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A Numerical Model of Air Pollutants
Emitted from a Line Source of Primary
and Secondary Pollutants with Mesoscale
Wind

Krishna S.*, Lakshminarayanachari K.** and Pandurangappa C.***

ABSTRACT

A numerical model for air pollution dueto primary and secondary pollutantsemitted from aline source along with
the mesoscale wind is presented. The Crank-Nicolson finite difference scheme is employed to solve the model
numerically. Therealistic forms of large-scal e, mesoscale wind vel ocities and eddy diffusivity profiles are used in
themodd. Theresults have been analysed for the dispersion of air pollutantsfor stable and neutral conditions of the
atmosphere in the presence of mesoscale wind. The effect of chemical reaction decreases the concentration of
primary pollutants and increasesthe concentration of secondary poll utants everywhere.
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1. INTRODUCTION

The living system on earth is at risk, whether it is a human being, animal husbandry or vegetation, due to
various contaminants occurring inthe ecosystem. In particular, the grown cities or urban areasin developing
and developed countries are mgjorly affected by this. One of the magjor contaminant affecting human life
and its environment in recent past is air pollution because of considerable growth in industrialization and
urbanization. The air pollutants are continuously emitted by combustion of hydrocarbon fuelsin residential
area, vehicular exhausts due to traffic flow and several other sources. These pollutants pollute a part or
whole areaof an urban environment. Janice JKim et al. [1] reported that thetraffic pollutantslike particulate
matter, black carbon, nitrogen oxides (NO)) etc., have association with respiratory symptoms, asthma
exacerbations and decrements in lung function of children. Thus the impacts of vehicular emissions to the
atmosphere are considerable and have contributions to air pollution.

Mathematical models are of prime importance to know the role of different meteorological parameters
associated with the life cycle of the air pollutants and also in describing and understanding the dispersion of
air pollutants on pollutant concentration. Arora et a [2] developed a one-dimensional numerical model
with variable wind velocity and linear diffusivity profile to study the instantaneous and delayed removal
process of air pollutant emitted from aline source. In an approximation to Gaussian plume model to study
atmospheric dispersion John M Stockie [3] studied a specia case of continuous line source emission and
gave an analytical solution. All the above models did not take in to the account of mesoscale wind effect in
addition to large scale wind and nothing about when the pollutants are chemically reactive.
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To predict concentration of pollutants in urban areas, the mesoscale wind is considered along with the
large scale wind. The mesoscale wind is chosen to simulate a local wind produced by urban heat island
effect [Dilley and Yen [4]]. They gave an analytical model for a pollutant distribution emitted from aline
source considering the effect of mesoscale type wind. This model didn’'t consider the effect of chemically
reactive pollutants. M Sheku and C Sulochana [5] represented a time dependent analytical model for
chemically reactive primary pollutants emitted from an elevated line source with the parabolic eddy diffusion
coefficient and thewind velocity asfunction of vertica height. But they didn't include the effect of mesoscale
wind in the model.

Pandurangappa C et al [6] constructed an analytical model to study the dispersion of pollutants emitted
from aline source and K Lakshminarayanachari et al [7] built atwo dimensional numerica model to study
the dispersion of pollutants emitted from an urban area source. These mathematical models considered the
effect of mesoscale type wind and chemical reaction, but both models gave a solution to the concentration
of primary pollutants only.

The conversion of air pollutants from gaseous to particulate form is an important atmospheric
phenomenon that requires ones attention in mathematical modeling and reveals a lot on urban plume
characteristics. This leads to formation of secondary pollutants from primary pollutants which have longer
life period and are more hazardous to living environment. Sujith Kumar Khan et a [8] exhibited a three-
dimensional unsteady mathematical model of primary as well as secondary pollutants with various types of
time dependent sources. However this model did not consider the effect of mesoscale type wind.

Thus the present work aims at constructing a numerical model of air pollutants emitted from a line
source of primary as well as secondary pollutants with mesoscale wind. As the mesoscale type wind and
chemically reactive nature of pollutants have effect on concentration of pollutants. We took realistic form
of variable wind velocity and eddy diffusivity profilesin the present problem and is solved by using Crank-
Nicolson finite difference scheme. In this respect the proposed model is more redlistic than the previous.

2. MODEL DEVELOPMENT

The problem consists of an infinite crosswind line source on the ground with finite downwind distance and
infinite crosswind dimension. The pollutants are assumed to be transported horizontally in perpendicular
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Figure 1: Physical layout of the model.
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direction by alarge-scale wind and horizontally aswell as verticaly by alocal wind called mesoscale wind.
The mesoscale wind is produced by urban heat isand. Here the large-scale wind is considered as a function
of vertical height (z) and mesoscalewind isafunction of both height (z) and distance (x). We have considered
the center of heat idand at a distance x = |/2 that is at the center of the city, where | is the city length and
| = 6kmin this problem. The concentration of pollutantsis computed intheregion o< x < | . Theline source
is kept at the beginning of the city, that is at x = 0. Here the pollutants are chemically reactive and are
converted into secondary pollutants by means of first order chemical reaction rate. The physical description
of this model is as shown in the figure 1.

The general species advection diffusion equation for air pollution is
§+U§+V§+W§:£[Kxﬁ)+i[Ky§j+i[Kz§)_kC (1)
ot OX oy 0z 0oX OX oy oy 0z o0z

where C is the pollutant concentration at any time t and location (X, y, 2), U, V and W are the velocity
components along X, y and z directions respectively, K , K, and K_are the eddy — diffusivity coefficients
along x, y and z directions respectively and k is the chemical reaction rate coefficient.

2.1. Primary Pollutants
The basic governing partial differential equation (1) for primary pollutant can be written as

RTINS ] DR
P +U(x,2) ax +W(2) P —aZsz(z) 82J kC, (2

where C, =C,(xzt) isthe mean concentration of primary pollutant species, U(x,z) denotes the velocity
along both horizontal and vertical direction and W(z) denotes the velocity in the vertical direction due to

the effect of mesoscale wind, K,(z) is the turbulent eddy diffusivity in z-direction, Kk is the first order

chemical reaction rate coefficient of primary pollutant C,. We derived the above equation (2) under the
following assumptions

* Pollutants are chemically reactive.
» Wind velocity along the x direction is so large that the x direction diffusion is neglected.
» The lateral flux of pollutants along crosswind direction is assumed to be small i.e,,

V§—> Oandi[Ky§j — 0.
oy oy oy

2.1.1. Initial and boundary conditions

We assume that at the beginning of the emission the region of interest is free from pollution. Therefore we
get initial condition as:

C, =0, at=0 0<x<l| and 0<z<H 3
We assume that no background pollution is entering the region of interest at x =0, i.e.,
C,=0, ax=0 0<z<H and Vt>0 4)

For a continuous line source of strength Q located at origin (which has an infinitesimal small extension
in the z-direction), we have the following boundary condition:
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5(2)
Cp=Q— L, ax=0 z=0and Vt>0 (5)

u(x,z)
We assume that there is no transfer or deposition of pollutants at the ground. Therefore there is no
concentration gradient at the ground level i.e.,

0Cp/0z=0, a z=0, x>0 (6)

The pollutants are confined within the mixing height and there is no leakage across the top boundary of
the mixing layer. Thus

KZan/az:o, az=H, O<x<| and Vt>0 (7)

2.2. Secondary Pollutants
The basic governing partial differential equation (1) for secondary pollutant can be written as

C
g+U(x,z)
ot

) +kC, (8

where C_ denote the mean concentration of secondary pollutants. In deriving eqg. (8) we made similar
assumptions as in the case of primary pollutant.

C C C
s +W(z>ﬁ=i[r<z<z)a :
OX 0z oz 0z

2.2.1. Initial and boundary conditions

At the beginning of the emissiontheregion of interest is assumed to be free from pollution and no background

pollution is entering the region of interest at x = 0. Thus the appropriate initial and boundary conditions are
C.=0 at=0 0<x<| and 0<z<H 9

C.=0, ax=0 0<z<H and Vt>0 (20
We assume that there is no transfer or deposition of pollutants at the ground. Therefore there is no
concentration gradient at the ground level i.e.,
0Cg/0z=0, a z=0, x>0 (1)
The pollutants are confined within the mixing height and there is no leakage across the top boundary of
the mixing layer. Thus

K,0Cg/0z=0, a z=H, 0<x<| and Vt>0 (12

3. METEOROLOGICAL PARAMETERS

In order to solve the equations (2) and (8) the profiles of large-scale, mesoscale wind speeds and eddy
diffusivity for different atmospheric stability conditions and for various meteorological parameters such as
surface roughness, friction velocity, stability length, net heat flux etc., are used in accordance with K
Lakshminarayanachari et al [7].

It isassumed that for neutral atmospheric stability condition the surface layer terminatesat z= 0.1k (u. / f)
and for stable atmospheric stability condition the surface layer extendsup to z-= 6L, where k = 0.4 isknown
asthe Karman’'s constant, f isthe Coriolis parameter, u,_ isthefriction velocity and L isthe Monin-Obukhov
stability length parameter.

The wind velocity profiles used for neutral atmospheric stability condition are
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U(x z)=(i—'—a(x— xo)) 'n[z:oj and W(7) = a{zln[Z;ZOj _z+zoln(z+20)} (13)

where z<o1k(u /f).

The wind velocity profiles for stable atmospheric stability condition and for o< z/L <1 are

U (x7)= (%—a(x—xo)){ln[z;)z"j+%z} and W(2) = a{zln[z;z‘)j—z+zbln(z+zo)+21:_zz} 14

for 1< z/L <6, we have

U(x,z)= (%—a(x— xo)) {ln[z;ﬂ +5.2} and W(z) = z{zln[zJr Z°j +2zIn(z+ z0)+4.2z} . (15)

zZ
For both neutral (z>o0.1«u /) andstable (z/L> 6) atmospheric stability condition in the planetary boundary
layer, above the surface layer, the wind profiles are given by

(z-7,\" (z-2,)( z-2, )
U(x,z)z[(ug —us,)—a(x—xo)]LH +(1-a(x=x))uy and W(z)=a m er +zu, | (16)
where Uy is the geostrophic wind velocity, u, iswind at z,, z is the top of the surface layer, H isthe mixing
height and p is an exponent which depends on the atmospheric stability. Here p values are used as with

Jones et al. [9]. All the above wind velocity profiles (13) to (16) are valid only for x<(u. /ax)+x,.

For both surface layer and planetary boundary layer (entire boundary layer) the eddy diffusivity profiles
used are K, = 0.4u, zexp(-4z/H ), for neutral case (Shir [10]) (17)

and K, = [xu.z/(0.74+4.7z/L)] exp(-by), for stable case (Ku et al. [11]) (18)

where b=091, 7= z/(LyJu), w=u/|fL|and f =10".

4. METHOD OF SOLUTION

The objective of thismodel isto study and analyse the concentration of chemically reactive air pollutants and
their secondary products emitted from aline source with mesoscale type wind. For this we need to solve egs.
(2) and (8) along with their corresponding initia and boundary conditions (3) to (7) and (9) to (12) respectively.
One can note that due to the variable and complicated forms of wind speed and eddy diffusivity, it is tedious
to obtain the analytica solution of egs. (2) and (8). Thus we used the numerical method based on Crank-
Nicolson finite difference schemeto obtain the solution. Now to apply Crank-Nicolson finite difference scheme
the continuum region of interest is subdivided into a set of equa rectangles, by equally spaced grid lines,
parallel to zaxis, defined by x = (i-Dax, i =1, 2, 3,... and equally spaced grid lines parallel to x axis, defined
by zJ:(j-l)Az, j=1,23,... respectively, where Ax and Az are sides of rectangles. Timeisindexed ast = nAt,
n=0,1, 2, 3..., where At is the time step. Now the equation (2) is replaced by the equation valid a time
sepn+1/2and a theinterior grid points (i, j), therefore can be written as
y

1
n+— n

C n+l C
+U(x,2)—2 o1 W(z)a d
: oX ’ 2 0z

+W(2)
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BEVIRTOINC NN YO o I S,
- ZLZLKZ(Z) 0z J ' +az K.(2) aZ)ij Zk(cpij +Cyj )
=23 4...imax, =23 4. jmax-1n=01 2.... (19)

Here the spatial derivatives are replaced by the arithmetic average of itsfinite difference approximations
at the n" and (n + 1)™ time steps and the time derivative is replaced by a central difference with time step
n+1/2.

Now consider
rPr1 n+l n
oCp | 2_ Cpij —Cpij 20
at |, At (20)
oCyp |" Cpij ~Cpi-1
Ux,z)—~| = U, | ——F=1
D2 .,[ = (21)
1 n+1 n+1
oCp | Cpii ~Cpij
Ux,z—~| = u;|——=——2>"=1
i L (22)
n n
aCp |" Cpij ~Cpi j1
W= = wy| ——PU=
(Z) az IJ J Az ’ (23)
(Z) oz IJ - J Az ) (24)
of O 1 © " e
a2l D5 | = aag (Ko Ki)(Cha=Ch) (K + K1) (G5 -G (25
ij
8 ( acp\ " 1 n+1 n+1 n+1l n+1l
E(Kz(z) GZJ TOAZ |:(Kj+l+KJ)(CPiJ+1_CPiJ )_(K1+KJ—1)(Cpﬁ _Cpii—l)] . (26)

Substituting equations (20) to (26) in eg. (19) and rearranging and simplifying we get finite difference
eguation for the primary pollutant concentration Cp in the form

B,Cl% +D,Cht + E,ChY, = F,Ch

ij ~pij i pij+1

foreachi= 2, 3,4,.....,foreach =2, 3, 4,....

Here
At At -
A= Yigad i = Yiaae oo {
At At
G Tz MK Y

W}, D, =1+ —U,

i =pi-ij p ii~pi

At At
— (K, +K, )+

2 W 1,
4A 7

2Az !

At At A

i+ W, +
2ax ' 2Az ' 4

+G,Cj , + M, CL +N,CLi — A

At
= _E(Kj +K,.,,)

Cn+l

pi—ij *

t
2 (KJ.+1+2KJ. +KH)+

(27)
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At At At At At
Mi =t ot 7 2a M a2 K P2 K ke N = g e (Kt ).
and imax isthei valueat x = | and jmax isthevalueof j at z= H.
The initial condition (3) can be written as
Cy=0for j=1 2.... jmax, i=1 2. i max. (28)
The boundary conditions (4) and (5) together can be written as
Qu, fori=1j=2
crt = ! dn=0123,...,
P {o fori=gjz2 OO0 L (29)
The boundary condition (6) can be written as
Cih, —Cyt=0, for j=1i=23....imxand n=0,1 2 3.... (30)
The boundary condition (7) can be written as
Cyii—Cyi=0, for j=jma, i=2 3...., imax and n=0, 1, 2, 3,....., (31)

By adopting the similar procedure to obtain the finite difference equations for the secondary pollutant
C, the partial differential equation (8) can be written as

B,C5% +D,Cy +E,Cyl = F,CL +G,Cy, +M,Cl + N,CJ,, + AtkC}, — A CL'} (32)
foreachi =2, 3,4,.....,foreachj =2, 3,4,...... jmax-landn=20,1, 2, 3,.......
Here
_ _ — At At At _
A=A, B=8, D=l Ut N a2 (Kiat 2K +K) E =,
_ _ - At At At _
Fi=F. G =G, Mi=1-2Uj-— =W -~ (Kj 1 +2K +Kj ). N =N,

The initial and boundary conditions on secondary pollutant C_ obtained from equations (9) to (12) can
be written as

Cs=0for j=1 2...jmax, i =1 2...imax (33
Cit=0fori=1 j=2...jmax, n=0,1 2 3..., (34)

Cii —Cit=0for j=1i=23..imx n=0,1 2 3..., (35)
Cit-Cih=0for j=jmax, i=2 3..imax n=01 2 3..., (36)

Equations (27) and (32) along with their corresponding initial and boundary conditions form a
coupled system of equations. We first solve the system of equations (27) to (31) for Cpj, which is
independent of the system of equations (32) to (36) at every time step n. This result is used at every

time step in eq. (32) and solved for cg;. Both the systems of equations are solved using the Thomas

algorithm for tri-diagonal equations and therefore the solutions are obtained for primary and secondary
pollutant concentrations.
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5. RESULTSAND DISCUSSION

A two dimensional numerical model has been developed to compute the air pollutants concentration along
downwind and vertical directionsemitted fromaline source with mesoscale type wind and chemical reaction.
Themodel presented here dlowsthe estimation of concentration distribution for more realistic meteorological
conditions. The model has been solved by using Crank-Nicolson finite difference method which is
unconditionally stable. We considered A x=75 meterand Az=1 meter as grid size. We used first order back
difference scheme to approximate the advective terms and central differencesto approximate the diffusion
terms present in the basic equation. The discretized algebraic equations are in tri-diagonal matrix form and
the Thomas algorithmis used to solve it efficiently. The results of thismodel have been exhibited graphically
in figures 2 — 9 to analyse the dispersion of primary and secondary air pollutants for stable and neutral
conditions of atmosphere.

In figures 2 and 3 the effect of mesoscale wind on primary and secondary pollutants with respect to
height is studied for stable and neutral cases. The concentration of primary and secondary pollutantsisless
in the presence of mesoscale wind at the distance x = 975 meter compared to that in the absence of mesoscale
wind, whereas the concentration is more in the presence of mesoscale wind at x = 5025 meter compared to
that in the absence of mesoscale wind for both stable and neutral cases. This is due to increase in the
velocity of large-scale wind in the upwind side of center of heat island by mesoscale wind and decrease in
velocity of large-scale wind in the downwind side of center of heat island. Thus the mesoscale wind reduces
the concentration of primary and secondary pollutants in the upwind side and increases the concentration in
the downwind side of the center of heat idand. The neutral case carries the concentration of pollutants to
greater heights compared to that of stable case for both primary and secondary.

In figures 4 and 5 the concentration of primary and secondary pollutants with respect to distance is
presented for stable and neutral cases. The concentration of pollutantsisless on the upwind side and more
on the downwind side in the presence of mesoscale wind compared to that in the absence. Thisisdue to the
horizontal component of mesoscale wind which is along the large scale wind on the left and against on the
right. The secondary pollutant concentration is reduced in the right side of the center of heat island as the
magnitude of secondary pollutant concentration is less when compared to that of primary pollutant.

The effect of chemical reaction on concentration of primary and secondary pollutant with respect to
height for stable and neutral atmospheric condition at x = 975 meter are depicted in figures 6 and 7. As the
chemical reaction rate coefficient increases the concentration of primary pollutant decreases, whereas the
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Figure 2: Concentration versus Height for stable case.



A Numerical Model of Air Pollutants Emitted from a Line Source of Primary and Secondary Pollutants... 145
2 onle
[Pripontart|] ......3=0 | ==cordar Poltnt | =0
a=00001 a0t} —— a00001
oo12d 3
Q0104
Q O 00cs
=] s
o “ aoos
Q00+ 4
Qo024
Q000
0 100 am 0 20 o 00 z0 0 oo
HEIGHT HEIG HT
Figure 3: Concentration versus Height for neutral case.
1200 00s - | Secondary Polllanl || woee a=0
1000 2=0.0001 o6
007 -
o o 05
: 5 e
004
003
o T T T T T ooz v 1 M 1 M 1 M 1 M I N
C 1000 200 100 X0 S0 000 1} 1000 2 30m 0 0O a0
(=3 DT
Figure 4: Concentration versus Distance of Primary and Secondary pollutantsfor stable case.
70 K
| PriPoltat | " 7 | StcomayPoiubnl || e a=0
i — 3=0.0001 B 2=0.0001
600 |
500
400 4
O =
= 1 = |
8 300 )
200 ' T,
wd N TT—_—
O T T T T T T T T T v L) v T T T T T T T . 2
0 1000 100 X0 00 000 ’
neT DT

Figure 5: Concentration versus Distance for neutral case.



146 Krishna S., Lakshminarayanachari K. and Pandurangappa C.

[Pil Petutn 1] [x=975][ 20000 1] [(Sezotan Potuint_J[=575][>0.0001]]

-

ONC

NG

C
o0

T T T T T v T T T T T
HEIGHT HEIGHT

Figure 6: Concentration versus Height for different chemical reaction rate coefficient for stable case.
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Figure 7: Concentration versus Height for different chemical reaction rate coefficient for Neutral case.

concentration of secondary pollutant increases with increase in chemical reaction. This behavior is due to
conversion of primary air pollutants to secondary through chemical reaction. Clearly when there is no
chemical reaction (k = 0) there is no concentration of secondary pollutants.

6. CONCLUSION

A numerical model has been developed to compute the ambient concentration of primary and secondary air
pollutants emitted from a line source along with the effect of mesoscale type wind and chemical reaction.
Theresultshave been andyzed for stable and neutra atmospheric conditions of atmosphere for the disperson
of air pollutantsin the downwind and the vertical direction. Fromthefigureswereason out that the mesoscale
wind aggravates the air pollutants concentration for stable and neutral conditions of atmosphere. Also, the
results of this model incur that, as the chemical reaction rate coefficient increases the concentration of
primary pollutants decreases whereas concentration of secondary pollutants increases everywhere. We aso
found that themagnitude of concentration islessin neutral case and more in stable case and the concentration
level reaches maximum height in neutral case compared to stable case, pointing that the neutral stability
condition enhances the vertica diffusion of pollutants in the atmosphere.
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