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Abstract

The Chinese Academy of Science has launched a thorium-based molten-salt re-
actor (TMSR) research project with a mission to research and develop a fission
energy system of the fourth generation. The TMSR project intends to construct
a liquid fuel molten-salt reactor (TMSR-LF), which uses fluoride salt as both
the fuel and coolant, and a solid fuel molten-salt reactor (TMSR-SF), which
uses fluoride salt as coolant and TRISO fuel. An optimized 2 MWth TMSR-LF
has been designed to solve major technological challenges in the Th-U fuel cy-
cle. Preliminary conceptual shielding design has also been performed to develop
bulk shielding. In this study, the radiation dose and temperature distribution
of the shielding bulk due to the core were simulated and analyzed by perform-
ing Monte Carlo simulations and computational fluid dynamics (CFD) analysis.
The MCNP calculated dose rate and neutron and gamma spectra indicate that
the total dose rate due to the core at the external surface of the concrete wall
was 1.91 Sv/h in the radial direction, 1.16 Sv/h above and 1.33 Sv/h below
the bulk shielding. All the radiation dose rates due to the core were below the
design criteria. Thermal analysis results show that the temperature at the out-
ermost surface of the bulk shielding was 333.86 K, which was below the required
limit value. The results indicate that the designed bulk shielding satisfies the
radiation shielding requirements for the 2 MWth TMSR-LF.
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The Chinese Academy of Sciences has launched a thorium-based molten-salt
reactor (TMSR) research project with a mission to research and develop a fourth-
generation fission energy system. The TMSR project intends to construct both
a liquid fuel molten-salt reactor (TMSR-LF), which uses fluoride salt as both
fuel and coolant, and a solid fuel molten-salt reactor (TMSR-SF), which uses
fluoride salt as coolant and TRISO fuel.

An optimized 2 MWth TMSR-LF has been designed to address major techno-
logical challenges in the Th-U fuel cycle, and a preliminary conceptual shielding
design has been developed for bulk shielding. In this study, the radiation dose
and temperature distribution in the shielding bulk due to the core were simu-
lated and analyzed through Monte Carlo simulations and computational fluid
dynamics (CFD) analysis. The MCNP-calculated dose rates and neutron and
gamma spectra indicate that the total dose rate due to the core at the external
surface of the concrete wall was 1.91 pSv/h in the radial direction, 1.16 nSv/h
above the bulk shielding, and 1.33 uSv/h below it. All radiation dose rates due
to the core were below the design criteria. Thermal analysis results show that
the temperature at the outermost surface of the bulk shielding was 333.86 K,
which was below the required limit value. These results demonstrate that the
designed bulk shielding satisfies the radiation shielding requirements for the 2
MWth TMSR-LF.

Keywords: Molten salt reactor, High temperature, Monte Carlo calculation,
Radiation dose, Neutron and gamma spectra, Thermal analysis
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Introduction

In 2011, the Chinese Academy of Sciences (CAS) launched a thorium-based
molten-salt reactor (TMSR) research project with a mission to research and
develop a new fission energy system by 2020 [1]. The Molten Salt Reactor
(MSR) [2] is a class of nuclear fission reactors that uses molten salt as both
fission /fissile material and coolant [3]. Unlike solid-fuel reactors, the fuel is
dissolved in fluoride salt, pumped into the reactor core, and the heat is absorbed
and removed by the molten salt itself in MSRs [4]. The MSR was selected as one
of the candidates for future nuclear energy development by the Generation IV
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International Forum (GIF) in 2002 [5] due to its numerous advantages, including
good neutron economy, inherent safety, online reprocessing, reduced radioactive
waste, and nuclear nonproliferation [6, 7].

Since 2005, GIF has focused on MSR development from thermal spectrum
molten salt reactors. Many studies have investigated the radiation safety of
MSRs. Elsheikh [8] presented safety characteristics of MSR power plants and
assessed them in comparison to other solid-fueled light water reactors. Merk and
Konheiser [9] applied the unstructured mesh neutron transport code HELIOS
to determine the actual neutron flux and power distribution for an advanced
molten salt fast reactor design. Zhu et al. [10] developed a one-dimensional
neutron diffusion and transient analysis code to simulate neutron diffusion and
transients in an MSR. However, none of these studies accounted for the effect
of operating temperature.

The TMSR project intends to construct two types of MSRs: a liquid fuel molten-
salt reactor (TMSR-LF) that uses fluoride salt as both fuel and coolant, and
a solid fuel molten-salt reactor (TMSR-SF) that uses fluoride salt as coolant
and TRISO fuel. A preliminary conceptual design has been completed for a 2
MWth liquid fuel molten-salt reactor, and primary shielding calculations and
design have been performed for the 2 MWth TMSR-LF. The primary goal of
radiation shielding is to protect personnel from radiation hazards by determining
the minimum material thickness required to reduce dose rates to acceptable
levels. Another critical consideration is the high operating temperature of the
molten salt fuel, which was designed to enter the core of the 2 MWth TMSR-LF
at 908.15 K. The high temperature around the core is unsuitable for shielding
materials, so a water-cooled thermal shield filled with cooling fins was designed
to remove heat and reduce temperature. The performance of this bulk shielding
design in attenuating dose rates and reducing temperature must be assessed to
confirm radiation shielding safety for the 2 MWth TMSR-LF. It is important
to note that only the core of the 2 MWth TMSR-LF was considered as the
radiation source; auxiliary components such as primary system pipes, the heat
exchanger (IHX), and the pump were not included in the analysis.

The As Low As Reasonably Achievable (ALARA) principle guided radiation
protection for the 2 MWth TMSR-LF. Additionally, national standards for ra-
diation source safety [11] and associated guidance were utilized in the shielding
design and analysis. Based on these guidelines, shielding analyses were per-
formed for the entire bulk shielding. Monte Carlo simulations were carried out
to simulate radiation dose distribution and neutron spectra due to the core
for the bulk shielding of the 2 MWth TMSR-LF, and thermal analysis was per-
formed to determine the temperature distribution of the designed bulk shielding
for this high-temperature reactor.
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II. Method
A. Description of the 2 MWth TMSR-LF and Bulk Shielding

The 2 MWth TMSR-LF considered in this work is a 2 MWth graphite-
moderated thermal reactor utilizing solutions of uranium in fluoride carrier
salts. A previous parametric study was performed to develop this optimized
MSR based on the Molten-Salt Reactor Experiment (MSRE) [12], originally
developed at Oak Ridge National Laboratory (ORNL) in the 1960s. Shielding
calculations have been carried out and a shielding design was previously
presented for the 2 MWth TMSR-LF.

The designed bulk shielding consists of the thermal shield, shield tank, and
concrete wall, as shown in [Figure 1: see original paper]. provides information
about the 2 MWth TMSR-LF and the bulk shielding. The reactor core, lo-
cated in the center of the bulk shielding, was a 140 cm diameter by 160 cm high
graphite matrix structure composed of 513 graphite stringers mounted in a verti-
cal close-packed array, as shown in [Figure 1: see original paper]. Half-channels
were machined in the four faces of each stringer to form flow passages in the
assembly. The core of the optimized MSR was surrounded by a graphite lump
that serves as both moderator and neutron reflector to achieve good neutron
economics. The optimized MSR was designed to be fueled with BeF2-LiF-ZrF4-
UF4 (65-29.2-5-0.8 mol%), with uranium atomic fractions of 0.3% 234U, 35%
2351, 64.4% 238U, and 0.3% 236U.

The thermal shield was a water-cooled, cooling fin-filled stainless steel container
completely surrounding the reactor core. It was designed to reduce the neutron
dose rate by a factor of 10* and attenuate the gamma dose rate by a factor
of about 10? in the horizontal plane. As mentioned, the thermal shield was
required to absorb significant heat from the core and was designed so that
the temperature difference between its internal and external surfaces would be
approximately 150 K.

The fuel pump and heat exchanger were located in a 370 cm diameter by 670 cm
high reactor cell. This reactor cell was surrounded by a magnetite concrete shield
tank, which in turn sits within an ordinary concrete wall [13]. The reactor cell
was not permitted to be entered under any circumstances after reactor operation
at power due to high radiation levels. The total dose rate criterion for radiation
shielding of the 2 MWth TMSR-LF was 2.5 nSv/h in areas outside the concrete
wall. Due to temperature limits of shielding materials, ASME requirements
specified that the maximum concrete temperature should not exceed 366 K
during operation [14].

B. Method of Analysis

The Monte Carlo code MCNP5 was employed as a calculation tool for numerical
radiation transport studies. MCNP is a general-purpose Monte Carlo N-Particle
code for neutron, photon, electron, or coupled neutron/photon/electron trans-
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port, including capability to calculate eigenvalues for critical systems. For shield-
ing calculations of the 2 MWth TMSR-LF, the fuel was considered static in the
core. Total neutrons from the core and fission gamma rays were considered as
the radiation source in shielding analysis. Fission gamma rays were determined
by source term calculation according to the operation plan. An MCNP model
of the core and its bulk shielding was developed following the geometry struc-
ture and dimensions given in for Monte Carlo simulations. Neutron and gamma
spectra averaged over the core were calculated, then spectra for each shield were
simulated and converted to dose rate using flux-to-dose rate conversion factors
recommended by ICRP Publication 74 [15]. Data libraries used in these calcula-
tions were processed by NJOY based on the most recent ENDF/B-VII nuclear
data available.

The computational fluid dynamics (CFD) code FLUENT was applied to ther-
mal analysis for the 2 MWth TMSR-LF and its bulk shielding. A 3D model
of the core and shields was created using the 3D mechanical computer-aided
design (CAD) program SolidWorks. GAMBIT, a general-purpose preprocessor
for CFD analysis, was used to generate meshes and define boundary types for
the model. The meshed model was then imported to FLUENT to simulate the
temperature field of the 2 MWth TMSR-LF and bulk shielding. Materials such
as water and steel were included in the FLUENT database, but other materials
such as fuel, graphite, and Hastelloy-N [16] required user definition. Boundary
conditions, including fuel flow rate and fuel temperatures at inlet and outlet,
also required user definition. Parameters for the CFD simulation are listed in .
The heat source was defined based on MCNP5-calculated power density of the
core through user-defined functions (UDF) [17-19].

ITI. Results and Discussion
A. Radiation Dose Distribution

Neutron and gamma spectra, as well as power density averaged over the core,
were analyzed first. MCNP5 output was defined by tally specification cards (Fn
card). The Monte Carlo program provides seven basic neutron tally types and
six standard photon tallies. For measuring neutron and gamma spectra, the
tally for flux averaged over a cell (tally F4) was used. For measuring power
density, the tally for fission energy deposition averaged over a cell (tally F7)
was used. KCODE was employed to specify the source of the 2 MWth TMSR-
LF. Simulations ran 15,550 cycles with 10° particles per cycle, with 50 cycles
skipped before tally accumulation began.

Neutron and gamma spectra averaged over the core are presented in [Figure 2:
see original paper]. Neutrons are spread widely from 1072 MeV to about 20 MeV,
with the peak in the neutron spectrum occurring between 0.01 eV and 1 €V in
the 2 MWth TMSR-LF. Gamma rays have a relatively narrow bandwidth with
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energy spread from 1 keV to about 20 MeV, showing two sharp peaks around
0.1 MeV.

[Figure 3: see original paper] indicates that power distribution was symmetric
in the axial direction of the core, with the peak appearing at the midplane. The
power peak did not appear at the center of the radial direction because control
rods were located at that position, as seen in [Figure 1: see original paper].

A transport calculation was performed to simulate radiation dose distribution
under maximum power conditions shown in [Figure 3: see original paper] to
obtain a conservative estimate. For measuring neutron and gamma dose rates,
flux-to-dose rate conversion factors written in the Dose Energy Card (DE) and
Dose Function Card (DF) were used. Figure 4: see original paper presents
MCNP5 calculation results for radiation dose rate in the radial direction along
the core centerline. The 80 cm thickness of magnetite concrete was sufficient to
reduce neutron dose rate to 1 nSv/h; however, an additional 80 cm of ordinary
concrete was required to attenuate photon dose rate. Total dose rates due to
the core at the external surface of the concrete wall were 1.91 nSv/h. Figure 4:
see original paper shows radiation dose rate in the axial direction approximately
40 cm from the core centerline, where the power peak appears. Total dose rates
due to the core were 1.16 nSv/h above and 1.33 pSv/h below the bulk shielding.

[Figure 4: see original paper]| also shows that neutron dose rate due to the core
was at the 10° level at the thermal shield internal surface and at the 10? level
at its external surface. Photon dose rate due to the core was at the 10% level
at the thermal shield internal surface and at the 10 level at its external surface.
The attenuation factors for both neutron and photon dose rates meet design
objectives.

[Figure 5: see original paper| shows neutron and gamma spectra outside each
shield in the radial direction along the core centerline, demonstrating that the
thermal shield provides extraordinary attenuation of both neutron and gamma
flux.

B. Temperature Distribution

As mentioned, molten salt was designed to be pumped into the core at 908.15 K
with a flow rate of 171.86 kg/s. Thermal analysis was performed to determine
temperature distribution throughout the system using the CFD code FLUENT.

The porous model [20, 21] was employed to simulate the core because fuel pas-
sage dimensions were relatively small compared to core dimensions. Power den-
sity distribution shown in [Figure 3: see original paper| was loaded into the CFD
model as a heat source via UDF compiled in the C programming language.

[Figure 6: see original paper| presents the temperature profile of the bulk shield-
ing in the radial direction along the core centerline, with cooling water flow rate
in the thermal shield at 6.3 kg/s. Temperature difference between internal and
external surfaces of the thermal shield was approximately 150 K, meeting design
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objectives. Temperature at the internal surface of the concrete wall was 333.86
K, which was below the required limit value.

IV. Conclusion

Radiation dose distribution and temperature distribution for the 2 MWth
TMSR-LF proposed in the TMSR project were simulated and analyzed through
Monte Carlo simulations and CEFD analysis. Neutron and gamma spectra
from each shield were first calculated by MCNP5, then total radiation dose
distribution was determined based on these spectra using flux-to-dose rate
conversion factors. Results indicate that total dose rates due to the core at the
external surface of the concrete wall were 1.91 pSv/h in the radial direction,
1.16 uSv/h above, and 1.33 nSv/h below the bulk shielding. Neutron and
gamma spectra show that the thermal shield, composed of stainless steel fins
and cooling water, provides extraordinary attenuation of neutron and gamma
flux.

Thermal analysis was also performed using FLUENT. The porous model sim-
ulated the core, and power density calculated by MCNP5 was loaded into the
CFD model as a heat source through UDF. Results show that the thermal shield
could reduce temperature sharply, and concrete temperature was below design
objectives.

The present analysis demonstrates that the designed bulk shielding satisfies the
shielding requirements of the 2 MWth TMSR-LF.
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