Numerical simulation of pollutant dispersion in the atmosphere based on 3D
Navier-Stokes equations

Tyatyushkina E.S.12, Kozelkov A.S. 1?2, Giniyatullin R.R. %, Shishlenin M.A 2, and Strelets
D.Yu.?

D Nizhny Novgorod State Technical University, Nizhny Novgorod.
2 Moscow Aviation Institute, Moscow.

3) Sobolev Institute of Mathematics, Novosibirsk.

4) Independent researcher.
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solution of a complete system of fluid dynamics equations, i.e. Reynolds-averaged Navier-Stokes equations
supplemented with concentration transport equations under the Fick’s diffusion law. The proposed mathematical
model makes it possible to accurately simulate gaseous pollutant transport disregarding the empirical regularities. The
advantages of this approach include the ability to make adjustments for turbulence, terrain, wind rose data, underlying
surface, pollution source geometry, compressibility of the medium, and accurate atmospheric stratification settings.
In the paper, we present the numerical simulation results for point-source propane emission and dispersion of mixed
emission from a chimney with calculation of the maximum near-ground pollutant concentration. The simulation
results are validated by comparison to the experimental data and by calculating maximum instantaneous
concentrations of emissions from a single point source.

It is shown that the proposed approach ensures the desirable measurement accuracy for all hydrodynamic parameters
of polluted air dispersion.
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Introduction

Air pollution is a major issue of today’s world, as it poses a direct health and environmental
threat. This problem has become increasingly relevant in recent years due to industrial growth. Air
pollution occurs as a result of daily emissions from industrial facilities, motor vehicles and aircraft,
as well as municipal waste incineration. It is linked to major health risks, such as incidence of
pulmonary, cardiovascular, and other diseases, which in turn causes an increase in healthcare
expenses [World Health Organization, 2021]. On top of that, air pollution contributes to global
climate change [European Commission, 2010; Pantusheva et al., 2022].

The process of pollutant distribution and dispersion in the natural atmosphere is affected
by a number of factors, such as atmospheric stability; site location and terrain; height and size of
industrial buildings and structures; location and geometric dimensions of sources (for example,
mouth diameter and chimney height); temperature and density of emission; pollutant state, etc.

[Aloyan, 2002]. In addition, pollutant dispersion in the atmosphere depends on meteorological
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factors, such as wind speed and direction; presence and type of inversions; temperature
stratification; air humidity; atmospheric pressure; wind calmness, precipitation, fogs, etc.

There are reference values of maximum permissible concentrations for stationary and
mobile pollution sources, which are further specified for particular models of motor vehicles. The
hazard level of the near-ground atmospheric air pollution with emissions from industrial facilities
is determined based on the highest calculated value of near-ground pollutant concentration. In
most cases, the latter is calculated using the empirical formulas described in [Atmosphere.
Reference manual, 1991].

In addition to statistical and in-situ measurements, as well as empirical analytical
algorithms, we can analyze some other pollutant dispersion calculation methods. Thanks to the
significant advances in computing technology, pollution concentration evaluation using numerical
algorithms has become a promising research area [Zhang, et al., 2020; Glazunov, 2018; Baker et
al., 2004]. In particular, it is worth mentioning computational fluid dynamics methods, which are
considered the most consistent and accurate and are also widely used in geophysical simulations
[Kozelkov et al., 2023]. A complete system of fluid dynamics equations, i.e. Navier-Stokes
equations supplemented with heat transfer equations, taking into account the multicomponent
nature of emissions makes it possible to rather accurately simulate the gaseous pollutant transport
disregarding the empirical regularities. Another advantage of the approach is high simulation
accuracy achieved by making adjustments for flow turbulence [Kozelkov et al., 2022], terrain
(underlying surface) [Kozelkov et al., 2023] and geometry of pollution sources, compressibility,
and accurate density dependence on temperature. The calculation results show the highest level of
detail, because all the calculated parameters are represented at each point of the modeled area,
which makes it possible to extract more data from the calculations and make more detailed
predictions.

A review of methods simulation gaseous pollutant dispersion in the atmosphere has been
carried out [Antonova et al., 2019], and Pasquill’s method based on the Gaussian model turned out
to be preferable for calculations having to do with dispersion of gaseous pollutants produced by
power generating installations under various atmospheric condition categories assuming constant
meteorological factors [Asadi et al., 2017]. Software complex SKAT may be used to predict near-
ground pollutant concentrations and carry out atmospheric pollutant dispersion calculations for the
purpose of monitoring pollutant emissions in presence of operational industrial facilities.

In [Andersen et al., 2024], the authors described Danish Lagrangian Model (DALM), a
new high-resolution air pollution model based on the concept of Lagrangian particles. Theoretical
fundamentals of the model were presented, and validation of DALM was described against

measurements applying different combinations of the implemented parameterizations, which
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demonstrated that DALM could accurately reproduce spatiotemporal patterns in the measured data
and that its performance was more sensitive to parameterizations of vertical compared to horizontal
transport.

In [Raheja et al., 2021], a 2-phase simulation model was presented to assess air quality to
evaluate toxicity level of each pollutant in the air, which can harm the health of sensitive people.
A comparison was presented for the air quality index under the 2-phase assessment model with
the air quality indices presented by Indian government agencies. It was shown that the proposed
model could be used to assess the air quality in urban areas.

In [Zhang et al., 2022], the hourly data obtained from air quality monitoring stations in
China in 2016 were used to calculate the annual mean and annual standard deviation of six air
quality indicators at each station based on Self-Organizing Maps (SOM) and K-mean clustering
algorithms.

In [Egorkin et al., 2023], HYSPLIT model was used in the simulation to determine the area
of negative impact sources, and the emission transport from the supposed negative impact sources
to the Crimea region was analyzed. In addition, the sensitivity of simulation was studied for inverse
and direct trajectories of air mass transfer.

There is a series of papers dedicated to pollutant dispersion simulation using RANS
approach. In [Silva et al., 2023], the authors presented a study of pollutant dispersion in the air
using OpenFOAM-based simulation of fluid dynamics. It was shown that aerodynamic effects
were more important at lower wind speeds, as they reduced turbulent dispersion of pollutants and
allowed for a more significant reduction of pollutant concentrations in the air. In [Huang et al.,
2021], the effect of wind speed and direction on pollutant dispersion in the air as a result of
roadside emissions was studied taking into account the seasonal cycles in Tejgaon and Gazipur,
two of the main districts in the Bangladeshi city of Dhaka. In [Sedlyarov & Borodina, 2022], the
simulation of pollutant dispersion in the near-ground atmospheric layer as a result of acetone
emission from an isolated source located in close proximity of a building was performed taking
into account the terrain and development pattern using computational fluid dynamics, specifically
the RANS approach. In [Danilkin & Starchenko, 2020; Starchenko et al., 2022; Danilkin & Starchenko,
2020; Danilkin et al., 2023], the authors presented the results of RANS simulation of non-isothermal
turbulent air flow and impurity transport as a result of motor vehicle emissions in an idealized
street canyon. The evaluated effect of the street canyon size [Danilkin & Starchenko, 2020;
Starchenko et al., 2022, Dai et al., 2020; Chen et al.,2021; Lobaccaro et al., 2019; Huang et al.,2021]
and the degree of surface heating [Starchenko et al., 2022] on the average pollutant concentration
in the breathing zone. In [Weerasuriya et al., 2022], simulation of a mixed emission from a point

source in the form of a short chimney is studied taking into account the chemical reactions
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involved. In [Zhang K. et al., 2020; Zhang Y. et al., 2020a, 2020b], a series of RANS simulations
was performed to investigate the reactive pollutant dispersion in 3D street canyons taking into
account the effects of uneven solar heating of building surfaces, governed flow fields in deep and
shallow street canyons, as well as urban areas with various building densities and heights. Apart
from the RANS approach, the papers are also available, where pollutant dispersion in urban
canyons is simulated using LES approach [Glazunov, 2018; Baker, 2004; Xie & Castro, 2009;
Zhong et al., 2017; Kikumoto&Ooka, 2018; Woodward et al., 2019; Zhou et al., 2021] and direct
numerical simulation (DNS) [Rossi, 2010; Goulart, 2018]. These papers are indicative of the
current development of computational methods for pollutant dispersion problems. There is still a
number of problems requiring further study, such as calibration of the utilized models against the
available experimental data or in-situ observations; development of a unified CFD simulation
methodology for the discussed type of simulation problems; investigation of numerical scheme
dissipation; adjusting for the terrain; introduction of additional models to make adjustments for
wind rose data and Coriolis force.

A brief review on the mathematical simulation of air pollutant dispersion in the atmosphere
was provided in [Leeldssy et al., 2014] along with advantages and shortcomings of various
simulation strategies, namely Gaussian, Lagrangian, Eulerian, and CFD models.

In [Reiminger et al., 2023], CFD was used to evaluate the effect of road designs with the
road’s surface lower than the surrounding ground level on the downwind pollutant concentrations
for eight road depths and thirteen stability conditions (Richardson numbers). Depressed roads can
decrease downwind pollutant concentrations compared to classical roads, but only under neutral
and unstable temperature conditions. Four equations making it possible to predict downwind
pollutant concentrations depending on the distance from the road centerline, the road depth, and
thermal stability. The results of the study may inform pre-construction recommendations on
whether a depressed road should be considered to protect human health, as well as provide
predictive tools to assess the beneficial or adverse impact of such structures on air quality.

In [Sukhinov et al., 2011, 2015], mathematical simulation of impurity dispersion in the air
medium was carried out for coastal regions. A new mathematical model of aerodynamic processes
taking into account a variety of factors relevant for coastal zones, as well as heat and mass transfer
processes in the air medium of coastal zones, intended for mapping of turbulent flows for the
velocity field of a multicomponent air medium on high-resolution meshes was proposed for the
calculation of pollutant concentrations.

In this paper, we present the results of numerical simulation of pollutant dispersion based
on Reynolds-averaged 3D Navier-Stokes equations supplemented with concentration transport

equations [Landau&L.ifshitz, 1988; Loytsyansky, 1973]. Numerical method is based on the finite
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volume method on arbitrary unstructured meshes created by the automatic mesh generator
[Borisenko et al., 2018, 2022]. This approach makes it possible to automatically make adjustments
for the underlying surface terrain and as a general matter solve geophysical problems (including
pollutant dispersion) for random natural areas [Kozelkov et al., 2023]. To evaluate the accuracy of
the method, we performed numerical simulation for two problems as follows: simulation of
propane emission from a single source with determination of pollutant mass fraction along the jet
trajectory and simulation of mixed emission dispersion from a single chimney with determination
of the maximum near-ground pollutant concentration taking into account the wind conditions. The
calculation results are compared against the experimental data for the first problem and the
theoretical solution for the second problem. The results of the numerical simulation performed
demonstrate the viability of computational fluid dynamics methods for solving this types of
problems. The numerical method presented in the paper provides a solution for a forward problem
of pollutant dispersion, which can be used to state an inverse problem of determining the maximum
permissible pollutant concentration at the point. This inverse problem is reduced to determining
the distance to the pollution source based on the concentration level at the given point, or, in other
words, with the data on near-ground pollutant concentrations available, it is possible to reconstruct

the emission source data.

Mathematical model

To simulate pollutant (concentration) dispersion, we can use the system of Reynolds-
averaged Navier-Stokes equations supplemented with concentration transport equations under the
Fick’s diffusion law written down as follows [Landau&L.ifshitz, 1988; Ferziger&Peric, 2002]:

op O
=+ +—(pu)=0,
ot o PY)
ou, 0 op 0
R e UR IS

j i

opT 8 I 0 dp
C —+—Xi(pu.T)——a—)(i(kAT)+a—)(i(ui (Tij+r‘ij))+§+5T

opC,
ot

Jr@i(puick +q,, ) =35, .k=1.n-1

% (1)
where i and j are subscripts indicating that vector components belong to Cartesian coordinates,
I, ] ={X, ¥, z}; p is the medium density, u; is the velocity vector component, i = {X, y, z}; t is the
time; p is the pressure; xi is the vector component in Cartesian coordinates, i = {X, y, z}; T is the

temperature; p is the molecular viscosity; Cis the specific heat capacity; 2 is the effective



thermal conductivity coefficient of the medium; t; is the viscous stress tensor, which, according

to the Boussinesq’s hypothesis, is written down as follows:

ou, ou; 2au,
Tij =u + T A Sij y
OX; 0% 30X

1
u is the dynamic viscosity; &ij is the Kronecker delta; gi is the gravitational acceleration vector

component.

To calculate component concentrations, we analyze their volume fractions:
n
¢.0<c <1> ¢ =1
k=1

The final component is calculated explicitly using the concentration of the other components as
follows:

Diffusion flow of the ¢, component is derived using the diffusion coefficient under the Fick’s

law:

de =-D¢ k=1..n-1

where D, is the component’s diffusion coefficient. Diffusion flow can also be derived by setting

the Schmidt number: g, = —Schk :

C
When the turbulent case is considered, we should also take into account the turbulent
component of the concentration diffusion flow:
B
=—| =+ |vc,,
qcl (SC Sct) k
where 1, is the turbulent viscosity.
To solve the problems of pollutant dispersion in the atmosphere, the Navier-Stokes system of

equations is enriched with possible sources of energy S; and concentrations S . This approach

makes it possible to take into account both point-type and finite-radius mobile sources. It is also
possible to introduce a group of sources of different nature. In this case, the respective sources in
the right part of the discretized equations are summed up.

System of equations (1) is incomplete due to unknown relationship between a pivotal

variable t; and averaged flow parameters. This relationship reflecting the contribution of

turbulent flow pulsations to the main flow may be clarified using additional relationships generally
referred to as turbulence models [Menter et al., 2003; Kozelkov et al., 2022].
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To make turbulence simulation possible, the system (1.2.5) should be enriched with
additional relationships. In the present paper, we use SST, one of the better-known RANS
turbulence models presented in its classical form in [Menter et al., 2003]. SST model is a
differential turbulence model, which uses empirical relationships for the turbulent viscosity
coefficient pt, while Boussinesq’s hypothesis and Fourier’s law are used for stress tensor
calculation as follows:

2\ ox, o

T, = 2pt[su —% |ijv-aj+§klij, S, :1[%+%J.

In RANS SST turbulence model, k — € model is stated in k — o terms and intended for
small-scale turbulence resolution in the outer part of the flow, while k — ® model intended for
describing large-scale turbulence is used in the boundary layer. These two models are combined
using the F1 function ensuring the proximity of the combined model to the k — e model at a distance

from solid walls and to the k — @ model in the near-wall part of the flow:

opk 0 0 ok .
—+—(pujk)=—1] (pn+ — |[+P - K,
opow O 0 160 p 2
—+—(pUjo)=—|(pn+ — |+y—P - +|1-F |D,
o ax; (Pujo) OX; {(“ GkHT)aXJ} YMT « “Bpo ( 1) ko
where o = g/k is the specific Kinetic energy dissipation rate.
The generation term in transport equations (2) is calculated as follows:
P, = min(pTSZ,ZOB*pkco), §2-25,5,, @)
with the rightmost term in the right part of the transport equation o is derived as follows:
Dy, = 2P0 K G0 (4)
Q) 8Xi 6xi

Rather than using the standard relationship pr = k/e to determine the turbulent viscosity
with k and o available, the SST model uses a different expression based on the well-known

Bradshaw assumption as follows:

alk
_ , 5
Hr max(a; w, QF,) ©)

which limits the viscosity in the near-wall region and allows us to avoid the separation delay
typical for k — € models. The empirical function F2 in (5) is calculated as follows:

F, - tanh(arg3), (6)
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where arg, = max( J , and dy is the distance to the closest point of a solid surface.

Empirical constants of the model are determined based on the respective constants from k — ¢ and
k — @ models using the aforementioned F1 function:
or = Rou+(1-F)oe,
6o = F0w+(1-R)cuw,, (7)
B=FRp:+(1-FR)B2,

R =tanh(arg; ),arg; = min[max( Jk 500V] 4pca2k }

0.090d,, ' die® | CDy,02 (8)

CDy, = Max { Do, ,10*20} .

Here, subscripts 1 and 2 in (7) are attributed to the constants of k — ® and k — € models respectively:
o =0.85, 6,4 =05 PB.=0.075,
ok =1.0, o,, =0.856, B,=0.0828, 9)
B =0.09, k=041,3 =031 y=p/F —cok’ /B

In the present paper, this model is used in combination with the universal near-wall
functions [Grotjans & Menter, 1998; Menter et al., 2003] ensuring a satisfying accuracy of the
solution with an arbitrary mesh resolution within the boundary layer.

System of equations (1) is discretized using the finite volume method on an arbitrary
unstructured mesh, and its numerical resolution is achieved using the fully implicit method
[Chen&Przekwas, 2010; Kozelkov et al., 2018] based on the well-known SIMPLE algorithm. To
simulate free surface flows, SIMPLE algorithm should be modified in a specific way. The detailed
description of the main formulas for the modified SIMPLE algorithm, the boundary conditions,
and the implementation may be found in [Chen&Przekwas, 2010; Kozelkov et al., 2018;
Moukalled&Darwish, 2004].

Here we present the finite-volume discretization scheme for the main equations used in the
paper. Scalar transport equation, which is the basic equation for solving system (1), is written down

as follows:

opp O 0
4+ —(pou. )=—1. +Q. 10
= o (Pou) o 1itQ (10)

J
The first term in (10) is a non-stationary term, the second one a convective term, and then
a diffusion term. The equation may also include sources and sinks represented by the rightmost

term Q. Tensor tj includes spatial derivatives of the desired value o.



For the simplicity sake, we assume <, =M§—q’. It makes the calculations much less
X .
J

cumbersome without reducing the generality of the methods described below.

Here, we consider an arbitrary unstructured mesh as presented in Fig. 1:

P di kint _>Em‘i“t
/ kint
di.ks /
ks

AR T O N e e N S S N Y

Fig. 1. Computational mesh (k is the multitude of faces for the cell P consisting of a set of
internal faces kint and a set of external faces k).

The neighbor cell sharing the same internal face kint will be referred to as M, and vector

area of the face k as Six, where i = 0..2 is the vector component number. The vector drawn from
the center of cell P towards the center of cell M through the face kinx will be referred to as

i« =6y —"p, and the one drawn from the center of P towards the center of the face as

Rint

d, =r_—Tr,, where ri is the radius vector.

Discretization of (10) with respect to time using the second-order scheme, namely the
Adams-Bashforth scheme [Roache, 1980], is as follows:
—4pj(pj +pj_1(pj_1 o 0 I+
+ u.|J——r. — =0. 11
24t 5 (P9U) =5 =0 (1)

J J

3pj+l(pj+1

To perform spatial discretization of (10) we integrate it with respect to the P cell volume

and then integrate convection and diffusion terms with respect to the area:

3p e —4ple! +piTe™ o
aVv +[flpeu.ds. —[flp<2ds. - [Qdv =0. (12
pr AL E_I}pcp, , g}”ax. j VIPQ (12)

]

Discretization of the source and the nonstationary term is carried out as follows:
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A discrete analogue of the diffusion term is written down as follows [Roache, 1980]:

op op op
—dS. ~ — S, =)>ul—11S
m“ax_ i Z£“5X Jk ik Z k{ank]k| k|' (14)
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where ng is the normal line to the face k. A derivative with respect to direction s_(p occurring in
nk

the product behind the summation sign in the right part of the equation may be determined as
follows in the case of orthogonal computational mesh:

oQ Py —Pp
S |= S, |- 15
o 1= PP (15)

For the purposes of approximation on a finite volume mesh, convective term is written

down as follows:

mp(pujdsj zzpk(l)kuj,ksj,k zzpk(l)k':k : (16)
k

Sp k
where Fy is the volumetric flow through the face k. The value at the face ¢« is determined by the
discretization scheme used for the convective term. There are numerous discretization schemes
applicable on arbitrary unstructured meshes [Jasak, 1996; Jasak et al, 1999; Leonard, 1979;
Gaskell, 1988]. Among those, we can identify a few having the highest applicability ratings, such
as Upwind Differences (UD), Linear Upwind Differences (LUD), QUICK, Central Differences
(CD), NVD (Normalized Variable Diagram) family of differencing schemes, and hybrid schemes
(the aforementioned schemes combined with the upwind scheme to increase monotonicity). Each
scheme has a peculiar way of reconstructing the desired values at the face and, as a result, its own
unique dissipative properties [Kozelkov et al., 2014].

By using the aforementioned discretization, we replace (10) with the system of linear

algebraic equations (SLAE) written down for each cell of the computational mesh:

Acpp + z Akim(PMkim = Ri,P : 17)
K

This SLAE is solved using an iterative solver. For instance, LOGOS software suite uses a
multigrid AMG solver for all SLAEs [Volkov et al., 2014].

Theoretical calculation method for maximum instantaneous concentrations from single
point source emissions

In most cases, the near-ground pollutant concentration (C, . ) is calculated in practice using

max

the empirical formulas described in [Atmosphere. Reference manual, 1991]. Typically, C_., is
determined at a certain distance from the emission site under the most adverse meteorological
conditions. The near-ground concentration is defined as a concentration measured at the bottom
two meter thick air layer. The maximum near-ground concentration C_, for the emission of a

heated gas-air mixture from a single source with a circular mouth is determined as follows

[Atmosphere. Reference manual, 1991]:
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C_ =
T HP N AT

(18)

where H is the height of the emission source above the ground level, m; AT is the temperature
difference between the emitted gas-air mixture and the surrounding air temperature; M is the
amount of pollutants emitted into the atmosphere (g/s); A is the coefficient depending on
temperature stratification, which is different for each region [Atmosphere. Reference manual,

1991]; F is the dimensionless coefficient taking into account pollutant deposition rate in the

nD?

atmosphere [Atmosphere. Reference manual, 1991]; V, = W is the consumption of the gas-air

mixture; D is the mouth diameter of the emission source; W is the average exit rate of the gas-air
mixture at the mouth of the emission source, m/s; m, n are the coefficients taking into account the

exit conditions of the gas-air mixture at the mouth of the emission source; n is the coefficient
taking into account the terrain (1 =1 for flat and slightly uneven terrains).

Coefficient m is calculated depending on the value f [m/(s2-°C)] as follows:

1 f <100
0.67+0.1./f +0.343/f 2
=147 \/7 \/7 , Where f =10° I\—/IVZADT .
=2 f>100.

Jr
The emissions with f >100 are considered cold, and the ones with f <100 heated.

The value of f, for cold emissions is calculated as f, :800(Vr;, )3 :

The dimensionless coefficient n is calculated depending on the value V,_ as follows:

1V, >2
n=4053V2-2.13V, +3.13,05<V, <2.
44 V. <5

Coefficient n for cold emissions is calculated similarly to the one for heated emissions at

The value V,, for heated emissions is calculated as

A _ 0653 AT
H
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and for cold emissions as

v —13%0
H

The distance X, (M) from the emission sources, where the near-ground concentration C
(mg/m?®) under adverse meteorological conditions reaches its maximum C__ is calculated as

follows:

max
4

Dimensionless coefficient d depends on the coefficient f and is calculated as follows:
- for heated emissions ( f <100):

2.48(1+0.2831, ) V,, <0.54

d ={4.95V, (1+0.283/, ), 05 <V, <2,

W, (1+0.281, ) v,, > 2

- for cold emissions ( f >100):

5.7V, <05
d=411.4V. 05<V. <2.

16V, V. >2

Near-ground pollutant concentrations C in the atmosphere along the plume axis at various

distances from the emission source are calculated as follows:

C=§,-C (19)

max *

Dimensionless coefficient S, depends on the relationship and is calculated as

follows:
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Equations (18)-(19) will be used below to evaluate near-ground pollutant concentrations

for single chimney emissions of industrial facilities.
Numerical experiments
Numerical simulation of propane emission from a single source

The simulation of propane emission from a circular chimney into the atmospheric air
(oxygen-nitrogen mixture) was chosen for the verification of the described numerical method
[Strahle&Lekoudis, 1985; Schefer&Dibble, 1985]. Here, we evaluated the dispersion of the
propane mass fraction at a distance from the chimney along the jet trajectory. A simplified
presentation of the problem is shown in Fig. 2. The chimney has an outer diameter of 11 mm and
inner diameter of 5.2 mm. The air flow speed is 9.2 m/s, and the propane emission rate is 53 m/s.

The density of the propane-air mixture is calculated as follows:

P

op

RTY. 3 |

where R is the universal gas constant, m. is the mass fraction of component i', M, is the

molecular weight of component i', P, is the operating pressure considered equal to the

atmospheric pressure.

Viscosity of the propane-air mixture is 1.72-10° kg/(m-s), temperature of propane and the
surrounding air is 300 K, and turbulent Schmidt number is 0.7. The initial air flow in the area
consists of two components, namely oxygen (O2) and nitrogen (N2). The initial mass fraction of
oxygen is 0.23 and nitrogen 0.77. The chimney emission consists fully of propane (mass fraction
of 1).
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Fig. 2 — Visual presentation of the problem
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For the purposes of numerical simulation, a mesh model including 115 thousand cells was
designed. The mesh has a condensation at the pollutant exit and along the jet trajectory. Due to
axisymmetric nature of the problem, the geometry was simplified to a sector shape.

The distribution of propane mass fraction along the plume axis is shown in Fig. 3 and the

obtained velocity field in Fig. 4.
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Fig. 3 — Distribution of propane mass fraction along the plume axis
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Fig. 4 — Velocity field

The experimental dataset for the distribution of propane mass fraction along the jet
trajectory is available for this problem [Strahle& Lekoudis, 1985; Schefer& Dibble, 1985]. The
plot showing the calculated distribution of propane mass fraction compared to the experiment is

shown in Fig. 5.
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Distance, m
Fig. 5 — Distribution of propane mass fraction along the plume axis compared to the experiment

It can be seen from the presented plots and diagrams that propane mass fraction changes
follow nearly a hyperbolic law. The maximum propane concentration is detected at the source exit.
It then starts decreasing and closely approaches zero at a distance of two meters from the source.
The plot shows that the numerical simulation results agree well with the experimental data. It is
also worth mentioning that the simulation results allow us to evaluate the pollutant concentration
at any point of the calculation area with the desired accuracy.

Numerical simulation of mixed emission dispersion from a single chimney
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Here, numerical simulation of pollutant dispersion from a single chimney is performed and
near-ground pollutant concentrations are determined. The visual presentation of the problem is
shown in Fig. 6.

5 KM

——
- Betep

BrrxiiomnHeie
Ta3nl

it
J?M

Fig. 6 — Visual presentation of the problem
KM —> km
Berep —> Wind
Beixsomnuasie ra3el —> Exhaust gas
M—>M

The chimney has a rectangular mouth of 0.5 m in length and 0.4 m in width. The emitted
gas temperature is T, =75°C, the average exit rate of the air-gas mixture is W =14.x/c, the
surrounding air temperature is T, =21.4°C, and wind speed is 14 m/s. The pollutant
concentrations emitted into the atmosphere are as follows: C(CO)=3.632/u°;
C(NO,)=0.0852/»°; C(S0O,)=0.382/x%; C(NH,)=0.22/ 1.

When we solve this problem by calculating the maximum instantaneous concentrations
assuming single point source emissions [Atmosphere. Reference manual, 1991] and using
coefficient values A=160 (according to the temperature stratification for the European part of the
Russian Federation and the Urals region to the north from 52°N), F =1 (for gaseous pollutants

(sulfur dioxide, carbon disulfide, etc.) and fine aerosols (dust, ash etc.) having a near-zero

deposition rate), we obtain the maximum near-ground pollutant concentration C_,, using the
equation (18) as follows: C__(CO)=242me/nm*; C_ (NO,)=0.057mz/m’;
C.(S0,) = 0.253me/ m*; C.ox(NH;)= 0.133m2 / 1>

The near-ground concentration values C obtained using equation (19) for CO at distances

of 250, 500, 1500, 3000, and 5000 m are presented in Table 1.
16



Table 1 — Pollutant concentrations at various distances from the source

. CO NO SO NH
Distance from . 2 2 s
the source. m | Concentration, | concentration, | concentration, | concentration,

’ mg/m3 mg/m? mg/m? mg/m®
250 0.63 0.015 0.066 0.034
500 1.66 0.039 0.174 0.092
1500 2.12 0.050 0.220 0.117
3000 1.26 0.030 0.132 0.070
5000 0.64 0.015 0.067 0.035

Numerical simulation was performed using the 3D computational mesh primarily
consisting of regular hexahedra. The total number of cells of the computational mesh was 15.5 M.

A fragment of the computational mesh cross-section in close proximity of the chimney is presented

in Fig. 7. The mesh has a condensation at the exit of exhaust gas from the chimney and at their
dispersion area.

The numerical simulation results showing the pollutant concentration dispersion pattern

for CO, as well as temperature and velocity distributions are shown in Figs. 8-10. Concentration

dispersion fields for NO,, SO,, and NH, have similar distribution patterns with varying

Fig. 7 — Computational mesh cross-section

quantitative characteristics.
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Concentration CO[mg/m?]
0.34 1.68 3.03
I —

m 0 1.35 2.69

Fig. 8 —CO concentration dispersion field in close proximity of the chimney

Temperature [K]

300 324 348

W
m 294 318 342

Fig. 9 — Temperature distribution field in close proximity of the chimney
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Velocity U [m/s]
2 3 7 12 17

m 4 0 5 10 14

Fig. 10 — Velocity distribution field in close proximity of the chimney

To give a visually clearer representation of pollutant concentration dispersion, we present
the CO dispersion pattern at the distances of up to 5000 m from the source (Fig. 11). The
maximum near-ground CO concentration is observed at distances of 1000-1500 m from the
source, and then it gradually decreases. The changes in the near-ground pollutant concentration

depending on the distance from the source are shown in the plots in Fig. 12.

Concentration CO [mg/m?]
m 6e-04  25e-03 5.56-02

0 1e-04 3.1e-03

b
o 500 1000 1500 2000 2500 3000 3500 4000 m

Fig. 11 —CO concentration dispersion field far from the source

The comparison of near-ground pollutant concentrations for CO, NO,, SO,, and NH,

obtained by numerical simulation and the ones calculated based on maximum instantaneous
concentrations assuming a single point source emission, i.e. the theoretical data, is shown in Fig.
12.
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Fig. 12 — Comparison of numerical simulation results with theoretical derivations

We can see from the plots that the near-ground pollutant concentration dispersion obtained
by numerical simulation agrees rather well with theoretical derivations. We can also see a good
qualitative agreement between the results at various distances from the emission source, and a near
matching position of the maximum concentration from the source. However there is still a certain
noticeable quantitative difference between the results. This difference can possibly be caused by a
mismatch (error) in determination of near-ground concentrations in the theoretical approach, since
equations (18)-(19) used for concentration calculation are derived using a series of assumptions

and empirical coefficients.

Conclusions

In the present paper, the numerical simulation results for pollutant dispersion in the
atmospheric air have been presented with the validation examples as follows: propane emission
from a single source with determination of pollutant mass fraction along the jet trajectory
compared to the experimental data and mixed emission dispersion from a single chimney of an
industrial facility with determination of the maximum near-ground pollutant concentration
compared to the theoretical calculation of the maximum permissible emission. The simulation was
carried out using the Russian engineering analysis software suite LOGOS. Numerical simulation

method was based on solving the averaged Navier-Stokes system of equations supplemented with
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concentration transport equations under the Fick’s diffusion law. This method ensures a rather
accurate simulation of gaseous pollutant transport disregarding the empirical regularities. The
method also makes it possible to carry out numerical simulation taking into account the flow
turbulence, the terrain, and the pollutant source geometry. The results obtained show that the
applied numerical simulation method adequately describes pollutant dispersion in the atmospheric
air. In the future work, it is planned to solve the inverse problem of determining the right hand side
of the equation and determine the localization of pollution sources and the power of pollution.
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