Chapter II

Literature Review

2.1 Atmospheric Dispersion

Atmospheﬁc dispersion o u y i process which the surrounding
air is replaced by the pollu % ple sin'rounding air is generally

: _ into this air mass is advected
tbgether with it. A poliufinfice’ A’ ripss will then move to replace.  Although
'_'molecﬁles are diffusing i ion in the atmosphere is

usually negligible compag ‘ at iffusic parcels of air. Thus, the

theory, and K theory. (The fundamenta fne change in contaminant

concentration at a point y;gults from the ex c of a gradient of concentration at that

’point,.and that thﬁ diffusibnebehavior of thé-medium b‘e,j characterized by its

diffsivty, K, m”ﬂ?ﬂﬂﬂﬁ“ﬁ’] | |
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 where

B = concentration of the non-gaseous pollutant; (g/m?)
t = time; (s)

Il

Ky diffusion coefficient; (m?%/s)



For steady state, with a steady emission rate Q, a steady wind of uniform speed

u, and with limited anisotropy, (K=K zK), the plume of pollutant will expand by

daffusxon downwind of the source and Equation (2.1) takes the form as follows:
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Solutions to Equation (2.2) have .L ' “ y Roberts (1923)
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= drffusxon coefficient in y direction; (m?/s)

fﬁm

= diffusion coefficient in z direction; (m?/s)



Sutton (1932) modified Equation (2.3) describing atm.ospheriC dispersion and
evaluation through field studies of parameters related to dispersion for the continuous
point source. Later, Pasquill and Gifford (1961) developed Sutton's equation to be the

Gaussian plume model which is at present widely used.

2.2 Mathematical Models of Air Pollution Simulations

‘u /i%mechamsm have flexibility and
r changing meteorological and

atical models, however, have

Mathematical models to r _b
versatility to evaluate the a

poltutanf sourcing conditi

application limits and special diffusion problems

involving complex terrai onditions. Therefore, we
have to select proper m me e ing on the mature of the problém eg a

mathematical model for o iffusion blem or\a fluid model for a terrain
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2.2.1 Analytical Models
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equation is used to estimate concentration of pollutants. Many solutlons have been
proposed for different boundary and flow conditions. Among them, the Gaussian

‘plume model is most commonly in use.



® Gaussian Plume Model

The Gaussian plume model is the solution of the Fickian type diffusion
equation in which pollutants are emitted continuously at a constant flow rate. Then the
pollutant disperses as shown in Figure 2.1 by a plume and in concentration whose

lateral and vertical profiles are expressed by the Gauss1an dlsmbutlons (JICA, 1990)

where
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* : dlstancqv ca]ly from theplume center line; (m) -
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0,0, onzontal and vertigal mspemmn&efﬁcxents resEptlvely, (m)
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a) No initial concentration or no plume history.
b) Steady-state conditions - ideal gas, continuous uniform emission rate,
homogeneous horizontal wind field, representative mean wind velocity, no directional

wind shear in the vertical, infinite plume.
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Figure 2.1 Three-Digensional Concentration Profiles-of Gaussian Plame
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c) Total reflection of the plume takes place at the earth's surface.

d) Gaussian distribution - the pollutant material within the plume takes on a
Gaussian distribution in both the horizontal crosswind and vertical direction.

e) No downwind diffusion.

f) No inversion layer.

or aerosol which remains suspended in

g) The pollutant emitted is a stable

the air and participates in the t of the atmosphere, none of the

~according to atmospheﬁ Vi d distance. The popular

dispersion coefficients arg dispersion coefficients as

depicted in Figure 2.2 and 2. S cH 4 The at sp eric stability class can be
classified in accordance W ofwind wol _ ncoming solar radiation for day or
cloud cover for night as showniin ] aﬂlé?lli . |

B
Table 2.1 Pasquill Chart for D@n 7_ heric Stability Class (Turner,
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or 48 low cloud 38 cloud

Slight
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Noutral class D should be assumed for overcast conditions during day or night.

Stability class Class description

Extremely unstable
Unstable

Slightly unstable

Neutral

Slightly stable

Stable to eatremely stable
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Figure 2.3 ASI\}E Dispersion Coefficients (Smith, 1968)

a) ,, horizontal dispersion coefﬁcient b) o,, vertical dispersion coefficient
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2.2:2 Numerical Models

Numerical n;odels solve the diffusion equation such as Equation (2.1) and (2.2)
by the finite difference method or the finite element method using a computer. They
are thought effective for unstable conditions and also for complex ‘meteorological
conditions. But they often require long computaﬁon time and expenses. It is not

w verage concentration under changing

cnsc In accordance, numerical

recommended for use in the pre

meteorological conditions th
e

methods are thought sw Wblcms to which analytical

models can not be appli ically active pollutants such as
hydrocarbon and oxidan

e N umerical Models

1= H

"'"".1- T L o
resulting conccnh‘atg(gi profiles, d:scre{; stgg‘ /alk techniques simulating

numerical particle motién were sxmpw to aj accurate results quickly

and efficiently. They Dcre apphcablc to a large numbu of situations where it was
- either not poss i \f practical to apply such a
solution becausﬁ[uz Mﬁ jf stated above, Patterson et
al. (19 G(Tﬁ ﬁ mathematical
modelHﬁTé qﬁi ﬂgm tﬂ:ﬁ .H; E[ can closely

model the diffusion and chemical processes.

The EPA model by Patterson et al. (1981) used the Monte Carlo method in

simulating transport of the pollutants. They represented the mass of sulfur dioxide as
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204 quanta, and advected these quanta in horizontal flow in well-mixed vertical layers
(at the time, only one vertical layer). Diffusion is basically K theory-type, with K set
to be 100,000 m%s. Advection is computed using trajectories estimated by the method
of Heffter et al. (1975). This model was validated using SURE data for sulfate
concentrations in the eastern United States in August 1977. The model's results
showed spatial and temporal agreement
correlation of daily average sulf: oncen / odel VS measured) of 0.63. This
orcéogicésuch as multiple vertical layers

¢ chemistry was constant

ith observation throughout the month, with a

and transport abdvc

throughout day and ni. ¢ for photochemical and
heterogeneous oxidatio
meteorological input a 1 4 i N Z;)Meveloped a mathematical

model in the relationshi

of transport, chcmig‘@l reaction mociélg ol , and light scattering

the visibility-reducing
property of the resnﬂnngjmosphcnc acrosols.

L IO Cc —

multiple Gaussmn%lumes on a 14x14x5 grid. Gnd ize was 160 kx&} 160 km x 300
m, and s it | i | ko ’}n’%%%l@ﬂﬂ dofticints and
memg he%ht at each grid point were used to calculate the movement of SO, and
~sulfate particles along the trajectories. Dcposiﬁon and chemical reactions change or
remove pollutants. In the chemical portion of the model, there were additional

algorithms that determined the extent of sulfur dioxide oxidation above and below the
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mixing layer. In the aerosol dynamics portion, the resulting light extinction coefficient

at the receptor sites was calculated.

The results from a number of runs of the model showed that diurnal mixing
height vanations strongly affected the conversion rate of sulfur dioxide to sulfate in the
- mixed layer for first order oxidation reaction. For tall stacks, sulfur dioxide could be

transported with little or no deposition y nd if the plume was above the mixed
layer, or was within a very de X & the afternoon).

_ti

capable of realistically simulating

Case studies of ons that occurred during
‘August 1976 and 1977
visibility reduction due
Certain meteorological
system, have been identifi naje ‘ , 7 y N sodes occurred on some days
but not on others. The res % ulfate aerosols observed in the

northeastern United States were @@y‘ the sulfur emitted both locally and from
- sources outside the region, but the"id@? aifate’

neentrations (_iuring the episodes were

always the result of long-range-transpo: it of sulfatc. (Panichi, 1983)

2.3 Sulfur Dioxide g

i 53 SR AT TS RG] 50 5.0,

only sulfur dioxidg"(SOz) and sulfur tg'oxide (80, are of any imp(&'-tf'mce as gaseous
aﬁw“uﬁsﬁt%ﬁ"ﬁﬂim ANR1INEINE
2.3.1 Sources of Sulfur Dioxide : 4

The sources of sulfur dioxide are combustion of fossil fuels, volcanoes,

decomposition and combustion of organic matter. (Seinfeld,1975)
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2.3.2 Properties of Sulfur Dioxide

Sulfur dioxide is a colorless gas with a pungent, irritating odor. Most people can

detect it by taste at 0.3 to 1 ppm (780 to 2620 pg/m3). It is highly soluble in water:

11.3 gm/100 ml as compared to 0.169 gm/100 ml for carbon dioxide, forming weakly
acidic sulfurous acid (H,SO,). (Stern,1976)

liquid-phase.

2.4.1 Photochemical

hase oxidation of sulfur dioxide

in the atmosphere involve the Feactior dioxide with OH, CH,0, and HO
: B ) e 2,

radicals. (Seigneur et al.,1982) Buit 1 with OH is the most significant gas-

=L .--‘rs"l"i" "l
phasc oxidation pathwﬂ for suifur

so + OH —> HSO; o (2.5)

ﬂ‘iJEJ lﬁ&ﬂ&’]‘i%ﬂ%ﬂ'ﬁ es
ama\ﬂﬂﬁwwmmaa 0

Alkezwecny and Powell (1977) estimated the transformation rate of sulfur
dioxide to sulfate from data collected by aircraft following a tetroon northcast-of St. -
Louis., Missouri, on 10 ahd 11 August 1975. Assuming deposition velocities of 1 cm/s
- and 0.1 cm/s for sulfur dioxide and sulfate, respectively, the analysis including 90%



16

confidence limits, yielded a rate of 0.14 + 0.04 per hour for the first day, and 0.1 +
0.02- per hour for the second. The confidence limits did not preclude the likelihood
that the rate was the same for both days, in which case it would have been 0.1-0.12 per

hour.

2.4.2 Heterogeneous Reactions in the Liquid-Phase
The liquid-phase oxidations v f ide include oxidation by O,, O;, H,0,
and O, catalyzed by transition‘ raetal ions suc d Mn?*. (Seigneur et al.,1982)

Because there are the compleaities and disp tions of oxidants (O, and
’ \S« ., R .
- H,0,) in plume and the gzonc ation. is nNO igh in Bangkok and Samut

Prakarn. So in this res of sulfur dioxide with

2.4.2.1 Mechanisms of the Catalyti . DI ur Dioxide in the Liquid-
Phase £

The individua hs in ' I_ idation of sulfur dioxide are
(Seinfeld, 1975): e

a) Gas-phase diffusion of sulfur dioxids to the drop. 4
b) D@ELH Qﬁ;]ﬁyd%ﬂtg Ijéjmfjcﬂge iz;tjﬁor.
ok Bhoeh kasshendd V172 VIV 6 £

At steady-state conditions, the overall rate of sulfur dioxide conversion is

limited by the catalytic reaction step.
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2.4.2.2 Absorption Equilibria of Sulfur Dioxide in Water

Absorption of sulfur dioxide in water results in (Seinfeld, 1980)

K

SOxg) + H,0 « SO, H,0 | - (2.8)
SQz' H,0 < H*+ HSO; (2‘;9)
v(2.10)
K,
K,
In the systcm of SO, and w
(2.11)
or exprcssmg each concentration in f
M E;L _“_ > S , = | (2.12) |

x
’Ihetotalunoxidiﬂsmﬁxrinso ion is often refe; toasS(IV),i.c.

e NeEREen T oo
W‘““““W‘*fﬁﬂ‘ﬁ%umgymaa

[S(IV)] = KlPsozll +
,H, [H ]

(2.14)



18

2.4.2.3 Liquid-Phase Oxidation of Sulfur Dioxide by O, Catalyzed by Transition
Metal ITons

Brimblecombe and Spedding (1974) established the rate of oxidation of low
concentrations of sulfur dioxide (about 10~ M) in aqueous solutions cbntaining traces

of Fe(Ill) (about 106 M) as thesc concentrations approach those which might be
expected in the atmospheric aerosol. Tk btained showed that Fe(III) acted as
a catalyst and increased the rate &hon was the first order kinetic

as follows:

(2.15)

K =100 1l.mole"l.s™! at 20

Freiberg (1974) s

o i
. ...-i" o jl"'rfl-',."

increased rapidly with ’ﬁlcrea&mg ¢ ty «(particularly at high relative

was ﬂ-itten as the following

LLU020ninens
ama\m%‘tﬁwn NYINE

in temperature.- Frc1bexg (1 4
relationship.

where

K, = rate constant of thc reaction; (m3/mole-min)

B, = Ostwald's constant for sulfur dioxide 7 .

K, = first dissociation constant of sulfurous acid; (mole/m3)

Ostwald's constant for ammonia

™
L]
I
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= dissociation constant of ammonia; (mole/m3)

a2
A, = pressure-lowering coefficient for ammonium sulfate; (m3/mole)
RH = relative humidity
K, = dissociation constant of water; (mole/m3)?
t = time (min)
' [SO,] = concentration of sulfur dioxide; (mole/m3)
[Fe**] = concentration of iron; ( vp//
[NH;] = concentration of am » o&/ma

The factor Ko*B. * I

dependence ontemperatﬁ giandwas

) i 3.
Table 2.2 Effect of Temiperature on the Value of Ko*Pe* K, *By *Ka/Kw
(Freiberg, 19 '

T (°C) 3. %Ki * B, *Kj/[Kfv*IO'”]

4 . _u.(mS/mole?-min)
REATIREIT

10 | —

15 - 130,

20 ! A 3.501

25 M T & 0559 .

30 i" lej 3 Mﬁ“ 3 N_Elndl ¢

q e \

¢ o Y ‘
FWTRETUHWIIN YR e oo i
expanding plumes for three oxidation reactions: a first order direct homogeneous
oxidation, a hcterogenebus catalytic oxidation and a second order homogeneous

oxidation. The model predicted that for all oxidation reactions except the first order

direct homogeneous, the conversion proceeded to a fractional asymptotic limit. The



20

values of the fractional aéymptoﬁc limit as well as the values of the half lives of reaction

depended on the ratios of the ‘chemical' parameters to the 'dispersion’ parameters.

Aqueous phase oxidation of sulfur dioxide or S(IV) by H,0,-metal ions at a
H,0, concentration much lower than S(IV) was studied by Ibusuki et al. (1990). Of
the metal ions, Fe?* showed the highest catalytic activity, i.e. the oxidation of S(IV)

continued after most of the H,0, was ‘ . The dependence of the rate on the

~ concentration of S(IV), H,O,, Fi '

following rate expression 7})&@1 a
/ TR R

Qergy of 40.7 KJmole™! were
evaluated: N
P\\ ,‘"x\ .

erature was determined. The

-d[S(T
[ (2.17)
Catalytic effects of mec T) on the oxidation of S(IV)
in aqueous solution at con S(IV) as found in an urban
atmosphere were studied by ollowing rate expressions were
obtained

o KIS 1)

I -
1sj(m e K[1\/111(11)][3(IV)]065 (2.19)

The acuﬂl wg'y:}v%q ﬂxﬂﬂﬁl&ﬂfﬂ{maﬁ 63.3 Kimole for

Mn(ID).

l;qzqnc and Georgil (gmr}lpom;lgun possi ()E(lf a catalytic

synergism between Mn(Il) and Fe(Il) or Fe(Ill), i.c. the rate of S(IV) oxidation for an
equimolar mixture of Mn(IT) and iron was an order of magnitude greater than that
obtained for Mn(II) alone. ;
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The reaction kinetics of sulfur dioxide oxidation by oxygen catalyzed by
mixtures of Mn(Il) and Fe(Ill) in aqueous solutions over a wide raﬁgc of pH from 2.6
to 6.5 have been studied at low concentrations of S(IV) and the metal ions by Ibusuki
and Takeuchi (1987). The catalytic synergism between the two catalysts as a function

of [Mn(II)].[Fe(Il)] has been confirmed. The following rate expression was obtained

with a rate constant of K = Wle slatapHof4.2and a temperature

of 23.8 °C.
(2.20)
Martin and Good of SAV) of 10~ mole.I”
and lower, there was a nd Mn(Il) catalysis of the
autoxidation. This synergis ad 2 differentira from the synergism seen at
higher concentrations of . JAt pl j. 3.0, he ra - law was written in the form as
follows: |

-d[S(V)] : : =
[S(IV)]S K +Ksll\/lﬂv(ﬂ)][Ft>(III)] (2.21)

where K, = 2600 M

1010 M~2s"1, A similar
- relation was found at pQS 0. It was estimated that ﬂuﬂﬁect raised the catalyzed

e 121310131 01
’Q'W’Iaﬂﬂim URIINYIAY
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2.5. Potential Role of Ammonia on the Atmospheric Oxidation of Sulfur Dioxide

in the Liquid-Phase
Atmospheric ammonia is classified into 2 parts by Saxena et al. (1986)

a) Ammonia-rich environment. This case is defined by [NH;] > 2[H,SO,]

where [ ] denotes molor concentration ,7 component.

'b) Ammonia-deficien am hiCoast is defined by [NH,] < 201,50,]

been reconsidered by Mckay 9;1'1:).=Ir fic that the reaction was an order
.}‘. o

of magnitude faster than earlier. ‘v@f 3 d,. and that lowering the temperature
=t i .a-,_r iy -

increased the rate bya%_rge factor. In a cloud o ist appreciable amounts of

ammonium sulfate evertheless a substantial

ot hours, even though excess

s “ﬂﬂﬂ“%ﬁmﬁwg alib}

By studymg the buffering e&ct of atmospheric ammonia,on sulfur d10x1de

| ;mdauanm I RINURIIBY A ﬂand sminonia

conccntratlons as shown below

proportion of unreacted @mmonia may sometimes persist

2(1-RH)g,,
KaB, A INH;

Y =

(2.22)



23

3 vIn order to obtain the large ap'plicabilit’y of the model regardless of the
magnitude of the ammonia gradient. The model developed by Freiberg (1978) was
“based on the assumptions that [NH,] was constant in each elliptical plume ring during
plume expansion. To the extent that the ammonia gradient was small (i.e. insofar as
NH; has penctrated the plume), the applicébility of the model was good, whether or
not the oxidation process required ammox‘;] f a buffer.

&ﬁ\m sulfuric acid in power plant
e — :

plumes by traces concentr@im :
absorption of ammonia b icle

an inverse Gaussian profilgswith i-/.t'

i i ol
water. They stated that ﬁ oxidatio: < ixﬂitmospheric water (cloud,

‘rain, liquid aerosol and fgg was influence by the presence of ammonia. The

esthancing eﬁectﬂ%ﬂ ’gﬁ%ﬁ% lﬁé W\E}@lﬂo fion occurred with

an oxidant such asy)zonc for which the reaction rate ‘J_{lcreased stron@wnh increasing ,
. b YT 2 B g e

of sulfur d10x1de and provided acid neutralizing capacity as well as buffer intensity to
_ the heterogeneous atmosphere-water system in counteracting the acidity produced by
the oxidation of sulfur dioxide. At low buffer intensity, the acidity production leaded to

the alleviation of further sulfur dioxide oxidation.
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