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Abstract

This work is a contribution to the assessment of the radiological consequences
of radioactivity and radiation dose for TRIGA Mark II research reactor during
continuous operation. The potential release to the atmosphere of 1311, 137Cs, and
20Sr are computed in the South direction is calculated using CROM software. We
have attempted to evaluate the daily concentration of radioactivity and its impact
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Introduction

The radioactive materials released into the atmosphere
under normal operating conditions or under accidental
conditions of a nuclear reactor are more influenced by
the environmental conditions, which contributes to their
dispersion and deposition on the ground resulting in
the contamination of vegetation and the exposure of the
public through various pathways. Noble gases, halogens,
alkali metals, tellurium, Br-Sr nuclide, characterise the
main important radioactive materials affecting the
ambient atmosphere.

In recent decades, especially after the Chernobyl
and Fukushima Daiichi nuclear accidents in 1986 and
2011 respectively, more original research has been carried
out to calculate the radioactivity of the released material
and to estimate the most serious radiological hazard
risks for human health and to the environment.
Alexakhin et al. [1] describe the distribution, migration,
and environmental and agricultural impacts of the
deposited radionuclides resulting from the Chernobyl
accident and define the influence of their behaviour in

human organisms and ecosystem. Morino, et al. [2]
simulate the transport and deposition of radioactive
materials and their interaction processes with oceans,
land, and vegetation by using the ECHAMS5 model.
Christoudias and Lelieveld [3] estimated the cumulative
inhalation doses from of the Fukushima Daiichi
accident and the effective doses over 50 years based on
the emission inventory reported by Stohl et al. [4].
Brandt et al. [5] used the Danish Rimpuff and Eulerian
Accidental Release Model (DREAM) to predict the
transfer of 1311 and 137Cs from the Atmosphere through
agricultural food chains using Chernobyl fallout.
John et al. [6] defined methods for radiological risk
assessment and environmental analysis for individuals
exposed to radioactive elements near nuclear facilities.
Hikaru et al. [7] conducted a study on the radiological
aspects of fallout from the Fukushima Daiichi nuclear
power plant accident by measuring radiation in the
Chiba metropolitan area from March 15th, 2011.
Malek, et al. [8] conducted another study to evaluate
the radiological doses resulting from the deposition of
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1317, 1321 1331 1341 and 131 on the ground, vegetation,
milk, and meat in the event of a hypothetical accident
involving a TRIGA research reactor. The study found
that 1311 contributes the most to the dose in vegetation
compared to all other radionuclides. Mizanur et al. [9]
evaluated the radiological effects of Cs-137 and Sr-90
deposition on the ground, vegetation, milk, and meat.
The study examined various pathways and air con-
centrations of accumulated radionuclides at the same
reactor. The results showed that that the dose rates for
members of the public were below the acceptable limits.
Mollah et al. [10] studied the radioactivity and radiation
levels in the vicinity of a proposed 600 MWe power
plant at Rooppur site. The study found that the
contamination levels in the soil and water were below
the detection limit.

In this context, the Screening Model for Environ-
mental Assessment CROM (Figure 1) [11] was used to
predict the radiological consequences of the main doses
due to external and internal irradiation doses for
reference individuals mentioned cited in the Inter-
national Commission on Radiological Protection
(ICRP) publication 60 [12]. CROM’s transport model

deposition, and various exposure routes [13—14]. The
used models are mainly based on IAEA Safety Report
Series N° 19, with some additional improvements based
on the methodology for assessing the radiological
consequences of routine releases of radionuclides to
the environment reported by RP-72 (EUR-15760)
[15-17].

The study will assess the impact of the release of
1311, 137C and %9Sr radioisotopes of nuclear material
through the stack, which poses serious radiological
hazards. We calculated the airborne fraction of these
isotopes remaining to be released into the atmosphere
from the 3MW(t) research reactor TRIGA Mark-II,
which will be operate for 10 days. Our results were
compared with some findings from the bibliography
[8-9]. To elaborate on this work, we need to specify
certain parameters in advance. These include the source
term of the reactor core, the discharge rates for different
releases, types of radionuclides to be discharged, geo-
metry criteria, and meteorological conditions. Based
on the calculations, we aim to define the most dominant
route of exposure on individuals for hypothetical
critical groups of the population living near the reactor
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Figure 1 Overview of the conceptual model in CROM code [11, 18].
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Material & methods
1) Site description and meteorological conditions
This study focused on the 3 MW TRIGA Mark II
research reactor located in Savar, Dhaka. The facility
uses a uranium-zirconium hybrid fuel moderated and
light water-cooled system, which is used primarily for
training and research in various fields, such as Neutron
Activation Analysis (NAA), Neutron Radiography (NRG),
Neutron Scattering (NS), and production of radioisotopes
(131, 9mTc, 46Sc) for medical applications [19-22].
The meteorological observations at the site show that
wind predominantly flows from the south (S) direction
is dominant (Figure 2). Figure 3 displays the average
wind speeds measured hourly at a height of 10 m for
various directions. The mean activity concentration
and dose calculations were evaluated based on a release
height stack of approximately 32.36 m and the dominant
stability class B (unstable) [8].
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Figure 2 Wind rose at the nuclear Facility for 16
directional areas [23].
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Figure 3 Average wind speed for various directions [8].

2) Released inventory

Table 1 illustrates the inventories of the most
important radioelements in the reactor core and the
corresponding activity released into the atmosphere.
Following a continuous operation, a significant portion
of the core inventory could be escaped and released
into the atmosphere. The calculation only the fission

products of Iodine radioisotope 1311, 137Cs, and ?0Sr.
These nuclides were selected based on their physical
and chemical properties, volatility, and their contribution
to collective dose, particularly in the thyroid gland
[24]. The calculation considers release fractions indicated
in the US-NRC regulatory guide 1.183 and described
in WASH-1400 (NUREG-75/014) document [25-26].
According to Shoaib and Igbal [27], the release fractions
on research reactors are 100% for noble gases, 40% for
halogens, 30% for alkali metal, 5% for tellurium group,
and 2% for Ba-Sr group. Table 1 specifies the core
inventory and release rate of radioelements, assuming
full power of 3 MW(t), approximately 30 days after start-
up of irradiation, and 10 days of continuous operation
at full power.

We consider the following assumptions for calculating
the present work:

- Full power operation reactor: 3 MW (t),

- Time after the start of irradiation: 10 days,

- Continuous operation at full power: 10 days,

- Radionuclides considered: 1311, 137Cs, and 99Sr,

- Fraction release: 1311: 40%, 137Cs: 30% and 90Sr: 2 %,

- Leakage rate parameter, 1.157 x 10”7 1/s. i.e., 1% /day,

- Calculation is made 2 hours after the start of release.

Table 1 Radionuclide inventory in the core, and activity
released to the atmosphere [8-9]

Nuclide Group Total activity ~ Released rate
in core (kBq) (Bqs)

1311 Halogen 1.507E12 6.96E7
137Cs Alkali metal 3.393E9 3.92E3
90Sr Br-Sr group 3.543E9 4.09E3

3) Radiological concentration calculation

After being released into the atmosphere, nuclear
material is transported by the wind in various directions
and deposited onto the ground through wet and dry
deposition. To determine the activity characteristics of
the material to be discharged and dispersed in the air, the
Gaussian approach described below in Eq. 1 is used to
determine the average radionuclide concentration in the
air [28]. Therefore, we determine all significant exposure
pathways through which the discharged radionuclides
can cause public exposure. We will estimate the annual
average radionuclide concentrations in the air as follows
[29-30]:

PO,
U
Where; C4 is the ground level air concentration at
downwind distance (Bq m™3), Q;is the average release
rate for radionuclide 7/(Bqs!). A value of Ppwas assigned
for screening purpose [13].

C, = (Eq.1)
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4) Ground deposition calculation

The deposition of the radioactive material on the
ground significantly effects human and animal feed.
This is because the ingestion process which easily
influences the transfer of radioactive material inside
the human body. The deposition coefficient calculated
by the Eq. 2, depends essentially on the nature of the
selective radioactive material and the amount of the
deposited activity per unit time at ground level [31].

d=Vg+Vye)Cy (Eq. 2)

With 4, is the daily average deposit rate for a
given radionuclide 7in (Bq m2 day!), Vaand Vurare
the dry and wet deposition coefficient, respectively (m
day!). The total deposition coefficient V7= Vi+ Virof
1000 m day! should be chosen for screening use for
deposition of aerosols and reactive gases, which are
corresponds to values for cesium and iodine fallout
resulting from Chernobyl Nuclear Power Plant (NPP)
accident [32-34].

5) Concentration calculation in vegetation and animal
products:
5.1) Concentrations in vegetation

To estimate the concentration of radioactive materials
deposited on vegetation due to direct contamination,
the following equation was used [13]. The public is
exposed to radiation by ingestion process from conta-
minated soil, which contains radionuclides that are
redistributed within the plant and roots.

d-a[l—ex (—A t )]
i P EilJ e

7 (Eq. 3)

Cv,i,l =
EY

With; Cy;;zis the fresh matter for vegetation consumed
by humans (Bq kg!), a is the deposited activity fraction
(m?kgl), Agy is the effective rate constant for reduction

of activity of any radionuclide (day!), z is the time
period that the cultivated plant are exposed to conta-
mination during the growing season (day).

5.2) Concentrations in animal feed

Additionally, the concentration can be affected by
the ingestion of contaminated foodstuffs and other
environmental materials by animals. The concentration
of radionuclides in animal feeds is influenced by
various factors, including the animal species, its mass,
age, growth rate, and the digestibility of the feed. The
taken time between harvest and consumption of food
is 14 days, and the amount of the feed consumed by
the animal is 16 kg day . The concentration in animal
feed can be calculated using the following Eq. 4:

Ca,i = prv,i + (1 - fp)Cp,i (Eq. 4)

Where; Ciiis the concentration of radionuclide in
the animal feed (Bq kg'!), Cy;iis the concentration of
radionuclide for pasture (Bq kg!), Cp,iis the concen-
tration of radionuclide in stored feed 7= 90 days (Bq
kg'1), fp is the fraction that animals consume fresh
pasture vegetation, in our case is 0.7 [11, 32].

5.3) Concentration in meat and milk

The radioactivity concentration in meat and milk
reflects the proportion of the year during which
animals consume fresh or stored pasture, as well as their
intakes of water and dry matter. Eq. 5 describes the
concentration of radionuclide in meat.

Cf,i = m(Ca,iQf + CW,iQW)eXp (_Aitf) (Eq- 5)

Where; Ctiis the concentration of radionuclide in
animal flesh (Bq kg!), Cui is the concentration of
radionuclide in animal feed (Bq kg!), Cw, is the
concentration of radionuclide in water in (Bqm-!), Fm
is the fraction of the animal's daily intake of a nuclide
(day kg'!), Qr is the feed amount consumed by the
animal in (kg day!), Qw is the amount of water con-
sumed by the animal (m-3 day™1), and # is the average
time between slaughter and human consumption of
meat (day).

6) Dose calculation
6.1) Calculation of internal dose intake by inhalation
and ingestion

The doses are evaluated for six age groups, as
recommended by the International Commission for
Radiological Protection (ICRP) [12], due to internal
exposure from ingesting food or inhaling. The critical
groups, which are expected to receive the highest dose
from the source, are reasonably homogeneous with
respect to all those factors that significantly influence
the received dose. The child dose coefficients are
generally higher than those for adults [13]. The annual
effective dose from inhaling and ingesting food for
each radionuclide and each age group is calculated
using the following expressions (Sv al):

Einn = CaRinn DFinp (Eq' 6)

Eing,i = Cp,g,iDFinng (Eq- 7)

Where; Cais the concentration in air (Bqm™3), Rink

is the inhalation rate (m3 a'!), DFinh and DFingare the

inhalation and ingestion dose coefficient (Sv Bq!),
respectively. Cp,gis the concentration of radionuclide
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in foodstuff at the time of consumption (Bq m-1), Hp
is the consumption rate for foodstuff (kg a-!).

6.2) External dose calculation from ground deposition

The annual effective dose from ground deposition
Eg,r (Sva'!) for each radionuclide and each age group
is given by:

Egr = CgrDFinnOf (Eq.8)

Where; DFgris the dose coefficient for exposure to
ground deposits (Sv/year per Bq m2), Oris the fraction
of which the hypothetical critical group member is
exposed to this particular pathway, Cgris the deposition
density of radionuclide (Bq m-2) obtained from the
ground deposition expression (Eq. 2).

Results and discussions

A numerical study was conducted to determine the
concentration of air and deposition, and the resulting
radiation doses due to external and internal exposure
from continuous release using CROM code. The
radionuclides Todine 1311, the Alkali metal 137Cs, and
20Sr radionuclides were computed using a Gaussian
distribution for all wind directions. The maximum
annual activity concentration and deposition to the
ground of each radionuclide, listed in Table 1, depends
on the release fraction of the reactor core inventory.

The air concentrations and the total deposition
were calculated as a function of downwind distance for
the moderately unstable class “B” in the dominant
South direction. The total doses of internal and external
exposure pathways were estimated for different
foodstuff (human vegetables, animal feed) and animal
products (milk and meat). The horizontal distribution
pattern of the mean concentration and the total dose
by age group are presented in histogram forms. The
population is divided into six representative critical
groups: 0-1 year, 1-2 years, 2-7 years, 7-12 years, 12-17
years, and adults (over 17 years).

1) Air concentration and deposition calculations
Figure 4 provides an overview of the temporal
variation of air concentration and ground deposition
of radioactive pollutants in the south (S) wind
direction. 1317 is the most common fission product,
produced in large quantities in nuclear reactors. It is a
radioisotope with a very short half-life of eight days,
decaying by - radiation into 131Xe, the most powerful
neutron absorber in a reactor, and also a y-rays
emitter. Upon calculation, it’s evident that the activity
concentration of 13! is higher than that of other
radioelements. Its maximum activity concentration

was estimated at 2.177 kBq m-3, while its deposition is
about 2.177E3 kBq m2 per day. The concentrations of
137Cs and 90Sr were found to be less significant due to
their low emission rates (Figure 4a). Therefore, we can
observe that the activity concentration is influenced by
the half-life of each radioelement. Short-lived isotopes,
such as Iodine, have a greater impact on the radioactivity
effect. Additionally, the duration of contamination for
most of these elements is brief. Contrarily, 137Cs and
90Sr represent the majority of residual contamination in
the environment due to their half-lives of 30 years and
28 years respectively. These elements tend to remain on
the ground, leading to prolonged contamination and
concentration in the food chain. Figure 4(b) displays
the plume centrelines ground deposition, which follows
a similar trend as the mean activity concentration in
air curves shown in Figure 4(a).
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Figure 4 Plots of a) mean activity concentration in air,
and b) ground deposition as a function of downwind
distance.

Following this, a histogram classification form was
used to classify and compare the mean activity con-
centration levels of 1311, 137Cs, and 90Sr radionuclides
in the air at different downwind distances (see Figure
5). We can observe, that the concentration level is highest
at a downwind distance of 225m, after which the
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radioactivity of the plume decreases significantly due
to radioactive decay.
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Figure 5 A comparison of different levels of the mean
activity concentration in air as a function of
downwind distance.

Figure 6 illustrates air concentrations calculated for
16 directions up to 2000 m from the reactor site. The
dominant radioisotope in all directions is 13! due to
its high emission rate of 6.965E4 kBq m™ and
diffusivity in the air. Its radioactivity reaches a value of
3.175 kBq m3 in the north (N) direction.

2) External exposure due to feed consumption

Figure 7 depicts the calculated concentrations of
airborne radionuclides deposited on the ground in the
south direction at 225m downwind distance. The
figure illustrates the activity levels in human vegetables
(fruit vegetables), animal vegetables (pasture), and animal
products (meat and milk) due to the ingestion of radio-
active materials transferred from plants and then to
meat and milk. The 137Cs nuclide is absorbed into the
soil quickly and is less available for plant uptake, while
the 90Sr is more mobile and migrates downward into
the soil.

The results show that 1311 is the main contaminant
in vegetation and animal products, while 137Cs and
908y are significant in animal products. Milk, which is
the main source of thyroid contamination, has the
highest concentration of 13T about 6.750E3 kBq kg1
Meat and Milk have similar level of concentration of
137Cs and 20Sr. 131] is also present in fruits vegetables
and pasture, with a maximum radioactivity concentration
of 1.436E2 and 1.407E3 kBq kg!, respectively. The
variations in the results are due to different processes
that contribute to the transfer of radioactivity.
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Figure 6 Air concentration of 1311, 137Cs and %Sr
radionuclides at 16 directions as a function of
downwind distance.

3) Dose calculation

To assess the doses resulting from internal and
external exposure to radioactive material discharges in
the environment, we have evaluated the public’s exposure,
taking into account the age of the representative
exposed person. Inhalation and the ingestion of
contaminated food are considered the most probable
routes ofentry into the human body.
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The radiation dose from inhalation and ingestion
is mainly attributable to the activity deposited on the
ground and absorbed by plants. This significantly
contributes to internal radiation exposure [10].

The initial simulation results show that forchildren
aged 1-2 years who received the highest doses in the
close vicinity of the source at 0.225 km in the south
direction, the maximum doses received by inhalation
and ingestion were equal to 0.297 and 124.2 mSv a'l,
respectively, for1311. In the same conditions and forthe
same age group, the smallest values received were about
4.7E-6 and 0.038 mSv a’! of 137Cs (Figure 8). The
presence of milk in food rations is responsible forthese
finding. It is important to note that 31T and 137Cs are
the primary sources of internal radiation doses in the
Fukushima Daiichi accident, with70% caused by 1311
and 30% caused by 137Cs [4]. All ofthese values are
below the annual dose regulatory limit of1 mSv for the
publicasset, as stated in IAEA Safety Report Series
number 115 [35], and the ICRP recommendations
[12, 32, 36]. This situation does not pose a health risk
to individuals who will not be affected by radiation
exposure during the plume passage. Therefore,
emergency interventions or countermeasures, such as
evacuation and the supply ofiodine tablets, should not
be required.
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Additionally, to provide the most accurate descrip-
tion of the doses, the Health Physics Code Hot Spot
[37] of Lawrence Livermore National Laboratory (LLNL
laboratory was used to display the boundary contour
line areas of the doses at the release location in Google
Earth, using geographical coordinates of the 3 MW
Triga Mark II reactor. There are three marked contours
with different colours; the red contour represents the
highest dose risk for the population in the inner area,
while the green and blue contours represent the middle
and outer doses [38]. The area is divided into three
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and 13 km? for %Sr (Figure 9). Figure 10 shows the
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of the contour lines in the downwind direction; for
Iodine 131 (Red: 0.640km, green: 2.2km, bleu: 7.6km),
for Cesium 137 (Red: 1.4km, green: 4.6km, bleu: 17km),
and for Strontium 90 (Red: 0.77km, green: 2.6km,
bleu: 9.1km).

Iodine-131

Outer:

1,0E-14 (9,4 km?2)
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Outer:
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Figure 9 Plume contour lines of 1311, 137Cs, and ?Sr as a function of downwind distance.
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Google Earth

Google Earth

Figure 10 Maps of the boundary contour line areas of the doses at the reactor release location in Google Earth.
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Figure 11 provides an overview of the total annual
dose, including internal and external radiation exposure.
As indicate in the results mentioned above that the
inhalation and ingestion are the primary routes of
contamination for human organs.
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Figure 11 Total annual dose by age groups.

Figure 12 displays histograms of the probabilistic
distributions of total dose by age group for various
radionuclides relevant to this study. These distributions
delineate the average values that can be attributed to
dose. Approximately 18.7% of the mean dose contri-
bution falls within an interval ranging from 5.581 mSv
to 3.013 mSv for the critical age group of 0 to 1 year.
For the age group of 1-2 years, the dose contribution,
approximately 16.5% for a range of 2.833 to 5.85 mSv.
Similary, for the age group above 17 years, the contri-
bution varies within the same range with a lower dose
interval.
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Figure 12 Time variations at Log-normal probability
distribution of 1311, 137Cs and 99Sr radionuclides
assigned to total dose parameter by age groups.

Figure 13 provides an overview of the relative
contribution of radionuclides to total dose via various
pathways in the South direction. Ground deposition,
inhalation, and immersion are the main pathways
contributing to total dose contribution. The data shows
that 13T is the dominant contributor in animal products,
particularly in milk accounting for 75.05%, followed
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by 137Cs (61.53%) and 20Sr (49.94%). Meat samples
have been found to contain 31T at 6.271%, 137Cs at
37.938%, and 2OSr at 49.629%. The study also identified
the contributions of all radionuclides in immersion
and inhalation.

Based on the results, it can be concluded that 1311 is
the most dominant contributor to radioactivity and
doses compared to the other radionuclides. When
animal ingest iodine deposited on the grass during
lactation, it quickly appears in their milk. This occurs
within a few hours of ingestion, with the maximum
amount appearing after three days.

mimmersion Minhalation W Ground deposition M Vegetation ®MMeat ®Milk

0.001%

0.326%

0.005%

6.271%
75.050%

18.345%

I-131

mimmersion MWinhalation ®Ground deposition MVegetation ™Meat mMilk
01%
0.015%

61.532% 0.026%

0.473%

37.938%
Cr-137

Wimmersion Minhalation ™ Ground deposition MVegetation ™ Meat B Milk

0.001%
0.048%

49.941%
0.000%

0.382%

49.629%

Sr-90
Figure 13 Dose contribution (%) of all radionuclides
contributing to dose pathways in south direction.

Conclusion

This work attempts to simulate the release of 1311,
137Cs, and ?0Sr radionuclides from a 3MW research
reactor in the South wind direction using the Gaussian
plume model CROM for environmental assessment.
The atmospheric radionuclide concentration and deposi-
tion through different pathways were calculated. It is
noteworthy that short-lived isotopes, such as 1311, have
a greater impact on radioactivity and exhibit higher
activity compared to other radioisotopes.

The study determined the activity concentration of
radionuclides in human vegetables (fruit vegetables),
animal vegetables (pasture), and animal products (meat
and milk). The results showed that 31T had a signifi-
cantly higher activity concentration than the other
radionuclides in fruit vegetables and pasture, while
137Cs and 29Sr were more present in animal products
(meat and milk).

Internal and external radiation doses to the public
were also computed, taking into account the age of
representative groups. It should be noted that the total
doses due to inhalation and food ingestion were found
to be 0.297 and 124.2 mSv a1, respectively, for 1311
applied to children between the ages of 1-2 years.
These values are satisfactory as they are well below the
annual dose regulatory limit of 1 mSv for personnel, as
stated TAEA Safety Report Series number 115 and the
ICRP recommendations. No emergency interventions
or countermeasures are required as this situation does
not pose a health risk to individuals.
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