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Abstract. This paper presents computational fluid dynamics (CFD)
techniques in modeling the pollution distribution from thermal power
plant. Carbon dioxide (CO2) dispersion from a thermal power plant was
simulated. The mathematical model and numerical algorithm were tested
using a test problem and gave a good match with the experimental data.
The influence of gravity force was taken into account. The k-epsilon
model of turbulence with the buoyancy force was used. Calculations were
performed by ANSYS Fluent. As a result, there was found a distance
from the source at which the impurity settles on the ground surface.
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1 Introduction

Energy is the most significant among the industries that have a negative impact
on the environment. This is due to the fact that the development of society and
the population growth constantly require more and more energy. As a conse-
quence, emissions of pollutants into the atmosphere should also increase. There-
fore, studying the nature of these emissions, their structure, the impact of these
pollutants on the elements of the environment - is one of the urgent tasks of mod-
ern applied ecology. The structure of pollution emissions into the atmosphere
depends on the capacity of emission sources, the location of energy facilities in
relation to ecologically significant areas, and the physical nature of emissions.
For example, discharges from the coal industry and from TPPs are close in mag-
nitude, but they substantially exceed the discharges from the gas industry. NPPs
shed much less sulfates, chlorides and nitrates than TPPs, but more phosphorus
emits out of nuclear power plants. In addition, it should be noted that mercury,
selenium, fluorine and other elements, that are not completely captured by the
waste gas filtration system, become a source of air pollution in coal combus-
tion products at high-capacity power plants (over 2 million kW). Volatile (lead,
copper, zinc, cerbium, itterium, etc.) elements are distributed between solid com-
bustion products, which requires special procedures for the disposal of ash and
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slag wastes. In addition, the nature of the impact on ecological systems depends
on the natural conditions of the location area and the physical nature of the
ejected ingredient. Recently, much attention has been paid to the effects of vari-
ous pollutants on environmental and human elements, as well as on models and
physical principles of the spread of these pollutants in environmental objects.

At the same time, the issues of the emissions spread and their impact on
ecological systems have not been adequately worked out. The most successful is
the assessment of the effect of thermal emissions and discharges on the thermal
regime of rivers and reservoirs. However, the study of thermal emissions and the
associated effects of changing microclimatic conditions, impact on terrestrial eco-
logical systems, require further elaboration taking into account the concepts of
sustainable ecological development of ecosystems, monitoring systems and envi-
ronmental safety. The purpose of this work is to assess the impact of large-scale
energy emissions on the environment based on a numerical model of emissions
diffusion from sources. One of the pipes of Ekibastuz SDPP-1 (Kazakhstan) was
chosen as the real object of the research. Its height of stack is 330 m and the
diameter is 10 m.

2 Mathematical Model

A detailed description of the latest works about the study of the jet distribution
in the crossflow is given in [1] and [2]. The velocity field is numerically calcu-
lated in papers [3–7]. The passive scalar mass fraction field was considered in
papers [8–10]. CFD is often used to solve these problems. Reynolds-averaged
Navier-Stokes equations (RANS) were used and the results were compared with
the experimental data in papres [11–16]. Good correspondence between numer-
ical solutions (DNS) and experiments was obtained by [17] and [18]. However,
the DNS simulation requires large computational costs, which is unacceptable
for solving large-scale problems in real scales [1] and [19–23]. As a result, the
k-epsilon turbulence model was used in this paper. The CFD simulations of such
processes are based on the resolution of the Navier-Stokes equations (continu-
ity of mass and momentum equations) [24–28]. Since the RANS equation was
applied taking into account the buoyancy, the equations for turbulent kinetic
energy and dissipation are presented as follows:
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The term Pk represents the generation of turbulence kinetic energy due to
the mean velocity gradients. Pkb, Pεb represent the buoyancy forces, where Pkb =
− μt

ρσρ
ρβgi

∂T
∂xi

and Pεb = C3max (0, Pkb). Here β is thermal expansion coefficient,
σρ = 0.9, Cs1, Cs2, σk, σε are constants. For solving conservation equations for
chemical species, ANSYS Fluent predicts the local mass fraction of each species
Yi, through the solution of a convection-diffusion equation for the i-th species.
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∂
∂t (ρYi) + � (ρuY i) = − � J i + Ri + Si

Here Ri is the net rate of production of species i by chemical reaction and Si

is the rate of creation by addition from the dispersed phase plus any user-defined
sources.

For the turbulent flows, the mass diffusion is computed in the following form:

J i = −
(
ρDi,m + μt

Sct

)
� Yi

Where Sct = μt

ρDt
– turbulent Schmidt number (μt - turbulent viscosity and

Dt - turbulent diffusivity).

3 Test Problem

An experimental study for this test problem was conducted in a low speed wind
tunnel on a row of six rectangular jets injected at 900 to the crossflow [1,29]
and [30]. Mean velocities were measured using a three-component laser Doppler
velocimeter operating in coincidence-mode. Seeding of both jet and cross stream
air was achieved with a commercially available smoke generator. To complement
the detailed measurements, flow visualization was accomplished by transmitting
the laser beam through a cylindrical lens, thereby generating a narrow, intense
sheet of light.

3.1 Computational Domain and Grid

The computational domain included the jet channel and the space above the
flat plate. A square jet was used in this study and jet diameter (jet width) was
D, which was used as the length unit. The origin of the coordinate system was
located at the center of the jet exit. The calculation area of the test problem
is a three-dimensional channel with the pipe entering into it. The height of the
crossflow channel is 20D, jet channel length is 5D, the length of the crossflow
channel is 45D, the width is 3D, and the center of the pipe located at 5D from
the inlet (See Fig. 1). Number of grid points: main channel 230× 100 × 21 and
jet channel 7× 30 × 7 nodes. Grid was unstructured, total number of nodes was
533 697 [1].

3.2 Boundary Conditions and Flow Characteristics

The ratio of the jet velocity to the crossflow velocity is denoted by R, and is
expressed as:

R = Vjet/Vcrossflow

In papers [1] and [30] considered various R (0.5, 1.0 and 1.5). In present
paper R = 0.5 was considered, that is why the jet velocity was 5.5 m/s, crossflow
velocity was 11 m/s. Water was chosen as the material of the crossflow and jet
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Fig. 1. Configuration of test problem computational domain.

fluid. The jet diameter was D = 12.7 mm. Based on the above data, the Reynolds
number is defined as:

Rejet = ρVjetD/μ = 4700

Five types of boundary conditions were used: inlet, outlet, no flux, wall,
periodic (See Fig. 1). According to the experimental data, the boundary layer
thickness is 2D. To describe the initial crossflow velocity profile in the boundary
layer, 1/7 power law wind profile was used:

u
ur

=
(

z
zr

)α

Here u is the wind velocity at height z and ur is the known wind velocity at
a reference height zr. α is empirically obtained coefficient, which varies depend-
ing on the atmosphere stability. Here, α = 1/7 for neutral stability conditions.
Uniform velocity (11 m/s) was defined above the boundary layer 2D [1].

3.3 Comparison of Numerical Results

Figure 2 shows a comparison of the numerical results of present paper with exper-
imental data and computational solutions of other authors (R = 0.5). The red
solid line marks the results of present paper, round-shaped of experimental data
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Fig. 2. Comparison of results for streamwise velocity at jet center plane (z/D = 0) for
R = 0.5: (a) x/D = 0; (b) x/D = 3. (Color figure online)
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(See [29]) and the rest lines illustrate computational solutions of other authors
(See [30]). The results for the SST model are shown by blue squares. Comparative
analysis showed that the k-epsilon model and the SIMPLE algorithm with finite
volume method yield closest results to the experimental data (See Fig. 2b) [1].

The solutions obtained in this paper turned out to be more accurate than
those computational solutions obtained by other authors ([30]). Values of the red
line (u/Vjet) at y/D = 0 close to zero, when other results close to 0.5–0.7. This is
more accurate from a physical point of view, since it is a near-wall field. Moreover,
in the interval y/D 0.5–1.5 it is noticeable that the current calculations are much
closer to the experimental data than the others. The reason is the quality of the
grid: in present paper unstructured grid was used, the number of nodes was 533
697, while in paper [30] used structured grid and the number of nodes was 265
000 [1].

3.4 Geometry, Grid and Boundary Conditions

The computational domain is a three-dimensional box with a pipe inside it (See
Fig. 3). The boundary conditions were set analogically to test problem: inlet,
wall, outlet, symmetry, periodic. The length of the geometry was 2500 m, the
height was 1500 m, the width was 200 m. The pipe was located at 250 m from
the entrance of the wind.

Fig. 3. Configuration of thermal power plant computational domain.
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Fig. 4. Computational mesh

An unstructured grid was constructed. It was refined in the area of the pol-
lution motion trajectory (See Fig. 4). Around the pipe, the grid size was 1 m,
with 1.1 growth factor, in the remaining refined region the maximum grid size
was 6 m. As a result, the computational grid consists of 822 056 nodes and 4 788
517 three-dimensional elements.

3.5 Flow Characteristics

To account for the boundary layer, the wind speed profile was described as fol-
lows: vx = vwind · (0.2371 · ln (Y + 0.00327) + 1.3571)

[
ms−1

]
. In these calcula-

tions, the wind speed was 1.5 m/s. The velocity of pollution was 5 m/s. CO2 was
selected as a substance of emission. The influence of gravity force was taken into
account. It was accepted that there is no chemical reaction between pollution
and air.

3.6 Results

Figure 5 shows the distribution of CO2 pollution concentration, visualized using
the Volume Rendering option in ANSYS. Visually, the diffusion effect is observed
with increasing distance from the source. The concentration was measured in
mass fractions. Mass fraction of species is the mass of a species per unit mass
of the mixture (e.g., kg of species in 1 kg of the mixture), i.e. dimensionless
quantity. Figure 6 shows profiles of CO2 distribution at different distances from
the source (500, 1000, 1500, 2000 and 2200 [m]). Based on numerical results, it
can be concluded that the CO2 concentration reaches the surface of the earth
at a distance of 2200 m from the stack. At a distance of 2200 m the emission
concentration is spreading in the range from the ground surface to 420 m in
height.
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Fig. 5. The isosurface of CO2 distribution

Fig. 6. CO2 mass fraction profiles at various distances for chimney: 500, 1000, 1500,
2000, 2200 [m]

The Fig. 7 shows a CO2 pollution distribution contour at the plane XY.
Pollution settles on the ground surface at a distance of about 2220 m from the
origin (i.e, 1970 m from the source).
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Fig. 7. The CO2 mass fraction distribution contour at the center plane XY slice

Fig. 8. CO2 mass fraction profiles at various distances for chimney: 1850 and 2200 [m]

This is also confirmed by the following concentration distribution profiles at
a distances of 1850 and 2200 m from the source (Fig. 8). At a distance of 1850 m,
the concentration does not reach the ground and spreads at a height of about
20 m, while at a distance of 2200 m the concentration already reaches the ground.
It can also be noted that the level of concentration decreases with increasing
distance from the source: at a distance of 1850 m the maximum value of the
pollution mass fraction is 0.0045, while at a distance of 2200 m the maximum
value reached only 0.0035.
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4 Conclusion

The purpose of this investigation was to study the dynamics of the emissions
spread from energy objects. The computational fluid dynamics (CFD) techniques
in modeling the pollution distribution from thermal power plant were considered.
The mathematical model, turbulent model and numerical algorithm were tested
using a test problem and gave a good match with the experimental data. The
results obtained in this paper were closer to experimental, in comparison with
the results of other authors. This was influenced by the quality of the grid: the
unstructured and refined mesh gave a better result than the structured one.
Carbon dioxide (CO2) dispersion from a thermal power plant was simulated.
The influence of gravity force was taken into account. To close the RANS equa-
tions was used the k-epsilon turbulent model. No additional dispersion model
was applied. All simulations were performed by ANSYS Fluent. As a result,
there was found a distance from the source at which the impurity settles on the
ground surface. According to the obtained data, with increasing distance from
the source, the concentration of pollution spreads wider under the influence of
diffusion. The further the distance from the pipe then the lower the concen-
tration. Thus, the obtained numerical data may allow in the future to predict
the optimal distance from residential areas for constructing a TPP at which the
emission concentrations will be at a safe level. These studies are useful for those
who are interested in gas pollutant distribution in the atmosphere.
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