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Variations in the Order of Reaction: An Implication on Atmospheric Diffusion
with Transformation and Deposition of SO, in Smoke Plume
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Abstract: Anunsteady state Lagrangian diffusion model with consideration for the removal of sulphur dioxide
through chemical transformation in the planetary boundary layer has been developed and evaluated in
comparison with 2 existing models. The data used were from episodes of industrial emissions mn a sub-urban
area monitoring studies m South Africa. The effect of varying transformation rate was investigated using the
three different overall rate constants for the advection of SO, in smoke plume between a source (power station
smoke stack) and a receptor point (ground based sampling site) under the influence of the local metearology.
The concentration distribution in the along-wind direction revealed that SO, oxidation rate as second order with
deposition as first order predicted the observed ambient concentration to an accuracy of about 91.9%.

Key words: SO,, lagrangian, dispersion, transformation, boundary layer

INTRODUCTION

The concept of incorporating the reaction terms in
atmospheric  diffusion enables the forecasting of
concentration distribution of  chemically reactive
species m the along-wind direction during air transport
(Lusis and Phillips, 1977; Omstedt and Rodhe, 1978;
Carmichael and Peters, 1984). The signature of any
homogeneous chemical reaction 13 unique with specific
atmospheric conditions, therefore as meteorclogical
conditions varies the mixture concentrations and
compositions varies thereby altering the reaction pattern.
This has necessitated the mvestigation of the behaviour
of 30, oxidation and deposition during diffusion with
advection in the planetary boundary layer over
Mpumalanga Highveld area of South Africa.

Over southern Africa, regional emissions of SO, 18
significantly high especially over the northemn sub-region
of the South African Highveld due to the high density
of SO, emitting industries
refimng process industries, coal-fired power plants and
open cast coal mines (Terblanche ef al., 1993, Held et al,
1993, 1994). This sub-region which is dominated by
grassland vegetation is characterised by mostly dry
weather with less than annual rainfall with conditions
ranging from unstable to neutral atmosphere (Held et al.,
1996). These properties allows for awell-mixed daytime

which include from fuel

composition of windbome matenals dispersion reaching
the ground and throughout the mixing layer.

In this study, an unsteady state Lagrangian diffusion
model was developed and evaluated to predict the
concentration  distribution  of  tropospheric SO,
undergoing a homogeneous oxidation with dry deposition
as the removal mechanism in a smoke plume during the
advection (Fig. 1). The model was formulated to predict
the downwind mass concentration of SO, after oxidation
to sulphate similar to that applied in Lusis and Phillips
(1977) with vertical height limited by the inversion layer
(Pasquill, 1974). In earlier studies, atmospheric SO,
oxidation rate applied in diffusion model was often
estimated as first orders in the rate expression while in
recent studies it is shown as a second order rate constant
(Seinfeld and Pandis, 1998; Herrmann et «l., 2000;
Grgic and Bercic, 2001). The oxidation rate was developed
utilising the reactant and product sulphur species
sulphate (Igbafe, 2007; Levenspiel, 1999; Romeau and
Snappe-Jacob, 1978; Alkezweeny and Powell, 1977)
measured with continuous SO, and sulphate analysers
with short averaging time. The degree of accuracy of the
diffusion model was examined with the comparative study
between the output of the second order SO, oxidation
model (Igbafe, 2007) and two existing first order models,
an atmospheric simulated smog chamber study
(Carmichael and Peters, 1984) and from published rate
constant data (Moller, 1980).
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MODEL DEVELOPMENT

The diffusion models were proposed based on the
following assumptions:

¢ All atmospheric diffusion of gases and submicron
particles (such as sulphates) are equal and that the
vertical distribution of reactant and product
concentrations is of the Gaussian pattern throughout
the mixing layer (Fig. 1)

» That the rate of reacton 1s second order
(Freiberg, 1975; Seinfeld and Pandis, 1998,
Warneck, 1999, Levenspiel, 1999; Herrmann et al.,
2000, Grgic and Bercic, 2001) and the deposition rate
is first order (Alkezweeny and Powell, 1977,
Ronneau and Snappe-Jacob, 1978; Sehmel, 1980)

*  Sulphates are formed from the transformation of
emitted sulphur dioxide in the puff

+  Background concentrations have negligible effect on
the emitted sulphur concentration and insignificant
contributions on the total sulphur at source point

*  That concentration changes due to diffusion exceed
that due to chemical reactions

*  That wind directions at ground level are considered
to fairly good indications of the origin of polluted air
masses. Boundary layer wind speeds were estimated
from surface winds based on power exponent’s law
described by Semfeld and Pandis (1998), De Nevers
{2000) and Tyson and Preston-Whyte (2000)

*  That from defined source points, the travelled times
of air advection through the sampling site depends
on the surface winds and mixing heights

Chemical sub-model: The oxidation of SO, has been
described as a very slow process in the formation of
sulphate and a result it is the rate-controlling step. This
stage is followed by a faster reaction between the sulphur
trioxide formed from SO, oxidation and water vapour

(Calvert et al, 1978, Pienaar and Helas, 1996;
Warneck, 1999; Herrmann et al., 2000). The first oxidation
rate model applied mn the diffusion model was based on
the conservation of estimated mass for the total sulphur
in air present as the sulphur dioxide and sulphate in plume
from the coal-fired power plants downwind traversing an
air monitoring station 20 km away (Igbafe, 2007). The
kinetic model designated as model type-1 during
advection is:

80,

a[so,] 3692.75
=——===0.9937exp| —
dt Py 1)

[SO,T -1.571x107°[SO,]

Where:
T (K) = The ambient temperature
S0, The sulphur dioxide concentration at any given

time t, m the mixing layer

The second rate expression designated as model
type-2 was derived from smog chamber studies for
tropospheric SO, oxidation (Carmichael and Peters, 1984)
-mvolved 72 reactions with major species mncluding NO,
NO,, SO,, O,, HNO,, HNO,, NO,, H,0,, CO, CO,, SO, and
HSO,-, is given by

_d[so,] _

Nso, T ~222x107[50,] (2)

The third rate model described by Maller (1980) and
designated as model type-3 was derived from published
rate constant data of 67 reactions of SO, oxidation with
different reaction mechamisms to account for the varying
atmospheric conditions. The mechanisms considered were
photochemical oxidation, homogeneous gas phase
oxidation with radicals, liquid phase oxidation and gas to
particle conversion.
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Fig. 1: Diffusion model pattern for the disappearance SO, to sulphate
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50,

—%25.63%0‘5[802] (3)

Equation (1-3), are the expressions for the
disappearance by reaction of 30, in the atmosphere

required in the diffusion model

Atmospheric diffusion during advection: The diffusion
approach proposed m tlus paper 1s similar to that
established m Lusis and Phillips (1977) where the
transformation rate constant of the chemical sub-model is
put into Eq. (4) expression. In reaction kinetics the rate of
a chemical reaction is expressed either as a function of the
disappearances of the reactants or the formation of the
products. Since, the detailed chemical reactions involved
in the formation of particulate sulphate are not completely
discussed in this study, it is more convenient to express
the transformation only in-terms of the disappearance of
SO, by oxidation and deposition. Hence, formulated rate
expressions of Eq. (1-3) are incorporated into diffusion
with advection model For stationary situations and
homogeneous turbulence the common atmospheric
diffusion formula for the mean concentration of a species
emitted from a continuous, elevated point source is the
Gaussian formula (Seinfeld and Pandis, 1998). Based on
the mean wind speed (U)in the along-wind direction
coupled with the assumption that the mean crosswind
speed (V) and mean vertical wind speed (W) equals zero,
the equation for the contribution of a puff at a receptor
point from a continuous pomt source for real time
atmospheric application of partial absorption at z =0 and
the presence of an impermeable upper boundary with
0<z<H (i.e., inversion layer), is given by Eq. (4). In Eq. (4)
the mean concentration ¢ (ug m™) at the receptor point
(x, vy, z) at time t expressed in terms of the emission rate, g,
at the source pomt (X, y,, Z,) at time t, given as:

sty — 9
Y = @

_ (X X 7_ﬁ(t B tn ))2 _ (Y 7_}’0)2
4K, 4K,

Where,

& (AL + B cos[h, (H —z,)]cos[A, (H - )]

-y HOTTE 4 B exp(-A;K,,)
n=1 n
(4a)
2
o tand H=f, 2, =% g -19%
H 2 dt
g _Lldo p _1do,
2 dt 2 dt

Where:
q(ug) = The mass of specie in puff
u(ms™ = The mean wind speed at emission height

K_ (m’s™") = The mean eddy diffusivity in the along-
wind direction

K, (m’s™) = The mean eddy
crosswind direction

K_ (m*s™) = The mean eddy diffusivity in the vertical

diffusivity i  the

direction
% (m) = The downwind receptor point from puff
centre
y (m) = The crosswind receptor point from puff
centre
z (m) = The vertical receptor height from ground
H (m) = The wnversion layer height above ground
g (m) = The vertical term

Given the following boundary conditions that €
equals zero as distances x and y approaches infinity and
that:

d dc
& Gasz=H and —C:&:Basz:o
dz dz

EZ

Where, v, is the deposition velocity that measures
the degree of absorption of the Earth’s surface while K,
1s the vertical eddy diffusivity. At steady state 1s assumed

K, ;si/z,iw ;G;/l and K, =6:/2

(Seinfeld and Pandis, 1998). Replacing the diffusivities
with dispersion coefficients and simplifying Eq. (4) gives:

s -1 gexp{—(x T —u) }
o : (s)
-y
GXP{ 253, j|

o OatB) _[ Mot
&= 2 o B poT ( 2 } (5a)

cos(nm—A,z,)cos(nm—A,z)

Where, 0., 0, and 0, are the along-wind, crosswind
and vertical dispersion coefficients, respectively. When
the principle of conservation of mass for an unsteady
state emission from a continuous point source is applied
to atmospheric diffusion with transformation, the changes
1n emission source strength q with time 1s related to the
reaction rate, 1, according to Hq. (6):
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14dq(t

o T T T”soz (¢, tidxdydz (6)

0 —oo—oo

Equation (&) is similar to that described by Lusis and
Phillips (1977). Combirung Eq. (1), (5) mto (6) and (2), (5)
into (6) as well as (3), (5) into (6) with both rate and
deposition constants expressed in per seconds gives:

lm?kﬁ ]:Eded dz1 57x10’5TT Tﬁdxd dz (7
u dt AR 7 . [, Y

Where:
k =-0.9937 exp 369275 (7a)
T(K)
1 dq(t) .
28 - 5 29x10 cdxdydz (8)
T JJ o
1 dq(t) .
— L~ 563%10 cdxdydz )]
—— [ [ [ eaxdy

[ == —o

Integrating Fq. (7-9) for x-, y-, z-coordinates over the
travelled time (between the emission source and
monitoring station) by the reacting flud yields the
following: Equation (7) reduces to:

o LH o1
dq(t) = —laiq(t)’ ILGIgzdz} dt
1 oy

(10}

75.30><10—4ﬁq(t)Tiw exp-| 2% ||
n 2

b n=1
Where,
2 2
. _( (i + B

HOZ+B)+B | A

n

J SNOT o8 (nt -, z,) (10a)
Whle, Eq. (8) becomes:

dq(t) = -7.38x 10’6ﬁq(t)jiwn {exp{@ﬂ at D)

t n=1

And Eq. (9) simplifies to:

da(t) = 71.13><104ﬁq(t)_|2'iwn {exp {;‘;—GZH at (12)

t 0=l

In Eq. (10-12), the summation term was truncated at
n = 15 because beyond this value of n, the exponential
terms were approximately zero. To further simplify these

equations, the smolke puff was assumed to be horizontally
symmetric, where, 0, 1s made equal to 0,. In order to, apply
these models to the area under study (Mpumalanga
Highveld), with the boundary layer condition of the
reference height, z, relative to the Monin-Obukhov length,
L, of zZ/1.<0), the deviation of wind velocities (dispersion
coefficients) m the crosswind and vertical directions
(Seinfeld and Pandis, 1998) are necessary. For crosswind
direction, the dispersion coefficient is expressed as:

o, (=0, (13)
Where,
g, =1.78w.[1+0.059(=h /L)]"* (13a)
Whule, for the vertical direction, it 1s expressed as:
c,(h=cft (14)
Where,
o, =2.891w.h " (14a)

Where, f 15 the Lagrangian time scale that specifies
the characteristics of the atmospheric boundary layer. The
terms u’ and w. are the friction velocity and convective
velocity scale, respectively, while, h,, is the mixed layer
height and L 1s the Momn-Obukhov length. Simplifying
Eq. (10-12) in terms of 0, and o,, gives:

dq(t)__kﬁqa){ L dz}

2 2.2
dt o, |yt (15)
15 2l pdlld
-5.30x10™* ﬁq(t)E W, {exp—[x"c"z’flztﬂ
n=1
Where,
_ngdz = y Szli[sinz(inn) + H]
o 2=l o (15a)
m=14 n=15 : : _
N E 2 £ sin{m + n)i + sin(m —n)mn
m=1 n=m +l )\"m + )\"n 7\'m _kn

And

__ . +BY _[ Mo _
SB_HO\-,Z,"‘BZ)"'BGXP 5 cos(nm—A,z)

(15b)
Whle, rearranging Eq. (11) gives to:

15 22 g2yl
% — 73810 ug(H)} w, {exp—{;\'“c;fhtﬂ (16)

n=1

And Eq. (12) becomes:
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15 2.2 pii2
—d?i?) =-1.13x10"ug() Y w, {exp(ik“c‘;ﬂlt ﬂ a7

n=1

The terms u', w., h,, and L, dictate the characteristic
behaviour of the tropospheric boundary layer are referred
to as the boundary layer parameters. The procedure given
below was used to determine the boundary layer
parameters.

Determination of the boundary layer parameters: In this
study, the expressions used for calculating the planetary
boundary layer parameters for convective (daytime)
conditions are described below. According to Oke (1987),
the sensible heat of the overall solar radiation heat flux in
the boundary layer is dominant by the sensible heat
compared to the latent heat, therefore, the sensible heat
flux, ¢ is determined from the heat balance formula
simplified into:

o=04R, (18)
Where:
R,(Wm™ = Thenetradiation

Equation (18) assumes that the soil heat flux is 10%
of the net radiation (Holtslag and Van Ulden, 1983) and a
0.8 for the Bowen ratio for grassland as given by Oke
(1987). The frictional velocity u. {m s7°) and Monin-
Obukhov length L.(m), which are interrelated parameters
were calculated with methods described i literatures
(Panofsky and Dutton, 1984; Holtslag and Van Ulden,
1983; Van Ulden and Holtslag, 1985; Perry, 1992)
expressed as:

u - o, (19)
In(z/z) -y {z/L}+y {7, /L}

The determmation of the frictional velocity u. 1s
based on the following conditions defined by the ratio of
reference height for wind speed, z, to the Monin-Obukhov
length, L. Therefore, when

L<0,with0<-2z/L <30

(20)
W, =(1-162z/L)" ~1
and
2L =30 wm{i}—ﬂn(w]
) (21)
+ln{1+2“' JZtan_lu.+n/2
(2la)

z 1/4
= 1-16Z

L>0, y, =-5z/L (22)

Where, k 1s von Karman’s constant (k= 0.41). ¥_and
p are umt-less quantities. A reference height for wind
speed of 10 m was used for the area since it was a
grassland and the roughness height z, was 0.05 m for
grass of between 0.25 and 1.0 m (Oke, 1987, Semnfeld and
Pandis, 1998), u, 1s the wind speed at reference height, z.
u. was determined by initially assuming a neutral
condition with ¥, = 0 and obtaining an initial u. using Eq.
(19). With u. determined, Monin-Obukhov length L" was
calculated from Eq. (23) (Holtslag and Van Ulden, 1983;
Wyngaard, 1988) as:

3
1N = 32475 % (23)

The calculated LY was then substituted as L into (19)
and a new friction velocity u'™' was calculated which
was used to calculate the new Monin-Obukhov length
L™! {Venkatram, 1980b). This iteration continues until
Ju™ - <0.01 and [L™'-L"<0.01 has been satisfied. ¢ is
the sensible heat flux, T(K) is the temperature at height z.
From Van Ulden and Holtslag (1985), the time dependent
convective mixing heights for unstable h,, and neutral h,
conditions (since, it 18 almost impracticable to achieve
stable conditions in the daytime) were calculated from the
combination of a number of energy balance model rate
equations discussed by Deardorff et af. (1980), Venkatram
(1980a), Van Ulden and Holtslag (1985), Garratt (1992) and
Cimorelli et al (2004) utilizing moring potential
temperature sonding before sunrise as well as the hourly
changing surface heat fluxes. The mixed layer heights are
given by:

1/2
B o2 2.68x107 ¢
h, —(2.72)(10 ulify _0}+7§U‘4¢ (24)
if [u, A(fL)| = 4
h, =2400ui? if |u./(fL)| <4 (25)

Where, f is the Coriolis parameter estimated as
1.21x10* ™" for the Highveld area, t(h) is the time of day
and u (m s°) is the mean wind velocity. Another
boundary layer parameter required for evaluation of
the dispersion coefficients is the convective wvelocity
scale w.. The convective velocity scale required as a
result of turbulent eddies in the vertical dispersion profile
was determined using the buoyant production of
turbulent kinetic energy expression in Van Ulden and
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Table 1: Seasonal mixing heights over specific temperature range

Temperature Estimated mixing
Season range (K) height (m)
Summer 298-309 967.14
Autumn 293-298 702.01
Winter 288-292 500.52
Spring 295-303 628.42
Overall 288-309 700.00

Holtslag (1985) with the calculated h,, depending on the
1. obtained as:

1/3
w, =1.96x107 (th’} (26)

In this study, the calculated mean convective
boundary layer height for both unstable and neutral
conditions on a seasonal basis are shown in Table 1. With
the terms u’, w., h,, and I. known, the deviation of wind
velocities 0, and o, can be determined When the
dispersion  coefficients are known, the
concentrations distribution of the diffusing mixture can be
obtained.

mass

Determination of dispersed SO, relative to the source
strength: According to Tyson and Preston-Whyte (2000),
studies over the entire southern Africa, have shown that
surface inversion heights over the Highveld ranged
between 400 and 600 m. The model in this study was
simplified by assuming, a constant value of 500 m as the
daytime surface inversion height. Simplifying HEq. (15-17)
for the mass fraction of SO, distribution between two
points within the boundary layer in the daytime generate
the following expressions.

Integrating Eq. (15) [model type-1] with respect to
vertical distribution and rearranging in terms of the
displacement time gives into the form:

L
qit)

(Qs/ Q2 iy
—ei® (J.ej(t)Q(t)dt} @7

(0 105y 4

Where,

2..2,2
V, exp —7%6‘”25 2
L5 {(1+0.9t)

— m=14 n=15 2z 2 2.2
n=1 4 Umn exp - (;\"m + ;\'n )Dcswtz
2(1+ 0.9t"%)

(27a)

4). 2

n

Vﬂ{ Ol +B)

T oA COS(HE—}\BZD)} (7Sin(2nﬂ)+ﬂ]
H, +B)+B

(27h)

O +B)
Ump =| ——— —A
mn {H(Ki +Bz)+BCOS(nﬂ2 nZU)}
{%cos(mﬂ —A, 7, )} (27¢)
HO + 573+ B
sin{m + N7 N sin(m — n )i
g T A, Aoy =2y

j(t):5.30x10*‘ﬁtiiw exp— _ Mot (27d)
" 2(1+0.9t"%?

t n=1

_ 45210 (170 +17) (27e)
o, L Tt?
T, =50u.(1+ 0.0013(~h,, /1)) (276)

While, for the model type-2, Eq. (16) becomes:

1nq(t)|£§j$f — 738101

ta s )\,252 tz (28)
J.EWB exp—| ———"- ||dt
= 201+ 0.9t°7)

And for the model type-3, Eq. (17) gives:

Ing(t) ES;S; — 1.13x10°T

33 32 ¢ (29)
J.an exp—| ——<—— | |dt
b 21+ 0.9t" )2

Equation (27-29) represent the contribution of
atmospheric stability on emission rates variations. They
are developed for daytime emission rate change within
the convective boundary layer for unstable condition at
z <50 m. Integrating Eq. (27-29) numerically using
Simpson’s formula defined in Eq. (30), from t, the start
time to t, the time taken to reach the observation point
vielded the mass fraction for SO, (Q/Q",), present in a air
parcel in puff at location 2 with a known plume age t, in
relation to the fraction of SO, (Q,/Q"), remaining at an
earlier plume location 1 and age t, within the day. If s, is
a downwind distance at any fixed pomt q from emission
source between location 1 and 2, then t, the travelling time
1s evaluated by:

k At
;I:P(t) =l= ?
(30)

q-2
q—1

[Pt )+ P )]+ 2 Y [ 2%+ W) |

+1
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]
Where: t, =— where,1<q<2 (31)

2]

(32)

t; and t; are the start and fimsh times respectively and x
1s an even number of divisions between the start and
finish times, while ¢ are equal distant locations generated
from thek-divisions. The integral function W.(t)
represents the sum of the individual integral function ata
particular time t. The emission rate changes of S0,
content downwind (Q/Q",), over Elandsfontein area of the
Mpumalanga Province were estimated with reference to
the source emission rate (Q,/Q"); using Eq. (27-29). The
advection model was tested with ambient air samples of
sulphur dioxide at two distances from the emission source
upwind the sampling site for 12 months.

EXPERIMENTAL

The oxidation of SO, has been described as a very
slow process (Calvert et al., 1978, Seinfeld and Pandis,
1998) and 1s the rate-controlling step m the formation of
sulphate (Pienaar and Helas, 1996) whle, the reaction
between the trioxide and water vapour 1s a faster reaction
(Pienaar and Helas, 1996). Tt could then be assumed that
the transformation into trioxide and sulphate are negligible
at emission source. Hence, in addition to the model
development field measurements were conducted for the
deduction of SO, disappearances with advection.

The power station emission stacks are fairly close to
each other about 200 m apart. The combined capacity of
the two coal-fired power plants is 5400 MW with 10
emission stacks with 6 grouped three per stack-casing an
the other 4 grouped 2 per stack-casing. Each stack has
approximately 3 m mner-diameter by 250 m physical
height.

Sampling methodology: Ambient air sampling episodes
for evaluating the formulated diffusion model was
conducted at Elandsfontem area of the Mpumalanga
Highveld between September 2004 and August 2005.
Elandsfonten 1s about 20 km away from two adjacent
coal-fired power stations. These coal-fired power stations
are the only significantly large sources of air pollution
around the area. At Elandsfontein is located an air quality
momtoring station free of adjacent sources of SO, this
was to attribute the sole responsibility for all the episodes
of 80, to the industries located near the sub urban town.
Tt was equipped with instruments for ambient
concentrations and meteorological measurements. The
sampling site is an open area 1600 m above sea level
with fawrly flat topography and few undulating hills

10

and sparse vegetation. Air masses and air trajectories
allow for accurate mdications of the origin of polluted
(Ronneau and Snappe-Tacob, 1978). With defined source
points, the travel time of transported pollutant from the
source downwind of the sampling site 1s a function of the
meteorology and could be evaluated based on the
changing mixing heights with time of day. Based on the
mean wind velocities of advecting air mass to the
sampling site, the travelling time was estimated. Tt was
assumed that for transformation purpose all SO, and
sulphates emerged from the industrial emission source
area since it was the only significant air pollution
centributor within the area as well as data from the wind
directional sector towards the power stations were most
significant relative to other directions.

Sampling procedure: Ambient air sampling was
conducted for 12 months on a continuous basis, for
ambient concentration of SO, and particulate sulphate.
SO, concentrations were measured with a Thermo
Electron Corporation Instrument Model 43 C SO, pulse
fluorescence analyser while the particulate sulphate was
monitored with the Rupprecht and Patashnick automated
Series 8400 S ambient particulate sulphate monitor. The
instruments data were stored on a ten-minutes averaging
time. Background concentrations of sulphate and SO,
were determined during episodes of minimum SO,
concentration (between 0.5 and 1 ppb). The Model 43 C
S0, trace level analyser measures SO, pulse fluorescence
released from excited sampled S5O, gas. A detailed
description of the SO, pulse fluorescence principle is
given in Dittenhoefer and De Pena (1978). The series
8400 S particulate sulphate monitor consists of a pulse
generator and a pulse analyser. The pulse generator
operates by sampling ambient air with particulates of less
than or equal to 2.5 microns through a humidifier to a
reaction chamber where it is flashed at about 600°C by a
platinum flash strip within 0.01 sec to release a pulse of
S0, which is transmitted to the pulse analyser
(Stolzenburg and Hering, 2000). At the pulse analyser the
SO, concentration 18 determined m parts per billion and
the signal returned to the generator where it is converted
to pg m~” for particulate sulphate. The response times for
the analysers are one minute for the SO, analyser and ten
minutes for the particulate sulphate monitor.

RESULTS AND DISCUSSION

Using the concentration closest to the source point
as a staring point, at the concentrations farther-out
locations can then be predicted. The emission rates of SO,
downwind (Q/Q"), over Elandsfontein area of the
Mpumalanga Province were estimated using Eq. (27-29).
These variations in mass fraction are shown in Table 2.
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Table 2: Comparison of predicted and observed 80O,

Mean predictions (ugm=)

Time Average wind Mean observed

(month) speed (m 79 (ugm=) Model type-1 Model type-2 Model type-3
January 6.88 78.82 47.29 26.00 22.83
February 5.62 103.42 69.39 31.03 20.68
March 6.22 102,11 75.75 30.63 2042
April 6.04 100.34 64.14 20.07 10.03
May 6.66 103.02 64.90 22.66 22.15
June 6.96 134.97 8548 35.49 28.33
July 6.04 193.03 115.82 46.43 42.43
August 8.07 119.17 87.23 23.83 23.54
September 7.14 105.04 64.14 32.62 27.31
October 7.87 9912 57.54 34.75 24.38
November 4.35 76.89 54.06 25.37 22.27
December 741 68.85 41.31 22.71 19.95

The outcome revealed that model type-1 with an R* of
0.9198 predicted the measured more accurately then model
type-2 with an R’ of 0.606 and much more compared to
model type-3 with an R* of 0.596. Based on the coefficient
of determination the trend-line analysis of the three model
predictions are given by Eq. (33-35). That 1s, with model
type-1, the SO, mass fraction predicted as against the
measured 1s:

y, =0.5959(y,)+5.1176 (33)

Whereas, with model type-2, the SO, mass fractional
distribution 1s expressed as:

y, =0.1776(y,)+10.288 (34)
And with model type-3, 3O, may be predicted using:
y, =0.1769(y,, )+ 4.7518 (35)

Where, y, and y, represents the predicted and
measured SO, mass fractions respectively that were
present during atmospheric diffusion of sulphur-
containing smoke puff under the influence of
transformation.

Analyses of the concentration distribution of SO,
during atmospheric diffusion with chemical transformation
and removal of sulphur dioxide in smoke puffs in the PBL
have been established. Chemical sub-models of both first
and second-order reaction types were applied in
mcorporated within the time-dependent Lagrangian puff
model 1 order to predict the extent of SO, disappearances
resulting from transformation during advection.
Atmospheric diffusion of SO2 under the influence of
chemical transformation was better predicted when the
reaction kinetics was of a second order than when
considered as a first order reaction Consequently for
subsequent prediction under same tropospheric
conditions of Table 3, the expression of Eq. (33) 13 most
suitable for the determination of ambient SO, at any
location when the source strength is known.
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Table 3: Meteorological conditions throughout sampling period

Meteorological pararmeters Mean Max Min

Incident solar radiation (W m™) 413179 1097 -0

Armnbient ternperature (°C) 19427 33.7 0.4

Relative humidity (%) 357144 100 0

Wind speed (m s~ @

Wind directional sector 230-289°  4.7+0.2 14.7 0.3
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Appendix

H He s 2
Where : Igzdz = J-{ Xn} dz
i =1

o n=

H 2 H
And I[ixn} dz :I(Xf +X§ +X§ + ...+X124 + xfs)dz
0

n=l1 il

+

(2%, + 2X,X, + ...+ 2%,X,, + 2X,X,; )dz

(2%,%, + 2%,%, + ..+ 2X,%,; )dz

+

—+
O ) T 5 Sy, (T ey, T

(2%, + 2%,%, + ... 2X,%; )dz

H

o +I(2x X

14°*15 )dz
0
Where: x_ =g, cos{nm—A, 7), X, =& cos’(nm —A_Z)

2 2 ]
and e, = O;" +E’ ) p— 700, cos(nm—h,z, )
H +B)+B 2

Also szdz :i M_'_ 1
, 0 : 2 2h,
H . ]

and _[QXandz e e sin(m + n)a N sin(m —n)rm
0 km + )\,n lm _)\"n
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