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Numerical simulation of particulate matters and gases
pollution dispersion from steel plant in Smederevo

Mirko Kozic'
Slavica Ristic?
Suzana Polic®

INTRODUCTION

Metallurgical industries cause great devastation
of both terrestrial and aquatic environments, on a
local and regional scale. As indicated, the steel-
making process involves multiple steps, each of
which comprises many emissions points. The main
sources of pollution in the steel plant environment
are: steel plant stacks, open storage yards of
mining and fuel, fly ache and slag, and so on.
According to [1] the steel industry accounts for 3-
4% of total word greenhouse gas emission. Air
quality management is a significant segment of the
environment protection and it is based on a number
of conventions, laws and regulations [2,3]. Determi-
nation of trajectories and concentrations of gase-
ous pollutants and particulate matters is of great
importance in protection of human health, ecosy-
stems, industrial or urban areas, historical and cul-
tural heritage [4]. There are many methods dealing
with the identification and monitoring of air pollution
[5-8].

The last twenty years, one of the methods,
which are more and more used to examine air pol-
lution, is numerical simulation. This method takes
into account the different parameters depending on
the terrain, weather conditions and technical chara-
cteristics of the pollution emitter. Software for com-
putation fluid dynamics (CFD) is characterized by
high reliability and resolution. Besides, other appli-
cations CFD methods are used in ecology to exa-
mine the spread of pollutants originating from va-
rious sources such as industrial plants, transporta-
tion, atc. [8]. The numerical simulation methods are
used for solving number problems in metallograp-
hic industry. For example, a mathematical model
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for the four-phase (gas, powder, liquid, and solids)
flow in a two-dimensional iron making blast furnace
is presented in [9] by extending the existing two-
fluid flow models. Numerical simulation applied in
industrial practice is presented in [10].The resi-
dence time distribution (RTD) of molten steel in the
tundish was calculated by mathematical modeling.
Inclusion trajectories were calculated using the dis-
crete phase model (DPM) which solves a transport
equation for each inclusion particle as it travels
through the previously calculated, steady-state,
flow field of molten steel and argon gas. In paper
[11] FLUENT software was used to simulate the
concentration diffusion of dust in an enclosed work-
shop and ventilation plant, and to analyzed the
workshop air velocity, pressure and dust
concentration distribution of pollutants.

The investigation of the outdoor air pollution
influence on the composition of particulate matter
and gases inside the museum of Wawel Castle in
Cracow Poland [12], used different methods: com-
bination of micro and trace analysis techniques,
EDXRF and EPMA. It is important because the
Wawel Castle is located in the centre of Cracow
where, in the neighborhood of the city, different
heavy industries are located.

One of the pollutant emitter, which has a direct
impact on the Smederevo fortress, is the Sme-
derevo steel plant. In spite of implementation of
environmental protection measures, which have
been conducted over the years, and are being
carried out today [13], monitoring shows that there
were significantly higher emissions of harmful
gases and particulate matters, which is very
common in the work of such facilities [2,13-15].

Smederevo Fortress is a monument of excep-
tional national importance [16]. Due to its com-
plexity it remains today an object of scientific and
archaeological interest. The fortress is one of the
most monumental architectural buildings from
medieval Serbia. Today the Fortress is in a state of
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slow, but constant decay, due to many natural and
man-made factors (nearby a river port, marina and
part of the urban centre of Smederevo, industrial
zones, etc). The Smederevo steel plant (recently,
U.S. Steel) and several district heating plants, emit
CO,, CO, NO, NO,, particulate matter, soot, etc.
Automatic monitoring of air pollution has been
starting in 2007.

This paper presents the results of CO disper-
sion numerical simulation, emitted from the steel
plant stacks. Figure 1 shows the Google terrain
map with numerical domain for the simulation of
pollution and wind rose in 36 directions: Smede-
revo1_ Radinac, 2007. year.

Figure 1 - Smederevo fortress, b- Google map, b-
numerical domen and wind rose

1. NUMERICAL SIMULATION OF POLLUTANT
DISPERSION

Numerical simulation was performed solving
the averaged Navier-Stokes equations of ANSYS
FLUENT software package where species
transport without chemical reactions was modelled.
This model solves conservation equations for
chemical species predicting the local mass fraction

of each species through the solution of a
convection-diffusion equation.

1.1. Pollutants transport equations

The transport and mixing of chemical species
are modelled in ANSYS FLUENT [17]. The model
includes convection, diffusion and reaction sources
for species.

1.1.1. Equations of mass conservation

The local mass fraction for i-th species is calcu-

lated from general conservation equation given as

P ) )
50ﬂ0+v-&wYJ=—Vnh+&+Sf (1)

Where J; is the diffusion flux of species i, pis
density of gas mixture, R; is the net rate of
production of species i by chemical reaction while
S; is the rate of creation by addition from the
dispersed phase.

Mean gas mixture velocity v is:
= =
K _Z PV, (2
s

Py is density, y, molecular velocity i- component.
Mixture density is:

P=.D, 3

The diffusion flux j, appears when gradient of
concentration, temperature and pressure exists.
For laminar flow of dilute mixture, J, is the function
of concentration gradient:

ji =—pPDimVY (4)

Where D, is diffusion coefficient, i gas
component of mixture. For turbulent flow, it must be
taking into account the diffusion due to turbulence,
that is generally larger than the laminar diffusion

and mass diffusion flux due to the concentration
gradient becomes

Ji= —[pD,-,m+ﬂ]VY,~ (5)
ct
S¢ is turbulent Shmit number defined as:
" ;
S, =21 (©
P D,

M i Dyare turbulent viscosity and diffusivity.

The equations of mass conservation are
formed by N-1 gas phase, where N is the total
number of phases present in the gaseous mixture.
Since the sum of mass concentrations for all
vapour phase must be equal to 1, that the N-th
mass concentration obtained by 1 minus the sum
of the mass concentrations obtained by solving the
previously formed N-1 equations for the gas phase.
In order to minimize the numerical error for the N-th
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stage is chosen the one that has the largest global
mass concentration.

1.1.2. The equation of momentum conservation
Change of momentum equation for the mixture
is given in conservative form:

2 (o9)+ Ve(pw)= g +VeT], u

where the buoyancy force per unit volume is
determined from the expression:

o = Zpuf, (8
while the stress tensor [],can be written in the
frequently used form as
FIU=—p5g+ Tjj (9)
where 7 is the viscous stress tensor, given by
equation:

Ouy

-] Bt
Ty = F B, P

There p is mixture viscosity.

] = 35,,M} (ij,k=1,2,3) (10)
37" Oxy
1.1.3. The equation of energy conservation
In the energy equation for multicomponent mix-
ture the transport of enthalpy due to species diffu-
sion should be taken into account for its significant
influence on the enthalpy field.

Equation for the mixture energy conservation
can be expressed as a function of enthalpy as

2wl (T Ple )
»(Vo ’C,)'V_V"i*s

where h is the specific enthalpy of the mixture, 9 is
heat flux, while S includes sources of enthalpy. The
first member on the right side of the equation
includes the enthalpy transport due to diffusion,
and its assessed impact is based on the Lewis
number (L). For i-th component of the mixture L is
defined by the equation

k
1475 =
Pcp D:‘m
If the value of the Lewis number significantly
different from 1, the neglect of enthalpy transport
due to aiffusion can lead to significant errors.

(12)

1.2. Numerical domain and mesh

The numerical simulation was carried out in the
domain that was 11400 m long, 3600 m wide and
1000 m high. The longest side was set at about 25°
relative to the south-north direction. The geometry
of the ground was generated using digitalized relief

[17, 18]. Three stacks of Smederevo steel plant
were modelled in pollution dispersion, namely the
central agglomeration stack, blast furnaces stack
and central stack of steel-making. Height and
diameter of the central agglomeration stack were
150 m and 8 m, respectively. The blast furnaces
stack was 65 m high with diameter 3.6 m, while
height and exit diameter of the central stack of
steel-making were 60 m and 3.6m respectively.
Smederevo fortress and the stacks can be seen in
Fig.2. The fortress was at about 8000 m from the
stacks. All the fortress towers were 25 m high,
whereas height of all its walls was 10m.

o
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\< \
L |
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hagecti §
i 5}:;;0} P
. ﬁ".A#
b

Figure 2 — a) Geometry of the whole numerical
domain and b) Smederevo fortress

An unstructured tetrahedral mesh composed of
3 397 961 volume elements was generated. The
surface of the ground and fortress were discretized
with 388 838 and 61 086 triangular elements. At
the exit of central agglomeration stack there was
748 surface elements, while 394 elements were
placed at the exits of blast furnaces stack and
central stack of steel-making.

The volume mesh in the numerical domain and
volume elements in the horizontal plane through
the fortress and stacks are shown in Fig.3. There
were a large number of small elements near the
fortress and stacks because large gradients of the
flow field appear in these regions.

1.3. Numerical procedure
Procedure consists of several steps that inclu-

de modelling transport of multi component mixture
and turbulence, selecting the solver formulation,
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specifying boundary conditions, specifying fluid
properties, initializing the solution, monitoring solu-
tion convergence, post processing and examining
the results.

Boundary conditions at the inlet of the nume-
rical domain were defined with logarithmic profile of
the wind velocity. In this way the influence of the
ground boundary layer was included. The turbulen-
ce kinetic energy and its rate of dissipation at the
inlet are not constant, but change as a function of
height. Also, the temperature profile was prescri-
bed along the inlet height. The mass fractions of
predominant pollutants were specified at the exits
of the considered stacks using data from referen-
ces and measurements of authorized institution
[13, 16]. At the exit of the central agglomeration
stack and central stack of steel-making the mass
fraction of carbon monoxide was 1.1-10° and
1.2:10*, respectively.

The standard k-¢ turbulence model was used
that includes convection of hot gases and thermal
diffusion. This is a semi-empirical model in which
transport equations for the turbulence kinetic ener-
gy k and its dissipation rate ¢ are solved. Wides-
pread use of the model is provided by its robus-
tness, economy, and reasonable accuracy for a
wide range of fully turbulent flows and heat transfer
simulations.

Initially, the first-order accurate numerical sche-
me was used for reason of the calculation stability.
Later on, the calculation was shifted to the second-
order accurate numerical scheme. Finally, obtained
results were prepared in the form of figures and
tables.

2. ANALYSIS OF NUMERICAL SIMULATION
RESULTS

The dispersion of gaseous pollutants from the
stacks is a function of many factors, most affected
by wind speed and temperature gradient. Nume-
rical simulation was performed for a wind speed of
2.9m/s, and the temperature gradient 1.6°C/100m.
These conditions correspond to a moderately stab-
le atmosphere and stability class F according to the
classification given in [5]. Selected atmospheric
conditions are in agreement with data for many
years of measurements carried out in the AMSKV
Radinac.

2.1. The dispersion of CO

The researches included simulation of CO,,
CO, NO, NO,, particulate matter and soot diffusion,
and in the paper results of CO and NO, dispersion
are presented. Figure 4a shows the shape of a
plume smoke from the stacks to the Smederevo
fortress, as well as details of the pollution
spreading in the vicinity of the fortress (Fig. 4b).

The mass fraction of CO on the walls of the fortress
is shown in fig 5. and itis between 10® and 107.

Figure 3 - Volume mesh; a — in the whole
numerical domain, b — near stacks and fortress

The results of numerical simulations show that
the highest concentrations of pollutants are around
point A (Fig. 2), which is parallel to the direction of
the wind blowing. The minimum concentrations,
with magnitude lower by an order are obtained
around the point C (Fig. 5). Diagram (fig. 5b) pre-
sents the CO concentration versus distance in the
direction of the wind.

In Figure 6, the concentrations of CO in the
vertical planes, perpendicular to the direction of the
wind blowing are presented. Three planes are set
at 900 m, 3700 m and 7000 m from the steel plant
stacks, and the last one at 200 m behind the
fortress. It can be observed that the fortress is
located between the last two planes fig 6a). It is
clearly seen that concentration decreases with
distance from the stacks.

40 ECOLOGICA 21, broj 73 (2014)
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2.2. The dispersion of NO,

In Figure 7, the concentrations of NO, are pre-
sented in the vertical planes, perpendicular to the
direction of the wind blowing. The planes have the
some locations as the ones for CO presentation; at
900 m, 3700 m and 7000 m from the steel plant
stacks, and the last one at 200m behind the
fortress. It can be observed that the concentration
of NO, decreases with distance from the stacks,
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Figure 4 — Traectoris of gaseous pollutants,
a-in the whole numerical domain,
b-details at the fortress

Obtained results indicate that the mass con-
centration of NO, is in the immediate vicinity of the
fortress about 100 times lower (=2.0:10°) com-
pared to the mass concentration at the exit of the
stack, according to data from the cited literature
[13]. On the other hand, the data measured in
automated workstation Smederevo centre, located
near the fortress [2-4] indicate the following
average annual values of NOz (2007, 2010 and
2011) respectnvely 53pg/m [3, 4] 16ug/m® and
19pg/m [2]. Maximum allowable values are to
40ug/m” for the period of one year [2].

Measured values for NO, concentration are
greater than ones emitted from steel stacks, which
indicates the existence of more significant sources

of this pollutant in the immediate vicinity of the
fortress.
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Figure 8 shows the velocity vectors of the air
pollution around the fortress. Details of flow around
the walls and towers can be seen in figs 8b and 8c.

@ R
i s

Cownanes of M (rustion of (2 et 17, 2012,
ANEYS FLUENT 12,5 (%0, pnng wpo, ska)

the whole numerical
stacks.

domain and around the

[EZED
§ X0
den
Y
)
LR
Hon
Wen
T r Mo

1w
s e
Bl

" e
e

ﬁ s

e

0N oen

A 2 T

1% x

130 Yelochty Veclnes Calored By Veiealy Magritude (et 13, 2012
1Xew

X9 Z
%y

Tedh Conwans of Maszs Iracaon of roz et 17, 2013
» ANBYS FLUENT 12.0 (34, PR A6 Sk

DL Oct 7, 2012
FLUENT 12 0 (3d, ples, =, k)

e

c
Figure 7 — Mass friction contours of NO, in: a- four
vertical planes, b-in vertical plane on the 900m
from the steel plant stacks c- 7000m, d-200m
behind the fortress

2.3. The dispersion of particulate matters

Discrete phase model (DPM) is used for
numerical simulation of the particulate matter
trajectories emitted from the central agglomeration
and central stack of the steel plant. The density of
particles is chosen to be equal to iron density
whereas their diameters are 5 pm, 30 um and 100
pm.

Figure 9 shows the paths simultaneously from
both stacks, trajectory of particulate matters from
agglomeration and central blast furnace stack over
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The paths are shown as a function of the
particles diameter. Particles with diameter of 100
um fall to the ground at a distance of several stack
height, while smaller ones with diameter 50 um fly
away but without reaching the Smederevo fortress.
For given atmospheric conditions the particles with
diameter less than 10 Hm fly over the fortress.

Results of particulate matter PM10 spread
monitoring in the reports of the Ministry of Energy,
Development and Environmental Protection data
indicate that the highest daily and annual average
concentration of particulate matter was measured
at station Smederevo-Radinac. For example, in
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2011 allowed concentration (>50pg/m3) was
exceeded for 258 daxs, with an average annual
value equal to 85ug/m™ [2].

Measured values for NO; concentration are
greater than ones emitted from steel stacks, which
indicates the existence of more significant sources
of this pollutant in the immediate vicinity of the
fortress.

Measured values for NO; concentration are
greater than ones emitted from steel stacks, which
indicates the existence of more significant sources
of this pollutant in the immediate vicinity of the
fortress.

The numerical simulations of the particulate
matters dispersion show that 30 pm particles fall in
the vicinity of the automatic air quality monitoring
stations in Radinac (fig 9) located at 3 km from the
plant (about 2 km in air line). Larger and heavier
100um particles fall in the vicinity of the steel plant.
For considered atmospheric conditions smaller
particles reach the city and fortress. Their
concentration is lower than at Radinac, but still well
above the numerically obtained values.

It means that there are other sources of parti-
culate matter, such as central heating stations, indi-
vidual coal-fired stoves, and local boiler houses
and so on. Heavy rain and strong snowstorm can
cause increased pollutant concentration near the
ground.

CONCLUSION

Research of pollution dispersion from the
stacks of Smederevo power plant and its impact on
Smederevo fortress represents the first step in a
complex, multidisciplinary approach in analysis
influence of industrial zones on cultural heritage
objects. Calculation was performed using model of
species transport in CFD software.

The sources of pollution considered in the
simulation were the central agglomeration stack,
blast furnaces stack and central stack of steel-
making. The temperature gradient corresponding to
inversion was set in the boundary conditions as
most unfavourably for level of pollution near the
ground. The concentration of carbon monoxide in
the vicinity of the fortress obtained by the
calculation was about 1 ppm, primarily due to large
distance from the stacks that is about 8 km.

The relief of the terrain was included in the
model because its influence increases when stack
height decreases. Local flow field and level of
pollution around the fortress could be changed due
to buildings in Smederevo that were not modelled
because of limited computer resources.

For a comprehensive understanding of the pro-
blem, it is needed to perform identification of all

ECOLOGICA 21, broj 73 (2014)

sources of pollution and determine their parame-
ters relevant to the impact on the environment,
particularly the objects of cultural heritage. The
data collected by the competent institutions in the
monitoring process are of great importance. These
data are processed by the selected models and
used in order to assess the damage and in pre-
ventive protection.
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NUMERICAL SIMULATION OF PARTICULATE MATTERS AND GASES POLLUTION
DISPERSION FROM STEEL PLANT IN SMEDEREVO

This paper presents the results obtained by numerical simulation, of air pollution dispersion from the stacks
of steel plant in the direction of Smederevo foriress. Trajectorfes and concentrations of poflutants (particulate
matters, CO and NOz) were determined by commercial software ANSYS FLUENT. The relief of the terrain
was included in the geometry of the numerical domain (171400x3600x1000m). An unstructured mesh
compaosed of more than three million cells was generated. Southeast wind speed was 2.9 m/s blowing in the
direction paraflel to the longest side of the domain. Atmospheric conditions correspond fo conversion, i.e.
The sources of pollution included in the simulation are central
agglomeration stack, blast fumaces stack and central stack of steel-making Obtained resulls represent the
first step in a complex, multidisciplinary research of the industrial zones impact on cultural heritage objects

Key words: numerical simulation, air pollution, steel plant, Smederevo fortress

NUMERIGKA SIMULACIJA SIRENJA STETNIH GASOVA | CESTICA EMITOVANIH

U radu su prikazani rezultati Sirenja Stetnih matenja u vazduhu, emitovani iz dimnjaka Zelezare u pravcu
Smederevske tvrdave, dobijeni numerickom simulacijom. Pulanje i koncentracija polutanata (cestica, CO [
NO:) su simulirani komercijainim softverskim paketom
geometriji numerickog domena, &ife su dimenzije 11400x3600x1000m. Generisana je nestrukiuisana mreZa
sa vise od tri miliona Celjja. Numericka simulacija je vriena za jugoistocni vetar (paralefan duzoj stranici
domena) brzine 2.9 m/s. Atmosferski uslovi odgovaraju sluc¢aju konverzije, temperatura raste sa visinom.
Izvori zagadenja su centralni dimnjak aglomeracije, dimnjak visoke pedi i centralni dimnjak celicane. Dobijeni
rezultali su samo pivi korak kompleksnog, multidisciplinamog istraZivanja uticaja industrijskih zona na

ANSYS FLUENT. Reljev ferena je ukljucen u

Kljuéne reci: numericka simulacija, zagadenje vazduha, zelezara, Smederevska tvrdava
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