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This paper presents an algorithm for the calculation of internal and external doses as an inte-
gral part of the mathematical model of atmospheric dispersion. The air pollution dispersion
model is used on average annual activity concentration in the air, deposition on soil and field
of total annual dose to a hypothetical resident contaminated by air in the vicinity of a nuclear
reactor. The results of modeling were compared with values from an IAEA publication for a
given scenario of radionuclide emission to the atmospheric boundary layer. Due to small dif-
ferences in the results, compared to the IAEA recommended model, the model presented in
the paper can be used as a basis for this type of analysis.
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INTRODUCTION

Exposurefromthe normal operation of anuclear
reactor to members of the publicinitsvicinity can oc-
cur from airborne releases. In the analysis of doses
from airborne rel eases through the ventilation of are-
actor, air pollution dispersion models play an impor-
tantrole[1]. They could easily includelarge number of
grid points so that outputs from the model s are practi-
cally continua fields of air pollution.

Dataon the hypothetical emission of radionuclides
[2], Brookhaven inventory of radionuclide's[3], ventila-
tion parameters, 3-D topography and meteorological
data, field of total annual dose received by aresident in
the vicinity of a hypothetical reactor (during its routine
operation within aone-year period) are used withthe air
pollution dispersion model (atmospheric dispersion and
module for the calculation of radiation doses) [4].

The am of theresearch isto find the maximum
value of the total annual dose for a hypothetical resi-
dent inthevicinity of anuclear reactor and compareit
withthelimitvaluewhich, inthiscase,is10uSv[5].

MATHEMATICAL MODEL
AND INPUT DATA

The straight-line Gaussian plume model is used
for modeling input data (meteorological and fields of
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radionuclides) and for predicting the maximum value
of thetotal annual dose[1]. The Gaussian model isone
of the oldest and perhaps the most commonly used
model type[6]. It assumesthat air pollutant dispersion
has a Gaussian distribution, meaning that the pollutant
distribution hasanormal probability distribution. The
primary algorithm used in Gaussian modeling is the
generalized dispersion equation for a continuous
point-source plume [7]. The complete equation for
Gaussian dispersion modeling of continuous, buoyant
air pollution plumes [8], is shown below
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where, C(X, y, 2) is the air pollution concentration at
grid point (x,y, 2), Q — the source strength, H —the ef-
fectiveheight of sourceemission, o, and o, —thediffu-
sion coefficientsiny- and z-directions, and U —the av-
erage wind speed.

The family of Pasquill curves o, , issuitablefor
practical application in an analytical-graphical form.
Atmospheric stability, according to the Pasquill-
-Gifford classification, shall be determined on the ba-
sis of wind speed and solar radiation (mechanic and
thermal cause of turbulencein the atmospheric bound-
ary layer), asshownin tab. 1 [9], where A isthe very
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Table 1. Pasquill stability classes

Table2. Briggsformulafor o,(x) and o(x), 10°<x<10*m

Stability class, day, with| Class of stahility,

Wind speed insolation night,.with cloudiness

aiom Thin

U[ms™ |Strong|Moderate| Slight Ozggﬁvsr d otgjgi/geﬁs

clouds

U<2 A A-B B

2<U<3 | AB B C E F

3<U<5 B B-C C D E

5<U<6 C C-D D D D
6<U C D D D D

unstable, B —the unstable, C —the slightly unstable, D
—neutral, E —the dightly stable, and F — the stable.

In this table, stability classes are classified into
six categoriesthat are marked by letters A (very unsta-
ble) to F (stable). Qualitative descriptionsof insolation
such as terms strong, moderate and slight, relate to
conditions that are typical for England, which is why
this scheme should be used with caution in other lati-
tudes. To determine the Pasquill atmospheric stability
classes, standard hourly meteorological measure-
ments are used, while the basic parameters for classi-
fying stability are the wind speed at 10 m, qualitative
assessment of insolation during the day (strong, mod-
erate, slight) and coverage of the sky with clouds at
night. In this scheme of stability classification, the
night is defined as the period beginning one hour be-
fore sunset and ending one hour after sunrise.

Moderate insolation corresponds to the surface
incident solar radiation under a clear sky when the
height of the Sun is above the horizon at an angle be-
tween 35° and 60°. Thetermsstrong and slight insola-
tion, relateto the height of the Sun greater than 60° and
less than 35°, respectively. The height of the Sun can
be obtained from astronomical tables for a specific
date, time, and latitude. Since clouds reduce insola-
tion, theinsolation for a clear sky is adjusted depend-
ing on the cloudiness (amount and type of clouds) to
give the corresponding Pasquill stability category.
Strong insol ation can bereduced to moderateif the sky
is covered with clouds of medium height and have
them 5/8 to 7/8 or to weak insolation if the sky is cov-
ered with low clouds.

If there are measurements of insolation, the Sun
height limit of 35° and 60° can be replaced by the cor-
responding values of insolation during a clear day,
when the height of the Sun at these altitudesis above
the horizon. When the limit values of insolation are
obtained by direct measurement of insolation, the ef-
fects of insol ation weakening dueto cloudinessarein-
cluded. Neutral class D occurs whenever the sky is
completely covered by low clouds, day or night.

Diffusion coefficients o, and o, for situations
(A-B), (B-C), and (C-D) are taken as mean values for
(A-B), (B-C), and (C-D). Based on the class of stabil-
ity (ameasure of turbulencein the atmaospheric bound-

For urban conditions

Pasquill
stability ay (%) oz (%)
classes
A-B | 0.32x (1 + 0.0004x)™? | 0.24x (1 + 0.0001x)"?
C 0.22x (1 + 0.0004x) ™12 0.20x

D 0.16x (1 + 0.0004x) ™2 | 0.14x (1 + 0.0003x) 2
E-F | 0.11x (1 + 0.0004x)"Y2 |0.08x (1 + 0.00015x) Y

For rural area

Pasquill

stability ay (X) oz (X)

classes
A 0.22x (1 + 0.0001x) ™2 0.20x
B 0.16x (1 + 0.0001x) Y2 0.12x
C 0.11x (1 + 0.0001x) ™2 | 0.08x (1 + 0.0002x) 2
D 0.08x (1 + 0.0001x) Y2 | 0.06x (1 + 0.0015x) ™2
E 0.06x (1 + 0.0001x)™? | 0.03x (1 + 0.0003x)™*
F 0.04x (1 +0.0001x) ™2 | 0.016x (1 + 0.0003x)™*

ary layer), standard deviations of concentration activ-
ity distribution of o, and o, are obtained, depending
on the distance from the source downwind, as shown
intab. 2 [10].

To account for thegravitational settling of heavy
gasesand aerosols, thefixed height of emission H was
modified with the term [11]

_E (2)
u
where vs is the terminal velocity and x is downwind
distance, asshowninfig. 1.

Meteorological data are obtained by measure-
ments at the automatic meteorol ogical station as, at the
least, hourly meteorological data collected at arepre-
sentative location of the source. On the basis of these
data, atmospheric stability and o, and o, are obtained,
aswell asair pollutiondistribution onthebasisof wind
speed and wind direction.

During the routine operation of the nuclear reac-
tor, apart of radionuclide inventory isreleased viathe
ventilation stack. It is a conservative assumption that
1% of the total activity inventory will be released in
this manner during oneyear. An upper estimatefor to-
tal activitiesand theresulting releaseratesisshownin
tab. 3 [3].

X

Figure 1. Schematic model of downward sloping plume
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In addition to meteorological data (see fig. 2)
and to the assumption of the emission of pollutants
(radionuclide inventory) shown in tab. 3, the physical
characteristics of the sources are expected as input
data for the mathematical model.

With the 3-D topography of the hilly terrain (see
fig. 3) and with the physical and chemical characteris-
tics of the emitted substances in the atmospheric
boundary layer, aminimum set of input datato runthe
model is compl eted.

Thephysical characteristicsof thesourceusedin
the model are its strength, physical height of the
source, diameter at thetop/exit of the source-chimney,
gastemperature at the exit of the chimney, exit vertical
velocity of effluents (W), geographical co-ordinates
and altitude of the base of the source-chimney(seefig.
4).

The basic subroutines of the model are modules
for the effective height of the source (Briggs plume
rise concept) [12], module for ground deposition and
modul e for estimation of the dose. The ground deposi-
tions of the radionuclides are calculated as follows
[13]

d =(Vg +Vy )Cp 3)

Table 3. Annual airborneradionuclide releases

where d [Bqm™d™] is the total daily average deposi-
tionrate on the ground of a given radionuclide (from
both dry and wet processes), including deposition ei-
ther onto impervious surfaces or onto both vegetation
and soil, V4 [md™] —the dry deposition coefficient for
agiven radionuclide, V,, [md™] — the wet deposition
coefficient for agiven radionuclide, and C, [Bgm ] is
ground level air concentration at downwind distance

X.

Figure 3. Topography (3-D) of the computational
domain and location of the source

B -051.8

=1.8-3.2
B -32-48
| EEE Figure2 Meteorology,
oo o nd o g
N -108 [ms™] and direction statistics

Calms = 6.66%

Rﬁdl onuclide 41Ar 26A| 76AS 1285a 1AOBa BZBr 141Ce
Released [Bq] | 8.2E+13" 45E+2 17E+7 6.9E+6 5.8E+6 3.2E+8 6.7E+3
Rajl onucl | de 144Ce GOCO 59Fe 203Hg 124| 131| 133|
Released [Bq] 5.3E+4 9.8E+4 1.4E+5 2.2E+6 7.0E+5 1.2E+6 1.3E+7
Radl onucl | de 140La 99M 0 24Na 1228b 4BSC 7SSe ler
Released [Bq] 3.0E+7 5.7E+3 8.5E+6 1.8E+4 7.9E+2 7.5E+3 1.2E+7
Radionuclide Omre “Ti 1By e ¥y e ®zn &m7n

Released [Bq] 2.2E+6 4.8E+6 3.8E+6 4.0E+7 7.2E+5 5.3E+4

"8.2E+13 read as 8.2:10"
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Figure4. Physical characteristicsof thesour ce-chimney

Annua radiation doses for a hypothetical resi-
dent are calculated as inhalation, dose of staying in a
radioactive cloud (dose of immersion) and the dose of
radioactive material deposited on the ground in the
form of dry and wet deposition. The total annual dose
is calculated as a sum of the doses listed above.

The doses from inhalation are calculated as the
product of breathing rate, exposure time, dose inhala
tion coefficients and radionuclide concentrationin the
air, using an exposure time of an entire year (8760 h)
and the average breathing rate for adults of 1.2 m%h
[14].

The doses from external irradiation from the ac-
tivity deposited on the ground are calculated as the
product of the ground surface concentration and the
dose coefficientsfor surface deposits. The external ra-
diation dose received by the resident immersed in a
cloud of radionuclide's activities for observed annual
periodsisproportional to the activity concentrationin
the air near the ground, the exposure time and to the
corresponding dose coefficients for the radionuclide
in the cloud.

RESULTS AND DISCUSSION

The analysis of radionuclide dispersion through
the boundary layer of the atmosphere of the annual
routine operation of areactor and membersof the pub-
lic was done following all described assumptions re-
garding the source term, meteorological conditions,
3-D terrain topography and physical and chemical
characteristics of the emitted substances in the atmo-
spheric boundary layer. A three-step analysis was
done:

(1) Thedescribed mathematical model in eq. (1) for
estimating the dispersion of radionuclidesthrough the
atmosphere boundary layer in the vicinity of anuclear
facility, with a module for the evaluation of internal
and external doses for the hypothetical adult resident,
was tested in computational experiments using the
given input data from the publication of IAEA [2].

Resultsfor ground surface concentrationsin the
air are presented in tab. 4 and those for ground surface
concentrations (dry deposition) are presentedintab. 5,
for the four radionuclides that were given in order to
check themodel. Very good agreement wasfound with
the results of the preliminary analysis given in the
IAEA document [2].

Table 4. Concentration of activitiesat 2 m above the
ground, per radionuclide
Radionuclide Bcs | P | %co | ®Eu
Modelled [Bgm™] 4.8E-04|1.5E-06| 3.0E-05 | 1.5E-05
IAEA document [Bgm™]|4.8E-04|1.6E-06 3.2E-05 |1.6E-05

Table5. Dry deposition of radionuclideactivity per year

Radionuclide Bcs | Psr | %co | ®Ru

Modelled [Bgm 2] 1542 | 049 | 9.74 | 4.87
IAEA document [Bqm?] | 174 | 06 12 6

(2) The second step was the simulation of airborne
dispersionfromthe exhaust stack of thereactor facility
to the environment in order to obtain the values of
ground surface activity concentrations in the air and
ground surface concentrations, dry and wet deposi-
tion, for the radionuclides of interest.

Fieldsof theaverage annual concentration of ac-
tivities, gained by the presented emission of
radionuclides, taking into account the characteristics
of sources, westher conditionsand soil characteristics,
areshown graphically infig. 5. Themaximumval ue of
the average annual activity concentrationintheair at
2 m above the ground was 3.9 Bg/m?.

Dry deposition was calculated from activity con-
centrations in the air and the deposition rate for the se-
lected terrain and radionuclide emission inventory. The
speed of dry deposition is taken from ref. [2], and was
based on therecommendationsfor the deposition rate of
1000 m/d. The field of dry deposition corresponds to
thefield of concentration of activities, both in shapeand
by zones with maximum values. The maximum annual
value of dry deposition of activitiesfor the selected an-
nual period was 12 kBg/m? (seefig. 6).

Wet deposition is calculated as washing with
precipitation. The intensity of rainfall was measured
by an automatic station for ten minutes. The field of
annual activities of wet deposition is calculated from
the distribution of activity concentrations with the
height andintensity of rainfall. The maximum value of
wet deposition was 140 Bg/n? (seefig. 7).
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Figure 5. Average annual activity concentration in
theair

Figure 6. Annual activity of dry deposition

Figure 7. Annual activity of wet deposition

(3) Thelast step involved the modeling of the expo-
sure of members of the public and the total dose (inha-
lation and immersion with direct exposure from
ground deposition).

Asmentioned, thetotal annual radiation dosefor
a hypothetical resident in the vicinity of areactor in
operationismodel ed asinhal ation, the dose of staying
in the radioactive cloud (dose of immersion) and the
dose of radioactive material deposited on the ground
intheform of dry and wet deposition. Thetotal annual
doseiscalculated asthe sum of thedoseslisted above.

Figure 8. Annual total dose

The maximum value of thetotal annual doseto a
hypothetical resident was 7.3 uSv (seefig. 8).

CONCLUSIONS

The computer code based on the straight-line
Gaussian model for atmospheric dispersion used inthis
analysis, under conservativeassumptionsonthecontin-
uous operation of nuclear reactors and on the prelimi-
nary assumed strength of the sourcebased onthe 1%in-
ventory of radionuclides continuously emitted into the
boundary layer of the atmosphere within a year.

By applying the mathematical model, under the
above stated assumptions, the maximum value of the
total annual dosefor ahypothetical resident wasestab-
lishedtoequal 7.3 uSv inthevicinity of anuclear reac-
tor. Based on thisresult, it can be concluded that a nu-
clear reactor, under stated conditions of its operation
within a year, could not influence the environment
above the limit value of 10 pSv.
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Hywman [1. HUKE3Wh, bopuc b. JOHYAP, 3opan J. TPHINR, Caasko 1. IUMOBUHh

MATEMATHUYKO MOJEJOBAIBE YTUIIAJA PEAKTOPA HA
XKNBOTHY CPEJIMNHY KPO3 BA31YX

Y paay je mpuKazaH alroputaM 3a W3padyHaBambE YHYTPAIIbE W CIOJbAIE 03¢ KOjU
IpefcTaBiba CACTaBHU JICO MaTeMaTHIKOT Mofiesia aTMocepcke fucnepsuje. [IpuMeHoM Aucnep3noHor
Mofiena 3arabema Bazjyxa, JOOWjeHE Cy IPOCEYHE TOAUIIHE KOHIEHTpAlje aKTUBHOCTH Y Ba3JyXy,
YKYITHA TOJWIIEHA IENO3UIINja aKTHBHOCTH Ha TITY U YKYITHA 1032 KOjy OU IPIMUO XUITOTETUIHA CTAHOBHHUK
y OKOJIMHU HyKJICapHOT peakTopa. Pe3ynratun mMopenoBama ynopebenn cy ca Bpegnoctuma n3 MAEA
nyonuKanmje 3a 3ajjJaTh CIeHApHO EMHCHje PaJuOHYKIUAa y aTMOCc(epCKOM TpPaHUYHOM CIOjy.
3axBampyjyhu ManuMm paznukama y pesyiaratuma, y opHocy Ha MAEA mpenopydeHu Mopies, MO
MIPEACTaBBEH y PaJly MOKE ce KOPUCTATHU Kao OCHOBA 32 OBY BPCTY aHAIM3E.

Kmwyune peuu: paouorykauo, 8azoyx, ouctiepauja, OUciep3uoru mooea 3azaberwa 6a30yxa, 003d,

HYKAeapHU peaKitiop



