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STRUCTURE AND PARAMETER MODELLING OF PROCESSES
OF CONTAMINANT DISTRIBUTION
IN THE SPACE OF NEAR-HIGHWAY STRIPS

Statement of the problem. Insufficiently complete and accurate results of evaluating the envi-
ronment parameters of the operation of road and transport systems heavily impact the material and
financial resources. Developing the method of evaluating and forecasting transport pollution in
near-highway strips based on convective and diffusive theory of transfer processes enables a more
correct determination of contaminant release in near-highway strips, calculation of a concentration
field in a horizontal and vertical planes of influence zones of highways and project solutions to re-
duce an actual concentration of contaminants to a maximum low.

Results and conclusions. The main problem to be addressed was a mathematical modeling of
momentary emission sources moving on highways with a local emission power of contaminants.
Theoretical generalization and systemic solution of the problem of complex evaluation and fore-
casting transport pollution of the influence zone of highways based on convective and diffusive
theory of transfer processes allows one to establish analytical relations to determine emissions and

concentration of contaminants in near-highway strips.

Keywords: a near-highway strip, transport pollution, emission of toxic substances, a maximum acceptable con-

centration, convective and diffusive transfer.

Introduction
The realization of a healthy society and economy being impossible in an increasingly deteri-

orating environment was brought home in many of the developed countries in the middle of
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the 20" century. 800 cars are currently in use worldwide: over 100 mln in Europe, 33.4 min in
Russia. This results in cars consuming 2.1 bln tons of fuel and releasing ~700 mln tons of
contaminants, 1. €. this figure is 1.3 tons per year for an average car. Therefore in the course of
the estimation of environmental safety of motorways the focus should be on effects produced

by travelling vehicles — transport contaminations.

The problem of reducing toxic contaminants from exhaust gases of the near-highway space
can be addressed in two ways. First, designing solutions should be optimized to fit the mini-
mum toxic emission. Second, toxic concentration can be reduced to maximum acceptable by
taking a number of special protective measures. Both of these require that the effect of de-

signed road conditions on toxic emission is modelled.

The first calculations of the surface layer pollution in highway designs were performed using
the technique by V. V. Filippov [1]. The theoretical grounds for the formula he suggested was
the Gauessian distribution model in atmospheric impurities. This technique in a slightly re-
viewed form made it into the “Guidelines on Environment Protection Provisions in the Road
and Bridge Crossing Design” developed by Ltd. HYDRODORNII, Public Enterprise Soyuz-
dor Research Institute and Public Enterprise Rosdor Research Institute [2]. The calculation
technique is based on a step-by-step determination of exhaust gas emission, air pollution con-
centration by these gases at a varying distance from the road followed by the comparison of
the obtained data with maximum acceptable concentration of this substance in the air. The
formulas suggested in [2] are quite simple and extensively used in design practices. However,
they are based on insufficiently proven assumptions and the empirical approach therefore the

results are local and relevant to the investigated area only.

It is also noteworthy that Russia’s integration into the economic community of Europe and the
world, extending world transportations are a great contributor to the requirements imposed on
environment and road safety, economic and other indicators in the process of the certification
of new domestic machinery to ensure their compliance to the European standards. In the RF
from January 1, 2008 there has been a ban on the production of vehicles that do not meet the
Euro 3 emission standard as well as on the import of such vehicles. Similar requirements ap-
ply to the quality of fuel. Unfortunately, the existing technique of vehicle emission calculation
[2] reflecting its condition as for the mid 90s dismiss these trends which results in an extreme-

ly overestimated pollution levels. Obviously, this ends in a major cost overrun on excessive
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environmental measures. Therefore it should be mentioned that the theoretical generalization
and system tackling of a complex evaluation and prediction of vehicle pollution of the road

zone 1s now one of the major concerns in environmental research.

1. Structural and parameter modelling of pollution transfer processes in the near high-
way strip

Having analyzed the literature on the problems of gaseous and aerosol migrations in the space
of the near highway strip and considering the qualitative analysis of the technology factors the
major processes crucial to the near highway strip are said to be convection diffusion transfer

in the air.

Let a pollutant transferred by air have a concentration C(x, y, z, f). A pollutant is spread within
the cylindrical area G with the surface S that comprises the side surface of the cylinder X, the
lower base Xy (at z=0) and the upper base X, (at z = H). The upper boundary of the surface
layer (i. e. a layer where the wind speed goes up with the height) would be appropriate as H

for vehicle sources. Within the area is a pollution source with the intensity f.

Transfer of a pollutant within the area G is given by a parabolic equation in a second order
partial derivative:
%+div(UC)+8C:f, (1)

where o is the coefficient that considers the split and reaction between a pollutant and envi-

ronment:

div(UC):ua—C+va—C+waC

-~ 2
ox oy oz )

To solve the equation (1) it is necessary that we conceive the initial condition to be as follows

C=Cy att=0 3)
and boundary conditions as
C=C,onk, 4)
o =aConX, &)
0z

38



Issue Ne 1 (17), 2013 ISSN 2075-0811

E:OOn z, (6)
oz

where o <0 1s some function that describes the interaction of the substance with the underly-

ing surface.

It was proved by the academic G. I. Marchuk [3] that the task (1) with the conditions (3)—(6)
has a single solution provided there are no tight requirements on how smooth the initial data
is. However, a certain type of general initial functions is hard to obtain, in keeping with most
works on turbulent diffusion [3], we will thus represent the values C and f as well as the com-
ponents of the air flow velocity u, v, was

C=C+C, f=f+f, -

u=u+u, v=v+v, w=wt+tw,

where C, f, u, v, w are concentration, intensity of the source and velocity components that

are averaged over the period of synoptic mesoprocess respectively; C, f, u, v, w are oscil-

lations from the averaged values that correspond to a period of a few hours.

Inserting (7) into (1)—(6) and using Reynolds’s averaging [3], we get

aa—tc+dz‘v(%)+dz‘v(%)+85:?. ()

From the physical point of view, the summand div(U 'C') is diffusion of air masses that trans-

fer the pollutant molecules.

The semiempirical theory of turbulent diffusion [3] expresses the components of the U C’

vector with the averaged gradients of the averaged concentration field (K-theory):

WC=-p% Vo-_p c-_p (9)
ox © oy 0z

where D, 20 is the horizontal coefficient of turbulent diffusion; D, >0 is the vertical coeffi-

cient of turbulent diffusion.
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Then

div(U'C'):QDea—C+iD26—C+iD66—C:D3AX 5+2D66—C:DE, (10)
ox “ox oy oy 0z ° o0z Y0z oz

where A =0%/0x*+06° /0y’ is a second order Laplasian operator. Further on, we will de-

cline from showing the averaging line over C, f, U, u, v, w, however their averaged values will

be meant to be in the equations.

Inserting (10) into (8), we get the equation that describes the propagation of light gaseous

o(uC) owC) o(wC
6_C+ (u )+ (v )+ (W )+8C:DC+f (11)
ot ox oy 0z
with the initial condition C=Cpatt=0 (12)
and boundary conditions C=C,onk, (13)
E:ac onx, (14)
0z
oc =0onZX ; (15)
0z
in addition to that, w=0 atz=0,z=H. (16)

For aerosols (dust, smoke, heavy metals) it is necessary to account for the force of gravity. If we
denote the absolute vertical velocity of particles under the force of gravity by w,, a new sum-

mand will emerge in the equation (11) and the system of aerosol equations will take the form

o(uC) o(vC) o(w-w,)C
o« (u )+ (v )+ ( g) +8C=DA, C+£D68—C+f (17)
ot ox oy oz M0z ' oz
with the initial condition C=Cpatt=0 (18)
and boundary conditions C=C,onZX, (19)
o =aConX, (20)
0z
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§:00nzﬁ; (21)

0z
in addition to that w=0 atz=0,z=H. (22)

In order to solve practical tasks to define the propagation of pollutants over a considerable
time periods we use a two dimensional (x, y) approximation which is a result of (17) and inte-
gration according to the z coordinate within 0 to H. As a result of the transformation and con-

sideration of the boundary conditions for a heavy pollutant, we get [3]:

oc, o(uC,) o(vC,
ch + (a p) + (Gyp) +8Ccp :DeAxyCCP +(Wg +D60(.)Cg +F’ (23)
t x ’
H
where Cp= J. Cdz, %)
0
H
F=| fiz, (25)
0
.-l (26)

In the equation (23) the summand (wg + Dgoc) C, describes a decrease in the pollutant concen-
tration over the point (x, y) with w,C, being the amount of water that is released as a result of
the force of gravity and D,aC, being the amount of the substance released as a result of tur-

bulent exchange in the Earth surface.

If w,((D,a, the equation (23) takes the form [3] and reflects the propagation of light gaseous

substances:
oc_ ouC,| ovC,) -
cp + ( 1’)+ ( p)+8Cc :D’Ax Cc +F, (27)
ot ox dy oo

where the amount of the pollutant released from the Earth surface is

55420 (28)
H
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The fundamental solution of the task of the direct and corresponding to (23) for a one-time re-

lease of the pollutant with the power of O at the moment t, € [0, T ] in the cylindrical area G [3]:

B 0 ~ (x—ut)2+(y—vt)2
Ccp (x,y,t)—mexp —{(6+8)l‘+ 4Drl’ at tE[TO,T], (29)
Ccp(x,y,z)zo at te[rO,T]
and
C’ (x t)zLex - (6+S)t+(x—ut)2+(y—vt)2 at te[O 17]
% 4nD, (1, - 1) P 4D t Y 30)

C:p (x,y,z) =0at te [r,,T]
where Ccp, Cep are fundamental solutions of the direct and corresponding task respectively;

w g+OLD6'
o .

8= (31)

If there is a one-time release with the power, the solution can be transformed into the statio-

nary conditions with an average amount of the polluting substance:
1 T
0=— ! O,dt, (32)

and accept t > T .

The density of the pollutant mass released onto the underlying surface is defined to be the fol-

lowing functional

W, +aDs
JzTCCP (xl,yl,‘cl), (33)
for the corresponding task J =0C, (X0, ¥0:Ty)- (34)

These fundamental solutions can be transformed for other boundary conditions in the propaga-
tion of the substance over the underlying surface of the near-highway strip and release of heavy

metals onto it. The functionals (33, 34) are also transformed in the corresponding manner.
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2. Development of the mathematical model of the diffusion of pollutants in the air and
their release onto the underlying surface of the Earth

The concentration of the nitrogen dioxide, heavy carbohydrates, carbohydrate oxides and sul-
phur dioxide, heavy metals as well as the density of the pollutant flow released onto the un-

derlying surface.

The propagation of pollutants in the air is of wave nature. This is caused by a discrete trans-
port flow in the highway and change of weather conditions: atmospheric pressure, humidity,
temperature and direction and speed of the wind. The most real nature of the waves seems to

be rectangular. The solution of the diffusion equation in this case can be [3]
C=Ccp+ Cp, (35)

where Cp i1s a periodic part put on the concentration Ccp caused by an average flow mass
grxti/t on the surface and computed following the solution of the basic diffusion equation.

The periodic concentration component Cp is given by

C,=(2gt,/an)(D/nt)” (1-a)b" -1, (a,b) if 0(b(a, 56
C,=(2gt,/an)(DInt)” (1-a)b™ —(b—a)” I, (a,b) if a(b(l,

where D is the diffusion coefficient; A is the duration of the wave process a = t,/¢; ¢, is the
time over which a pollutant mass flow is provided by a vehicle passing through;
t - t; 1s the time over which no pollutant mass flow is provided; b is the relative time after the
pollution of the strip by a passing through vehicle started (0 < b < a); 1o(a, b) is the integral

function defined as

A (a, b) =

dg, (37)

O ey 8
Jre
N}
1
—_
|
(¢}
>
o
—_—
L N
N}
~
|

where & is an integration variable; the values of the integral function /y(a, b) are tabulated.

The average concentration Ccp is defined as a result of the solution of the diffusion equations
for light gaseous substances and aerosols that contain heavy metals, smoke, and dust. Let us
introduce the singular function ¢@(t) in order to describe the wave nature of the propagation of
pollutants in the air while vehicles are travelling in a varying manner in the highway and

weather conditions are changing:
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