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Abstract

A thermal-hydraulic model was developed to analyze the three-dimensional (3D) temperature field of a graphite-moderated
channel-type molten salt reactor (GMC-MSR). This model solves the temperature distribution of both the graphite moderator
and fuel salt using a single convection—diffusion equation. Heat transfer at the interface between the fuel salt and graphite was
addressed by introducing an additional thermal resistance component at the interface and modifying the anisotropic thermal
conductivity of the fuel salt. The mass flow distribution in different flow passages was determined by adjusting the mass
flow rate until a uniform pressure drop was achieved across all fuel channels. This thermal-hydraulic model, constructed on
COMSOL Multiphysics, was verified by comparing its temperature results with those from the RELAPS5 code across two
demonstration cases. A steady-state thermal-hydraulic simulation of this model was performed to evaluate the conceptual
design of a 2-MW experimental molten salt reactor 2MW-MSR). In addition, detailed discussions of the 3D temperature
field, heat flux, and mass flow distribution of the 2MW-MSR were presented. This model allows for a comprehensive 3D
thermal-hydraulic analysis of the GMC-MSR. Moreover, it only requires the solution of a single convection—diffusion equa-
tion, which makes it invaluable for GMC-MSR design.
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fills the fuel channel and circulates within it. Self-sustained
fission occurs within the molten salt only when it passes

1 Introduction

A graphite-moderated channel-type molten salt reactor
(GMC-MSR) utilizes molten salt as fuel and graphite as
the moderator. The reactor core is composed of regularly
arranged graphite stringers or blocks. Fuel channels are
formed either by the orderly arrangement of graphite string-
ers or by small cylindrical cavities present in the graphite
blocks. Molten salt, which contains fissionable materials,
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through the fuel channels shaped by the graphite moderator.
A prime example of a GMC-MSR is the molten salt reactor
experiment (MSRE), which was constructed and operated by
the Oak Ridge National Laboratory (ORNL) in the 1960 s
[1]. The MSRE was operated at 1200 °F and achieved a
maximum operational power of 8 MW. The primary loop of
the MSRE comprises a reactor vessel, a main pump, a heat
exchanger, and an interconnected piping system. The reac-
tor core contains 1140 equivalent fuel channels formed by
graphite stringers [2]. In 4.5 years, the MSRE successfully
demonstrated and established key technologies for an MSR
[3]. The 2002 Generation IV roadmap declared MSR as a
candidate for next-generation reactors owing to its high oper-
ating temperature, negative fuel salt temperature coefficient,
and the Th-U breeding and actinide transmuting capabilities
[4]. In January 2011, a Th-based MSR project was initiated
by the Shanghai Institute of Applied Physics (SINAP), Chi-
nese Academy of Sciences, aiming to build a small MSR and
master the technology of efficiently utilizing Th resources
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[5, 6]. In recent years, the SINAP has conducted extensive
research on various aspects of MSRs, including thermal
neutron scattering data [7], reliability of the core fuel salt
emergency drain system [8], optimal hydraulics design [9],
impact of graphite structures on reactivity [10], and incinera-
tion characteristics of transuranic nuclides in a small modu-
lar chloride fast reactor [11].

The GMC-MSR, which utilizes a liquid salt mixture as
fuel, demonstrates distinct thermal-hydraulic behavior com-
pared with traditional solid-fueled reactors. In the GMC-
MSR, the liquid salt mixture serves both as coolant and
fuel. Consequently, fission energy is primarily released into
salt. The flowing salt promptly carries it away, leading to
improved heat-transfer characteristics. Fuel salt also has a
higher volumetric heat capacity than water and gaseous cool-
ants, which enhances the system’s ability to remove heat.
A small portion of the fission energy generated by gamma
and fast neutron radiation [12] is deposited in the graphite
moderator and removed from the reactor core by the salt. In
GMC-MSR, the moderator is cooled by the fuel salt, causing
the moderator to have a higher temperature than the fuel.
In GMC-MSR, each flow passage in the reactor core is iso-
lated using graphite. Unlike the calculations for pressurized
water reactors, the lateral flow between channels does not
need to be considered in the thermal-hydraulic analysis of
GMC-MSR. Therefore, in GMC-MSR, the thermal coupling
of adjacent fuel assemblies is achieved through a graphite
moderator via heat conduction. Due to the distinct features
of GMC-MSR, its thermal-hydraulic analysis presents sig-
nificantly more challenges than that of solid fuel reactors,
given that most extant models are primarily designed for
solid fuel reactors.

The reactor core of GMC-MSR constitutes numerous
fuel assemblies, each with a hexagonal or square cross
section. Currently, three primary methods are used for
the thermal-hydraulic analysis of GMC-MSRs. The first
method omits thermal coupling between these fuel assem-
blies and employs a one-dimensional (1D) heat conduction
model to calculate the temperature of the moderator. In
addition, a 1D single-phase flow model is used to simu-
late the behavior of fuel salt within the reactor. The fuel
assembly is modeled as a hollow cylinder with equivalent
fuel salt and graphite volume and height. Subsequently,
the cylinder is divided into multiple nodes along the flow
direction. The average temperature of the fuel salt and the
1D radial temperature of the graphite moderator within
each node are calculated. The reactor core is represented
by several equivalent hollow cylinders, each representing a
region with a distinct energy distribution. The mass flow in
each cylinder is determined by assuming an equal pressure
drop across parallel channels. This method can be per-
formed analytically or numerically, to capture the essential
thermal-hydraulic characteristics of GMC-MSR. However,
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it does not consider the conductive heat flux between dif-
ferent assemblies or provide the temperature distribution
of the reflector. Therefore, it is not suitable for the case of
strong thermal coupling between fuel assemblies, such as
during channel blocking or when the fuel assembly is close
to the control rod or reflector. Engel et al. used this method
to analytically calculate the fuel salt and graphite tempera-
tures for an MSRE [13]. Zhang et al. employed this model
to investigate the steady-state thermal-hydraulic charac-
teristics of MSRs [14]. Guo et al. adopted this model and
coupled it with a neuronic code to optimize the design
of MSRs [15]. The thermal-hydraulic model described
above has been adopted in several dynamic codes for
GMC-MSR, including 1D codes Cinsf1D [16], TREND
[17] and TRACE [18], two-dimensional code TMSR-2D
[19, 20], and three-dimensional (3D) codes DYN3D-MSR
[21], MOERL [22, 23], ThorCORE3D [24], TMSR3D
[25], and TANG-MSR [26]. The second method consid-
ers thermal coupling between the fuel assemblies and the
reflector. The reactor core of GMC-MSR is described as
a large graphite block with regularly distributed channels.
This method utilizes a 3D heat conduction equation to
calculate the moderator temperature and a 1D heat con-
vection equation to represent the fuel salt in each chan-
nel. Thermal coupling between graphite and fuel salt has
been established by utilizing heat transfer coefficients at
the solid-liquid interface. He et al. established a math-
ematical model based on COMSOL Multiphysics software
and MATLAB software and applied it to the steady-state
and dynamic analysis of a small experimental GMC-
MSR [27, 28]. Representative dynamic codes that have
adopted this thermal-hydraulic model include DT-MSR
[29], Moltres [30], and the code developed by Nagy [31].
This thermal-hydraulic model accurately captures the heat
transfer characteristics of the GMC-MSR and provides 3D
temperature profiles of the reactor core and reflector. In
general, it employs structured grids to simulate heat con-
duction in graphite and requires the cross section of the
channel to be equivalent to a rectangle. However, when
modeling a GMC-MSR with numerous fuel channels,
identifying the solid-liquid interface and inputting the heat
transfer coefficients for each channel can be cumbersome.
The third method involves utilizing computational fluid
dynamics (CFD) to analyze the temperature and velocity
distributions of either the entire reactor core or a specific
region thereof. This method constructs 3D computational
domains for both graphite and fuel salt with minor geo-
metric approximations. Finally, it solves the Navier—Stokes
equation, the transport equation for the turbulence model,
and the energy equation within these domains. He et al.
from Shanghai Institute of Applied Physics utilized Flu-
ent to analyze the temperature and flow characteristics
of a 2-MW GMC-MSR [32]. Cammi et al. analyzed the
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velocity and temperature fields within a single-fuel assem-
bly of a molten salt breeder reactor using the CFD module
of COMSOL Multiphysics [33].

This study introduces a 3D steady-state thermal-hydrau-
lic model named 3DSTH-MSR for the GMC-MSR to sim-
plify the thermal-hydraulic analysis of this reactor. The rest
of the paper is organized as follows. Section 2 presents math-
ematical equations and verifying the 3DSTH-MSR model.
Section 3 details the calculations of temperature and mass
flow distributions in the 2-MW experimental MSR using the
3DSTH-MSR model, along with a comprehensive analysis
of the results.

2 Numerical model and verification
2.1 Thermal hydraulics model

In the 3DSTH-MSR, the temperature field within the reactor
core of the GMC-MSR, which encompassed the graphite
assemblies, reflector, and liquid region, was calculated using
a 3D convection—diffusion equation:

9(pCp,uT)

ox dy 0z (1)
_ 0 N (g Y o (0T
- dx(/lxx ox ) + dy (llyy ay > + 0z (AZZ 0z ) + Q’

where p, u, v, w, Cp, 0, and T are the density, x-, y-, and
z-components of the velocity vector, specific heat capacity
at constant pressure, heat source, and temperature, respec-
tively. Thermal conductivity A is expressed in the tensor
form, which is a symmetric matrix.
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where 4,,, 4,, and 4., represent the xx, yy, and zz compo-

nents of tensor 4, respectively. For the solid region, isotropic
thermal conductivity was employed, where 4,, = 4,, = 4_..
However, in the liquid region, anisotropic thermal conduc-
tivity is utilized. Equation (1) neglects the contributions of
viscous dissipation, pressure work, and kinetic energy.
Within the solid region, u, v, and w were each set to zero,
leading to the transformation of Eq. (1) into a heat conduc-

tion equation with an internal heat source.
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To obtain a 1D fuel-salt temperature profile along flow direc-
tion z for each channel, the 4,, and 4, components of ther-
mal conductivities in the 3DSTH-MSR were assigned infi-
nite values (1 x10° W/(m-K)) in the 3D liquid region.

Because we set 4,, and 4,, to infinitely large quantities, the

x and y components of temperature gradients (% and ‘;—:)

tended to zero. This led to a nearly uniform distribution of
the fuel-salt temperature within each channel along the
direction perpendicular to the flow. In addition, the fuel-salt
temperature profile of each channel was affected by the
z-component of the temperature gradient.

To describe the heat convection along the z direction,
velocity components u and v were set to zero, while the
z-component of velocity w was set as

Meow

" A X

where my,, and A denote the mass flow and cross-sectional
area of the fuel channel, respectively. p(T") denotes the den-
sity of fuel salt, which is a function of temperature. The
z-component of velocity w was updated after each iteration
of the temperature calculation. By modifying the conductiv-
ity and velocity in the 3D liquid region, Eq. (1) yields a 1D
fuel-salt temperature profile along the flow direction, similar
to that of the 1D heat convection equation.

Thermal coupling between the solid and liquid regions
was established by adding thermal resistance at the
solid-liquid interface, as shown in Fig. 1a. Thermal resist-
ance causes temperature discontinuities at the interface, as
shown in Fig. 1b. The heat flux at the solid—liquid inter-
face can be written as

AT
=—, 5
=7 ®
where g, AT, and R represent the heat flux, temperature dif-
ference at the solid-liquid interface, and specific thermal
resistance, respectively. The specific thermal resistance is
related to the convective heat transfer coefficient and Nusselt

number using the following equation:

thu-ﬂZZ 1

D R ©®)

where A, Nu, and D are the convective heat transfer coef-
ficient, Nusselt number, and hydraulic diameter of the fuel
channel, respectively. Nu was calculated based on a forced-
convection heat-transfer experiment conducted by ORNL.
The fitted empirical correlation for the laminar flow has the
following form [34]:

0'33 0.14
Nu=1.89<Re-Pr-§) <ﬂ> , @)
Hg

where Re, Pr, L, p, and pg represent the Reynolds num-
ber, Prandtl number, fuel channel length, dynamic viscosi-
ties calculated using the liquid temperature, and dynamic
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Fig. 1 The sketch maps of
solid-liquid coupling interface a
and the temperature profile b

Solid

(a)

viscosity calculated using the solid surface temperature,
respectively.

After imposing thermal resistance at the solid—liquid
interface and modifying 4,, and 4,, for the liquid region,
the radial temperature profile of the fuel assembly was
similar to that shown in Fig. 1b. In the 3DSTH-MSR, the
adiabatic boundary condition was applied to the outer
walls of the solid region, while the temperature boundary
condition was set at the inlet of the liquid region.

The pressure losses due to gravity, friction, localized
effects, and acceleration effects in the iy, channel are cal-
culated using the following equations:

1
AP, ; = a /// pgdxdydz, )

AP =L // pb (Mhow dudyde ©)
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ap =k [ oMo\ g 10
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L

where g, f, k, w,, and w; represent the acceleration due to
gravity, friction factor, coefficient of resistance, and z com-
ponent of the velocity vector at the channel outlet and inlet,
respectively. Subscripts g, f, k, and a represent the gravi-
tational, frictional, local, and acceleration pressure drops,
respectively. Total pressure drop AP, ; for the iy, channel is
defined as
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AP,; = Angi + APfJ- + AP, + AP, ;. (12)
The mass flow in different fuel channels was determined by
adjusting the mass-flow distribution until a uniform pressure
drop was attained across all the fuel channels.

Figure 2 illustrates the computational procedure for the
3DSTH-MSR. First, in the initialization stage, uniform
flow rate and temperature distribution were established.
These initial conditions were utilized to calculate the
z-components of velocity and thermal resistance. Subse-
quently, Eq. (1) was solved to obtain the temperature dis-
tribution. The pressure drops for each channel are updated
based on the solution of Eq. (1). Subsequently, the flow
distribution was readjusted based on these updated pres-
sure drops, initiating a new iteration of the calculation
process. This iterative procedure was repeated until con-
vergence, which ultimately provided the desired solution.
The computational procedure of 3DSTH-MSR method, as
shown in Fig. 2, is implemented on COMSOL Multiphys-
ics [35]. The Heat Transfer module of COMSOL was used
to calculate the temperature distribution in both the solid
and liquid phases. The MATLAB interface in COMSOL
was employed to extract the pressure drop values and
reset the mass flow distribution for the subsequent itera-
tion of the temperature calculation. The 3DSTH-MSR can
perform calculations on complex topologies using either
structured or unstructured meshes.

It treats the liquid and solid domains as a collection
of geometric objects. In the process of constructing the
geometric model, COMSOL automatically detected the
interfaces between the solid and liquid domains and estab-
lished contact pairs to ensure appropriate contact between
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Fig.2 Flow chart of 3DSTH-MSR

them. Heat flux, described by Eq. (5), was implemented
by applying thermal resistance R at these contact pairs,
which allowed coupling of the 3D solid temperature with
the liquid temperature. The 3DSTH-MSR required only
the solution of a 3D convection—diffusion equation, ena-
bling efficient and automatic thermal coupling between
various solid and liquid interfaces. This distinctive charac-
teristic not only yielded substantial reductions in compu-
tational time compared with conventional CFD methods,
but also eliminated the need for supplementary procedures
to couple the 3D solid temperature with the 1D liquid
temperature.

2.2 Verification of 3DSTH-MSR

The 3DSTH-MSR model developed in this study for GMC-
MSR consisted of two primary components. The first
component of the model involved the utilization of a sin-
gle partial differential equation to derive the temperature
distributions of both graphite and molten salt. The second

component was grounded in the principle of equal pressure
drop to ascertain the flow distribution within each flow chan-
nel. Regarding the validation of the second part, because
it utilized a widely applicable flow-distribution calculation
approach, this model has already been employed and veri-
fied in a previous study [36]. To verify the temperature field
computed using the 3DSTH-MSR model, we employed the
RELAPS code [37].

To verify the program, a circular pipe cooled by a cool-
ant was selected as the simulation object. The pipe had a
length of 0.6 m, an inner diameter of 0.02 m, and a wall
thickness of 0.01 m. We used FLiBe as the coolant. The
thermal conductivity of the pipe wall material was 20 W/(m
- K). For the boundary conditions, the inlet mass flow rate
of the pipe was set to 0.5 kg/s, and the corresponding inlet
temperature was 873.15 K. The total thermal power within
the pipe was 23860.0 W. Notably, under these operating con-
ditions, the Dittus—Boelter equation was utilized to calculate
the Nusselt number for turbulent flow in both the 3DSTH-
MSR and RELAPS simulations. Due to the thermal power
distribution in the GMC-MSR being different from that in
traditional reactors, two distinct cases, Cases A and B, were
considered. In Case A, 90% of the thermal power was uni-
formly deposited in the coolant, with the remaining portion
being uniformly deposited along the tube wall. In Case B,
the opposite configuration was used. For the calculation of
the solid region temperature, the RELAPS code utilized a 1D
heat conduction model, disregarding heat conduction along
the direction of coolant flow. The conductive heat flux in the
axial direction can be neglected because the tube wall was
actively cooled.

To accurately verify the 3D temperature field calculated
by the 3DSTH-MSR, its results and those obtained using
RELAPS5 were compared. Figures 3a and 4a compare the
radial temperature profiles at five positions along the pipe for
Cases A and B, respectively. These positions were selected
sequentially from the bottom to the top of the pipe. The cal-
culated coolant temperature (in the liquid region) and tube
wall temperature (in the solid region) obtained from the
3DSTH-MSR corroborated those calculated using RELAPS.
The 3D temperature profile of the pipe obtained using the
3DSTH-MSR for Cases A and B is shown in Figs. 3b and 4b.
The verification calculations exhibited satisfactory agree-
ment between the 3DSTH-MSR and RELAPS code results,
confirming the accuracy and reliability of 3DSTH-MSR.

3 Calculation model and results
This section focuses on the analysis of the steady-state ther-
mal hydraulic characteristics of a 2MW experimental MSR

(hereinafter referred to as 2MW-MSR) under normal oper-
ating conditions using the 3DSTH-MSR. The first part of
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Fig.3 (Color online) Tempera-
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this section provides a concise overview of the 2MW-MSR,
while the subsequent part highlights the analysis results and
discusses them.

3.1 2MW-MSR description

The 2MW-MSR is a small-scale experimental MSR
designed by the Shanghai Institute of Applied Physics,
Chinese Academy of Sciences. A schematic of the MSR
and its dimensional parameters is illustrated in Fig. 5. The
designed rated power and mass flow rate of the 2MW-MSR
were 2 MW and 59.25 kg/s, respectively. The 2MW-MS was
designed with an inlet temperature of 600 °C and an outlet
temperature of 620 °C.

The reactor core comprises a block of graphite, which
can be subdivided into 85 fuel assemblies, as shown in
Fig. 5b. The fuel assembly had a hexagonal cross section
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with a circular fuel channel. Its dimensions are shown in
Fig. 5c. The 2MW-MSR utilized graphite as its moderator,
with Hastelloy-N alloy as the material for both the reac-
tor vessel and structure. The thermophysical properties of
graphite, Hastelloy-N alloy, and fuel salt are listed in Table 1
[36]. The graphite and the reactor vessel in the 2MW-MSR
were separated by a 5-mm gap. A portion of the molten salt
(the outer salt layer in Fig. 5a and b) flows through this gap,
providing a cool environment for the reactor vessel.

The distribution of thermal power within the reactor core
of the 2MW-MSR was calculated using the SCALE code
[39] in previous research [28]. The results indicated that
65.68% of the thermal power was deposited in the fuel salt
region of the assembly, while 3.39% was deposited in the
graphite region of the assembly. Additionally, the fractions
of thermal power deposited in the fuel salt within the bottom
plenum, top plenum, and 5-mm gap were 11.25%, 12.50%,
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Fig.5 (Color online) Schematic of 2MW-MSR [38]. a Vertical cross section; b horizontal cross section; ¢ cross section of the assembly

Table 1 Material properties of the 2MW-MSR

Parameter Value
Graphite heat conductivity (W/(m - K)) 60.49
Hastelloy-N thermal conductivity (W/(m - 18.31

K)

Fuel salt composition (mol%) 70.2 LiF—26.8 BeF,

—0.073 ThF, —2.927
UF,

3297.84 — 0.615832T
0.3981 +5x 107°T
0.0094

1687.89

Fuel salt density (kg/m?)

Fuel salt heat conductivity (W/(m - K))
Fuel salt dynamic viscosity (Pa - s)

Fuel salt-specific heat capacity (J/(kg - K))

and 4.41%, respectively. The remaining thermal power was
released into the structural material and reflector compo-
nents. Figure 6 depicts the 3D thermal power distribution
for the simulation in our study. The impact of the drift of
delayed neutron precursors (DNP) and decay heat on the
thermal power distribution in the active core was disre-
garded. Zhang [40] obtained the neutron flux distribution
in an MSR for various fuel velocities under steady-state
conditions. They observed that the drift of delayed neutron
precursors had a negligible impact on the neutron flux. Zhou
[41] studied decay heat distribution in a comparable MSR.
Their findings revealed that the decay heat released in the
active core accounted for 46.7% of the total decay heat.
The influence of the drift of the DNPs and delayed heat on

the temperature distribution in the MSR was found to be
negligible. This is because the delayed neutron contribu-
tion accounted for approximately 0.67% of the total neutron
population, while the decay heat contributed approximately
7% of the total thermal power.

3.2 Results and discussion

The calculation model included all the assemblies, a radial
reflector, and flowing salt in the 5-mm gap. However, the
plenums and the top and bottom regions of the graphite
reflectors were not included in the model. The flow rates in
channels except for outer salt layer were calculated using the
principle of equal total pressure drop in the 3DSTH-MSR.
In addition, the flow rate in the outer salt layer was set to the
designed value of 5% of the rated flow.

In the analysis, a free tetrahedral mesh was adopted. A
grid independence test was conducted on the calculation
model. Table 2 lists the maximum and average tempera-
tures of graphite and fuel salt for different grid numbers.
The results indicated that the temperature was not signifi-
cantly affected by the increase in grid number beyond 0.82
million grids.

The temperature fields of the 2MW-MSR are shown in
Fig. 7. Because the energy deposited in graphite was cooled
by the flowing fuel salt, the graphite reached a higher tem-
perature than the salt. However, because only a small frac-
tion of the fission power is released in graphite and because
of the excellent convective heat transfer coefficient between

Table 2 Grid independence

i Grid number x103
calculation

Temperature (°C)

Maximum graphite

Average graphite Maximum fuel Average fuel

Temperature (°C)  Temperature (°C)  Temperature (°C)

5586.48 628.73
2473.12 628.73
820.55 628.75
314.73 629.53

622.89 617.87 609.89
622.89 617.88 609.89
622.90 617.88 609.89
623.40 619.06 610.46
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Fig.6 (Color online) Power density distribution in the 2MW-MSR
(unit: MW/m?3)

625

620

615

610

605

Fig. 7 (Color online) Temperature distribution of 2MW-MSR (unit: °
O

the fuel salt and graphite, the temperature difference between
the graphite and fuel salt is not significant. The maximum
temperature reached in the 2MW-MSR was 628.7 °C, and it
was located in the top region of the radial reflector.

The temperature distribution and isotherms at the hori-
zontal cross section of the core at half height are presented in
Fig. 8. The salt outer layer plays a crucial role in cooling the
reflector adjacent to the reactor vessel, causing the reflector
near the reactor vessel to have a lower temperature than that
near the fuel assemblies. As depicted in Fig. 8b, the major-
ity of isotherms within the inner region of the reactor core
encircle the fuel channels. This observation suggests that
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most of the thermal energy generated in the graphite of each
assembly was dissipated through the surrounding fuel salt
within that assembly. Moreover, this pattern indicates insig-
nificant thermal coupling between neighboring assemblies.
The fuel assemblies located at the periphery of the core,
along with the outer salt layer, play a vital role in dissipat-
ing the energy released in the radial reflector. The uniform
cooling effect of the outer salt layer results in isothermal
lines within the reflector adjacent to the reactor vessel, dem-
onstrating a distinct circular shape and concentric circular
distribution. Owing to the combined influence of the radial
reflector and the cooling effect of the fuel assemblies, the
isotherms near the reflector in the fuel assemblies exhibited
noticeable deviations from a circular shape.

As part of the investigation of heat transfer characteristics
of the 2MW-MSR, the conductive heat flux vectors in a 1/4
cross section at half the height of the core are depicted in
Fig. 9. The lengths and directions of the vectors represent
the magnitude and direction of heat transfer, respectively.
Because the energy deposited in an assembly is primarily
dissipated by the fuel salt within the same assembly, the
heat flux vectors within an assembly point toward the center
of the fuel channel. The conductive heat flux vectors in the
reflector exhibit two distinct characteristics. When the radius
is less than 0.63 m, the heat flux vectors point toward the
center of the reactor. Conversely, when it exceeds 0.63 m,
the vectors point outward. This phenomenon indicates that
the energy deposited in the reflector within a radius of 0.63
m is primarily removed by the fuel assemblies, while the
remaining energy deposited in the reflector is cooled by the
outer salt layer.

The mass flow distribution in the reactor core of the
2MW-MSR is illustrated in Fig. 10. The highest mass flow
of 0.73 kg/s was observed at the center of the reactor, while
the lowest mass flow of 0.64 kg/s was observed in the fuel
channel adjacent to the reflector. The mass flow calculation
considered only the gravitational, frictional, and acceleration
pressure drops. The local pressure drops at the top and bot-
tom plenums caused by the presence of a distribution plate
and changes in the flow section were not considered. Moreo-
ver, the density of the fuel salt decreases with increasing
temperature; consequently, a greater mass flow was allocated
to assemblies with higher energy deposition, and the mass
flow distribution closely followed the power density profile.

Figure 11 depicts the salt outlet temperature in each fuel
channel and the outer salt layer. As observed in the figure,
the outlet temperature of the 2MW-MSR is relatively uni-
form, with a maximum deviation of approximately 1 °C.
This is primarily attributed to the higher mass flow distri-
bution in the fuel channels with higher fission energy. In
this simulation, a designed mass flow value was specified
for the outer salt layer. This layer not only removed 4.41%
of the rated power deposited within it, but also effectively
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Fig. 11 (Color online) The outlet fuel temperature (unit: °C)

dissipated most of the energy in the reflector region. In this
design, the highest outlet temperature of the fuel salt was
observed in the outer salt layer.

4 Summary

In this study, a thermal-hydraulic method, 3DSTH-MSR,
was introduced for the steady-state analysis of GMC-MSR.
The 3DSTH-MSR employed a 3D convection—diffusion
equation to determine the temperature distribution in both
the solid and liquid domains. The temperature distribution in
the solid region was coupled with that in the liquid region by
introducing thermal resistance at the solid-liquid interface.
Additionally, anisotropic thermal conductivity was imple-
mented in the liquid region, with 4., and 4_, set to consid-
erably high values. By modifying thermal conductivity, a
1D temperature profile along the flow direction was derived

@ Springer
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for each fuel channel. The mass flow in each channel was
calculated by assuming an equal pressure drop across all the
channels. The 3DSTH-MSR used the 3D convection—diffu-
sion equation to calculate the temperature distribution across
the entire reactor core of the GMC-MSR. This approach
considered thermal coupling between fuel assemblies, as
well as the reflector temperature field. In comparison with
CFD software, 3DSTH-MSR required fewer computational
resources because it only solves one 3D convection—diffu-
sion equation.

The 3DSTH-MSR was constructed on COMSOL Mul-
tiphysics and validated against the results from a single-
pipe model using RELAPS, demonstrating consistency in
temperature predictions under varying energy distributions.
The 3DSTH-MSR simulation of 2MW-MSR’s steady-state
behavior showed that the grid resolution did not signifi-
cantly affect the maximum and average temperatures as it
exceeded 0.82 million. The maximum recorded tempera-
ture was 628.7 °C at the radial reflector. Thermal coupling
between fuel assemblies is less pronounced, except for those
near the radial reflector. The mass flow and outlet tempera-
tures within the 2MW-MSR exhibited a relatively uniform
distribution.
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