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Abstract

The molten salt reactor, one of the six fourth-generation reactor types, em-
ploys liquid nuclear fuel and graphite as a moderator. Graphite also serves as
a core structural component, forming fuel salt channels in a honeycomb-like
configuration. To ensure effective core design management and nuclear safety
oversight, it is essential to analyze the complex relationship among the graphite
core structure, fuel salt channels, and critical mass. This study utilizes software-
based simulation calculations to investigate the effects of varying the number
of graphite flow channels and core dimensions on molten salt reactor reactivity
by modeling the core size and graphite flow channels. The results demonstrate
that the design dimensions of the graphite core are closely correlated with the
total uranium mass in the reaction zone. Notably, the required critical total
uranium mass decreases gradually as the number of fuel salt channels increases,
eventually reaching a plateau followed by a slight decline. Based on the charac-
teristics of graphite flow channels’ influence on reactor reactivity, we summarize
the regulatory requirements for graphite components from a legal perspective.
Furthermore, we provide recommendations for improving manufacturing and
installation quality, preventing accidental criticality incidents, and closely mon-
itoring safety parameters from a regulatory standpoint. It is concluded that
an optimal design value exists for the number of flow channels in the graphite
components of liquid-fueled molten salt reactors with respect to reactivity.
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Abstract

The molten salt reactor, one of the six fourth-generation reactor designs, uti-
lizes liquid nuclear fuel with graphite serving as both moderator and a core
structural component that forms honeycomb-like fuel salt channels. Effective
core design management and nuclear safety supervision require careful analysis
of the intricate relationships among the graphite core structure, fuel salt chan-
nels, and critical mass. This study employs software simulation to analyze how
varying numbers of graphite flow channels and core dimensions affect molten
salt reactor reactivity through core modeling. The findings reveal that graphite
core design dimensions correlate closely with total uranium mass in the reaction
zone. Notably, the critical total uranium mass decreases gradually with increas-
ing numbers of fuel salt channels, eventually plateauing before experiencing a
slight decline. Drawing upon these characteristics of graphite flow channel influ-
ence on reactor reactivity, we summarize regulatory requirements for graphite
components from a legal perspective and offer recommendations for enhancing
manufacturing and installation quality, preventing accidental criticality events,
and closely monitoring safety parameters from a regulatory standpoint. We
conclude that an optimal design value exists for the number of flow channels
in graphite components of liquid-fuel molten salt reactors from a reactivity per-
spective.

Keywords: Molten salt reactor, Fuel salt, Graphite, Nuclear criticality, Regu-
lation

Introduction

The core of a liquid-fuel molten salt reactor differs fundamentally from those
of existing light water reactors (LWRs), heavy water reactors (HWRs), and
high-temperature gas-cooled reactors (HTGRs). Its core fuel consists of high-
temperature liquid fuel molten salt that simultaneously serves as the primary
circuit coolant, operates at atmospheric pressure, and uses graphite as a modera-
tor [1,2]. Currently, only Oak Ridge National Laboratory (ORNL) in the United
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States has achieved full-life-cycle operation of a molten salt reactor, specifically
the Molten Salt Reactor Experiment (MSRE) [3]. The MSRE is an 8 MW4 re-
actor where molten fluoride salts circulate through graphite channels at 1200 °F
(648.89 °C) to demonstrate key molten salt reactor characteristics [4,5], includ-
ing boundary material corrosion, graphite irradiation creep, off-gas treatment,
negative temperature feedback, fuel salt pump reliability, redox potential equi-
librium, fuel salt fluorination treatment, and operational verification of 23 U,
233U, and 23 Pu [6]. Consequently, this research uses the MSRE as a reference.

The primary circuit fuel salt in its initial critical state comprises LiF-BeF -
ZrF -UF [7,8] with a molar ratio of 65%-29.1%-5%-0.9% [9], a melting point of
434 °C, and a density of 2.26 g+ cm ? [10]. By establishing a cylindrical core
model with initial parameters for core diameter and height, analyzing reactivity
changes from single-channel to 225-channel configurations, calculating critical
fuel loading using the “golden section” iteration method, and simulating the ef-
fective multiplication factor (keff) with the SCALE6.1 (Standardized Computer
Analyses for Licensing Evaluation) program, the results demonstrate that the
total uranium mass required for criticality decreases sharply initially and then
gradually stabilizes as the number of channels increases, with a slight increase
observed at 16 channels. This proves that an optimal reactivity design value
exists for the number of graphite flow channels. Meanwhile, safety recommen-
dations are proposed from a regulatory perspective, providing a safety basis for
small modular molten salt reactor design.

According to the Regulations of the People’s Republic of China on the Control of
Nuclear Materials and the practical requirements of commercial nuclear power
projects, the maximum design value for 2* U mass abundance in civil nuclear
materials is 20% [11]. Therefore, the 23 U mass abundance in the nuclear fuel salt
for the following models is designed as 20% (corresponding to a molar enrichment
of 20.2%), rather than the 33% enrichment used in the original MSRE design.

2 Modeling

The fuel salt temperature within the core is set at 650 °C, and the core is
approximated as a cylindrical vessel model [12,13] with graphite filling it in a
specific proportion [14]. After the reactor reaches stable operation, fuel salt
circulation can carry delayed neutron precursors out of the core [15,16], whose
influence on reactivity depends on fuel salt flow rate and the length of the extra-
core loop [17]. However, this research is simplified to focus solely on the initial
fuel loading and critical conditions, where no delayed neutron precursors are
generated, and the impact of loop fuel salt flow on delayed neutrons can be
neglected.

2.1 Fuel Salt Parameters

Based on the above data, the number of atoms of each nuclide is calculated as
follows:
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0.65mp;p Ny +0.291mp, p Ny +0.05m 7,5 Ny +0.009myp Ny = 2.26 x 10°

where V4 is Avogadro’ s constant (6.022x10% mol '), and mp;p, Mpep,, Mz p,
and my p, are the molecular weights of LiF, BeF , ZrF , and UF , respectively.
The total number of cations N, is calculated to be approximately 3.25958x10?

m 3. The number of nuclides of each element in the homogeneous mixture
medium per unit volume is shown in Table 1 .

The sum of the densities of all anions and cations in the fuel salt is:

Nyotar = 3 N; = 8.04464 x 10%

2.2 Core Geometric Parameters

The MSRE core diameter is 54 inches (1.372 m), and the moderator zone height
is 64 inches (1.626 m). It is constructed with graphite rods of 2-inch (0.051 m)
square cross-section. As shown in Figure 1 [Figure 1: see original paper], 260
graphite rods can be placed [18,19]. The mass of fuel salt loaded in the core is
calculated as follows:

D\? 1.372\ 2
Viotal = T (5) H = 3.14 x 1.626 x (%) =2.40 m?

2

D 1.372)\ 2
Vivel sait =T (5> H-—na?H = 1.626x (3.14 x (T) — 260 x 0.0512> =1.30m3

M fuel satt = Viuel saiP = 1.3 X 2.26 x 10% = 2945 kg

According to neutron moderation and reflection characteristics and safety con-
servatism, it is assumed that the graphite is seamlessly attached to the inner
wall of the reactor vessel, and liquid fuel salt can only pass through internal
channels surrounded by graphite [20].

First, referring to the molten salt mass in the MSRE moderator zone [21], reac-
tivity changes are analyzed for configurations with 1 channel (radius 50.5 cm),
4 channels (radius 25.24 cm), 9 channels (radius 16.83 cm), 16 channels (radius
12.62 c¢m), 25 channels (radius 10.1 cm), 100 channels (radius 5.0 cm), and
225 channels (radius 3.4 ¢cm). For convenient grid modeling and multi-channel
cross-section calculation, the core size is fixed at a diameter of 2 m (the origi-
nal MSRE core diameter was 1.372 m) and a height of 1.626 m. The fuel salt
loading volume of the core is 1.3 m3, with a corresponding loading mass of 2945
kg. The cross-sectional area of the fuel salt channel in the core is 0.80 m2. As
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shown in Figures 2 [Figure 2: see original paper| and 3 [Figure 3: see original
paper], which present top views of the core cross-section, the black rings repre-
sent graphite and the inner circles represent fuel salt channels. The channels do
not overlap in the cross-section.

Without changing the fuel salt ratio, the diameter and height are proportionally
varied based on the aforementioned core size as the initial value, and the “golden
section” method is used for point-by-point iterative approximation calculation,
as shown in Figure 4 [Figure 4: see original paper], to obtain the loading amount
under critical conditions.

The graphite density [22] is 1.6x10% kg/m?3. Lithium is assumed to be pure,
meaning the Li abundance is 100%.

The SCALEG6.1 calculation tool is employed. The SCALEG6.1 program system
is a standardized computer analysis package for licensing evaluation developed
and maintained by Oak Ridge National Laboratory in the United States. It is
primarily used for nuclear reactor physics calculations, critical safety analyses,
and radiation shielding calculations, making it suitable for reactor criticality
calculations. The effective multiplication factor keff is calculated, and the pa-
rameters in Table 2 are obtained.

3.1 Single-Channel Core

SCALEG6.1 calculations show that for a core size with 1.372 m diameter, 1.626
m height, and a channel radius of 0.5046 m, keff is 0.6809. For the designed
core and fuel ratio, 20% enriched 2* U is insufficient to achieve criticality. The
iterative proportional approximation calculation for this core is shown in Table
3.

If the initial core diameter is 1.372 m, a single-channel graphite core with 20%
enriched 23 U requires proportional iteration to achieve criticality at a core height
of 3.07 m, radius of 1.3 m, and fuel salt channel radius of 0.95 m—representing
1.89 times the original designed dimensions. The total loading volume of the
active zone is 8.78 m?, the total fuel salt mass is 19,850 kg, and the total uranium
mass is 1014 kg.

Therefore, the decision not to use the original MSRE core diameter of 1.372 m
is reasonable. Similarly, when the core size is 2 m diameter, 1.626 m height, and
channel radius of 0.5046 m, keff is 0.87483. For the core and fuel ratio designed
in this paper, 20% enriched 2* U remains insufficient for criticality. The iterative
approximation calculation is shown in Table 4 .

For a single-channel graphite core with 20% enriched 2? U, the critical core height
is 2.185 m, the radius is 1.344 m, and the fuel salt channel radius is 0.678 m—
1.344 times the set initial core size. The active zone loading volume is 3.153 m?,
the total fuel salt mass is 7127 kg, and the total uranium mass is 364 kg.
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3.2 Core with 4 Flow Channels

Calculations show that for a core size of 2 m diameter, 1.626 m height, and
each flow channel radius of 0.2524 m, keff is 1.01. For the initial core size and
fuel ratio, 20% enriched 23 U yields supercriticality. The iterative approximation
calculation is shown in Table 5 .

For a 4-channel graphite core with 20% enriched 23 U, the critical core height
is 1.6 m, the radius is 0.985 m, and the fuel salt flow channel radius is 0.249 m
—0.985 times the set initial core size. The total active zone loading volume is
1.24 m3, the total mass is 2810 kg, and the total uranium mass is 144 kg.

3.3 Core with 9 Flow Channels

Calculations show that for a core size of 2 m diameter, 1.626 m height, and
each flow channel radius of 0.168 m, keff is 1.056. For the initial core size and
fuel ratio, 20% enriched 23 U yields supercriticality. The iterative approximation
calculation is shown in Table 6 .

For a 9-channel graphite core with 20% enriched 22 U, the critical core height is
1.51 m, the radius is 0.928 m, and the fuel salt flow channel radius is 0.156 m
—0.928 times the set initial core size. The total active zone loading volume is
1.04 m3, the total mass is 2350 kg, and the total uranium mass is 120 kg.

3.4 Core with 16 Flow Channels

Calculations show that for a core size of 2 m diameter, 1.626 m height, and
each flow channel radius of 0.126 m, keff is 1.089. For the initial core size and
fuel ratio, 20% enriched 23 U yields supercriticality. The iterative approximation
calculation is shown in Table 7 .

For a 16-channel graphite core with 20% enriched 2? U, the critical core height
is 1.46 m, the radius is 0.895 m, and the fuel salt flow channel radius is 0.113
m—0.895 times the set initial core size. The total active zone loading volume is
0.93 m3, the total mass is 2110 kg, and the total uranium mass is 108 kg.

3.5 Core with 25 Flow Channels

Calculations show that for a core size of 2 m diameter, 1.626 m height, and
each flow channel radius of 0.101 m, keff is 1.085. For the initial core size and
fuel ratio, 20% enriched 23 U yields supercriticality. The iterative approximation
calculation is shown in Table 8 .

For a 25-channel graphite core with 20% enriched 2? U, the critical core height
is 1.46 m, the radius is 0.9 m, and the fuel salt flow channel radius is 0.091 m
—0.899 times the set initial core size. The total active zone loading volume is
0.94 m3, the total mass is 2130 kg, and the total uranium mass is 109 kg.
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3.6 Core with 100 Flow Channels

Calculations show that for a core size of 2 m diameter, 1.626 m height, and
each flow channel radius of 0.051 m, keff is 1.086. For the initial core size and
fuel ratio, 20% enriched 23 U yields supercriticality. The iterative approximation
calculation is shown in Table 9 .

For a 100-channel graphite core with 20% enriched 23 U, the critical core height
is 1.46 m, the radius is 0.9 m, and the fuel salt flow channel radius is 0.046 m
—0.901 times the set initial core size. The total active zone loading volume is
0.95 m3, the total mass is 2150 kg, and the total uranium mass is 110 kg.

3.7 Core with 225 Flow Channels

Calculations show that for a core size of 2 m diameter, 1.626 m height, and
each flow channel radius of 0.034 m, keff is 1.075. For the initial core size and
fuel ratio, 20% enriched 23 U yields supercriticality. The iterative approximation
calculation is shown in Table 10 .

For a 225-channel graphite core with 20% enriched 23 U, the critical core height
is 1.48 m, the radius is 0.91 m, and the fuel salt flow channel radius is 0.031 m
—0.909 times the set initial core size. The total active zone loading volume is
0.98 m3, the total mass is 2210 kg, and the total uranium mass is 113 kg.

4 Results and Discussion

This study calculated parameters including core size and total uranium mass
required for criticality under conditions of 650 °C core temperature, 100% Li
abundance, and 20% 2* U abundance for graphite cores with various numbers
of flow channels. Results for configurations ranging from single-channel to 225
channels show that the total uranium mass required for criticality decreases
sharply initially and then gradually slows with increasing channel numbers. The
single-channel configuration requires the largest uranium mass, which decreases
to 144 kg at 4 channels and further drops to 108 kg at 16 channels, after which
a slight increase occurs and the mass stabilizes at 109-113 kg for configurations
up to 225 channels. Core dimensions (diameter, height) and fuel salt volume
gradually decrease as the number of flow channels increases.

The single-channel core exhibits the largest volume. At 16 channels, the core
radius and height are reduced to 89.5% and 89.8% of the initial size, respec-
tively, compressing the volume to 29.5% of the single-channel core, after which
dimensional changes stabilize. In terms of reactivity, the initial keff of the single-
channel core is less than 1, indicating subcriticality, requiring significant core
enlargement to achieve criticality. Initial keff values for cores with more than
4 channels are supercritical, though reactivity gains gradually saturate with
increasing channel numbers.

The relationship between critical total uranium mass and the number of graphite
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flow channels is illustrated in Figure 5 [Figure 5: see original paper], with the
following analytical characteristics: (1) The core can be made very compact,
with height and diameter within 2 m, active zone loading of about 3000 kg or
less, and total uranium mass of about 150 kg or less, making it more suitable
for small modular construction compared to conventional water reactors. (2)
For this reactor type, due to limitations of graphite moderation and neutron
distribution, except for the impractically large single-channel critical volume,
multi-channel configurations show similar critical volumes and masses. However,
as the number of graphite flow channels increases, manufacturing complexity
and cost also rise. Therefore, the optimal number and distribution of graphite
core flow channels can be designed based on cost and other factors. (3) For the
core designed in this paper, when the number of flow channels exceeds 16, the
critical mass of nuclear fuel increases slightly, but the total uranium mass in the
core active zone essentially stabilizes at approximately 110 kg.

Consequently, when designing fuel salt flow channels for this core, a range of
channel numbers exists that provides stable reactivity influence, which can re-
duce reactivity deviations caused by graphite damage during construction and
operation.

4.1 Discussion on Regulatory Strategies

The relationship between reactivity changes and the number of graphite flow
channels provides valuable reference for liquid-fuel molten salt reactor design
and nuclear safety supervision. As a novel reactor type, establishing a nuclear
safety experience feedback system and emphasizing experimental work during
operation and commissioning stages is essential. (1) Core graphite, serving as
a crucial in-core component functioning as both moderator and fuel salt chan-
nel, should be assigned the highest nuclear safety level in molten salt reactor
design. Manufacturing and installation quality must be strengthened to prevent
damage during graphite installation in the construction phase and wear during
reactor operation, which could affect reactivity control and operational lifespan.
Graphite in molten salt reactors should be classified as safety-class components,
which is also the classification used in Chinese regulatory practice for molten
salt reactors. According to the Nuclear Safety Law of the People’ s Republic
of China, if a molten salt reactor operator adjusts design, manufacturing, or
installation parameters such as the diameter, number, or spacing distribution
of core graphite flow channels, such changes must be reported and approved as
required. (2) According to the Regulations on the Supervision and Administra-
tion of Civil Nuclear Safety Equipment, design, manufacturing, and installation
units for core graphite must immediately take measures to address major quality
issues in their activities and report them promptly. Greater attention should
be paid to graphite components due to their specialized installation technology,
vulnerability to collision damage, and high cleanliness requirements. (3) When
calculating reactor core critical parameters, the total uranium mass in the core
active region is predominantly considered. In practical regulatory oversight, for
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a fixed-core reactor, monitoring the concentration of 22 U in the fuel salt suf-
fices to determine its keff. Consequently, alterations in reactor core structure
may cause reactivity to deviate from design specifications. According to the
Regulations on Nuclear Safety Reporting for Research Reactor Operating Or-
ganizations, research reactor operators must report operational events to the
National Nuclear Safety Administration during the operational phase, includ-
ing collapse of graphite components within the reactor core, notable radiation-
induced swelling, functional degradation, or damage.

4.2 Discussion on Safety Recommendations

For the novel graphite-moderated liquid-fuel molten salt reactor, the follow-
ing nuclear safety-related recommendations are proposed: (1) According to the
above calculations, when approaching criticality at keff values of 0.995-0.997,
the reactor is only about 1 kg of fuel salt away from the critical state. Since
the error in loading fuel salt through a quantitative tank (several kilograms)
is relatively large, operators face significant risks when attempting to achieve
criticality by continuously adding fuel salt at this stage. To ensure proper
supervision of the approach-to-criticality control point, adopting more precise
reactivity control measures to achieve criticality is recommended. (2) When
a molten salt reactor approaches criticality, the reactivity to be introduced is
very small. At this stage, monitoring process parameters such as neutron count,
fuel salt temperature, and flow rate is necessary to prevent accidental critical-
ity. Additionally, radiation protection management for personnel in the control
area must be strengthened to prevent excessive neutron irradiation of personnel
caused by accidental criticality.

5 Conclusion

Liquid-fuel molten salt reactors primarily rely on graphite moderation, with fuel
salt flowing through graphite component channels and forming a circulation
loop with fuel salt channels outside the core. Chain fission reactions occur
within the graphite component flow channels. When the number of graphite
component flow channels is 1, the total uranium mass required for criticality
in the active zone is the largest, significantly exceeding that required for other
channel configurations. The total uranium mass required for criticality then
decreases sharply as the number of flow channels increases. When the number
reaches 16, the total uranium mass required for criticality in the active zone
begins to increase slightly, though the upward trend is relatively gentle. The
total uranium mass required for criticality is proportional to core size.

Therefore, for liquid-fuel molten salt reactors, the number of flow channels in
graphite components can be optimized to minimize the uranium loading required
for criticality and reduce core design dimensions.
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