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The molten salt reactor (MSR) is one of the six advanced reactor types for future nuclear energy proposed in the Generation IV
International Forum (GIF). Because of its potentially favourable economic, fuel utilization, and safety characteristics and nuclear
proliferation resistance, the MSR has aroused widespread concern in recent years. Indeed, from 2011, the Shanghai Institute of
Applied Physics started the “Thorium Molten Salt Reactor Nuclear Energy System (TMSR)” project in China and aimed to construct
a liquid-fuel thorium molten salt reactor (TMSR-LF) and a solid-fuel thorium molten salt reactor (TMSR-SF). An optimized 2 MWth
TMSR-LF has been designed and will be built recently in Gansu province. In this study, HotSpot health physics computer code has
been used for atmospheric dispersion modelling and radiological safety assessment considering site-specific meteorological
conditions. Calculations for total effective dose equivalent (TEDE), ground deposition and the respiratory time-integrated air
concentration have been performed, with results indicating maximum value of ground deposition equal to 2.5E+01kBg/m?at a
distance of 0.6km from the reactor. Maximum value of TEDE falls below the public dose limit of 1mSv/year proposed by ICRP even
for the worst case accident scenario as set in IAEA safety Report Series number 115. The TEDE has three components: inhalation,
ground shine and air submersion, the submersion and ground shine doses are insignificant compared to the inhalation doses. It is
observed that the highest value of committed effective dose equivalent (CEDE) appears to be the lung, the lower large intestine wall
appears to be the second most exposed organ, followed by upper large intestine wall and the red marrow, respectively. The
contribution of total 18 selected radionuclides was investigated, three main radionuclides including Sr-90, Sr-89, Cs-137 are the main
contributors to the CEDE.
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INTRODUCTION years. For a MSR, as a fluid fuel reactor, on-line
fuel processing can be applied, which helps in
removal of gaseous and volatile parts from the
source term [7, 11]. The MSR is a more safety
advanced reactor and is more resistant to
consequences of large accidents in comparison to
other reactor types, but there is risk for the source
term may be released to the environment [3-5]. It is
still necessary to predict the radiological safety
analysis of a hypothetical accident with the
radionuclides available for release to the
environment.

Radiological safety analysis for hypothetical
accident provides a major contribution for the
safety analysis of nuclear power plant, as far as
human health and safety is concerned [12-20].

The total effective dose equivalent (TEDE)
attributes to both internal and external dose
equivalents for the body resulting from the release
of radionuclides during accident. Thus, TEDE is
computed by addition of both effective dose
equivalent (EDE) and the total committed effective
dose equivalent (CEDE). The EDE was caused by
the external material such as submersion, ground

Generation IV International Forum (GIF) has
anticipated molten salt reactor (MSR) as one of the
advanced reactors to fulfil the future nuclear energy
demands [1], owing to its economic fuel utilization,
nuclear proliferation resistance and advanced safety
characteristics [2-6].

The MSR was first developed in the Oak Ridge
National Laboratory (ORNL) in the late 1940s. The
first Molten Salt Reactor Experiment (MSRE)
began to construct in 1962 and operated at full
power in December 1966 [7]. Several conceptual
designs of the MSR have been proposed and have
been studied in the past 60 years. Japan, Russia and
other countries also paid much attention to the
MSR [4, 8-10]. In China, the Shanghai Institute of
Applied Physics started the “Thorium Molten Salt
Reactor Nuclear Energy System (TMSR)” project
in China and aimed to construct a liquid-fuel
thorium molten salt reactor (TMSR-LF) and a
solid-fuel thorium molten salt reactor (TMSR-SF).

An optimized 2 MWth TMSR-LF has been
designed and will be built in Gansu province recent
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the internal material such as inhalation. The TEDE
is the most complete expression of the combined
dose from all applicable delivery pathways [20, 21].

Lawrence Livermore National Laboratory
(LLNL) has established a HotSpot computer
code for the analysis of personnel health
physics near the reactor sites. Gaussian Plume
Model (GPM) has been employed for HotSpot
code for the calculation of air concentration
and TEDE due to release of radionuclides into
the atmosphere [21]. In practice, the GPM is one
of the most widely validated general dispersion
models and has been successfully applied in various
dispersion problems [13-20].

In this work, we have performed the
atmospheric dispersion modelling and radiological
safety analysis of a hypothetical TMSR-LF
accident by HotSpot health physics computer code
considering site-specific meteorological conditions.
The TEDE, the respiratory time-integrated air
concentration, and the ground deposition are
calculated with source term including 18
radionuclides. These results provide reference for
the assessment source term of emergency facility
and offsite consequence assessment.

MATERIALS AND METHOD

Site-specific conditions of the TMSR-LF

The TMSR-LF will be in the Wuwei City,
Gansu Province, China. It will be built about 2020.
Wuwei city has a temperate continental arid
climate, where evaporation is larger than
precipitation. The local meteorological data
indicate a mean year rainfall is about 60~610 mm
and a mean year evaporation is about 1400~3040
mm. North-North-West (NNW) and West-South-
South (WSS) are the predominant directions, which
occurred for about 49.1% and 10.4% with an
average speed of 5.0m/s and 2.0m/s, respectively.
Stability class D gains predominance as it has
percentage occurrence of 61.2%, the second being
the stability class E with percentage occurrence of
9.3%, and the remaining 29.5% is taken by other
classes.

Source term and accidental release scenario

The TMSR-LF is a graphite moderated reactor.
The thermal power is 2 MW, and the fuel salt is
LiF-BeF,-ThF4-UFs (68-28-0.1-3.9 mol %) with
99.95 % abundance of 'Li and a coolant salt of LiF-
NaF-KF [2, 6].

Although MSR has some inherent features
compared with other reactor systems, it still has
some safety disadvantage, including the
accumulation of fission products in different parts
like the primary system, the off-gas system, the fuel
storage tanks, and the processing plant. This
highlights the significance for proper containment
of fission products and removal of decay heat under
all anticipated circumstances [11]. According to the
research, off-gas system failure accident is
generally recognized as the most likely path for
radiation release [4, 5]. Base on it, in this paper, the
source term is mainly contributed by the off-gas
system failure and the radioactivity leak by reactor
vessel and pipes. The accident source term during
0~ 1 hour for TMSR-LF is shown in Tab.1 [6].

Table 1: Accident source term for TMSR-LF

Nuclide Activity released / Bq
H-3 3.30x10"
Kr-85 8.75x10%
Kr-85m 1.28x10°
Kr-87 1.45x107
Kr-88 1.03x107
Xe-133 2.48x10*
Xe-135 4.17x10°
I-131 1.51x107
[-132 2.83x10°
[-133 3.54x107
I-134 1.15x108
I-135 6.96x108
Cs-134 4.21x10°
Cs-137 1.63x1010
Sr-89 5.29x101
Sr-90 8.46x1010
Ru-103 8.38x103
Ru-106 1.89x10°

The release height was assumed at 40 m and
buoyancy and exit momentum effects were
neglected. Depending on the site meteorology, a
downwind transportation of radionuclides happens
after the accident. The annual average wind speed
at 10 m is 5 m/s in the predominant direction of
NNW. Stability class D gains predominance
because of its largest percentage occurrence of
61.2%, a default value of 1.7m for the receptor
height and value of 1300m for the inversion layer
height has been chosen. A value of 3.33x10* m® s/l

79



Bo Cao et al.: Atmospheric dispersion modelling and radiological safety analysis for a hypothetical accident of liquid fuel molten-
salt reactor (TMSR-LF)

has been used for the breathing rate of an average
human being.

RESULTS AND DISCUSSION

TEDE results and analysis

Based on the site-specific meteorological
conditions, an assessment for the calculation of
radiation dose calculation was done by HotSpot
3.03 after the hypothetical accident. The TEDE, the
ground deposition and the respiratory time-
integrated air concentration were generated as a
function of downwind distance as presented in
Tab.2. It can be seen from Tab.2 that the maximum
TEDE is 1.6E-04 Sv at the downwind distance of
0.6 km, which is also shown in Fig.1. It is far below
the annual regulatory limits of 1 mSv from public
exposure in a year even in the event of worse
accident scenario as set in IAEA Safety Report
Series number 115, no action related specifically to
the public exposure is required.

Meanwhile, the maximum respiratory time-
integrated air concentration and the ground

deposition value of 5.2E+07 Bg-s/m® and 2.5E+01

kBg/m?* occurred at 0.6 km at an arrival time about
one minutes. As is shown in Fig.1 the TEDE first
increases with increasing distance downwind,
reaches the maximum value and then decreases.
The plume centreline ground deposition of
radionuclides as a function of downwind distance is
shown in Fig.2, which shows a similar tend as
TEDE shown in Fig.l. The maximum value of
plume centreline ground deposition is 2.5E+01
kBg/m* occurred at about 0.6 km from the reactor,
which is accordance with results shown in Tab.2.
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Fig.1. TEDE as a function of downwind distance from
the NPP site in D class

Table 2. Downwind distance and other plume parameters at different arrival time intervals

Distance/km TEDE/Sv Respirable time- Ground surface Ground shine Arrival time
integrated air deposition/ kBqm?  dose rate/ Svh! /h: min
concentration/ Bg-sm™

0.03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 <00:01

0.1 4.7E-13 1.5E-01 1.7E-08 1.2E-18 <00:01

0.2 3.2E-06 1.0E+06 4.3E-01 2.9E-11 <00:01

0.3 5.1E-05 1.7E+07 7.7E+00 5.2E-10 <00:01

0.4 1.1E-04 3.7E+07 1.8E+01 1.2E-09 0:01

0.5 1.5E-04 4.9E+07 2.3E+01 1.6E-09 0:01

0.6 1.6E-04 5.2E+07 2.5E+01 1.7E-09 0:01

0.7 1.5E-04 5.1E+07 2.4E+01 1.6E-09 0:01

0.8 1.4E-04 4.8E+07 2.3E+01 1.5E-09 0:02

0.9 1.3E-04 4.4E+07 2.1E+01 1.4E-09 0:02

1 1.2E-04 4.0E+07 1.0E+01 1.3E-09 0:02

2 5.6E-05 1.9E+07 8.8E+00 6.0E-10 0:05

4 2.2E-05 7.5E+06 3.5E+00 2.4E-10 0:10

6 1.3E-05 4.4E+06 2.1E+00 1.4E-10 0:16

8 9.0E-06 3.0E+06 1.4E+00 9.6E-11 0:21

10 6.8E-06 2.3E+06 1.1E+00 7.2E-11 0:27

20 2.9E-06 9.9E+05 4.5E-01 3.0E-11 0:54

40 1.3E-06 4.5E+05 2.0E-01 1.3E-11 1:48

60 8.0E-07 2.9E+05 1.3E-01 8.3E-12 2:42

80 5.8E-07 2.1E+05 9.2E-02 6.0E-12 03:36

80



1E+D2

1E+01

1E+00

1E-01
kBa/m3

1E -02

1E -03

1E-04

1E -05
0.01 04 1 10 100

Fig.2. Plume centreline ground deposition of

radionuclides as a function of downwind distance in D
class

20

20

o 10 20 30 40 50 60 T0 80 90 100

km
Inner : 1.0E-5 Sv (3.7 km2) Middle : 5.0E-6 Sv (10 km2) Outer : 5.0E-7 Sv (275 km2)
Fig.3. TEDE counter plot for D class
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Fig.4. Plume contour ground deposition distribution

for D class

Table 3. TEDE including inhalation and submersion
and ground shine in different distance

0.3 5.1E-05 5.06E-05 2.38E-09 1.03E-09
0.4 1.1E-04 1.14E-04 5.35E-09 2.37E-09
0.5 1.5E-04 1.48E-04 6.95E-09 3.10E-09
0.6 1.6E-04 1.57E-04 7.39E-09 3.30E-09
0.7 1.5E-04 1.53E-04 7.21E-09 3.23E-09
0.8 1.4E-04 1.44 E-04 6.77E-09 3.03E-09
0.9 1.3E-04 1.33E-04 6.25E-09 2.80E-09

1 1.2E-04 1.22E-04 5.73E-09 2.57E-09
2 5.6E-05 5.58E-05 2.62E-09 1.18E-09

4 2.2E-05 2.24E-05 1.05E-09 4.72E-10

6 1.3E-05 1.31E-05 6.13E-10 2.75E-10

8 9.0E-06 9.00E-06 4.21E-10 1.89E-10
10 6.8E-06 6.78E-06 3.16E-10 1.42E-10
20 2.9E-06 2.87E-06 1.33E-10 6.00E-11
40 1.3E-06 1.27E-06 5.84E-11 2.64E-11
60 8.0E-07 8.00E-07 3.64E-11 1.65E-11
80 5.8E-07 5.79E-07 2.61E-11 1.19E-11

Distance/ TEDE/Sv  Inhalation Submersion/  Ground
km /Sv Sv Shine/Sv
0.03 0.00E+00 0 0 0
0.1 4.7E-13 4.69E-13 2.21E-17 2.33E-18
0.2 3.2E-06 3.19E-06 1.50E-10 5.70E-11

In addition, Fig.3 and Fig.4 show TEDE contour
plot and plume contour ground deposition
distribution under the plume for stability class D
and wind speed of 5 m/s, respectively. It can be
seen from Fig.3 that three regions with the area of
3.7, 10 and 275 km? has been marked with dose
contours of 1.00E-05, 5.00E-06 and 5.00E-07 Sv.
Moreover, as is shown in Fig.4, three regions with
the area of 0.21, 7.2 and 196 km? has been marked
with deposition contours of 10, 1 and 0.1 kBg/m®.
The TEDE and plume contour ground deposition
distribution move away from the source as a
function of downwind distance. The red colour area
shows higher dose risk for personnel and
population, the green and blue area are safer
compared with red area. According to the above
results and analysis, the calculated TEDE in all
distances is below the maximum public dose limit
proposed by ICRP, thus reducing the risk for
serious hazards for the personnel and population.

Based on the situation, multiple pathways are
available for the radiation absorptions, for example
TEDE includes the plume passage inhalation and
submersion and ground shine which is shown in
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Tab.3. It is very obviously that the plume passage
inhalation is biggest the donation among them.
Moreover, the CEDE is mainly caused by the
internal material because of inhalation.

Organ CEDE results and analysis

CEDE specifies the committed dose equivalent,
which includes dose equivalents for internal body
organ or tissues, which have absorbed radiaton over
a period of 50 years after the intake of radioactive
material. In HotSpot also, CEDE is calculated by
the traditional method, that is by integrating the
committed dose equivalents throughout 50 years for
different tissues and organs of the body, and an
appropriate multiplication factor Wr has been used
for each committed dose equivalent.
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Fig.5. Organ CEDE profile due to 18 selected nuclides
versus downwind distance (LLI: lower large intestine;
SI: small intestine; ULI: upper large intestine)

Fig.5 and Fig.6 show the distribution of CEDE
to different organs as a function of downwind
distance. It can be seen from Fig.5 that the biggest
value of organ CEDE appears to be the lung. The
maximum CEDE of the lungs is about 1.56E-4 Sv
at the downwind distance of 0.6 km. Meanwhile,
Fig.6 shows the other organs CEDE as a function of
downwind distance except for lungs, because the
CEDE of the lungs is far larger that others. From
Fig.5 and Fig.6, the lung tops the list, followed by
the lower large intestine (LLI) wall, upper large
intestine (ULI) wall and red marrow, respectively.
It is concluded that these four organs are more
radiation sensitive than the others. All the target
organ CEDE plots are similar Gaussian trend, as
they deplete with as they deplete with distance from
receptor location. The maximum CEDE of LLI wall,
ULI wall and red marrow are about 4.92E-6, 1.68E-

82

6 and 1.56E-6 Sv at the downwind distance of 0.6
km, respectively.

£
o

#— Skin % LLIwall —w— Surface bone ULl wall
4 Red marmow —&— Thyroid —— Liver —#— Spleen —@— Ovaries
#— Adrenals &  Breast @ - Stomach wall Sl wall

Bladder wall Thymus —®— Esophagus &  Muscle
Kidneys —w— Testes —# Uterus < Pancreas —#— Brain

2
o
1

| d

o
'S
1

o
w
1

b
i
1

Committed Effective Dose Equivalent (10°° mSv)

0.1+
1. *— .
s e =
00~m—‘. 3 t ? —
0 2 4 6 8 10

Downwind distance (km)

Fig.6. Organ CEDE profile due to 18 selected nuclides
versus downwind distance (LLI: lower large intestine;
SI: small intestine; ULI: upper large intestine; not
include lung)
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Fig.7. Lung CEDE profile versus downwind distance

The biological properties of the main
contributors to the lung CEDE are Sr-90 and Sr-89,
which is shown in Fig.7. These two radionuclides
are responsible for such a CEDE plot trend, others
are very little contributors. Because the lung CEDE
contribution percentage of Sr-90 and Sr-89 are
about 84.6% and 14.6% at the maximum CEDE.
Fig.8 shows the LLI wall CEDE profile as a
function of downwind distance. The biological
properties of the main contributors to the LLI wall
CEDE are Sr-89, Sr-90 and Cs-137, responsible for
the dose are about 78%, 19%, and 1.6% at the
maximum CEDE, respectively.
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Fig.9 and Fig.10 show the ULI wall and red
marrow CEDE profile as a function of downwind
distance, respectively. The biological properties of
the main contributors to the ULI wall and red
marrow CEDE are Sr-89, Sr-90 and Cs-137, similar
to the LLI wall. For the ULI wall CEDE, Sr-89 is
the top contributor, followed by Sr-90 and Cs-137.
But for the red marrow CEDE, the biggest
contributor is Sr-90 at the maximum CEDE,
followed by Cs-137 and Sr-89.

From the above results and analysis, we
can conclude that three radionuclides including Sr-
90, Sr-89, Cs-137 are the main contributors to the
CEDE. Sr-90 is a bone-seeking radionuclide that
exhibits biochemical behaviour similar to calcium,
the next lighter group 2 elements. It is preferentially
incorporated into bones and teeth and will result in
long-lasting exposure to ionizing radiation. In
addition to this, absorption of rays from radioactive
strontium can cause cancers of the bone, bone
marrow, and soft tissues around the bone. Cs-137
has gained special attention because of its highest
yield percentage, intermediate half-life, high-
energy radioactivity, and chemical reactivity.
Moreover, it was found as a major health concern
in Chernobyl and Fukushima nuclear accident.
After penetrating the body, caesium gets uniformly
distributed through the body particularly in soft
tissues, thus indicating a serious health hazard. It is
recommended to take precautionary measures to
avoid inhalation and ingestion in case of accidents.

CONCLUSIONS

In this article, the radiation dose calculations
and radiological consequences of a hypothetical
accident have been performed by considering the
TMSR-LF the off-gas system failure and the
radioactivity leak by reactor vessel and pipes
accident by HotSpot code 3.03. After the
hypothetical TMSR-LF accident, TEDE, the
respiratory time-integrated air concentration and the
ground deposition are calculated. The maximum
TEDE value of 1.6E-04 Sv and the maximum
plume centreline ground deposition value of
2.5E+01 kBg/m® occurred at 0.6 km from the
reactor, which is below the maximum public dose
limit of 1 mSv/year as mentioned in IAEA Safety
Report Series No.115. The inhalation doses are
significant components of the TEDE compared
with the submersion and ground shine doses. It is
observed that the highest value of CEDE appears to
be the lung, the lower large intestine wall appears
to be the second most exposed organ, followed by
upper large intestine wall and the red marrow,
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respectively. The contribution of total 18 selected
radionuclides was investigated, three main
radionuclides including Sr-90, Sr-89, Cs-137 are
the main contributors to the CEDE.
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NOMENCLATURE

MSR - molten salt reactor;

GIF - Generation IV International Forum,;

ORNL - Oak Ridge National Laboratory;

MSRE - Molten Salt Reactor Experiment;

TMSR - Thorium Molten Salt Reactor Nuclear
Energy System;

TMSR-LF - liquid fuel molten salt reactor;

TMSR-SF - solid fuel molten salt reactor;

TEDE - total effective dose equivalent;

EDE - effective dose equivalent;

CEDE -total committed effective dose
equivalent;

LLNL - Lawrence Livermore National
Laboratory;

GPM - Gaussian plume model;

NNW - North-North-West;

WSS - West-South-South;

IAEA - International Atomic Energy Agency;

ICRP - International Commission for radiation
protection;

WT - weighting factors;

LLI - lower large intestine;

SI - small intestine;

ULI - upper large intestine.
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