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1. Introduction the minimum cooling condition needed to ensure
solidification. This approach provides the advaataf
The molten salt reactor (MSR), a concept from assessing coolability, including crust formatiord ats
Generation IV nuclear technology, has garnered approximate thickness with fewer computational
significant attention in recent years. In contrast resources compared to an integrated CFD solidificat
pressurized water reactors (PWRs), MSRs can opatrate model in Fluent.
elevated temperaturez700 °C) and near atmospheric

pressure [1]. The characteristics of MSRs facdittite 2. Methodology

operation of a low-pressure vessel without the rfeed

an additional pressurizer [2]. The use of low-puess As the molten salt released into the containmestefe
vessels reduces system volume per unit output,cools, a crust forms at the molten salt boundahe T
significantly contributing to miniaturization. Mareer, interface between the molten salt and the crust was
molten salt can eliminate the severe accidentsideresl assumed to be at a constant temperature equakto th
in PWRs. melting temperature of the saliy,el. Heat transfer to the

However, an accident, such as a reactor vessefdail boundary occurs due to the temperature difference
could lead to a large release of molten salt. ichsan between the bulk molten salt angef This process was
accident, the temperature of the released moltktrissa  simulated using 2D CFD to determine the boundaat he
critical because it governs fission-product relefge flux. This approach simplifies the cooling proce$she
which is conceptually analogous to the corium- molten salt pool with decay heat, thereby redudhey
coolability concern. In PWRs, severe accident complexity of the analysis. The boundary heat ftix
management strategies have focused on in-vessetach cell calculated by 2D CFD was then used as a
retention with external reactor-vessel cooling (FVR boundary condition for a 1D model to determinechest
ERVC) and on ex-vessel core catchers, both designed thickness and minimum cooling conditions.
ensure melt coolability [4].

For MSRs, natural cooling may be feasible even 2.1. Geometry and boundary conditions
without these strategies, because the thermal-hjidra
behavior of a molten salt pool differs from that af Figure 1 shows the computational domain and
corium pool. MSRs operate at lower power than PWRs, boundary conditions. The model assumes a 2D
the consequent decay heat is smaller, which lotters  axisymmetric geometry with the x-axis as the aXis o
Rayleigh number and consequently reduces the thermasymmetry. A constant temperature boundary condition
load on vessels due to natural convection. Thig hea Tmer, was applied to the entire molten salt pool boupnda
exchange with surrounding structures induces theTwo decay heat conditions, 3 MW and 0.5 MW, were
formation of a crust and solidification, even wittho  selected based on a decay heat curve for a one-year
ERVC or core catchers. However, qualitative preoist operational history. The decay heat was applied as
are insufficient to demonstrate safety. Therefome, uniform volumetric heat source throughout the entir
gquantitative assessment is necessary to predict thesolume of the molten salt pool.
potential release of radioactive materials acclyate

In this study, the natural cooling and solidificeti | 314 m |
potential of a molten salt pool is assessed, asgyan |

- I
accident scenario involving a large release inte th Tnete = 743.3 K
containment vessgl. Inmally_, a two—d|menS|on§D12 0.58 m ry Odecay
computational fluid dynamics (CFD) analysis that X
includes decay heat determines the spatial disioibwf Tonett = 7433 K

boundary heat flux. These computed heat fluxes then Axis
serve as input to a one-dimensional (1D) steadg-sta _ _ N
heat-transfer model to assess crust formation anged ~ Fig. 1. Computational domain and boundary condgtion



is transferred via conduction through the crust Hred
Table 1 presents the thermophysical properties ofcontainment wall, and then via convection and tamha
NaCl-KCI-UCls, which were used as input to the CFD to the ambient.
simulation. A structured mesh was generated using

ANSYS Meshing. The mesh was constructed to maintain =~ [ _5— A_gok —a— A-102k|
a maximum y < 5 for the 3 MW case. g5 | B-82k —v—B-102k
Figure 2 shows the results of the mesh independence | i B
test conducted under the 3 MW condition. The I 5 i
temperature profiles along the depth at points & @n §20 A loim |
were compared. For the 82,000 and 102,000-cell esesh 7&7 R=314m
the maximum deviation from the reference mesh & 151
(123,200 cells) was less than 1%. Considering @
computational resources, the 82,000-cell meshwad u O 1
for the main analysis.
Table 2 summarizes the analysis conditions. The -
commercial CFD code ANSYS Fluent 2024 R1was used
and the SST ke model was used to simulate the
turbulent flow arising from natural convection. #ne 0.0.% 02 0.4 0.6 08 10
step of 1 s was used, and the total simulation tenged D/H

from 8,000 to 32,000 seconds, depending on theydeca

heat condition. The heat flux at the top and bottom Fig. 2. Result of mesh independence test at 3 MW.
boundaries was calculated by averaging the datatbge

final 1,000 seconds after reaching a quasi-stetadg.s

Table I: Thermodynamic properties of NaCl-KCI-J@r pool
CFD T,
Properties Values crust | bdrybt I5c,bt
p [kg/m3] 3476 ~ 2875 T,
C, [I/kg-K] 609.5 ~ 547.5 wall by .
2
k [W/m-K] 0.407 ~ 0.319 Qsurface = Abdrybt h T,
p [kg/m-s] 0.005015 ~ 0.001257
Toer [K] 743.3 Fig. 3. Schematic of heat transfer at the bottom.
_ _ N The energy balance equation is expressed as Eq. (1)
Table II: Numerical analysis condition when considering only convection, and as Eq. (2¢wh
Parameters Values considering both convection and radiation. Hereakd
Viscous model SST kr kw are the thermal conductivities of the crust dne
Gradient Least squares cell- containment vessel, respectively, @aadands,, are their
Spatial racdien base: thicknesses.
discretization| Pressur Body Force Weighte ro_T T
nd i — 1 1~ 12
scheme | Momentun 2St order upwin I m —k, = h(T, - T.) (1)
Energ) 1s'order upwint 8¢ pt Sw
Time ste| 1¢ = h(T, — Too) + £0(Ty* — To*) (2)
Overal simulation tim 8,000 ~ 32,000
Averaging Interve 1,000 From Eq. (1), the critical heat transfer coeffidjdw,

2.2. Analytic 1D model for crust thickness

is defined as the minimum value of the heat transfe
coefficient required for crust formation to begihat is,
the moment £> T is satisfied, and is given by Eq. (3).

The heat fluxes at each boundary cell obtained from
the CFD were directly used as input values in tBe 1
steady-state heat-transfer model to evaluate thal lo
crust thickness. As a result, the crust thickn¢ssaah
position is estimated by this methodology. Figure 3
shows the heat transfer path from the molten @it p Figure 4 shows a schematic of heat transfer atojhe
boundary, through the crust and the containmerdeles of the molten salt pool. In the figure, "solid" repents a
to the ambient, which was modeled as a 1D steatg-st virtual structure above the molten salt pool. Asgiga
thermal resistance network. The heat flux fromGe® steady-state where all the heat fluxinghp is transferred

Abary,b
herie = s 3)

Tm - Too - qbdry,bt ﬁ




to this structure via radiation, the relationslsigiven by
Eq. (4). From this, the critical top structure teargture,

shown in Figure 6, this contrasting phenomenon is
primarily driven by a natural convection: the rialaly

Teritsoiis, IS defined as the maximum temperature of the pot mojten salt rises to the center of the top ey (D),

structure that allows for crust formation and igegi by
Eq. (5).

T — T
Abdry,top = k. mé‘Topop = sa(Ttop4 - Tsolid4) 4)

1
4 qbdry,top)z

crit,solid m co ( )
solid
Tsolid
. 9rad = 9bdry,top
alr
&
Ttop
crust | 9bdry,top Iac,top
T
pool

Fig. 4. Schematic of heat transfer at the top.

Table 3 lists the main parameters used in the 18eio
calculations. The thermal conductivity of the crust
reflects the properties of NaCI-KCI-ULIwhile Ky
reflects that of SS316. The heat transfer coefficieas
varied to compare natural convection in air (10 WK\
with a stronger convection (20 W/mz2:K).

Table Ill: Assume values for 1D model

Paramters Values
T, [K, °C] 328.15, 5
kw [W/m-K] 20
10
2,
h [W/nv-K] 20
10
Sw [mm] 10C
o [W/m? K4 5.67x1(8
Tsoiid [K, °C] 328.15, 55
¢ (emissivity) 01.5

3. Results and discussion
3.1. Heat flux

The results showed opposing heat flux distribution

flows toward the edge?)), and subsequently descends

along the sloped bottom bounda(®,(®).
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Fig. 5. Comparison of heat flux at top and bottaurdaries
by decay heat.
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Fig. 6. Velocity vectors for the 3 MW condition.
3.2. Crust thickness

The analysis of the top crust thickness, basedqn E
(4), showed that for the 3 MW condition, no crustsw
formed by radiation cooling alone. For the 0.5 MW
condition, a crust formed, but it thinned toward tenter.
For the bottom crust, calculated using Eq. (1)Bgd(2),
the results indicated that even when considering
radiation, no crust formed at specific locationsemthe
3 MW condition. Because of the opposing heat flux
patterns, the crust thickness distribution alsoangitban
inverse relationship: the top crust grew thickentHear
from the center, while the bottom crust grew thinne

3.3. Required cooling conditions

patterns at the top and bottom boundaries. Figure 5 The difference in heat flux distribution betweerm th

compares the heat flux distributions at these batiagd
according to the nondimensional distance from draer
(r/R) for each decay heat condition. At the topridary,
for both the 3 MW and 0.5 MW conditions, the hdax f
decreased with increasing distance from the cerfitive
pools. Conversely, the heat flux at the bottom loiaumn
tended to increase with distance from the center. A

boundaries implies that the required cooling penfamce
varies for each boundary. Therefore, to provideetrim
for design, the minimum cooling conditions necegsar
for crust formation at each boundary were quartifie

For the top boundary, the critical solid temperatur
Teritsolisy Was calculated using Eqg. (5). Under the 3 MW
condition, Tuitsoid Was undefined at all locations,



indicating that the crust formation condition coulat be
satisfied by radiation cooling alone. For the 0.5WM
condition, TEritsoid Was lowest at the center,
corresponding to the region of highest heat flux.
However, when the emissivity was reduced from .0 t
0.5, Teritsolid became undefined at most locations.

For the bottom boundary, the critical heat transfer
coefficient, ki, was calculated using Eq. (3). For the 3
MW condition with T, = 328.15 K, the maximum value
of heir varied with the containment wall thickness;)(
For instance, the maximumyh was calculated to be
approximately 769 W/m2-K fod, = 100 mm, and 172
W/m2-K for 6, = 10 mm. In contrast, for the 0.5 MW
condition, the maximumd was on the order of tens of
W/mz2-K, confirming that heat removal was feasiblere
with a relatively low cooling performance.

3.4. Discussion

These quantitative requirements are consistent with
the parameter contrasts summarized in Table 4.
Compared with a PWR corium pool, the MSR molten
salt pool exhibits substantially lower volumetriedt
generation, and a correspondingly lower Rayleigh
number. These differences imply weaker
convection intensity and smaller boundary heatetux
a molten salt pool than in a corium pool. This e
why heat removal is feasible with a relatively lowe

emissivity is low ¢ = 0.5). Therefore, additional
heat transfer modes beyond radiation are required
for stable solidification of the top boundary.

At the bottom boundary, the thermal load is
concentrated at the outer edge and increases with
distance from the center. For the 3 MW condition,
the natural air convection condition (10, 20
W/m2.-K) is insufficient for solidification. A
design with enhanced cooling performance, such
as free or forced convection with a liquid coolant,
or an increased heat transfer area using fins, is
required. In contrast, for the 0.5 MW condition,
heat removal is feasible with a heat transfer
coefficient on the order of tens of W/m2-K.

Future work aims to perform a more comprehensive
analysis that includes more realistic boundary @t
by modeling conjugate heat transfer, and a satigfifbon
and melting model to simulate transient phenomenh s
as crust formation and remelting.
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cooling performance compared to strategies such asEnergy Technology Evaluation and Planning (KETEP)

IVR-ERVC. Therefore, it is reasonable that the mesgl
cooling performance calculated in Section 3.3 i8eb
than that for a PWR corium pool.

Table IV: Qualitatively compares representative teroipool
parameters for PWR corium and MSR molten salt. Th&@MS
values correspond to the assumptions adoptedsrsthdly.

Parameters PWR MSR
Corium pooal [5] M olten salt pool
Bulk temperature [K] High (~3000) Low (~923)
Volumetric heat .
generatiorMW/m? High (~2.9) Low (~0.33)
Rayleigh number High (~16 Low (~109)
Boundary heat flux at I o
top [MW/m?] High (~1.6) Low (~0.08)

4, Conclusion

In this study, the natural cooling and solidificeti
potential of a molten salt pool under a large redea
scenario was quantitatively evaluated. The boundary
heat flux distribution was first analyzed usingla @FD
analysis. This data was then used as an inputib a
steady-state heat-transfer model to derive theimedju
cooling conditions for the top and bottom boundarie
The main conclusions are as follows:

1. For the top boundary, solidification is not feasibl
with radiation cooling alone under the 3 MW
condition. Even for the 0.5 MW condition,
cooling by radiation alone is insufficient when the

grant funded by the Korea government Ministry of
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