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ABSTRACT

A simulation from three stacks of a power plant fac-
tory in a complex terrain, is attempted for the days of 2/12
and 3/12/11 where the most aggravating conditions were
observed. For this simulation a mesoscale prognostic mete-
orological and air pollution model, The Air Pollution Model
(TAPM), and a microscale computational fluid dynamics
model (ANSYS-CFX) were used, configured and run for
the two aforementioned days. Both models calculate the
entrapment of PM,y during the afternoon and late morning
hours of the simulation, while the development of a shal-
low convective atmospheric boundary layer, during the
noon hours and the creation of a height inversion, leads to
relatively high ground concentrations. Statistics perfor-
mance of ANSYS and TAPM showed good correlation
0.94, 0.80 and 0.96 for the three cases that the numerical
model was used.
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1. INTRODUCTION

Modeling and its applicability in environmental situa-
tions is considered to be a tool that is developed and ap-
plied from scientists and researchers in order to simulate
real cases. More specifically, simulations of area, line and
point sources, as well as analysis of extreme meteorologi-
cal conditions with model implementation such as cy-
clones, dynes, inversions and complex terrain, are of high
interest in the research community [1-5]. Moreover, mod-
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eling is related to impact assessment studies to represent
phenomena from a micro scale to a high scale. Another
advantage of modeling is that weather forecast is direct-
ly linked with pollutants concentrations, helping the mod-
eler to prevent or predict pollution episodes [6-8]. Many
computer-based models have been developed for predict-
ing pollutant dispersion. However, despite the fact that,
computers are evolving rapidly to solve more complex
algorithms, most of the models are based on empirical
formulae. Therefore it is important that numerical com-
plex models which are based on Navier —Stokes equations
to be provided with many input parameters and with the
knowledge of real atmospheric boundary layer in a meso-
scale level, that is going to be simulated [2, 9].

Several reports have been made to simulate dispersion
from factory stacks (point sources) [10-12, 16-18]. A study
considering the basins’ power plants used a coupled at-
mospheric mesoscale model and a Lagrangian dispersion
model to investigate the pollutants transport conditions,
plume impingement cases, fumigations and the atmos-
pheric conditions that favor pollutant concentration [10].
Another study, concerning computational fluid dynamics
from stacks dispersion, has been made by using computa-
tional fluid dynamics model ANSYS- CFX, comparing it
with different models-approaches for 100m, in order to
investigate the dispersion of pollutants from a multiflue
calcination stack [11].

In this study, a mesoscale prognostic meteorological
and air pollution model (TAPM) and a microscale compu-
tational fluid dynamics model (ANSYS-CFX) were con-
figured for a complex terrain area in order to investigate
the mechanism that favors the accumulation of pollutants,
as well as the dispersion conditions in the lower parts of the
atmosphere during an episode case. At the time that the
episode was observed, high pressures were covering south-
eastern area of Europe, resulting to the degradation of the
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surface wind field and to the absence of significant up-
ward motions. The above synoptic conditions contributed
to the gradual increase of relatively high pollutants con-
centrations, which were measured during that period [19].
The concentrations of PMjo during the two days of the
simulation were four times higher than the average monthly
value. For this occasion, the lowest in height power plant
stacks was chosen (see Table 1.); with the intension of
investigating the dispersion mechanism that might lead to
relatively high ground concentrations in the area. It
should be noted that the stack height from the other power
plants in the area are 200m, and therefore, model simula-
tions were carried out only for the particular power plant.
More specifically, the simulations include a TAPM model
configuration covering the area of approximately 30x30
km? to the inner grid of the simulation; with data assimila-
tion in winds from 10 meteorological stations in the area
of interest for meteorology [16]. While, as far as pollution
is concerned in the same domain, the area that was cov-
ered is 13.5x13.5 km?. In parallel, an ANSYS-CFX model
configuration including the industrial sources (three
stacks’ emissions) in their real position has been built, in
order to simulate the PM,o dispersion in space, in a cubic
domain of 500m in each direction.

2. MATERIALS AND METHODS

2.1 Study area

The area of interest for the simulation is the basin in
the axis of the Greek cities of Kozani and Ptolemais. This
is a heavily industrialized area, which can be character-
ized as a broad, relatively flat bottomed basin surrounded
by tall mountains, with height from 600 to more than
1500m above mean sea level. It is approximately 50 km in
length and the width ranges from 10 to 25 km. The basin
axis has a northwest to southeast direction. Furthermore,
south from the valley the artificial lake of Polifitos is
located. This lake together with the four natural lakes of
Petron, Vegoritida, Ximaditida and Zazari in the north
and northwest location, characterize the topography as fairly
complex. In addition to that, four lignite power stations in
the basin are operated by the Greek Public Power Corpo-
ration, with lignite mined in the nearby open pit mines.
The climate of the area is continental Mediterranean with
low temperatures during winter and high ones during
summer, signifying rather strong temperature inversions
during the whole year [5]. Figure 1 shows the topography
of the region, including the two major cities, the power
stations as the only source for the simulation, as well as the
peripheral meteorological stations.

—
m POWER PLANT STATION [l MAJOR CITIES @ METEOROLOGICAL STATION

FIGURE 1 - Topography of Western Macedonia, including the peripheral stations for data assimilation and the power plants. In circle is the

Power Plant station that was simulated. Elevations are in meters.
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2.2 The dispersion model TAPM

TAPM is a nestable, prognostic meteorological and
air pollution model that solves fundamental fluid dynam-
ics and scalar transport equations to predict meteorology
and pollutant concentration for a range of pollutants im-
portant for air pollution applications. For computational
efficiency, it includes a nested approach for meteorology
and air pollution, with the pollution grids optionally being
able to be configured for a sub-region and/or at finer grid
spacing than the meteorological grid, which allows a user
to zoom-in to a local region of interest quite rapidly.
TAPM includes chemistry and deposition modes, where
specific pollutants and their interaction with each other
are represented. Eulerian and Langragian modules also
exist as an option to the user, for a more accurate simula-
tion. In addition, it includes parameterizations for cloud/
rain micro-physical processes, turbulence closure, urban
canopy, soil and radiative fluxes. TAPM is also able to
dynamically downscale 1° resolution National Centre for
Environmental Prediction (NCEP) Global Forecasting Sys-
tem (GFS) analyses to local —scales for environmental
applications [13-16].

More specifically, TAPM configuration character-
istics that were chosen for this particular occasion are
four nested grid domains for meteorology and pollu-
tion, covering 25 vertical model levels and 30x30 hori-
zontal grid points. The center stack of the three was consid-
ered to be the center of the simulation (0,0,0), with coordi-
nates to be obtained from Universal Transverse Mercator.
In detail, the TAPM simulation grids are as follows:

 Outer grid of the simulation spacing 30x30 km?
(7.5x7.5km? for pollution).

» Second grid of the simulation spacing 10x10 km?
(2.5x2.5 km? for pollution).

o Third grid of the simulation spacing 3x3 km?
(0.75x0.75km? for pollution).

o Inner grid of the simulation spacing 1x1km? (0.25
x0.25km? for pollution).

Data assimilation in winds from 10 regional stations
shown in Figure 1 was included for meteorology while, as
far as pollution is concerned, Eulerian plus Lagrangian
approaches were selected to represent the dispersion near
the source.

The emissions of three stacks (point sources) were
used for the simulation, with the same characteristics as in
numerical model, while tracer mode (TR1) was selected for
PM,o simulation. Figure 2a shows the four grid domains
that were used for the TAPM simulation.

2.3 The CFD model (ANSYS-CFX)

ANYS model is a commercial computational fluid dy-
namics software that is based on the governing fluid flow,
the three momentum Reynolds Averaged Navier-Stokes
equations and traditional transport equations. The model
included condensation and evaporation of the water phase
to enable assessment of plume visibility, as well as pollu-
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tants dispersion. The following assumptions were made
[11]:

(1 Turbulence was modeled using k-g¢ approach with
buoyancy correction term included, buoyancy flux en-
hancement factor= 1 (a value of 1 means no enhance-
ment of the standard buoyancy flux).

() The air and vapor behave as ideal gases and the liquid
can be regarded as incompressible.

00 The latent heat of vaporization is constant over the
temperature range considered.

Taking into account the above hypothesis, an ANSYS
configuration was made by creating the simulation domain
of 500m in each direction. The atmospheric boundary layer
conditions were provided by TAPM. ANSYS-CFX was
chosen among other software because it is considered to
estimate the atmospheric boundary layer more accurately
[9]. The whole domain was devised into regions namely:
domain inlet, domain outlet, domain top, domain right and
left and domain ground, where the three stacks (PS1,PS2
and PS3) were build and considered them to be as point
sources in order to simulate PM;o dispersion (Figure 2a,).
The number of fine grid elements is 2.780.437 for the
whole domain. The stacks characteristics are represented in
Table 1.

TABLE 1- Characteristics of the three stacks that were used for the
simulation.

PS1 PS2 PS3
Height (m) 115 115 150
Diameter (m) 7.2 7.2 9.3
Exit Velocity (m/s) 15.3 15.3 152
Exit Temperature (K) 495 495 495

For the numerical model, three different cases- hours
during the episode were selected in order to represent the
plume behaviour. The data inputs for the numerical model
are average hourly values from the closest measurement
station (steady state) and they are illustrated below.

1. At 10:00 UTC, with initial conditions (inlet) 2.3m/s for
the wind speed and for temperature 288.2 K.

2. At 14:00 UTC, with initial conditions (inlet) 1.5m/s for
the wind speed and for temperature 292.5K.

3. At 20:00 UTC, with initial conditions (inlet) 2.8m/s for
wind speed and 287.1K for temperature.

TAPM simulations cover a much larger area of land,
and larger grids/mesh elements are used than in CFD mod-
eling described in this paper. Furthermore, TAPM simula-
tions are transient, which means that simulations are being
conducted for pollutants dispersion over periods/time. On
the other hand, the CFD modeling presented here is a
steady state and actually presents a snap-shot of the plumes
behavior, with parameters such as emission rates, wind
speed and direction to be held constant.
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FIGURE 2a - Grid domains used for the TAPM simulation.

50000 {m)
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FIGURE 2b - Grid domain created in ANSYS. The colored black
side is the domain inlet.
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3. RESULTS AND DISCUSSION
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3.1 Meteorology Modeling

The vertical profile of potential temperature was cal-
culated by TAPM, as it can be seen in Figure 3, in order
to examine the diurnal variation of temperature during the
different hours of the day, in conjunction, the average
vertical wind profile is also calculated and presented in
Figure 5.

As it is evident from the temperatures’ variation pro-
file, at 6:00 a strong inversion layer with strength of
4K/300m is evident to extent up to a height of 300m. At

10:00, two hours after the local sunrise, a stable layer with
an intense surface based inversion beneath 100m occurs.
From the corresponding wind data, a weak easterly flow
appears at the surface, while above 100m a westerly di-
rection wind is evident.

Two hours later, at the midday, a deep super adia-
batic layer is calculated by TAPM near the ground, and at
the same time a weak elevated inversion is existing from
200m to 250m, while at an altitude of 380m and higher, a
less stable layer is evident for the same hour. The calcu-
lated winds for this hour show a weak north flow from the
surface up to 800m with scalar increased intensity. Fur-
thermore, during the warm hours, and specifically at 14:00,
a relatively rapidly development of a shallow surface-
based convective boundary layer and a height inversion
between 250m and 580m is evident, while up to 600m a
less stable layer occurs for the same hour. Within the
unstable layer an upslope northeast (NE) flow prevailed
due to heating of the valley sides. In the stable layer at the
same time, the weak winds blow from northwest (NW) to
west (W) direction. Two hours later at 16:00 the convec-
tive boundary layer is evident at an altitude below 200m,
while simultaneously neutral conditions occur between
200m and 400m, probably due to further heating of the
valley. Turnings in wind direction below 200m as well as
calms are presented in this hour. The formation of that
layer, together with the prevailing conditions in the at-
mosphere in those warm hours, favor the entrapment of
pollutants in the lower levels near to the surface, a fact
that leads to relatively high ground concentrations.

Two hours after sunset, at 19:00, an inversion layer
was created up to 450m. However, within this stable layer
a more intense surface-based inversion layer is depicted
for the first 180m. Slope winds from west direction re-
sulted from radiative cooling of the valley slopes, assisted
the valley floor in filling it with cold air, a situation which
created a stable layer of cold air. Moreover, at 21:00, the
ground-based inversion reached the 200m and, simultane-
ously, higher up, a stable less layer is formed.

It should be mentioned that the calculated characteris-
tics of vertical temperature profiles are in agreement with
the observations made by experiment through a tethered
balloon system in the valley in 1995 [5].

The average daily evolution of the atmospheric bound-
ary layer for 2/12 and 3/12/11 is described in Figure 4. In
this Figure the variation of the potential temperature at
different heights from 10m to 750m at the center grid of the
simulation during the day is illustrated. As it is represented,
the potential temperature changes more quickly at lower
altitudes as well as during sunrise and sunset periods.

To sum up, the absence of strong synoptic winds at
higher levels (4m/s) and the calms that occur beneath
200m and near the surface (0.2- 1m/s) are the main char-
acteristics that favor the development of that shallow con-
vective boundary layer and, consequently, the entrapment
of concentrations. Especially at 14:00, opposite vertical
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winds from NE (below 50m) to NW direction (above
200m) by the growing convective boundary layer proba-
bly caused more unsteadiness [12]. A fact that is also evi-
dent in Figure 6, where the zoom of the first 800m is de-
picted. In those profiles, it is obvious that during the warm
hours there is irregularity of direction near the surface
until 200m, but above 200m there are no observations of
systematic turnings of direction with height. On the other
hand, the wind speed profile follows a different pattern.
Below 200m and near the surface the wind speed is remain-
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ing almost unchanged, with low strength from 0.3m/s to
0.6m/s, while above 200m the strength is changing drasti-
cally with height. This behavior of both variables verifies
the characteristics of a shallow convective boundary layer.

3.2 PM,o Dispersion Modeling

In order to investigate the dispersion from the shortest
in height stacks in the region, average mean hourly con-
centrations of PM;o from 2-3/12/11 at the center grid are
illustrated in Figure 7a, 7b, 7c, as it were calculated by
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FIGURE 3 — Average vertical profile of Potential Temperature at the center grid point of the simulation, for selected hours during the day,
as it was calculated by TAPM. To the right is the zoom for the first 1400m
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FIGURE 4 - Potential Temperature variation at different heights at the center grid point of the simulation.
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FIGURE 6 — a) Vertical direction profile. b) Vertical speed profile at
06:00, 12:00, 14:00, 15:00, 16:00 and 19:00.

TAPM for the period of morning, noon and night. The
behavior of the plume indicates the entrapment of PMj
within a stable layer in a fanning form that occurs after
sunset, from the early afternoon 17:00 am, until sunrise
and late morning 11:00 pm, in the levels of 200m to
400m. Throughout warm hours of the day 12:00 to 16:00
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FIGURE 7a-Vertical concentrations of PMio during morning hours.
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FIGURE 7b —Vertical concentrations of PMio during noon hours.
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FIGURE 7c —Vertical concentrations of PM1o during afternoon and
night hours.

The ANSYS model in a steady state mode represented
the plumes’ behavior at selected hours 10:00pm, 14:00am
and 20:00am. A correlation to the numerical model CFD
was made with TAPM model and vertical concentration
profiles were calculated in contrast to those calculated by
TAPM. Figure 8 is showing the vertical PM;o concentra-
tions, as it was calculated by ANSYS and TAPM.

The results are in good agreement, with Pearson cor-

the plume rises up to 800m.

relation coefficient to be 0.94, 0.80 and 0.96 for the three
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cases where the numerical model was used. Furthermore,
from this Figure it appears that both models seem to cal-
culate the entrapment of PM;o concentrations in the levels
of 200m to 400m. In addition, the plumes’ behavior for
the three cases, as it is presented by ANSYS and TAPM
though daytime, is illustrated in Figure 9. From this Fig-
ure it is rather obvious that the dispersion conditions are
almost the same during morning and evening hours by
both models, while in the warm hours of the day the dis-
persion changes due to the convective boundary layer as
well as solar radiation. More detailed, at 10:00 two hours
after sunrise the plume behavior indicates a fanning
plume, which is imbedded within a stable inversion layer
(Figure 9d). At 14:00 a trapped plume occurs due to the
inversion aloft and thus upward dispersion is blocked by
the inversion layer above the growing convective layer
(Figure 9¢). At 20:00 almost the same atmospheric condi-
tions exist, as in the morning case, with the plume behav-
ior to be in a fanning form (Figure 9f).

Average contour plot of the plume in the region was
also calculated by TAPM at ground level, in order to see
in which grid point of the whole domain the maximum
concentration is observed.
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The geographical axis of the area in addition to verti-
cal velocity profile, indicate that the prevailing winds
were mostly blowing in the northwest direction thus the
maximum concentrations observed in that direction. Fig-
ure 10 illustrates the average concentration of the simula-
tion as it was calculated by TAPM. Additionally, the
average vertical profile of PM)o concentrations is also
calculated by TAPM for that grid point where the maxi-
mum concentration can be seen, during separate hours of
the day to investigate the ground concentrations. As it is
noticeable the maximum ground concentrations are spot-
ted in the warm hours of the simulation period and more
distinctively between 14:00 and 16:00.

The meteorological analysis above, showed that the
formation of a surface-based convective boundary layer at
an altitude of 200m and a height inversion above were
transpired for the same hours, substantiate that the pollu-
tants were trapped in the lower levels and as a result rela-
tively high ground concentrations were observed. The
emitted fanning plume is broken up by the rising turbu-
lence, when day —time heating of the ground breaks up
the inversion, resulting into trapped and fumigation
plumes’ behavior.
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FIGURE 8 —Vertical profile of PM1o concentrations as was calculated by ANSYS and TAPM. a) at 10:00 b) at 14:00 c) at 20:00
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FIGURE 9 —Plumes’ behavior calculated by ANSYS and TAPM during daytime simulation. Right images a) to c) are represented by the
ANSYS model. Left images e) to f) are represented by the TAPM model.
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FIGURE 10a -Average contour plot of the plume for 2-3/12/11.
Inner grid of the simulation. Elevations are in meters.

FIGURE 11 -3D plume visualization calculated by TAPM for
3/12/11 at 16:00.

The 3D visualization of the plume is represented in
Figure 11. From this Figure below, the curve that applies in
plumes’ dispersion at 16:00 supports the entrapment of
PM, concentrations due to the existence of a shallow con-
vective boundary layer and the height inversion aloft. The
entrapment occurs when the plume reaches the inversion
height , then retains sufficient buoyancy to resist downward
motions and becomes temporally trapped in the lower part
of the overlying inversion layer. The PM,¢ concentrations
that escaped the influence of the convective boundary layer
turbulence, act as a continuous source and they slowly re-
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FIGURE 10b —Average vertical profile of PMio concentrations at the
maximum concentration grid point for separate hours of daytime.

enter the convective boundary layer in the process of fumi-
gation [20,21].

4. CONCLUSIONS

The dispersion of pollutants from point sources for an
episode case was studied with a microscale and a
mesoscale model.

Basic meteorological parameters of the region were
analyzed with the implementation of a prognostic meteor-
ological and air pollution model, TAPM.

Temperature inversions in conjunction with vertical
profile in winds showed the unsteadiness in the atmos-
phere and as a consequence the verification of trapped
PM; concentration.

The development of a shallow surface-based convec-
tive boundary layer is evident during noon hours of the
simulation at an altitude below 200m, which reveals the
unsteadiness in the atmosphere, and as a result relatively
high ground concentrations might appear.

The highest ground level concentrations were calcu-
lated at the midday, when the development of the convec-
tive layer below 200m and the creation of a height inver-
sion at an altitude above 250m from the ground were
occurred.

ANSYS and TAPM models showed the entrapment
of PM¢ concentrations for the levels of 200m to 400m
during late morning and late afternoon of the simulation.

Model performance statistics of ANSYS and TAPM
showed good correlation 0.94, 0.80 and 0.96 for the three
cases that the numerical model was used.
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In conclusion, the simulations from both models in-
terpret the mechanism that favors the accumulation of
pollutants in the lower levels of the atmosphere. It should
be noted that further validation of the modeling results at
ground level through a comparison with measurements by
the monitoring stations constitutes a subject of future
study.
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