Development -
Description of a Computer Data Base From Small Hill Impaction Study no. 1 - Cinder
Cone Butte, Meteorology and Assessment Division, Environmental Sciences Research
Lab., EPA, North Carolina, USA.



