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Abstract

Mitigation strategics [or near-road air pollution are of great interest nowadays. Sound barriers near the road are very
effective to decrease pollutant concentration. The wse of titanium dioxide (Ti()2) barmer coating provides an additional
cflcet which allows to a decrease of pollutant concentration near roads. In this study guick- a computing CFD model was
developed to access the influence of Ti(: bamer coating on pollutant concentration. To simulate wind flow over the
barmer with Ti(3: coating model of potential Now was used. The process of NO; dispersion from the car was computed
using 3 mass conservation cquation. Finite-difference schemes were wsed for the numenical integration of governing
cquations. The computer code was developed on the basis of the proposed numernical model. Results of numerical
simulations are presented.

KEY WORDS: Ti(); barrier coating, pollutant dispersion, CFD modeling

1. Introduction

The design, construction and reconstruction of highways imvolves solving a set of problems to reduce the negative
mmpact of cars on the environment. The solution to this problem is based on the implementation of special protective
methods, very often — protective barriers |4, 7, 8, 12, One of the methoeds to reduce the negative impact of car emissions
15 the use of a sphotocatalytics coating [6, 9-11, 13]. This coating allows to decompose NO into less hazardous substances.
An important problem 1s to assess the effectiveness of this coating for speetfic operating conditions of different highways.
Therefore, it 15 very important to have specialized caleulation methods that allow for such assessments. A common method
for solving this problem s the use of CFD models based on the application of the Navier-Stokes equations to solve the
problem of determining the air velocity field near roads |5, 12, 13]. These models make it possible to determine in detail
the parameters of the process being modeled and obtain important information for practice. However, the use of Navier-
Stokes equations reguires powerful computers and considerable time to perform a computational experiment. Therefore,
it 15 important o have simphfied calculation methods that allow to obtain guickly predictive mmformation during senal
calculations. In this paper, a numencal model for gquick assessment of the impact of bamers with a Tz surface om
reducimg air pollution near a highway 1s considered.

2. Mathematical Model of Impurity Dispersion Near a Highway

N(-absorbing surfaces {«photocatalytion surfaces, « TX Actives surfaces) are used not only to cover the madway,
but also to cover protective barmiers. To solve the problem of determining the impact of barmiers with a «photocatalytics
surface on the formation of air guality near the highway, a mathematical model was built.

The following mass transfer equation was used to model the process of NO transfer from cars [1]:

ol ouC ol O o’ ) a0 = 4 .
= g P _r'ix[‘u' Hx]-'-ffv[pyEﬁu)+,Z_.|‘Q"“}d{x_x‘}a['v_}'}' (1)

where C — NO concentration, mg/m™; ((f) — NO emission rate; 1, v — components of wind flow velocity veetor, m/s;
t—tme, s p=(g, g)—tubulent diffusion  cocflicients, m?/s; x, ¥ — coordinates of emission source,
Ae—x)diy—ys) — Dirac delts-fimetion, m™.
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The location of NO emission sources 15 modeled using a delta-function.
The boundary conditions for the modehing Eq. 1 are as follows:
1. At the inlet boundary: €= 0.

aC

2. At the outlet boundary: —;-— =0 {n — a unit vector of the external normal to the boundary).
on |,

B
3. Onthe surface y=0, v = L, (L; — upper boundary of the computational region): (E ={.
‘

On the photocatalytic surface which 1s situated on the bamer, the following 1s accepted: Cpr= 0. This condition
means that the surface completely absorbs the impunty. The imitial condition was: =10,
The following dependencics were used to determine the turbulent diffusion cocflicients:

o =ky-u, p, =k,-v,

where ko= 0.1.

The presence of bamers significantly affects the formation of the low pattern which changes the distnibution of
impurity concentration near the highway. The model of potential flow was used to caleulate the air flow velocity in the
presence of barriers. The modeling equation was as follows:

e r
i?.,_al_f -0, (2)
s dy

where P is velocity potential.
The components of the air flow velocity vector are defimed as follows:

H=—; V=— (3)

The boundary conditions for the modeling Eq. 2 were as follows:

P
1. f;}; =0} — at the barriers surface and the low boundary of the computational region.

[

%
2 g =0 — at the upper boundary.

oF ; . ;
3. — =F, — at the mlet boundary (F, — air flow velocity).

0
4. P=const — at the outlet boundary.
The following wind profile was assumed at the mlct boundary of the computational region:

where m =015, uy —wind velocity at the height 1 m.
Fick's law was used to determine the amount of pollutant absorbed by the «TX Actives surface dunng time peniod
dt. According to this law, the mass flux of NO to the «TX Activen surface was determined as follows:

J=_ﬂs$m, (4)
i

where J — mass flux of NO to the « TX Activen surface; g — diffusion cocthicient; § — TX surface area; % — the pollutant

concentration gradient to the TX surface. It should be noted that this transfer takes place in a turbulent boundary layer
which is formed on the barrier surface. This layer has thickness 4.
For a vertical barrier within a two-dimensional model:
S=h,-Im,

where i, — step of the difference grnid in the vertical direction.
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It should be noted that the value of this boundary layer vanies along the barrier, Le., § = &/), and depends on the
specific hydrodynamic conditions |3 ]. The determination both the thickness of the turbulent boundary layer at the barrier
and the value of the diffusion cocflicient in this layer 1s a separate difficult problem. This problem requires numencal
mtegration of Mavier-Stokes cquations using turbulence models. This 1s a difficalt problem that requires much computer
time. A simplified approach was used to caleulate the diffusion fow of pollutant to bamer TX surface. The following
relationship was used to determine the thickness of the turbulent boundary layer |3]:

2
§={}.371[E] 4 (5)
u

where [ — bamer length; ¥ — local air flow velocity near the bamier; g — cocflicient of kinematic viscosity.
In the developed model, the concentration gradient was represented as follows:

8¢ €, —Co
B & .

where Caey is concentration of the pollutant on the wphotocatalytion surface (as mentioned above, 1t was assumed
euri=1}); (i — conecentration of the pollutant in the difference cell adjacent to the sphotocatalvties surface.
The algonthm (or solving the problem 1s as follows.
Eq. 2 is numcnically solved to find the velocity potential ficld.
The components of the air low velocity veetor in the computational domain are determined using Eg. 3.
Eq. 1 1s solved and field of NO concentration 1s determined at time £
The thickness of the boundary layer is determined using Eq. 5, v= 14-10 * m%/s.
On the basis of Eq. 4, the low of NO mass from the cell adjacent to the TX surface 15 caleulated.

LA da L =

3. Nomerical Model

Finite difference schemes were used for numencal integrabon of the governming cgquations. The caleulation was
performed on a rectangular grid. The velocity potential is calculated at the centers of the difference cells. The velocity
vector components are caleulated on the sides of the difference cells. The pollutant concentration was calculated at the
centers of the difference cells.

T solve Eqg. 2, it was previously sweitten as follows:

5 =
_E-‘_P = L....E F E_f_ . {6)
a axt ay

where {— hetbious time.

Next, Eg. 6 was solved using Samarsky™s finite diffcrence scheme. The finite difference scheme was as follows

2]
— in the first step of splitting:

1
.’:::”—Pu! i -‘L:T:IL._!-:TJ.II i E:IIIJL_P::H -
Ax? Ay

The calculation was fimished when the following condition was fulfilled:
tl
!"Iﬂ = 'IL;'.J| =&,

where £ — a small number. To start of caleulation, the following was aceepted: (=0, P=0.
In discrete {orm, the components of the air flow velocity vector were calenlated as follows:



To solve Eg. 1, it was decomposed as follows:

i 8C fuC &

—_—t—t——=1
& i i
i_[ E]i ac). &
x o\t 6‘}'#’6}"
2 _ _
= =20(1)5(x—x)8(y-x).

To solve the first equation from system Eq. 7, the following approximations and transformations were made [ 1]:

- il eem
« b G
ot Ar '
ax Gg
a A
ﬂu(,'_ﬁﬂ'f.'+r'31: B
oA e
iy _ﬂv'(,'_'_ﬂv't' g
v @y d
e el wil
o O #HJILJ("JILJ _HI.J{‘JJ =L;L-rul;
o Ax
ou'C - ",i;ncg,_p_uel,;ci-j, _ L;C"l,'
i Ax

5

av' ¢ . vadil{:l],_,l _vl,_.l('ld-l £ L;C-r!-];

oy Ay

e VirstCign —Vei Sy _ 1 i
& & s

where ' = 3 Cyt s
2 2 2 2
MNext, the following splitting was performed [1 ]

— the first step, £= 1/4:

wrld _uef v v

{:llk _C-I .I
i El e rs 3
+2{LI+.‘L +L,C ]_u;

the sccond step k= 1/2, c=n + 1/4:

e e
— (Lt nct)=0
Af T

the third step k=n+ 34, c=n+ 1/2:

+k =
-G

s ;{L;c* +LCY)=0;
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— the fourth step k=n+1, c=n+3/4:
- i
{,,J —(,5, 1

= +E(L;f;* +L,C")=o0.

An cxplicit formula was uscd to determine the unknown value of the concentration C at cach step of the splitting,
To numencally solve the second equation from system Eq. 7, the following two-step splitting scheme was used

12]):
— at the first step of the sphitting, the difference equation had the form:
n |i L} |£ n |l L] |l L |l
oW o S SN ET o
AV Wi Vs R v Wi Ve )
At Ax Ay

— gl the second step of the splitiing, the difference equation had the form:

l
il 3 il il il el
[l.,_,l _{'.l'..;i =lp f"uL.,r _['r,,r + mn Eldll_{"l.,) ) {g}
At gr ME ¥ _&}’I

At cach step of sphitting, explicit formula was used to caleulate concentration C.
The Euler method |2 was used to solve the third equation from system Eqg. 7.
Computer code was developed on the basis of proposced mathematical model. FORTRAN was used for

PrOgTAMIMIng.

4. Resulis

Developed mathematical model was used to predict air pollution near the road with two barriers (Fig. 1). The first
scenario was that there was no «TX» coating on the internal sides of cach bamer. The sccond scenario was that A-B
surface and C-D surface had «TX» coating (Fig. 1). The computational region had dimensions: length 33 m, height 21 me
Wind speced was wy =4 mfs. Emission rate was 1 gfs. The height of the barmers was 5 m.

Yu

-

Fig. 1 Sketch of computational region: 1 — barriers with TX coating

In Fig. 2 predicted NO concentrations are presented for the first seenano (no TX coating on the bamer surface).
NO concentrations in the computational region for the second scenario (TX coating on the barmier surface) are shown in
Fig. 3. Every number in Fig. 1 and Fig. 2 shows concentration as the percentage of maximum concentration of pollutant
n the computational region. The results in these figures were printed using «lntegers format. [t means that only the integer
part of the number was shown. This approach allows guickly analyze resulis of numencal expenment and gquickly
determine regions with high and low concentrations and find zone of influence of protection means.
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Fig. 3 Predicted MO concentration (scenario Ne2, TX coating on barmer surface): [ — bamers; 2 — vehicles

The analysis of results presented in Fig. 2, Fig. 3 shows that TX coating allows to decrease pollutant concentration
mn vieinity of barrier. Concentration decrease is observed near the TX surface but this decrease 15 oo local.

For a more detailed analysis of the results of numerical modeling, in Fig. 4, NO concentration change along both
barriers is shown,

Logm' C,gim'
[IREEL [

1412 = /

e
0is
IRIEET =
uin
] 2
BLiK /
L ) .| ‘I Em
i 1 3 4 5 | : 1 ! 5

a b

Fig. 4 NO concentration: a — along the Ieft bammer; b — along the nght bammer; § — ne TX coating on bamer surface; 2 - TX
coating on barmer surface

It can be scen from Fig. 4 that NO concentration decreascs more micnsively along the right barmer. It can be
explained by the fact that NO concentration and concentration gradient near the nght barmer are greater than at the lefi
barrier.

Worthy of note that computational tme was 2 s,
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5. Conclusions

A gquick-computing numencal model was proposed for the prediction NO concentrations near roads with barners

that have TX coating. This numencal model takes mio account: the height of barmers, their location near the road, pollutant
cmisston rate from vehicles, the influence of bamers on the flow pattern, meteorological parameters. Computational
calculations were camed out on the basis of the developed computer program.

The developed mathematical model can be used to establish the efficiency of TX coating on barmiers depending on

the specific operating conditions. This mathematical model 15 a necessary ool for justification measures aimed at
mproving the state of environmenl.
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