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A semi-empirical model intended for simulation of dispersion of aerosol particles with the diameter larger than 0.05 pm near
roadways is proposed. The pollution source is simulated as a cut-off cylinder, formed due to traffic pollution on the roadways
at the initial time moment and uniformly filled with aerosol particles. The aerosol particle transfer by the wind further from
the roadway is simulated, its settling being influenced by the gravitation, particle buoyancy, and thermal pollutant plume rise
effects. Good agreement between the model and experimental results is obtained.
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1. Introduction

Traffic pollution constitutes a considerable part of
pollutants in all countries. The pollutants can most
heavily contaminate the 40—60 m wide roadside zone,
while the overall polluted area extends to the approx-
imately 300 m wide zone [1-3], and the number con-
centration of particles smaller than 0.3 ym in diameter,
which can be inhaled and cause serious health effects,
is dominating [4, 5].

At present for the description of the road pollution
dispersion, different types of dispersion models are
used: box type, Gaussian, Eulerian and Lagrangian,
computational fluid dynamic, semi-empirical, stochas-
tic, and deterministic-statistical models, in which the
point, line, area, and volume type sources are most fre-
quently used [6-9] In the atmospheric dispersion simu-
lation, Gaussian type models are most widely used. The
basis of the description of Gaussian type models is a
simplified diffusion equation, which describes a con-
tinuous cloud of material dispersion in a turbulent flow.
The solution of this equation is the Gaussian plume
model, which is at the core of almost all regulatory
dispersion models. In practical applications the line,
plane, and volume sources are subdivided into parts by
attributing them separate Gaussian plume equations, in-
cluding the vehicle-induced turbulence, meteorological
state parameters, etc. In such a way the problems of
pollution dispersion of line [8] and volume [9] sources
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are solved, and good dispersion conformity with the ex-
perimental data is obtained. Besides, the pollution con-
centration decrease receding from the roadside is usu-
ally close to the exponential law. Due to the complexity
of applied models, more convenient approaches for the
dispersion interpretation are sought, e. g. by changing
the line model by a semi-empirical dispersion model,
which allows interpreting air quality and meteorologi-
cal measurements [10].

The number size distribution has a typical bimodal
structure with a concentration maximum of 0.02-
0.03 um in the aerosol particle size range of 0.01-
0.05 pm, formed by supersaturation due to a rapid cool-
ing of traffic exhaust gas [11], and the second peak of
about 0.1 pm in the aerosol particle size range of 0.05—
0.3 pum is formed after incomplete combustion and is
caused by soot particles emitted especially by diesel ve-
hicles into the atmosphere [12]. The dispersion of parti-
cles in the size range of 0.01-0.05 pm and 0.05-0.3 um
differs substantially. The concentration of the first size
range aerosol particles receding from the roadside de-
creases according to the law close to exponential, while
the concentration of the second size range aerosol par-
ticles receding from the roadside decays more slowly,
moreover, with further receding from the road a local
concentration increase is observed, its place depending
on the wind speed [2, 13].

Similar results were obtained by measuring soil (at
the depth of 10 cm) and plant pollution with trace metals
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Fig. 2. The bent of the plume in the wind.

depending on the traffic levels in France near roadways
[3] and analogous measurements at selected points near
main roadways in Lithuania [14].

Having introduced empirical parameters, the disper-
sion of aerosol particles in the size range of 0.01-
0.05 pm is well described by the Gaussian plume model
[8], but this model cannot explain the dispersion pecu-
liarities of aerosol particles in the size range of 0.05-
0.3 pm, though there have been attempts to interpret it
as a particle coagulation phenomenon. The aerosol par-
ticles belonging to the size range of 0.05-0.3 um are
formed during atmospheric oxidation processes, which
are relatively slow [12]. Namely these aerosol particles
transfer trace heavy metals, the main sources of which
are lubricant additives, rubber stabilizers, brake materi-
als, their concentrations being most often measured in
the air, plants, and soil [2, 3, 14].

The aim of the work is to develop a model includ-
ing the gravitation, buoyancy, and thermal effects, in-
tended for simulation of the traffic pollution dispersion
of aerosol particles larger than 0.05 pm near roadways
as well as using the volumetric source physical model to
explain experimentally measured dispersion peculiari-
ties of aerosol particles.

We assume that the coagulation process is not es-
sential for the dispersion of mentioned particles and the
vehicle-induced mechanical and thermal turbulence has
the greatest influence on it.

2. Description of a physical model

We are proposing a settling scheme for a plume of
aerosol particles on the ground surface shown in Fig. 1,
which illustrates the dispersion of fine aerosol particles.
When there is no wind, the cylindrical plume, formed
by the vehicle-induced mechanical and thermal turbu-
lence, immediately gets a cut-off cylindrical shape, the
width of which is equal to the roadway width and the ra-
dius of which is r with the height hg (Fig. 1). When the
crosswind speed is v, and it is directed perpendicularly
to the roadway, the cylindrical plume moves downwind
with the velocity v, and settles slowly falling at a con-
stant velocity v, by the roadside. Let us assume that
the density p of fine aerosol particles in the cloud is
p = n/Vy, where n is the number of aerosol particles in
the volume Vj, p is the constant in the initial model, and
wy 1s the rising velocity of the cloud of aerosol particles.
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The cloud carried by the wind at the distance Ax
shifts downwards at Ah and the whole aerosol particle
cloud settles at the distance xm,xfrom the road:

Ah=pg, V2o Mo )

Vg (% T'max

The volume V' («) of the cloud is equal to the area,
which is the cut-off circle multiplied by the length [ of
the plume located along the roadway:

1r? )
V(ia) = 7(04 —sina). ()

The initial angle o corresponds to the initial volume
Vo =V (ap).

Assuming the unit length [ of the aerosol particle
cloud, the number of settled particles by the roadside
is equal to the number of particles in the cut-off alter-
ation dn, which is limited by the height Ah.

The probability density function f(«) obtained ac-
cording to definition is given by

fla) = dn_ pdV 1dV(a)

ndae  nda  Vy da

1 —cosa

g —sinag

3
where a9 > a > 0, g is the angle of the cylinder seg-
ment at the initial time moment, and the angle o when
the cylinder settles by Ah (Fig. 1).

As seen in Fig. 1,

h:ho—Ah:ho—Z—zA:n, @)

hzr(l—cos(;). ®))

From Egs. (4) and (5) it follows that the distance Ax
passed by the plume in the downwind direction and the
angle o (Fig. 1) are

« g \ Uy
Axr = - v\ zx
T r(cos > cos 5 >vz , (6)
o 1 Vy
cos:1—<h0—Aa:). @)
2 r Vg

It is known that the gravitation has influence on the
aerosol particle probability density distribution in the
plume. On the other hand, aerosol particles are addi-
tionally influenced by the heated air flow rising from
the roadside and by the buoyancy effect. With the parti-
cle rising and the crosswind blowing, the phenomenon
similar to the spreading of burning products, emitted
from the source during wind, occurs (Fig. 2). If we di-
vide the wind-induced power force F' into components

» and F'y, the flow affected by the power F',, moves

downwind, as a result of which the particle concentra-
tion downwind becomes higher. This was confirmed
by the investigations [15] of the vertical distribution of
aerosol particles and NO, close to a roadway on the
downwind side carried out in Germany, when the wind
speed was 2.2 m/s. It was determined that the former
particle concentration maximum in the forenoon was
near the ground surface, but at about noon it slightly
shifted to 10 m above the ground for aerosol particles
less than 0.3 m, while upwind the aerosol particle con-
centration remained constant up to the 50 m height. For
the aerosol particle size range of 0.3—0.7 pm, no height
dependence was found.

For the mentioned reason during the initial rise pe-
riod an upward tendency of the aerosol particle concen-
tration increase is formed [16]. We include the men-
tioned gravitation, buoyancy, and thermal effects as the
probability density function factor g(Ah):

1
g(Ah) = ¥ (e7®Ah 4 cebAMY) ®)
where a and b express the gravitation and buoyancy co-
efficients, c is the relative weight of buoyancy contri-
bution, Ahmax is the initial height of a plume, [V is the

normalizing coefficient:
N = 1(1 _ e—aAhmax) _ 9(1 _ ebAhmﬂx) ©)
b .

Therefore, we multiply the probability density func-
tion f () by the coefficient g(Ah) and obtain the prob-
ability density function ~y (o, Ah):

7 (a, Ah) = f(@) - g(Ah). (10)

Passing from the probability density function to the
quantitative concentration evaluation, the probability
density function 7 (v, Ah) should be multiplied by the
emission rate per unit length @ [kg/(ms)].

For the plume vertical movement apart from the
falling velocity 7., the plume rise velocity @o(z) is
introduced, thus the movement in the z axis direction
proceeds at the 7, + & (z) velocity. According to the
movement law of pollutants emitted from the source,
the rise velocity wp (z) of this plume depends on the
height z of the plume rise above the source, and the ve-
locity of centerline of the plume is expressed as [17]

wo(z) = C1BY3271/3 (11)

where (' is a dimensionless constant, B is the buoy-
ancy flux constant.
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Fig. 3. Dependence of normalized experimental [2] and current work model aerosol particle concentrations on the distance from the roadway
when the wind speed is 1 m/s.
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Fig. 4. Dependence of normalized experimental [2] and current work model aerosol particle concentrations on the distance downwind from
the roadway when the wind speed is 2.5 m/s.

3. Results and discussions

For the validation of the model developed in our
study, the experimental data obtained in [2] were used.
Substantial changes in the investigations of the traffic
pollution dispersion near roadways were obtained by
Zhu et al. during the experiment in the vicinity of road-
ways in the Los Angeles area using the CPC 3022A
aerosol particle counter for measuring the aerosol par-
ticle number concentration and the SMPS 3936 aerosol
particle seizer for the aerosol particle size distribution
with expected error +10% [2, 13]. The aerosol particle
number concentration and the size distribution in the
size range from 0.006 to 0.22 ym were measured. Mea-
surements were carried out at a distance of 30, 60, 90,
150, and 300 m downwind from the central line of the
highway, which is 30 m wide, when the average cross-
wind velocity was 1 and 2.5 m/s. A general concentra-
tion decrease of all aerosol particles receding from the

roadway and the dependence of their fraction dispersion
on the particle size were obtained.

It has been determined that the number concentra-
tion for all size aerosol particles dropped to approxi-
mately half its original value at the distance somewhere
between 90 and 150 m. The decrease of the normalized
total particle number and volume concentration in the
size range of 0.006-0.22 pm is close to the exponential
law, but in the size range of 0.05-0.1 and 0.1-0.22 ym a
decrease has some peculiarities. For these size ranges,
when the wind speed is 1 m/s at the 60 m distance
from the roadway, in the concentration diagram a small
hole is observed, while at the 90 m distance from the
roadway the concentration increase is observed. When
the wind speed is 2.5 m/s, the minimum of the particle
size range of 0.05-0.1 pm shifts towards 90 m, and the
maximum towards 150 m. For the size range of 0.1-
0.22 pm, the concentration extremums of these aerosol
particles disappear completely.
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The probable rising velocity wg of the plume over
the road at the 1 m height was evaluated in [18] by
improving the common Gaussian line source model,
where equations evaluating the plume rise speed were
obtained. From these equations it follows that under
neutral atmospheric conditions, when the wind speed is
1 and 2.5 m/s, the plume rising velocity is 0.062 and
0.042 m/s, respectively.

The optimal probability density function was ob-
tained when oy = 4.8 rad (it corresponds to the max-
imal plume height over the road), with the road half
width » = 15 m. When the wind speed v, = 1 and
2.5m/s, then v, = 0.06 and 0.08 m/s, and wy = 0.045
and 0.04 m/s. In the probability density function the
gravitation and buoyancy effects resulted in statistical
weights 1/N = 0.33 and ¢/ N = 0.066 when the wind
speed v, = 1 m/s,and 1/N = 0.36 and ¢/ N = 0.025
when the wind speed v, = 2.5 m/s. Gravitation and
buoyancy coefficients a and b at the wind speed v, =
I m/s,are a =5.0,b=0.55,and at v, =2.5m/s a =
2.0, b =0.85.

For the intermediate wind rates, corresponding data
for the aerosol particle concentration versus distance
could be easily obtained by interpolation. For the higher
wind speed, however, additional measurements should
be performed.

The normalized (equated to one in a point of con-
centration values at the distance of 90 m) model and
experimental [2] curves, when the wind speeds v, are
1 and 2.5 m/s, are shown in Figs. 3 and 4. Many ex-
periments show that motor vehicle pollutants spread at
the distance of up to 300 m from the roadway, thus the
pollutant concentration at the 300 m distance from the
roadside can be considered as background. Therefore,
if we do not include the background concentration in
our model, the experimental concentration value at the
300 m distance should be equal to 0.

The correlation coefficient between the model and
experimental data, when the wind speed v, = 1 m/s,
was 0.99, and when v, = 2.5 m/s, it was 0.96.

4. Conclusions

A semi-empirical model intended for simulation of
dispersion of aerosol particles with the diameter larger
than 0.05 pum near roadways has been proposed in the
work. Mathematically described dispersion of aerosol
particles (>0.05 xm) in a pollution source allows simu-
lation of the pollutant concentration change near road-
ways. Experimental data [2] show that the dispersion of

aerosol particles in the size ranges of 0.05-0.1 and 0.1-
0.22 pm depends on the wind speed. When the wind
speed is 1 m/s, the concentration of aerosol particles of
both size ranges at the beginning decreases at the dis-
tance of up to 60 m from the road, and increases at the
distance of 90 m, but further it decreases again. When
the wind speed is 2.5 m/s, the concentration decrease
of aerosol particles in the size range of 0.05-0.1 pm is
observed at the distance of up to 90 m, and an increase
at up to 150 m, but further it again decreases. The con-
centration of aerosol particles in the size range of 0.1—
0.22 pm, when the wind speed is 2.5 m/s, decreases
uniformly receding from the road.

By simulating the pollution source as a cut-off cylin-
der, formed on the roadway at the initial time moment
due to traffic pollution and uniformly filled with aerosol
particles, and with their transfer by the wind further
from the roadway, the aerosol particle settling is influ-
enced by the gravitation, particle buoyancy, and ther-
mal pollutant plume rise effects. The obtained aerosol
particle concentration change near roadways better co-
incides with the experimental data [2, 3, 13, 14].
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AUTOTRANSPORTO TERSALU SKLAIDOS PAKELEJE MODELIAVIMAS

B. Martinénas, V. épakauskas

Vilniaus Gedimino technikos universitetas, Vilnius, Lietuva

Santrauka

Darbe pasitlytas kvaziempirinis modelis, skirtas didesnio nei
0,05 pm skersmens daleliy sklaidai pakeléje modeliuoti ir [2] darbe
pateiktiems eksperimentiniams rezultatams aprasSyti. Matematiskai
apraSytas aerozolio daleliy (>0,05 pm) pasiskirstymas tarSos Sal-
tinyje leidZia sumodeliuoti terSaly koncentracijos kaita transporto
magistralés Salikeléje. Eksperimentiniai duomenys [2] rodo, kad
aerozolio daleliy, priklausanciy 0,05-0,1 ir 0,1-0,22 pm frakci-
joms, sklaida priklauso nuo paZemio véjo grei¢io. Kai véjo grei-
tis buvo 1 m/s, abiejy frakcijy aerozolio daleliy koncentracija pra-
dZioje mazéjo iki 60 m nuo kelio ir vél padidéjo ties 90 m, o toliau

vél mazéjo. Kai véjo greitis 2,5 m/s, 0,05-0,1 ym dydZio aerozo-
lio daleliy koncentracijos maZéjimas buvo stebimas iki 90 m, di-
déjimas — iki 150 m, o toliau vél mazé¢jimas. Kai pazemio véjo
greitis buvo 2,5 m/s, 0,1-0,22 pm dydzio aerozolio daleliy kon-
centracija tolstant nuo kelio mazéjo tolygiai. Modeliuojant tarSos
Saltinj kaip nupjautinj cilindra, kuris pradiniu laiko momentu dél
autotransporto tarSos susiformuoja ant kelio ir yra tolygiai uZpildo-
mas aerozolio dalelémis, véjo neSamomis tolyn nuo kelio bei vei-
kiamomis gravitacijos, daleliy pladrumo ir terminio kilimo efekty,
gauname aerozolio daleliy koncentracijos kaita Salikeléje geriau de-
rancia su eksperimentiniais duomenimis [2, 3, 13, 14].



