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MATHEMATICAL MODELING OF POLLUTION PRODUCED BY
MOTOR VEHICLES UNDER CONDITIONS OF HUMAN SETTLEMENTS

Abstact. The paper presents a mathematical model to describe the process of heat
and mass transfer, and the calculation of velocity fields, temperature and
concentrations of contaminants in the vicinity of roads, surrounded by buildings.
Methods of predicting the distribution of contaminants released during the operation
of vehicles can be used when planning the construction of roads and placing various
buildings in their proximity.
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MATEMATHUYHE MOJIEJIIOBAHHA 3ABPY/IHEHHAI,
CTBOPIOBAHOI'O BUKNJIAMMU ABTOTPAHCIIOPTHHUX 3ACOBIB B
YMOBAX HACEJIEHUX ITYHKTIB

AHoTanis. Y poOOTi HaBeAeHa MaTeMaTUYHA MOJENb JJIsl OMHCY IMPOIeCy Terio- i
MacoOIIEpEeHOCY 1 PO3paxyHKy TIIOJIB IIBUAKOCTI, TEeMIEpaTypyd 1 KOHIIEHTpaIlii
3a0pyIHIOIOYUX PEYOBHUH y MPUAOPOKHHOMY MPOCTOPI HACEICHUX MyHKTIB. MeTonu
MPOTHO3Y-BaHHS PO3MOAUTY 3a0pYyIHIOIOYNX PEYOBHH, 110 BUIIISIOTHCS TIPU POOOTI
aBTOTPAHCHOPTY, MOXYTh OYTH BHKOPUCTaHI TMpH IUIaHyBaHHI OyIIBHUIITBA

aBTOMOOIJTBEHUX JIOPIT 1 PO3MIIICHH] TOOJINU3Y HUX OyAiBEIb Ta CIIOPY/I.

KirouoBi cjoBa: MeTroaw MporHo3y, aBTOMOOUIBHMM TPaHCHOPT, Majll HaceseHi

MyHKTHU, AUEPEHITIITHE PiBHSIHHS.
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AnHotanusi. B pabore mpencraBieHa maTeMaTWyeckas MOJENb IS ONMHCAHHS
mpolecca TeIIo- W MaccolepeHoca M pacuera MoJjed CKOPOCTH, TeMIEpaTyphl U
KOHLEHTpPALUN 3arps3HSAOIMX BEIIECTB B MPHUAOPOKHON I0JIOCE HACEIEHHBIX
IYHKTOB. MeTOo/lbl NPOTHO3UPOBAHUSL PACHPEACIICHUS 3arpsI3HAIOIUX TMPUMECEH,
BBIICTISAIOIIUXCA NpU paboTe aBTOTPAHCIOPTA, MOTYT OBITh HCIIOJIb30BAHBI IPU
IUTAHUPOBAHUHM CTPOHUTENHCTBA aBTOMOOWJIBHBIX JOPOT W pa3MENIeHHH BOIW3U

3IaHUM U COOPYKEHUMU.

KiroueBble ci10Ba: MeETOJbI TPOTHO3a, ABTOMOOWIIBHBIA TPAHCIOPT, Mallble

HaceJICHHBIC MMyHKTHI, U] PepeHIaIbHOE YPaBHEHHE.

Formulation of the problem

As a result of motor vehicle operation gaseous and condensed products, such as
carbon and nitrogen oxides, hydrocarbons, carbon black, lead, and others are emitted
into the environment of human settlements. In addition, in the surface layer during
the photochemical reaction there is formed ozone, nitrogen oxides and other
hazardous to human health and the status of flora and fauna toxicants. Under certain
weather conditions even minor traffic flows may create unfavorable environmental
conditions in human settlements. For the design and construction of roads it is
necessary to assess the environmental pollution, taking into account the above
factors, as well as the topography, the nature of development, the presence of forests,
traffic and the percentage composition of the traffic flow. We must also consider the
resulting impact of environmental pollution from vehicles and other sources, such as
industrial enterprises. As a result of analysis of existing models of pollution from
motor vehicles in the framework of continuum mechanics there is given a
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mathematical model [1], based on the solution of equations for the turbulent diffusion
of gaseous and condensed toxicants. This takes into account the wind direction and
speed, the ambient temperature and the resulting movement of heated product
emissions from motor vehicles over the roadway, as well as the terrain. With this
approach it is possible to include additional factors to be taken into account in the
calculation of environmental pollution. Using the laws of continuum mechanics [2]
there is set the boundary value problem for the description of heat and mass transfer
of pollutants in the vicinity of the highway.

Let us consider the plane problem of convective heat and mass transfer of
pollutants from motor vehicles. The road is modeled by the surface source of weight
of hot substances emitted by motor vehicles. It is believed that:

— the flow is developed turbulent;

— the density of the gas phase is not dependent on pressure as the flow velocity
is significantly less than the speed of sound,

— to describe the convective transport under the influence of wind and gravity,
two-dimensional Reynolds equations for a turbulent flow are used. The reference
point x; =0, x, =0 is located in the center of the road, axis Ox; is facing right parallel
to the Earth's surface perpendicular to the road in the direction of the wind, axis Ox; -
upward. (Fig. 1).
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Figure 1 — Scheme of the pollution process from motor vehicles in the urban canyon

The formulated problem reduces to the solution of the following equations:
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The initial and boundary conditions are as follows:

t=0:v,=0,v,=0,T=T,,¢c,=c,, T.=T,¢=0, (6)
cAJ
Xlz_xle:vlzve’VZZO’T:Te’ Ca:Cae’ _3_kER+CUR/2:O’ (7)
LA N, Iz or
Xizxie'_zo’_zol 0‘:0,_20, (8)
2 2 X 29
X =—X,:V,=V,,v,=0,T=T,,¢c,=c,, _in +cU,/2=0, (9)
ZA N, x& or
X =%,:—=0—=0, —*=0,—=0, (10)
2 29 29 29
4 _ full derivative (i—ng(V +w)i)' C, specific heat capacity of the air at
dt gt o iSRG SP pacity

]
constant pressure; o — density of the air, T — ambient temperature; c, — mass
concentrations (a=1-CO, 2 — CH,, 3 — NOy, 4 — black soot, 5 — other components of
the air); P — pressure; M, - the molecular weight of individual;« — gas phase
components, t —time. To close the system of equations (1)-(5), the components of the
turbulent stress tensor, turbulent fluxes of heat and mass are defined in terms of the
middle flow gradients [3-4]:

_psfuj:%{mi +dJiJ_ZK5U,
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— or A éba
-psu;c, T =/1T§, —pg,U,-Ca:PsDTg: (11)

j i
Jr = Cy Pl oDy = 1 Ser gy =c,pK? [ &,

where Prr. Scr — turbulent Prandtl and Schmidt numbers; x4, 4,D, — coefficients of

turbulent dynamic viscosity and thermal conductivity, «, & — turbulent Kinetic energy
and its dissipation. Using the assumption that one can neglect unsteady, diffusion and
convection terms in the transport equation for the turbulent kinetic energy, it is
possible to obtain an algebraic expression for z, [5]:

2 2 2 2 12
= pl]2 ov, . ov, . 5v1+ﬁv2 2 o”vl+av2 g J¢ | (12)
ax X, dX, 0X ) 3|0% 0% | TProx,

where the mean free path was determined by the formula 1=z, /(1+2,5z\/c,s/h),

taking into account that the drag coefficient of forest canopy c, equals zero between
the ground surface and the forest canopy. The constants are equal to:k, =0,4,
0=T-T,, h=h,—h (h,, h — height of the trees and the distance to the base of crowns).

This system of equations describes the processes within the region, which includes
the urban canyon, buildings, roadside plantations and the surrounding area.

To calculate the field of the flow the algorithm Simple [5] is used. Construction
of a discrete analogue for the set boundary problem was carried out based on the
control volume approach. The resulting systems of finite-difference equations
obtained in consequence of sampling were resolved by the method SIP [6]. The
correctness of the program was tested using the method of introduction of analytical
solutions. To account for the impact of the buildings there was used the method of
fictitious domains, i.e. in control volumes of the computational region, where the
buildings were located, there were set the initial values of functions, which were not
changed in the process of calculation. In these calculations, the results were obtained
with the following values T = 300K, V., = 2 m/sec (at the hight of 1,5 m), the road
width of 12 m, height of trees — 12 m, traffic (hnumber of vehicles passing per unit of
time) — 3000, the structure of traffic (passenger cars — 56%, trucks and buses — 19%,
diesel cars — 25%). Information about the type of vehicle and traffic is used to
determine the sources of contaminants.
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As a result of numerical calculations there was obtained velocity distribution,
temperature, component concentrations of contaminants at various time points. Fig. 2
shows the distribution of emitted CO, as a result of vehicle operation and the velocity
vector field, which is realized at a particular period of time. As a result of interaction
of the external wind field with buildings the vector flow pattern is deformed.

It can be seen that within the Str. canyon there is generated a whirlwind due to
the presence of an external field of speed, which promotes the redistribution of CO,.
As a result, the maximum concentration of contaminants will occur near the left wall
of the canyon. In addition, on the right part of the illustration behind the building on
the right there occurs a recalculating region of the flow. For other contaminants
released into the atmosphere due to the operation of motor vehicles as a result of
numerical calculations there are obtained similar concentration distributions.

1 - 50 mg/m®, 2 — 20 mg/ m’>, 3 — 1,0 mg/m’, 4 — 05 mg/m®>, 5 — 0,1 mg/m®
6 — 0,05 mg/m®, 10,04 mg/m®

Figure 2 — The vector velocity field and CO, concentration distribution

With an increase in wind speed there is implemented a somewhat different
picture of the flow and distribution of contaminants. So with the increase of the wind
speed to 5 m/s (Fig. 4) the contaminant is carried away by the wind more intensively
and dissipates in the environment. As a result there is a concentration distribution and
a velocity vector field shown in Fig. 3.
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Figure 3 — The velocity vector field and distribution of CO, concentration (for the same values
presented in Fig.2); Ve. =5 m/s

The concentration level of the vertical direction (curve 7), which is achieved in
the first case at a height of about 60 meters, in the second case, with increasing wind
speed is realized at a height of just over 40 meters.

Fig. 4 shows the distribution of the velocity vector field and the concentration
of the contaminant at the wind speed of 10 m/s.
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Figure 4 — The velocity vector field and distribution of CO, concentration (for the same values as
in Fig.2); Ve. =10 m/s

The results of the given numerical calculations are compared with the
experimental results (Fig. 5). For comparison there were used the results of numerical
calculations, which were obtained without taking into account the buildings under
similar conditions as well as the data of experimental studies. The illustration shows
that the experimentally measured values of CO, concentration at a height of 1,5 m
fairly good agree with the results of numerical calculations.
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Figure 5 — Distribution of CO, concentration in the direction perpendicular to the road
(0 — the results of the experiment)

Conclusion

Using the mathematical model presented in this paper one can study the
dynamics of pollution under the influence of various external conditions: the weather
conditions (air temperature, wind speed, temperature stratification in the atmosphere,
etc.), location and size of the buildings, as well as roadside plantations, transport flow
options (such as cars and traffic density, etc.). Comparing the data obtained with the
defined maximum - permissible concentration (MPC) one can analyze the pollution
levels according to various components and to suggest the ways to reduce it. For
example, to reduce the traffic density, to prohibit the movement of certain vehicles
(trucks, with diesel or petrol engines, etc.).
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