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Abstract

This study investigates instantaneous and continuous sources as point, line, and
area sources. Gaussian concentration in the case of the puff model with an
instantaneous point source inhomogeneous longitudinal diffusion is investigated. The
concentration is calculated using different dispersion parameters to get the proposed
normalized concentration of the puff model at ground level around the centerline,
which is compared with observed data by the Copenhagen experiment and previous
work [1].
Also, the continuous point source is used to get the Gaussian plume model in three
dimensions using dispersion parameters to compare with the observed concentration
data measured by the Egyptian Atomic Energy Authority for lodine-135 (1135) in an
unstable condition.

Keywords: Instantaneous sources, Continuous sources, Advection equation,
Diffusion equation, Gaussian model, Dispersion.
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1. Introduction

A suggested puff release scenario assumes that the sampling and release times are extremely
short compared to the travel time starting from the source and ending at the receptor. Various
versions of Gaussian models essentially differ in their techniques that are used to calculate the
value of sigma as a function of the atmospheric stability and the downwind distance directly
from the emission source [2]. One of the most popular Gaussian models is the AERMOD model
[3], and among puff models, the CALPUFF model [4] has to be outlined. Among the non-
Gaussian models, we only outline the puff model proposed by Van-Ulden [5].

The classic Gaussian-diffusion models are mostly used in affecting the impacts of finding
and the proposed sources of air contaminants on local and urban air quality [6]. Homeliness,
associated with the Gaussian analytical model, makes this approach particularly suitable for
organizational usage in the mathematical modeling of air pollution. Indeed, such models are
very useful in short-range forecasting. The horizontal and vertical dispersion parameters,
respectively oy and oz that represent the turbulent parameterization key in this approach, once
they contain the physical ingredients that describe the dispersion process and, consequently,
express the spatial extent of the contaminant plume under the effect of the turbulent motion in
the Planetary Boundary Layer (PBL) [7]. The solution was presented by Essa [8] for the
advection-diffusion with variable vertical eddy-diffusivity and wind-speed parameters using
the Hankel-transform to get the integrated cross-wind concentration.

This work introduced the instantaneous and continuous sources as (1) point, (I1) line, and
(1) area sources. Gaussian concentration in the case of the puff model with an instantaneous
point source inhomogeneous longitudinal diffusion was investigated using different dispersion
parameters to get the proposed normalized concentration of the puff model at ground level
around the centerline, which was compared with observed data at the Copenhagen experiment
and previous work from Lidiane [1].

Also, the Gaussian plume model in three dimensions using dispersion parameters from a
continuous point source was used to compare with the observed concentration data, which was
measured by the Egyptian Atomic Energy Authority for lodine-135 (1135) in an unstable
condition.

2. Abbreviations and Acronyms

1135 . lodine-135

AERMOD : American Meteorological Society/Environmental Protection Agency
Regulatory Model, used in Air Quality Dispersion Modeling

CALPUFF : California Puff Model

PBL : Planetary Boundary Layer

FB : Fraction-Bias

NMSE : Normalized Mean-Square-Error

COR : Correlation-Coefficient

FAC2 : Factor of Two

3. Methodology:
3.1. Advection-Diffusion Equation:

Consider a passive contaminant in an infinite, homogeneous medium that moves at a
constant uniform velocity u in the x-direction, then the advection-diffusion equation is written

as follows:
ac ac d%c = 9%c . 9%c
2t T U T K(ﬁ*ﬁ*ﬁ)

1)
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Where, C is the pollutant concentration (g/m?) or (Bg/m?), u is the wind-speed (m/s), and K
isthe  eddy-diffusivity (m?/s).

This equation has solutions for different sources and boundary conditions [9]. The slighter
condition of vanishing concentration at huge distances from the source is determined.

3.1.1. Instantaneous Point Source:

In the case of being at rest or moving at uniform velocity u, it is more suitable to see the
expanding puff as a function of time in a reference frame moving with uniform velocity, taking
u=0, and the diffusion equation (1) is simplified to:

= k(GE et 5e) (2)

The solution of the diffusion equation (2) satisfying the boundary conditions and the integral
mass continuity is as follows:

Qi 2+ 2+ 2
C(x; y: Z, t) = 8(7TK:)3/2 exp (_x 4};(1‘ - ) (3)

Where Qjp is an instantaneous point release rate, while X, y, and z are Cartesian coordinate
systems.

The second moment of this distribution in ¢ any direction equals:
2 = 2Kt 4)

This is a three-dimensional Gaussian distribution,

C(x,y,z,t) = Lexp( xz)e p(—y—z) exp( 22:5) (5)

(2m)3/2 o0y 0,
Where, o o« t1/2  is the diffusion parameter that is used to measure the puff size.

For an instantaneous point source at (X, Yy, z’ at time t, one can be obtained through a coordinate
transformation as follows:

_ Qip (x=x0)? (y=y0)? (z-20)*
Clx, Y, 2, t) = (2m)3/2 6x0y0, €xp ( 202 ) €xp ( 203 ) €xp ( 207 ) (6)
Where,

2 =2K(t—t") (7)

3.1.2. Instantaneous Line Source:

The solution of the diffusion equation for an instantaneous line source of strength Qi with
dimension mass per unit length is obtained by integrated equation (5) concerning y from - to
o, Where we get:

C(x, zt) = exp( ad +Zz) (8)

202

Which is crosswind integrated concentration. Indeed, equation (8) is the solution of the
diffusion equation in two-dimensions in the form:
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ac a%c | d%c
5 =0(E+57) ©)
Where the mass continuity equals:

JI= cdxdz = @y (10)

3.1.3. Instantaneous Area Source:
We can obtain the solution of the diffusion equation for an area source of strength Qia in the

form:
2
C(t, z)—\/&“ exp( - ) (11)

202

It is the Gaussian equation in the z-direction. Equation (11) is in the direction normal to the
source plane, and it is also the exact solution of the one-dimensional diffusion equation.

=0 (%) 12

Which satisfies the mass conservation:

J_Cdz = Qiq (13)
We consider an instantaneous area source in the x-y plane, with an initial thickness "d" in
the vertical and a uniform initial concentration "Co" at t=0 of infinitesimal thickness "dz",

which, has a concentrated source strength of Qiz=Codz. Integrating the elementary area source
solution over a finite initial source is as follows:

C(Z t) _Go [ f (0 5d+z) f (0 .5d— z)] (14)

Where the error function is defined as:

erf(x) = f(jc exp(—x'?)dx’ (15)

3.1.4. Continuous Point Source:

Considering a continuous point source has a fixed emission rate Q for a long enough time
that has a steady-state diffusion equation for a point source in the uniform wind in the x-
direction in the form:

ac a%c
Ua—K(ﬁ‘F—‘Fﬁ) (16)
Equation (16) is solved under the boundary condition:
C—-0asx,y,z— too (17)

Then, the solution of the equation (16) will be in the form of:

C(x,y,7) = g eap (- 22 (18)

202
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After substituting equation (18) becomes:

=2 —(z-H)? —@t)? .

e*¥[e 2% +e 2% Jeu (19)

Q

2MU0y 0y

C(x,y,z) =

Where; H is the effective height, ree ~v*/% is the radioactive-decay of the isotope, v=2.9x10"
® 51 and the diffusion parameter equals:

o= (&)1/2 (20)

u

3.1.5. Continuous Cross-wind Line Source:
The approximate diffusion equation, where ignoring diffusion in the x-direction is in the
form:

ac a%c
5=0(5) (21)
The solution above is in the form:
2
C(x,z) = —2:36 exp (— ;7) (22)

3.1.6. Continuous Area Source:
The relevant diffusion equation is as follows:

=0 () @3

Where; the mass conservation condition is:
JZ Cdz = Qqt (24)

The solution of equation (23) for an area source is given by Sutton [9]:

e =% "en(-5) -s(-er(@Z)] @
4. The Experiment:

4.1. Gaussian Instantaneous Puff Model:
The final concentration field of equation (6) is given as a super-position of all puffs
concentration distributions as follows:

2 R Y
C(x,y,z) — At3 Z'}r{],:l _(.X'k Xo) _ (Yk—Yo) _ (zx—20) ) (26)

_— e p(
Q (2m)z OxkOykOzk 20 k2 202 2012

Where; the OAt is the source term, (xk, Yk, z«) is the position of the k™ puff, n is the number
of puffs, and ox, oy and oz are a deviation of the Gaussian distribution inside the k™ puff in
the X, y, z directions respectively, differing from the puff models, where they represent a sum
of many calculated components. While each puff is defined as:

Where; QAt is the source term, n is the number of puffs, (X, Yk, z«) is the position of the k™"
puff and oy, o, and oy, are a deviation of the Gaussian distribution inside the k™ puff in the

X, ¥, and z directional respectively, with the difference that at the puff models, a sum of many
components is calculated. While each puff is defined as:
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Xo = Ult; Yo = VAt; and z, = WAt

The puffs are emitted in time intervals Aty= 600s, and the calculation of the concentration of
pollutants is made with a time resolution At,= 60s.
The total concentration of a pollutant at a point in space is given by the sum of all puffs namely
[10]:

Crxy,zt) = Zg:f;ls()fpuffs AMp e {f::o courr(x ¥,z OH(t— )} (27)
Where, H is the Heaviside-function, that H(t-to) =0, if (t-to) <0, and H(t-to) =1, if (t-to) >0,
and:

Cpuff(Xi YV, zZ, t) =C (X' t)CZ (y' t)C3 (Z' t) (28)

Where; c1, C2, and c3 presented in the Gaussian models are given as follows:

e = a0 (-3 (5)) @)
=t o0 (12 =
o= e (-3(22))

The following generalized algebraic expression for the dispersion-parameters is taken from
[1] as follows:

o 1.06c,2/3(2/7) " (£33 x?
X 2
2,/1.06c 2/3
1+ == [11’1/3 (%/z,) (f,;;)iBX]
| 10eey () )y
y — 4i
2+/1.06¢c 2/3
1+ 2 93 (%) ()3 X
o 1066, 12/3(2/)" () x?
z

1+ SR [yss (27, ) (132 x|

Where; o= X, y, z are the three components in horizontal, lateral, and vertical directions, and
I =u, v, and w are the three components of the velocity in the three directions respectively. X =

% is a non-dimension distance, defined by the ratio of travel-time (x/U) to the convective-time

Zj

2/3

scale (zilw,), ¢; = 0;{0.5 + 0.05}(2mk)~%/3 and «; = 1%% for u, v, and w components

respectively [11]. k=0.4 is von Karman constant. )=0.65 [12], (f;n)w= (Z/zl-) Y = g [1] and
Udv=?/1 5, 1131
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4.2. Gaussian Model from a Continuous Point Source:
The effective height has form as follows:
3wD

H = hy +Ah = hy + > (32)

Where, w is the pollutants exit velocity, and D is the diameter of the internal stack.
Also, the crosswind and vertical dispersion parameters for the convective condition are taken
from Lidiane [1] in the form:

1
sin? <0.751T‘P§ Xﬁ)

af _ 066 ,
dn 33
o H2(1410)3 33)
o2 098 ~oo smz<0.98n‘P% Xr'L>
Z == dn 34
h m fo n2(1+n)g ( )
Where, n = (jf 3 n; (fin)iis the reduced frequency of the convective spectral peak in the
m
form (£); = %
5. Results:

5.1. Experimental Data (Puff Model):

The used data were observed by Lidiane [1], and we have evaluated the performance of the
algebraic/integral parameterization for x, y, and z dispersion parameters, by applying the
Gaussian puff plume model to the Copenhagen-experimental tracer for hexafluoride SF6
concentration data set. For this, a comparison is done using the observed ground-level centerline
normalized concentration with the source emission rate [14]. The resulting data were obtained
from Essa [15]. The predicted-normalized puff model ground-level centerline concentration,
the observed normalized concentration, and previous work are shown in Table (1) as follows:

Table 1: Shows the comparison between observed and predicted ground-level centerline
concentration models under unstable conditions and downwind distance

Concentration /Q (10-7sm-3)
Distance (m)
Observed Previous work  (2008) Predicted

1 1900 105 5.34 6.67
1 3700 214 217 2.03
2 2100 9.85 767 6.85
2 4200 283 293 2.24
3 1900 1633 13.74 15.33
3 3700 7.95 5.95 5.14
3 5400 3.76 372 6.67
4 4000 1571 17.51 1659
5 2100 1211 20.94 14.73
4200 7.24 1149 423
6100 475 752 3.44
6 2000 7.44 8.02 5.22
6 4200 3.37 3.24 4.44
6 5900 1.74 207 262
7 2000 9.48 5.55 5.15
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4100 2.62 2.03 3.41
5300 1.15 1.44 2.56
1900 9.76 8.43 7.66
3600 2.64 4.06 3.55
5300 0.98 2.59 2.04
2100 8.52 6.86 4.52
4200 2.66 2.55 2.33
6000 1.98 1.53 0.98

—&—Obsreved —e—Predicted —@—Refs.(2008)

1900 2100 1900 5400 2100 6100 4200 2000 5300 3600 2100 6000

Downwind distance (m)

Figure 1: The variation of normalized observed and predicted puff model concentrations via

downwind distan
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bserved and predicted normalized ground-level centerline concentration

The puff-predicted normalized ground-level centerline concentration is in good agreement
with the observed normalized ground-level centerline concentration than the previous work [1],
as shown in Figure (1). Also, the puff-predicted normalized ground-level centerline

1124



Essa et al. Iragi Journal of Science, 2024, Vol. 65, No. 2, pp: 1117- 1128

concentration and previous work [1], which are inside a factor of two with observed normalized
ground-level centerline concentration, as shown in Figure (2)

5.1.1. Statistical Technique:

op and o, are the standard deviations of the predicted (C, = Cpred/Q), and the observed (Co
= Cobs/Q) concentrations, respectively. The overbar indicates the average value. The perfect
model must have the following performances:
NMSE = FB =0 and COR=FAC2 =1.0.

Table 2: Statistical evaluation of the present puff model against the Copenhagen
experiment

The statistics reveal a better agreement between puff predicted with observed normalized
ground-level centerline concentrations by the Copenhagen experiment in unstable conditions
than plume previous concentrations [1], as shown in Table (2).

5.2. Experimental Data (Continuous Point Source):

The observed data of 1'® isotope concentrations were obtained from the dispersion
calculations as experiments conducted in unstable air samples collected around the Egyptian
Atomic Energy Authority. The vertical height is 0.7 meters above ground from a stack height
of 43 meters, for twenty-four hours of working, where the air samples were collected for half
an hour at a height of 0.7 meters with a roughness length of 0.6 cm. The observed concentration
of the 1'® isotope and the meteorological data during the experiments were taken from Essa
[16] and presented in Table (3).

The concentrations predicted by equations (19, 32, 33, 34) below the plume’s centerline are
also presented in Table (4). A comparison between predicted and observed concentrations of
radioactive 1135 via downwind distance in unstable conditions at Inshas is shown in Figure (3).
Also, the relationship between observed and predicted concentration data is shown in Figure

(4).

Table 3: Meteorological data of the nine convective-test runs at the Inshas site in March and
May 2006.

Run Working | Release rate Wind- Wind- W* P-G h Vertical
number | hours of (Bq) speed direction | (ms-1) [ stability (m) distance
the source m s-1 deg class m

- 48 1028571 4 301.1 2.27 A 600.85

49 1050000 4 278.7 3.05 A 801.13 il
15 42857.14 6 190.2 1.61 B 973 5
22 471428.6 4 197.9 1.23 C 888 5
23 492857.1 4 181.5 0.958 A 921 2

4 D 443

4 C

4 C

24 514285.7 347.3 1.3 m

0

28 1007143 330.8 1.51 5
48.7 1043571 187.6 1.64 1842 5
.0

5| s | ww | 4| dar | 21| A | o |50 ]

1125



Essa et al. Iragi Journal of Science, 2024, Vol. 65, No. 2, pp: 1117- 1128

Table 4: Predicted, observed, and Gaussian concentrations of the nine-runs experiments

Test Downwind distance (m) Observed conc. Gaussian conc. Eqns(19,32,33,34)
Bg/m3 Bg/m3

0.025 0.039975
98 0.037 0.03302
136 0.091 0.082803
135 0.197 0.166257

106 0.272 0.274148
186 0.188 0.107066

7 165 0.447 0.216606
154 0.123 0.151414

T M T M T M T M T T T T T T T T T
-4&-- Observed
) —&@— Gaussian Egns (19,32,33,34) ‘
0.4 o
s
£
= 0.3 H
«Q
=
=
s
= 0.2 —+
=1
|
S
(&)
0.1 +
0'0 T T T T T T T T T

100 98 115 135 29 184 165 134 96
Downwind distance (m)

Figure 3: The relation between Gaussian and observed concentrations (Bg/m?) via downwind
distances.

0.50 T T T T T T T T

1 A  Gaussian Eqns (19,32,33,34) 1
0.45 ) .

7T T T T T T T T T

0.40 - . ]
0.35 - . ]
0.25 - . ]
0.20 - . - ]
0.15 - . A .- ]

0.10 - . A T i

Predicted Concentration (Bq/m3)

0.05 4 -7 —

0.00 T T T T T T T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Observed Concentration (Bg/m®)

Figure 4: The relation between Gaussians with observed concentration.
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From the two figures, we find that the Gaussian model (19, 32, 33, 34) is the best model,
which gives a better result because of the strongest vertical dispersion. Also, the Gaussian lies
a factor of two with the observed concentration.

5.2.1. Statistical Technique:
Comparing Gaussian predicted and observed concentrations are introduced by Hanna [17].

Table 5: The comparison between observed and Gaussian concentrations in an unstable-
condition

Where, FB is the Fraction-Bias, NMSE is the Normalized Mean-Square-Error, COR is the
Correlation-Coefficient and FAC2 is the Factor of Two.
One can easily see from Table (5), that the statistical-technique shows that the proposed model
Is inside a factor of two with observed concentration data. Also, the statistics show that the
Gaussian model (19,32,33,34) is in a good agreement with the observed concentration data for
homogeneity. The Gaussian model achieved about 99% from observed concentration data.

6. Conclusions:

The puff predicted and previous data [1] lie inside a factor of two and the puff predicted data
agrees with the observed concentration data, as the previous plume model [1]. The statistics’
values reveal a good agreement between puff predicted with observed concentrations by the
Copenhagen experiment in unstable conditions as the plume’s previous work [1].

Also, we find that the Gaussian model (19, 32, 33, 34) gives the best result because of the
strength of the vertical dispersion. The Gaussian model achieved about 99% from observed
concentration data.
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