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Abstract

This research proposes a numerical model for the quick calculation of air pollution by emissions from cars in urban area
such as "canyon". The Euler equations written in Helmholds variables were used to calculate the wind flow velocity
field in street canyon. A special technique is used to calculate the vorticity in the corner points of buildings and barriers
near the road. To calculate pollutant concentration field in the street canyon, which is formed from the traffic flow, the
mass transfer equation was used, which took into account pollutant emission rate from cars, atmospheric diffusion,
gravitational deposition, convective transfer. For numerical integration of modeling equations change-triangular finite-
difference schemes were used The computer code realizing the developed numerical model was developed. The results
of computational experiments to estimate the level of air pollution for different variants of the “canyon™ scheme are
presented.
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1. Introduction

It is known that motor transport is the largest source of air pollution in cities. Road emissions cause an increased
risk of asthma and other respiratory diseases. One proposed solution is to build barriers along busy roads to reduce
roadside concentrations associated with road emissions [1-2]. For this reason, the interest to the formation of pollution
zones on the streets during emissions from vehicles has increased significantly. An experimental study of the processes
of atmospheric air pollution in the streets requires a significant amount of time to organize and conduct an experiment,
both in laboratory and in natural conditions, and requires the use of expensive equipment. Therefore, to solve problems
of this class, the method of mathematical modeling is actively used.

The method of mathematical modeling, empirical and semi-empirical models, Gaussian models, obtained on the
basis of previous studies, are often used. These models can be used to assess the level of atmospheric air pollution near
highways [2-4]. These models allow you to quickly calculate the concentration of the pollutant, but do not allow you to
determine the pattern of concentration on the street where various objects are located. This does not allow using these
models to study the issue of assessing various kinds of protective measures implemented to minimize the level of
atmospheric air pollution near the road on the street. The most effective methods for studying the patterns of formation
of pollution zones from vehicles on the streets is the use of CFD models. One of the important distinguishing features
currently used in CFD models is the choice of fluid dynamics model. The most actively used models are those that use
the Navier-Stokes equations to calculate the air flow velocity field in building conditions. The application of these
equations is carried out using various turbulence models [5-8]. This models make it possible to study in detail the
regularities of the formation of pollution zones in building conditions, but their application requires powerful computers
and a fairly long time for calculations. Another approach in the field of mathematical modeling of atmospheric air
pollution by emissions from vehicles is the use of a hydrodynamic model of a nonviscous fluid, in particular, a potential
flow model [9]. This model allows within a few seconds to calculate the field of air pollution near the highway in the
presence of various objects that affect the hydrodynamics of the flow near the route.

In this paper, a method has been developed for numerically calculating the field of air flow velocity and the
concentration of atmospheric air pollution by emissions from cars in urban areas of the "canyon" type. Mathematical
modeling was carried out using finite difference methods. A program has been created for carrying out computational
experiments that do not require large expenditures of computer time. These studies may be useful in the design phase of
the placement of barriers to reduce roadside emission concentrations.
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2. Statement of the Problem and its Solution
2.1. Mathematical Model

A four-lane intra-city highway is considered, the width of one lane is 3.75 m. The considered computational area
ABCD has the shape of a "canyon", since the residential area of multi-storey buildings is located on both sides of the
road Fig. 1. Placing screens along the edge of the road is impractical, since this is a residential area and the entrance to
the roadside must remain free on each side of the road. The task is to calculate the zone of atmospheric air pollution
during the emission of SO, pollutants from vehicles, as well as to assess the effect of screens on reducing the value of

the concentration of harmful substances in the residential area. A plane problem is being solved in the system of
Cartesian coordinates Oxy: the Ox axis is directed horizontally, perpendicular to the movement of vehicles along the
road (across the street), the Oy axis is directed vertically upwards.
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Fig. 1 The scheme: 1 — buildings; 2 — cars; ABCD — boundaries of the calculated domain; 3 — protective barrier (screen);
4 — emission source (car exhaust pipe)

In order to predict the level of pollution on the street during the emission of pollutants from vehicles, two
problems need to be solved. The first problem is to determine the field of air flow velocity on the street, which is
formed under the influence of buildings and cars on the movement of the air flow. The second task is to calculate the
pollutant concentration field.

To solve the first problem, the Euler Eq. (1) is used, which is written in Helmholtz variables [11]:
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where @ —vortex; u,v —the components of the airflow velocity vector U ; w (X,y,t)—current function;
X,y — Cartesian coordinates; t — time.

To calculate the flow hydrodynamics within this technique, it was assumed that the corner points inside the
computational domain (the corner edges of buildings, cars) are sources of vortex generation. Therefore, to solve
equations (1) — (2), the methodology for calculating the intensity of the vortex at the corner points was added using the
Stokes theorem. The methodology is described in the work [11].

The values of the air flow velocity components are calculated after determining the current function according to
the relations (3):
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To solve modeling Egs. (1) — (2), the following boundary and initial conditions must be met: at the boundary of
the entrance to the computational domain AB: @| x5 = @|eyance » IN this €8S @|qrance=07 ¥ as =¥ enrance =¥ (¥)

U a5 =U |arance =U (Y) ; ON the upper boundary of the computational domain BC: 6—i):o, where n —the unit
on
outward normal vector at the given boundary; w =const; on hard surfaces (surfaces of buildings, cars) that are

impenetrable: a—f =0; w =const; - at the edge of the air outlet CD: a—i) =0; a—"i =0; for the moment of time t=0

on on on
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the initial condition is satisfied: a’|1:o =0 — the absence of vorticity, which subsequently arises at the corner points of

objects that are in the area.
To solve the second problem of calculating the pollutant concentration field, the mass transfer equation was
solved. The previously calculated velocity field was the basis for solving the problem of pollutant mass transfer (4) [11].
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where C(x,y,t) — concentration of pollutants CO, [kg/m®]; u,v — components of the air flow velocity vector, [m/s];
u,, p, —diffusion coefficients, [m?/s]; t—time, [s]; Q. (t) —emission intensity CO, [kg/(s-m%)], X, Y, —coordinates
of pollutant sources of emission sources, [m]; &(X,y) — Dirac delta function; m — KONHYECTBO HCTOYHHKOB

sarpsisaenust. The Oy axis is directed vertically upwards; the Ox axis across the road (Fig. 1).
The diffusion coefficients are calculated by the formulas: x4, =k,-U, k,=(0,1+1)m depending on the

atmosphere stability level; U [m/s] — wind speed that is the known value of the wind flow velocity, can be calculated by the
formula: U =U, -(y/y,)™, where U, is the value of the wind speed at a certain fixed height y,=3m, n, ~0.15-0.69,
since it depends on the roughness of the underlying surface and the stability class atmosphere, n, =0.15 was taken in the

work; pu, =k [l] , k. =(0,1+0,2) m?/s within the surface layer of the atmosphere [17], mm ~ 1.
Y

1
To solve Egs. (4) — (6), the following boundary conditions are set (Fig. 1): at the boundary AB the flow enters the
computational domain, for the concentration of this impurity, a boundary condition C| s =C |y IS Set that is the

background concentration, in the absence of data, the concentration value is taken to be zero; at the boundary CD the
flow leaves the computational domain, at the end of the computational domain in the numerical model a boundary

condition % =0 is fulfilled, from a physical point of view, this condition means that the diffusion process at the flow

exit boundary is not taken into account; at the boundaries BC, AD and on all solid walls, depending on the direction of
the normal, the non-penetration condition must be satisfied.

2.2 Numerical Model

For the numerical solution of modeling Egs. (1)—(3), a rectangular difference grid was used
(x, ¥)i; =(@i-4x, j-Ay), i, j einteger . The solution of equation (1) by difference equations is carried out in two steps

(5) - (6) [11].

In the first and the second splitting steps:
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The unknown values of the vortex at each splitting step are determined from formulas (5) — (6) by relations (7) — (8):
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The intensity of the vortex at the corner points, as noted above, is calculated according to [11].
For numerical integration of the Eq. (2) an explicit finite-difference scheme of numerical integration is used
equation (9) reduces to an equation of the evolutionary type:
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where 7 is the dummy time, when 7 — oo, the solution of Eq. (9) goes to the solution Eq. (2). To solve this equation it is
necessary to specify the initial condition at »=0. For example, you can take y,_, =y, to the entire calculation area. For
numerical integration (9), an explicit difference scheme [10] is used, which has the form (10):

n n n n n n
l//in}rl =‘//inj A Vi _ZA‘//i,Zj HVij At Vi =20 Vi
' ' X

o +a - (10)
The known values of the flow function ; make it possible to calculate the values of the components of the air
flow velocity vector (11):

U _ Vi Vi v, _ Viaj —Vij (11)
’ Ay ‘ AX
For the numerical integration of equation (4), its physical splitting into the Egs. (12) — (14):
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The following transformations were used to construct difference schemes (15) — (18):
ouC u'C ouC_ awC ov'C ovC,
—= +— —= +—; (15)
OX OX 10 oy oy oy
B L P B o
ut= LU= NV E—— e V= (16)
2 2 2 2
+ + +1 + +1 _ - +: - +:
u'C Ui G — UGl _ e, C Uy, Clizj —U,Ci _ LM a7
OX AX T X AX o
1 1 . _ e
ov'C . Vi aCM e _ e ovC N "i,j+1cn+li,j+1_Vi*jcn 1” =L cm (18)
o Ay o Ay o
The splitting scheme for Eq. (12) was performed in two steps (19) [11]:
k- n C_nJ_rl _ k_
ekl Cl=0; 4 ——L4m C™ 4L, CM =0, (19)
At X y y
For the numerical integration of Eq. (13), a two-stage difference splitting scheme was used (20) [11]
n+E n+l n+E n+1 n+l 1 n+l 1 1 1 1
n n+ n+ n+ n+ n+
Ci?—Ci _—C2+C3 G2 +C4 Gy —Gy® Gy -G G =G (20)
At Ax? Ay? ’ At Ax? ay>

For the numerical integration of Eq. (14), the Euler method was used (21) [10]:

i=1

Cir,]j+1 =G/, +At'iQi5(X‘Xi)5(y"yi)'

(21)

To carry out computational experiments, a humerical calculation program "CANYON-2" was created in the
FORTRAN programming language was developed.
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2.4. Results of Computational Experiments

In this section, based on the developed method, the results of numerical calculation of the concentration field
SO, from road transport emissions for three options for the location of the barrier in the canyon are presented. The first
version of the calculation was carried out without a screen along the dividing strip of the road Fig. 2, the second - taking
into account the presence of a screen with a height of H=5 m along the dividing strip Fig. 3, the third — taking into
account the presence of a T-shaped screen with a height of H=5 m along the dividing strip (Fig. 4. The computational
area Fig. 1 had dimensions: the length AD was 44 m, the height AB was 21.6 m. The emission intensity was 1 g/(s'm).
At the AB boundary, the airflow velocity was 4 m/s, is the value of the wind speed at height 3 m. The Fig.2 — Fig.4
show the distribution of the concentration field as a percentage of the maximum value of the concentration Cnmax. At the
first stage of the study, based on the "CANYON-2" program, computational calculations were carried out in the study
area without a protective barrier on the median strip (Fig. 2).
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Fig. 2 Results of calculating the concentration field SO, in the absence of a barrier, Crax = 0,0272 mg/m?: 1 — buildings;
2 —vehicles

The analysis of the results of calculations of the concentration field presented in Fig. 2 shows that zones P and Q
are formed (highlighted by red circles) with an increased concentration value, which is 65-85% of the maximum value
Cmax = 0.0272 mg/m®. The location of residential buildings according to the type of street canyon leads to the fact that
the level of transport emissions at the height of the first and second floors (line MN) is about 51-56% of the maximum
value on the road, so it is advisable to use technical methods to reduce the level of pollution concentration, namely
protective barriers.

Therefore, at the second stage of the study, computational calculations were carried out in the study area in the
presence of a protective barrier on the median strip (Fig. 3). The presence of a barrier in Fig. 3 contributes to the fact
that at the location of the screen, the concentration line rises higher by 2.4 m, compared to Fig. 2. This suggests that the
barrier acts as an obstacle, slowing down the movement of the polluted air flow. The decelerated flow moves upwards
along the barrier, raising pollution to a greater height, where pollution is more effectively dissipated due to diffusion.
The concentration value directly behind the barrier on the road (in zone P2) becomes 20% lower than in zone P;.
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Fig. 3 The results of the calculation of the SO, concentration field taking into account the barrier H=5m,
Cinax = 0,0332 mg/m?*: 1 — buildings; 2 — vehicles; 3 — protective barrier (screen)

The location of the buildings in the form of a canyon creates additional obstacles for the moving polluted air
flow. This is clearly seen in the shape of the lines of concentration, which are drawn in near the second building from its
windward side. There are stagnant zones at the bottom of the building, from where pollution is poorly taken out. But
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since the polluted air rises to a greater height due to the screen, the level of concentration in the stagnant zones becomes
less. In zone Q in Fig.3 the concentration level is reduced by 30% compared to the concentration level in zone Q in
Fig. 2 where there was no barrier. At the height of the first and second floors near the second building (line MN), the
concentration level is about 37-40% of the maximum value on the road Cmax = 0,0332 mg/m3. This confirms the
effectiveness of a protective barrier on the median strip.

At the next stage of the study, computational calculations were carried out in the study area in the presence of a
T-shaped protective barrier on the median strip Fig. 4. The Fig. 4 shows the distribution of SO, concentration in the
case of using a T-screen. This form of the screen not only serves as an obstacle to the polluted air flow, but also directs it
in opposite directions. Thus, the concentration level in zone Q; increases, and in zone Q. decreases. There is a forced
equalization of the concentration of pollution in the zones Q; and Q2. At the height of the first and second floors near
the second building (line MN), the SO, concentration level is about 19 —21% of the maximum value on the road

Cmax = 0.05 mg/m3. The use of a protective T-shaped barrier on the median is more appropriate.
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Fig. 4 The results of the calculation of the SO, concentration field taking into account the T-shaped barrier A =5 u,
Cmax=0,05 mg/m?3: 1 — buildings; 2 — vehicles; 3 — protective T-shaped barrier (screen)

For a more detailed analysis of the results of numerical calculation in Fig. 2 — Fig. 4, a vertical section MN was
chosen on the windward side of the second building. The relative reduction in concentration over the entire MN section
when using a straight vertical screen was 20.7%, when using a T-shaped vertical screen was 41.8% when compared with
the option of no screen.

In this study, on the basis of the developed method of numerical calculation, the tasks of using protective screens
along the dividing strip of the road in the territory of street canyons were solved. The wide possibilities of using this
method for numerical calculation of the concentration field of emissions from motor vehicles are shown, which is a
necessary tool for carrying out measures for the reorganization of roads in the city.

3. Conclusions

An efficient numerical method is proposed for calculating the concentration field in urban areas like a street
canyon, where highways with heavy traffic flow pass. This method makes it possible to take into account: the height of
buildings, the geometric dimensions of vehicles and their position on the road, the presence of protective barriers of
various heights and shapes, changes in the velocity field in the computational area of the canyon. Computational
calculations were carried out on the basis of the developed program "CANYON-2", the calculation time was about 7 s.

The developed method can be used to establish transport logistics in the city, to justify the number of storeys of
buildings during their new construction, to assess the level of air pollution from vehicle emissions in the urbanized areas
of the city in order to ensure the environmental safety of the population.
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