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He-Xe gas-cooled micro-molten salt reactor (HX-micro-MSR) is a novel reactor concept that integrates the technologies of molten
salt reactor and closed Brayton cycle (CBC), which has a more compact structure compared with the other types of micro-MSRs.
The reactor system probed in this paper has a thermal power of 2.5 MWth and consists of the core, fission gas collecting container,
and CBC system. The He-Xe gas flows through the coolant channels in the core to transfer the nuclear heat to the CBC for
electricity production. To withstand the large pressure difference between the He-Xe gas coolant (7 MPa) and molten salt
(nearly atmospheric pressure), the sizes and wall thickness of coolant channels are analyzed and optimized to be 8 mm and
0.5 mm, respectively. In total, 1050 coolant channels are regularly arranged in the core to effectively remove the nuclear heat.
The enrichment of U-235 in the fuel UF, is determined to be 61% to meet the burnup goal of 5 years. To minimize the
neutron leakage, the thickness of reflector is selected to be 23 cm. Six control drums with the diameter in 10.5 cm and neutron
absorber layer thickness in 1cm are symmetrically placed in the reflector to realize reactivity control under both normal and
accident conditions. Radiation shield is designed and analyzed by varying the thickness of multiple shielding layers, and it is
found that a combination of W layer in 14cm and Mg(BH,), layer in 56 cm can satisfy the criterion of radiation dose

(<1 mSv/h). The total weight of HX-micro-MSR is estimated to be 35 tonnes and falls into the acceptable range.

1. Introduction

Molten salt reactor (MSR) is one of the six candidates of
Generation IV nuclear reactor systems [1] and possesses
unique advantages in the aspects of safety, economy, non-
proliferation, and fuel utilization, thanks to the application
of molten salt. Up until now, a series of concepts of molten
salt reactor has been proposed, which can be generally
divided into two sorts according to the types of fuel: solid-
fueled MSRs and liquid-fueled MSRs. Liquid-fueled MSRs
adopt the molten salt dissolved with the fissile and fertile ele-
ments as both the fuel and coolant. Compared with the
solid-fueled MSRs, ie., FHR (fluoride salt-cooled high-
temperature reactor) [2] in which molten salt acts as coolant
for solid fuel pebbles or fuel rods [3-6], liquid-fueled MSRs
are exempt from manufacture of fuel elements and thereby

have advantages in simplification and miniaturization of
core structure. Solid-fueled MSRs might be accidentally
compacted because of bumps in transit, which would lead
to local criticality risk caused by the local increase in fuel
density, but this is not an issue for the liquid-fueled MSRs.
Meanwhile, liquid-fueled MSRs are capable to perform
online refueling and reprocessing [7]. Compared with the
online refueling of CANDU (Canada Deuterium Uranium)
and AGRs (advanced cooling reactors) by replacing the pre-
pared fuel elements, liquid-fueled MSRs would be more flex-
ible to control reactivity by adjusting the concentration and
proportion of nuclide in the fuel salt. A great initial reactivity
to compensate for reactivity loss due to burnup during oper-
ation in solid-fueled reactors is unnecessary in liquid MSRs,
because MSRs can maintain core criticality by online adding
the fuel. The possibly leaked molten salt arising from the
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accidents of support structure break can quickly solidify due
to its high melting point. A high inherent safety is hence
usually associated with the liquid-fueled MSRs and attracts
growing attention in the field of micronuclear reactors,
which usually have an output power lower than 20 MWe
[8] and can operate as a microgrid to produce electricity
[9, 10].

Microminiaturization of liquid-fueled MSRs can be
dated back to the program of aircraft nuclear propulsion
(ANP) launched by the USA in the 1950s. A 2.5MWth
MSR, termed as aircraft reactor experiment (ARE), was built
and successfully operated for around 100 h with the aim to
test the feasibility of fluid-fuel, high-temperature, high-
power density reactors for the propulsion of supersonic air-
craft [11, 12]. With the increasing demand for the explora-
tion of ocean/space and off-grid electricity supply for
remote areas, micro-MSR has recently become a hot spot
of MSR study. Various conceptual designs of micro-MSRs
have been put forward worldwide, and most of them belong
to the heat pipe- (HP-) cooled reactors [13, 14]. An HP is a
sealed pipe with the working fluid continuously circulating
inside in a nature way to transfer the heat from the hot-
end to cold-end. The structure of HP is simple while having
a good performance in heat transfer. However, the scale of
power taken away by a single HP is severely limited by var-
ious parameters including capillary forces, choked flow,
interfacial shear, and incipient boiling. As a result, hundreds
of HPs usually have to be installed in the core for a micro-
MSR with the core power up to 1 MWe, which would signif-
icantly complicate the core structure since dedicated heat
exchangers matching HPs are required to be installed above
the core to transfer the heat from the HPs to thermoelectric
conversion system. On account of these factors, most of the
HP-cooled micro-MSRs reported in the open literature are
in kilowatt scale. Thereby, it is necessary to explore new
cooling mode for the core of megawatt micro-MSRs, which
are expected to be applied for electricity supply in multiple
scenarios.

A closed Brayton cycle (CBC) system is an integrated
thermoelectric conversion system with all components con-
nected by the gas coolant in a closed loop. An intermediate
heat exchange loop instead of HPs is applied in the core.
Most importantly, it is free to punch large number of holes
on the core vessel since the gas coolant can be collected at
the upper plenum of core and guided outside the core
through one channel. Employing CBC would be an effective
way to address the issues that arise in the HP-cooled micro-
MSRs. A typical CBC and its temperature entropy diagram
are shown in Figure 1 [15]. The gas working fluid heated
by the reactor core enters turbine driving dynamo, where
the heat contained in the gas working fluid is converted to
mechanical energy from (1) to (2). Afterwards, the gas is dis-
posed by the other parts to the state (6) for next cycle. CBC
can work in a wide power range from megawatts to giga-
watts with the thermoelectric conversion efficiency higher
than 40% [16], which fully covers the power scale of
micro-MSRs.

Helium gas is one of inert gases possessing excellent
thermal properties in the aspect of thermal conductivity,
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dynamic viscosity, and so on. It is the preferred working
fluid for the CBC and is widely adopted by the terrestrial
nuclear power plants, such as high-temperature gas-cooled
reactor and gas-cooled faster reactors [17, 18]. However,
the molecular weight of helium is quite low, and a great
number of turbomachine stages are required to compress it
to a value meeting the requirement, leading to a large size
and heavy weight of turbomachine. Xenon (Xe) has an
atomic weight of 131, and it is mixed with helium in a ratio
ranging from 15 g/mol to 40 g/mol, significantly reducing the
number of turbomachine stages while maintaining the main
thermal properties of helium [19, 20]. The He-Xe binary
mixture has been widely used in the design of micro-solid-
fueled reactors [21, 22]. High-pressure helium might diffuse
through the metal and subsequently lead to metal embrittle-
ment. This phenomenon can be avoided by improving the
manufacturing techniques, such as coating the metal with a
thin film of particular material [23].

In this study, a 2.5 MWth He-Xe gas-cooled micro-MSR
(HX-micro-MSR) is designed and optimized under the cri-
teria/requirements of micronuclear reactors as listed in the
following:

(1) The size of reactor system should be smaller than
2.432%2.532x6m’ to be loaded by the standard
container of trucks for transport

(2) The weight of reactor system should be lower than
38 tonnes to comply with the constraints of land
transportation [24]

(3) The fuel lifetime is around 5 years to enhance the
economy and reduce the risk of radiation leakage
during refueling process

(4) The core shutdown margin should be greater than or
equal to $7.85 [25]

(5) The fuel temperature coeflicient should be negative
to ensure the safety of reactor system

(6) The radioactivity equivalent dose should be lower
than 1 mSv/h (0.1 rem/h) to protect staff in the work-
ing area

2. Reactor System and Core Configuration

2.1. System Overview. The thermal power of HX-micro-MSR
is designed to be 2.5 MWth. With the thermal efficiency of
40% due to the outlet temperature higher than 1100 K, the
electrical power is 1 MWe, which is a typical power scale of
microreactor. The reactor system consists of three main
functional components, i.e., fission gas extraction module,
reactor core, and energy conversion module in CBC as
shown in Figure 2. Fission gas extraction module functions
to collect the sparingly soluble fission gases, including xenon
and krypton, and inject them into the shielding layer to act
as a neutron absorption material. In this way, parasitic neu-
tron absorption resulting from fission gases can be signifi-
cantly reduced. Meanwhile, the heat of shielding layer
resulting from neutron and gamma rays irradiation can be
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FiGure 1: Typical CBC (a) and temperature entropy diagram (b).
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FiGURrE 2: The overview of the HX-micro-MSR.

removed by the pressurized fission gases with a low temper-
ature [26]. Regarding leakage of helium, its compensation
can be achieved by the gas pressurizers and reservoirs. Dur-
ing the operation, He-Xe gas coolant circulates through the
core, and the fission energy is continuously converted into
electricity by the energy conversion module.

2.2. Reactor Core Configuration. The configuration of reactor
core is shown in Figure 3. From inside to outside, the reactor
core is divided into active core zone, reflector zone, and
shielding zone. The active core zone consists of He-Xe cool-
ant conduits and their surrounding molten fuel salt, func-
tioning to produce and export the nuclear energy for
electricity generation. The reflector zone is made of BeO
with six control drums regularly arranged in it to reduce
neutron leakage and control core reactivity. The shielding
zone is placed outside the reflector zone to protect staft
and electronic equipment from radiation damage.

The main parameters of core are listed in Table 1. The
specific geometrical parameters which determine the neu-
tronic performance of core will be optimized in the follow-
ing sections and summarized at the end of paper. The
same fluoride molten salt dissolved with fuel elements
(71.7% LiF-16% BeF,—-12.3% UF,, mol%) is adopted to
inherit the main merits of traditional MSRs. The melting
and boiling point of this fuel salt are around 723K and
1673 K, respectively, which provide a wide range of temper-
ature option for core operation [7, 27]. However, it is well
known that raising the core operational temperature would
enhance the thermal efficiency but meanwhile aggravate cor-
rosion and neutron irradiation damage of structure mate-
rials. By balancing these two effects, 1200K is chosen as
the core operational temperature with referring to the core
design of gas-cooled reactors [28]. The inlet temperature of
He-Xe gas is set to be 823K, around 50K higher than the
melting point of fuel salt to prevent the fuel salt from
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FIGURE 3: Specific core structure of the HX-micro-MSR.

solidification during core operation. The He-Xe mass flow
rate is determined by the thermal efficiency of CBC system
which, on the other hand, is influenced by the core outlet
temperature and existing CBC technologies. By extensively
reviewing the designs of He-Xe-cooled reactors, it is found
that the He-Xe mass flow rate of most reactors falls into
the range of 7 to 50 kg/sec [28]. In this study, an outlet core
temperature of 1123 K is chosen, slightly lower than the core
operating temperature to enhance the thermal efficiency.

Total 60 L FLiBe fuel salt is contained in the core and is
kept constant as optimizing the core size in the following
sections to keep the thermal power density unchanged.
Because of the fast neutron spectrum and small core size,
the enriched uranium with the U-235 content higher than
20% is applied to maintain the core critical operation. The
abundance of Li-7 in Li of FLiBe fuel salt is 99.995% by bal-
ancing the parasitic neutron absorption and Li purification
cost, and the neutron absorption of tritium generated from
such Li-6 concentration also has slight effect on the reactiv-
ity of the core [29].

Silicon carbide is characterized by its high heat resis-
tance, high irradiation resistance, low neutron absorption,
etc. [30] and is considered as one of the most promising
cladding materials applied in the reactor core. There are sev-
eral industrial fabrication and welding processes available,
such as high-temperature sintering [31], which are expected
to address the issues of SiC tube manufacture. In this design,
it is adopted as the cladding of coolant channel to withstand
corrosion at a high pressure and high temperature [32]. The
He-Xe gaseous coolant wrapped by the SiC pipe is composed
by 72mol% He and 28 mol% Xe with a molar mass of 40 g/
mol, which has best thermal properties in mixture of He
and Xe, such as thermal conductivity and dynamic viscosity
[33]. To achieve a high thermal efficiency, the working pres-
sure of the coolant is set to be 7 MPa, at which its density is
0.0365 g/cm”. However, under such a high pressure, addi-
tional measures are required to ensure hermeticity against

the gas diffusion including coating and metal lining inside
the tube [31], which will be studied in our future work.

BeO has a large neutron scattering cross section, a small
neutron absorption cross section, and, most importantly, a
high melting point (1400K). It is adopted as the reflector
of HX-micro-MSR. B,C with the B-10 enrichment of 90%
is taken as the neutron absorber of control drums. A prelim-
inary shielding design is proposed in this work; from inner
to outer, fission gas layer, multiple radiation shielding layer
and stainless-steel layer are designed to effectively shield
the neutron and gamma. Since the fission gas Xe-135
extracted from the core has a large neutron absorption cross
section [34], the fission gas layer is expected to save the
shielding material and consequently decrease the weight
and size of the core. With considering Xe-135 generated in
the core while decayed and neutron-absorbing in the fission
gas layer, the equilibrium concentration of Xe-135 can be
calculated as follows:

_ yzf()bc

Ny (00) = — e
X( ) /‘Xe+o-§e¢o

(1)

where y is the fission yield of Xe-135 and I-135, X; is the
macroscopic fission cross section, ¢, is the neutron flux in
core, Ay, is the decay constant of Xe, g, is the macroscopic
absorption cross section, and ¢, is the neutron flux in fission
gas layer.

3. Calculation Tools and Methods

In this study, two software, Ansys [35] Workbench 18.0 and
SCALE 6.1 [36], are used for thermal hydraulics and neu-
tronic calculation, respectively. Ansys Workbench is a spe-
cialized finite element analysis platform developed by
Ansys Company in the United States. It integrates various
application programming interfaces (API) that have differ-
ent functions. Users can freely combine them and realize
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TaBLE 1: Main parameters of the HX-micro-MSR core.

Parameters Specification
Thermal/electrical power (MW) 2.5/1
Fuel LiF-BeF,-UF,
Composition (mol%) 71.7%-16%-12.3%
Density at 1200 K (g/cm”) 3.10
Expansion coefficient (g/cc/K) 6.70E — 4
Li-7 concentration (%) 99.995
Melting point (K) 773
Volume (L) 60
Mass (tonne) 0.189
Coolant pipes (SiC)

Elasticity modulus (GPa) 420
Poisson ratio 0.14
Strength of extension (MPa) 214~450
Coeflicient of thermal expansion (g/cc/K) 4.90E - 06
Specific heat at constant pressure (J/(kg-K)) 1920
Thermal conductivity (W/(m-K)) 123
Coolant (He-Xe)

Molecular weight of mixture (g/mol) 40
Pressure (MPa) 7

Kinetic viscosity (uPa/s)
Specific heat at constant pressure (J/(kg-K))
Thermal conductivity (W/(m-K))

32.857 (400 K)-74.286 (1200 K)
535.70 (400 K)-519.70 (1200 K)
0.08409 (400 K)-0.18340 (1200 K)

Reflector (BeO)

Density (g/cm’) 2.84
Melting point (K) 2803-2843
Control drums (B,C)

Density of B,C (g/cm’) 2.52
Number of drums 6
Shielding layer

Density of Hastelloy (g/cm”) 8.29
Concentration of Xe-135 (atom/cm?) 4.80E + 15
Density of tungsten (g/cm?) 18.50
Density of Mg(BH,), (g/cm?) 1.48
Density of $$316 (g/cm”) 8.03

seamless data transmission, providing a high degree of free-
dom and scalability. The components Static Structural and
Fluent are adopted in this study to optimize the size and
number of SiC pipes to withstand the pressure and meet
the heat transfer requirements as well.

SCALE 6.1 is a code program developed by Oak Ridge
National Laboratory (ORNL) for critical safety and reactor
physics analysis. It contains several computational modules,
including CSAS6, SMORES, ORIGEN-S, and MAVRIC,
which function for calculations of different neutronic
aspects. In this study, CSAS6 and MAVRIC are used for core
critical analysis and shielding calculation, respectively.
Critical calculation of CSAS6 will provide a source of
radioactivity to MAVRIC module for shielding calculation.

Nuclear data library ENDF/B-VILO is chosen for neutronic
calculations.

Core burnup calculation is carried out by using an in-
house fuel burnup calculation code, MODEC (Molten salt
reactor specific high-fidelity depletion Code), which was
developed specially for MSRs and is capable of simulating
the processes of online refueling and reprocessing [37].
The code system of MODEC solves the burnup equations
involved in MSRs using two advanced depletion algorithms:
the transmutation trajectory analysis (TTA) and the Cheby-
shev rational approximation method (CRAM), having a high
fidelity and precision. Up to now, it has been extensively
applied for fuel burnup calculation of different types of
MSRs [38-40].
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4. Results and Discussion

As a new concept of reactor, extensive analysis on the core
geometrical parameters is necessary to ensure that the
designed core satisfies the criteria. In this section, the main
geometrical parameters of HX-MSR core, including SiC
pipes, reflector, control drums, and shielding layer, are suc-
cessively analyzed in terms of the core neutronic perfor-
mance. The enrichment of U-235 in the uranium fuel salt
is also studied to achieve the burnup goal of 5 years.

4.1. SiC Pipes

4.1.1. Mechanical Analysis. As mentioned above, SiC pipes
in the core have to bear a pressure of 7 MPa under the oper-
ational temperature of 1200K during core operation. To
ensure the structural integrity and safety of SiC pipes,
mechanical analysis is conducted by varying the wall thick-
ness and diameter of pipes. A material reliability measure
factor, FOS (factor of safety), is taken for safety evaluation
of pipes. FOS is defined as the ratio of the ultimate stress
a, to the working stress a, of the component material
(FOS = ay/a,,), which should be greater than 1. To ensure
the integrity of any point along the pipe, maximum Mises
stress in the axial direction of the pipe is taken as the work-
ing stress. Here, Mises stress can be calculated by

ypoes = \/<‘11 — )+ (- a3)* + (a3 - ay)? 2)

2 >

where a,, a,, and a, indicate the first, second, and third prin-
cipal stresses, respectively. Ultimate stress refers to the max-
imum stress withstood by the material and can be calculated
by using Ansys based on the tensile yield strength and com-
pressive yield strength, which are 382 MPa and 2000 MPa for
SiC, respectively [41, 42].

Figure 4 demonstrates a schematic diagram of pipe
loaded with the pressure and temperature. A 7 MPa uniform
pressure is loaded on the inner wall of the pipe (A), while the
outer wall of the pipe is under ambient pressure (B). To sim-
plify the calculation model, all the pipes in the core are
assumed to be the same and free to deform, and the gravity
is neglected in calculation. Since SiC pipes in the HX-
microreactor core would be hold by the support plates, the
bending strength is small and imposes neglectable influence
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FIGURE 6: Schematic diagram of pipeline cross section.

on FOS, indicating the independence of FOS with the pipe
length. The SiC pipe length in 50 cm of an initial core before
optimization is hence taken for calculation. The SiC thermal
expansion coefficient of 4.9E — 06 g/cc/K under 1200K is
taken for calculation. The axial minimal FOS varying with
the wall thickness and inner diameter of the pipe is shown
in Figure 5. The FOS of SiC pipes increases with its thickness
while declines with its inner diameter, which consists with
the law of elastic mechanics and can be deduced from the
stress equations as follows:

_ PRI —PoR}  (P;—Pg)RIR] 1
Og= 2 7t 2 2 20 (3)

R§ - R; R; - R; r
o :PiR%_PORé_(Pi_PO)R%Rél (4)

" R-R R§-R: 1%
0 i 0 i
P,-Rf - PORé

0o,= ———, 5
=R (5)

where P; and P, are the pressures exerted on the inner and
outer wall of pipes, respectively, as shown in Figure 6; R;
and R, represent the inner and outer diameter of pipes,
respectively; r is the distance between two point on the cen-
tral axis of pipes; and 0y, 0,, and o, are the stresses in three
different directions at point r in the cylindrical coordinate
system (as shown in Figure 6).
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In general, the requirement for FOS in a given field is a
complex process, involving various factors such as the ser-
vice condition, type of materials, and industrial standard.
To conservatively ensure the integrity of the SiC pipes and
meanwhile balance the capability of heat transfer, FOS
around 6 is selected [43], which is highest of the pressure
vessels (FOS in 4-6). The optional region that satisfies the
criteria is highlighted in Figure 5 by shadow for further geo-
metrical analysis.

4.1.2. Pipe Arrangement in the Core. Cell pitch is an impor-
tant parameter that potentially impacts the neutronic perfor-
mance of the core [44, 45]. Its influence on k. is
investigated by changing the pipe pitch from 0.8cm to
1.4cm with the pipe diameter remaining 1.6 cm. It should
be noted that the core size and total fuel volume is fixed dur-
ing calculation, and the enrichment of U-235 in uranium is
42%. As demonstrated in Figure 7, k. slightly changes with
the pipe pitch, indicating quite limited influence of pipe
pitch on the neutronic performance, mainly due to the
harden neutron spectrum of the core and negligible impact
of SiC on neutron moderating. Although pipe pitch in the
core might influence the local temperature distribution and
in turn the local power distribution, this effect will be miti-
gated for HX-micro-MSR due to natural convection of fuel
salt driven by the temperature difference, from which it
can be concluded that the influence of pipe pitch on core
pipe arrangement is negligible.

Subsequently, core pipe arrangement with varying the
number, thickness, and diameter of pipes is extensively ana-
lyzed by using the Ansys Fluent. Three arrangements are
finally screened out (as summarized in Table 2) to meet
the requirements of total mass flow, inlet temperature, outlet
temperature, and FOS. The cases in which the pipe inner
diameter is larger than 1.2cm, as depicted in Figure 7, are
not selected since the number of pipes that can be arranged
in the core is limited and cannot meet the objective of ther-
mal hydraulics.

7

Cell pitch
(b)
TABLE 2: Main parameters of the SiC pipes.

Groups Core-1 Core-2 Core-3
Inner radius (cm) 0.4 0.5 0.6
Thickness (mm) 0.5 0.6 0.7
Length (cm) 24.5 23.3 224
Safety factor 6.1 5.7 5.7
Number of pipes 1050 667 424
Radius of core (cm) 24.5 23.3 22.4

To evaluate the safety of HX-micro-MSR, the tempera-
ture reactivity coeflicients are preliminarily analyzed for
the above three cores by raising the core operational temper-
ature from 1000K to 1400K. Deep negative temperature
reactivities of -5.72pcm/k, -5.63 pcm/k, and -5.50 pcm/k
are obtained for Core-1, Core-2, and Core-3, respectively,
due to large fuel expanding effect and Doppler effect as
increasing the temperature. Small difference among them
can be attributed to the different neutron leakage resulting
from the different core sizes.

4.2. Reflector Analysis. The core reflector functions to reflect
part of neutrons back to the core and in turn reduce the neu-
tron leakage to improve neutron economy. This property
increases with core reflector thickness, which however would
lead to an increment of the core mass. Figure 8 shows the
neutron leakage rate and total mass of three cores changing
with the thickness of reflector. The neutron leakage rate
decreases dramatically as raising the reflector thickness up
to around 23 cm, indicating more efficiency of unit length
of reflector in this range. After 23 cm, the effect of reflector
tends to be saturated, and the decline in leakage is slowing
down gradually. Relatively low neutron leakage for Core-1
can be attributed to its smaller ratio of surface area to vol-
ume. Combined with the factor of leakage rate and temper-
ature reactivity coeflicient, Core-1 is hence selected for the
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design of HX-micro-MSR, and its k. and neutron leakage
rate changing with the reflector thickness are demonstrated
in Figure 9. By balancing the neutron leakage rate, initial
excess reactivity, and core mass, 23cm is selected for the
reflector thickness.

4.3. Burnup Analysis and Control Drum Design. The
enriched uranium with the U-235 content lower than 20%
would be insufficient to maintain the core critical operation
because of the fast neutron spectrum and small core size
which would lead to a large neutron leakage. Therefore, to
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FIGURE 11: Layout of the control system.

achieve the burnup goal of 5 years, U-235 enrichment in
uranjum varying from 59% to 62% is investigated for
Core-1. It should be noted that using such a high-enriched
uranium fuel (HEU) would cause the problem of nuclear
proliferation, which is the research topic in our future to
apply other alternative fuels, such as Th-U fuel, to enhance
the nonproliferation. As demonstrated in Figure 10, around
6000 pcm decreases after 5 years of operation with a power
of 25MWth. Considering the reactivity reduction intro-
duced by the control drums, U-235 enrichment of 61% with
a reactivity of 200 pcm left at the end of cycle (EOC) is
selected by balancing the reactivity control.

The control system in the reactor functions to regulate
the power and shut down the core during accidents. It is
composed by the control drums for HX-micro-MSR. Layout
of the control drums is shown in Figure 11. Sufficient reac-

tivity reduction should be introduced by the control drums
to ensure the safety of the reactor under accidents, especially
for the accidents that the reactor falls into a lake or ocean. In
these accidents, the reactor will be submerged in the water or
wet stand and the neutron spectrum in the reactor subse-
quently is thermalized, leading to a significant increase of
reactivity [46]. To handle this safety issue, a core shutdown
criterion with k¢ less than 0.95 has been proposed for a lith-
ium heat pipe-cooled reactor according to the safety analysis
of an accident of submersion [25]. This criterion has been
adopted by many follow-up studies [25, 47, 48], and it is
hence taken for the safety design of the HX-micro-MSR.
As demonstrated in Figure 11, six control drums are
adopted and located at each vertex of the regular hexagon.
The center of control drums is 18.25 cm away from the cen-
ter of core. The neutron absorption layer B,C of control
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drum is in a quarter ring with a certain thickness as labeled
in red in the control drum. The motion of control drum is
driven by a spring device in the center of control drum,
and the B,C layer can turn inward automatically without
external force (close state). Since the size and B,C layer
thickness of the control drum would significantly affect the
core reactivity, they are investigated in terms of k. as shown
in Figure 12. Greater influence on the core reactivity would
be introduced as increasing the diameter of control drum,
since the absorption layer of control drum will be closer to
(farther from) the active core at closing (opening) state of
the control drums. This effect would be enhanced by
increasing the thickness of absorption layer. Considering
the neutronic economy and reactivity stability caused by
maneuvering the control drums, 1.0cm in thickness of
absorption layer and 10.5cm in diameter of control drum
are adopted to meet the design criterion 4.

4.4. Radiation Shielding Design. Radiation shielding of reac-
tor functions to protect the humans and devices from neu-
tron and photon (e.g., gamma ray) irradiation damage. It is
particularly important for the microreactors due to their
large neutron leakage and potential applications in popu-
lated areas. Radiation shielding design of microreactors
should satisfy the criteria of radiation dose and limitation
of core size and weight [49]. According to the study of Li
[50], the maximum radiation dose exposed to professionals
should be no higher than 1 mSv/h (0.1 rem/h).

The specific layout of material layer surrounding the
active core is shown in Figure 13. The layer closest to the
reflective layer is Hastelloy, which is a high-temperature,
radiation-resistant, high-strength nickel-based alloy and
here acts as the support material for the first layer. The sec-
ond layer is composed of Xe-135 gas, which is a fission gas
extracted from the core with the concentration of 4.8 x
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10" atom/cm”. Because of the large neutron absorption cross
section of Xe-135, the neutron flux declines by 2.7 x 101 cm®
%51 (~2.6%) with a thickness of 0.5 cm absorption layer, which
is remarkable on neutron shielding. The material layer special-
ized to shield neutron and photon is placed outside the fission
gas layer. Stainless steel SS316 is employed as the structural
material and formed the outermost layer.

In general, neutrons can be effectively shielded by the
materials composed of light nuclei, while heavy nuclei mate-
rials are required to shield the photons. W, Pb, and B,C are
three commonly used shielding materials, and their shield-
ing effects are individually investigated by separately setting
them as the radiation shielding layer as demonstrated in
Figure 14. The detectors for all cases are placed in the spots

100 cm away from the outer shield surface. Total 27 neutron
groups and 19 photon groups are taken to calculate the
response functions of ANSI standard. The mass of the reac-
tor can be calculated according to the nuclide concentration
in SCALE and the volume automatically obtained. As shown
in Figure 14, a single material cannot meet both shielding
requirements at one time. For instance, B,C is more prone
to shield the neutron while W has a strong ability to shield
the photons. Compared with W and Pb, B,C has a lowest
density (2.51g/cm’), which would benefit for core weight
limitation, but it is difficult to satisfy the shielding require-
ment even for neutron within a limited core volume. At
the same time, B,C will produce y rays with energy in about
480keV after absorbing neutrons [51]. A heavier y rays
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TaBLE 3: Radiation shielding performance at different layouts of shielding material.
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FIGURE 16: Layout of radiation shielding material for HX-micro-MSR.

shielding materials must be hence placed outside the B,C
material to shield the y rays, leading to a significant increase
in the weight of core. With the above considerations, an
advanced neutron shield material, i.e., Mg(BH,),, is adopted
and evaluated [52]. The density of Mg(BH,), is only 1.48g/
cm?, and the atomic fraction of hydrogen, boron, magnesium
in Mg(BH,), is 72.73%, 18.18%, and 9.09%, respectively, and
the enrichment of '°B in B is 90%. The dose changing with
the thickness of Mg(BH,), is shown in Figure 15.

It can be seen that Mg(BH,), presents a much higher
neutron shielding ability compared with that of W, Pb, and
B,C but is inferior to W and Pb in terms of photon shield-
ing. Mg(BH,), together with W is hence taken to effectively
shield both the neutrons and photons to meet the shielding
criterion. As demonstrated in Figures 14 and 15, a layer of
W with thickness in 16 cm and a layer of Mg(BH,), with
thickness in 60 cm can reduce the photon radiation inten-
sity and neutron radiation intensity to 0.18 rem/h and
0.11 rem/h, respectively. Simply stacking them might satisfy
the criteria of radiation, while the thickness of 76 cm will
result to the core size exceeding the limitation of space, since
the outer radius of reflector already achieves 47.3 cm. Finally,
relatively small change of W thickness (14 cm) while reduc-
ing the Mg(BH,), thickness to 56 cm is performed to ensure
dimensional compliance. Two layouts with the W placed in
front of or behind Mg(BH,),, respectively, indicated as W-
Mg(BH,), and Mg(BH,),-W shielding, are investigated as
demonstrated in Table 3. The layout of W-Mg(BH,), shield-

TaBLE 4: Optimized parameters of HX-micro MSR.

Parameters Value of number

Reactor core

Reactor diameter/length (cm) 242 x 244
Reactor mass (tonne) 35.00
Enrichment of U-235 (%) 61
Reflector thickness (cm) 23.00
SiC pipes

Inner radius (cm) 0.40
Thickness (mm) 0.50
Length (cm) 49.00
Safety factor 6.10
Flow velocity (m/s) 7.10
Number of pipes 1050
Control drums

Outer diameter (cm) 10.50
Thickness of B,C (cm) 1.00
Shielding layer

Thickness of Xe-135 layer (cm) 0.50
Thickness of W layer (cm) 14.00
Thickness of Mg(BH,), (cm) 56.00
Thickness of SS316 (cm) 1.00
Reactor performances

Long burnup (years) 5
Deep shutdown margin ($) 15.74
Temperature coeflicient (pcm/K) -5.72
Radiation shielding (rem/h) 7.53E-2

ing presents a better performance in both neutrons and pho-
tons shielding since heavy nuclei reduce neutron energy,
which subsequently reduces the burden of Mg(BH,), and
the generation of secondary photons in Mg(BH,),. On the
other hand, because of the large density of W (18.5 g/cm’),
the weight of reactor will reach to 133 tonnes as W is placed
behind Mg(BH,), which is far beyond the weight limitation
of 38 tonnes. The layout of W-Mg(BH,), is hence selected
for the design of HX-micro-MSR as shown in Figure 16. In
this case, the core has a weight of 35 tonnes, diameter of
242 cm, and length of 244 cm, which meet the requirements
of the core design as introduced in Section 1.

4.5. HX-Micro-MSR Specification. The main parameters of
the optimized core is summarized in Table 4. It can be
seen that all the design criteria are satisfied by the small
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core size (241 cminlength x 262 cm in diameter), light weight
(35 tonnes), long burnup (5 years), deep shutdown margin
($7.5, ko =0.94997), negative temperature coefficient
(-5.72 pcm/K), and radiation shielding (7.53E — 2 rem/h).

5. Conclusion

Micronuclear reactors (MNRs) have been attracting growing
attention worldwide because of their flexibility in deployment.
In this study, a novel micronuclear reactor employing He-Xe
gas as the coolant while using fissile and fertile elements
dissolved in molten salt as the fuel (referred to as HX-micro-
MSR) is designed. Because of the usage of liquid fuel, HX-
micro-MSR has a more simplified core structure compared
with solid-fueled MNRs. The heated He-Xe gas from the
core will be directly guided to the thermoelectric conversion
system, forming a closed Brayton cycle which can provide a
thermal efficiency higher than 40%. To significantly reduce
the number of turbomachine stages while maintaining
excellent thermal properties as helium, He-Xe gas having a
molar mass of 40g/mol with He in 72mol% and Xe in
28mol% is adopted. The neutron poison of Xe-135
produced in the core is online extracted and filled in the
place surrounding the reflector to act as the neutron
shielding layer. Based on this newly proposed MNR, the
main components of the core, including the coolant pipe,
reflector, control drum, and radiation shielding layer, are
extensively analyzed and optimized to ensure that the
designed core satisfies the criteria. The main conclusions
extracted from the study are summarized in the following:

(1) The size of reactor system is 242 cm x 244 cm (D x H),
which is smaller than the standard containers and
can be transported by trucks

(2) The total weight of the optimized system is 35
tonnes, complying with the constraints of land
transportation

(3) The FOS of coolant pipe achieves 6.1, which can
conservatively ensure the safety of coolant pipe even
at a high operating pressure

(4) Negative fuel temperature coefficient of this system
is -5.72 pcm/k, which can ensure the safety of the
reactor system

(5) The k. of reactor can be kept under 0.95 as fully
close to the six control drums, which can guarantee
the core safety under accidents

(6) The shielding layer is composed of five materials,
Hastelloy, Xe-135, W, Mg(BH,),, and SS316, which
can decrease the radioactivity surrounding the reac-
tor to 7.53E — 2 rem/h to satisfy the radiation shield-
ing criterion

Since thermal hydraulics plays an important role in the
core performance, it will be coupled with neutronic calcula-
tion to further optimize the core design in the future. Mean-
while, accidents including leakage of fuel salt and reactor
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falling into the sea or lake, which would introduce a great
core reactivity, will be extensively studied to ensure the
safety of HX-micro-MSR.
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