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1. Introduction

The molten salt reactors (MSRs) have attracted
attention as Generation IV reactor concepts. Compared
with pressurized water reactors (PWRs), MSRs can
operate at high temperature (above 700°C) and low
pressure (near atmospheric pressure) [1]. Because low-
pressure vessels can be employed instead of a pressurizer
and a thick-walled pressure vessel required for high-
pressure operation [2], MSRs offer advantages in
compactness, resulting in a smaller system volume per
unit power. In addition, since the fuel exists in a liquid
state, thermal expansion of the fuel salt reduces its
density as temperature increases, providing negative
reactivity feedback [1].

However, the liquid-fuel characteristic also implies
that, in a fuel-salt leakage accident, fission-products (FPs)
release can strongly depend on the temperature and flow
behavior of the molten salt. In particular, for accident
scenarios in which the molten salt is released beyond the
primary-system boundary and forms a pool at the bottom
of the containment, FPs release characteristics can vary
significantly depending on whether a crust exists at the
pool boundaries. Therefore, a quantitative assessment of
the coolability of a molten-salt pool is essential.
Although the total decay heat of a molten-salt pool is
lower than that of a typical corium oxide pool, the
Rayleigh number can still become sufficiently large due
to material-property effects. Consequently, natural
convection within the pool can develop strongly and
govern heat partitioning to the upper and lower
boundaries. Because the local heat flux can vary
substantially along the lower boundary [3], the spatial
distribution of boundary heat load is an important
consideration in containment-vessel design.

Related studies have performed CFD analyses of
natural convection, boundary heat flux, and crust
behavior in internally heated melt pools using the SST k-
® turbulence model in combination with a
solidification/melting model [4]. That work directly
simulated crust formation and provided a detailed
analysis of heat transfer and phase-change behavior. In
contrast, the present study focuses on assessing the
feasibility of crust existence under different decay-heat
conditions from a containment-design perspective. To
this end, rather than directly modeling phase change, we
adopt an evaluation procedure that couples boundary

heat loads obtained from CFD with a one-dimensional
(1D) model.

Accordingly, this study assumes an accident in which
the entire inventory of molten salt is released into the
MSR containment and forms a pool. The boundary heat
load of the resulting molten-salt pool (i.e., the
distribution of boundary heat flux) is quantified using
CFD and then coupled with a 1D model to efficiently
assess crust existence. First, single-phase two-
dimensional (2D) axisymmetric CFD simulations are
performed under an isothermal boundary condition for
three decay-heat levels to obtain the boundary heat-flux
distributions. These heat-flux distributions are then
applied to a 1D steady-state crust model to evaluate the
feasibility of crust existence for each decay-heat
condition. For decay-heat conditions in which a crust
does not exist, additional CFD simulations are conducted
by applying a radiative boundary condition at the pool
top and an external cooling boundary condition at the
outer surface of the lower containment vessel wall,
including wall conduction, and the results are analyzed.

2. Methodology

The objective of this study is to assess whether the
interface temperature can be maintained at the melting
point under a given decay-heat condition, i.e., to evaluate
the feasibility of crust existence. In this work, crust
feasibility is defined by whether a positive crust
thickness, 6. > 0, can be obtained from the 1D heat-
balance relations (Eq. (1) and Eq. (2)). The overall
procedure consists of: (1) computing the boundary heat-
flux distribution using CFD, (2) evaluating crust
existence using a 1D crust model, and (3) for conditions
under which a crust cannot exist, performing additional
CFD simulations to assess an external wall-cooling
strategy.

2.1. Boundary heat-flux distribution

When a crust exists at a boundary, the melt—crust
interface temperature is constrained to the melting point,
and the interface can be approximated as an isothermal
boundary. Accordingly, to quantify the required heat
removal for crust existence, single-phase 2D CFD
simulations are conducted by imposing an isothermal
condition, Ty =T,, , on the pool boundaries. This



approach enables efficient quantification of the heat flux
that must be removed to maintain the interface at Ty =
T,,without explicitly modeling phase change. It should
be noted that the imposed isothermal boundary is not
intended to directly represent the actual external heat-
transfer environment; rather, it is a modeling setup to
determine the required heat flux, qroq, needed to satisfy
Ts = T,,at each boundary.

Figure 1 shows the computational domain and
boundary conditions. A 2D axisymmetric model is used,
and T; = T,,is applied to each pool boundary. The decay-
heat cases are selected as 3 MW, 2 MW, and 1 MW based
on the decay-heat curve corresponding to one year of
operation. The decay heat is implemented as a spatially
uniform volumetric heat source over the entire fluid
domain.
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Fig. 1. Computational domain and boundary conditions.

Table I lists the thermophysical properties of NaCl—
KCI-UCl; used in the CFD simulations. Buoyancy is
modeled using a temperature-dependent density. A
structured mesh is generated using ANSYS Meshing,
and a grid with 34,992 cells is employed. The mesh is
designed such that the maximum y* remains below 1.

Table II summarizes the numerical settings. The SST
k-w turbulence model is adopted to compute the
boundary heat-flux distribution driven by turbulent
natural convection. For each decay-heat condition, the
boundary heat flux is computed and used as input to the
1D crust model described in Section 2.2.

Table I: Physical properties of NaCIl-KCI-UCI; for CFD

Properties Values

p [kg/m3] 3476 ~ 2875

G, [J/kg-K] 609.5 ~ 547.5

k [W/m-K] 0.407~0.319

p [kg/m-s] 0.005015 ~ 0.001257
Tmeie [K] 743.3

Table II: Numerical settings for the isothermal-condition
simulations.

Parameters Values
Turbulence model SST k-®
Body Force Weighted

Spatial discretization 2nd order upwind

scheme 1st order upwind
Isothermal Top
condition Bottom 733K

3 MW
2 MW
1 MW

Decay heat

2.2. Crust thickness calculation

The boundary heat-flux distribution obtained from the
isothermal CFD simulations represents the heat removal
required at the boundary to satisfy the imposed condition
Ty = T,,,. In this section, a 1D steady-state crust model is
formulated to (i) define the criterion for crust feasibility
and (ii) estimate the crust thickness &, when crust
existence is feasible.

Specifically, the required heat flux obtained in Section
2.1 is mapped to gpo.in Eq. (1) and to g{spin Eq. (2). For
given external heat-removal parameters
(radiation/convection and, where applicable, an external
cooling strategy), the temperatures (Tl' Ty Ttop)and the
corresponding crust thicknesses (6C,b0t' SC,top) are
determined inversely such that the imposed q'' is
satisfied. A positive thickness (&, > 0) indicates that
crust existence is feasible, whereas 6. < 0, or cases
requiring non-physical T, or Ty, , are interpreted as
conditions under which a crust cannot exist.

Figure 2 illustrates the heat-transfer pathway at the
lower boundary. The lower boundary heat load is
transferred through conduction across the crust and the
containment wall and is then removed by external
convection and radiation. The corresponding steady-state
energy balance is given by Eq. (1), where k.and k,, are
the thermal conductivities of the crust and the
containment wall, respectively, and &, porand §,,are their
thicknesses.

Figure 3 depicts heat transfer at the upper boundary.
Here, “solid” denotes a containment internal structure
located above the molten-salt pool. Heat from the pool
upper boundary is transferred to the structure mainly by
radiation, and the energy balance is expressed as Eq. (2).

pool
Tm
crust | 4 bdrybt I 8¢ bot
Ty
wall Sy
A TZ
q”surface = q"pot h Ty
Fig. 2. Schematic of heat transfer at the bottom.
T — T T, —T.
qu — kc m 1 =k, 1 2
bot 6‘c,bot 6‘w
= h(T, — Too) + e0(T,* — To.*) (1)
" T,—T;
a.,= k. —m6 P = eO'(Tmp4 —Tsouia’) (2)
c,top



solid
Tsolid
) q rad = 49 top
alr
£
Teop
crust | 9 bdry.top Isc,top
I'm

pool

Fig. 3. Schematic of heat transfer at the top.

Table III summarizes the key parameters assumed in
the 1D model. The crust thermal conductivity k_is based
on NaCl-KCI-UCl; properties, and k,, corresponds to
SS316. For the lower boundary, the external heat-
transfer coefficient is set to 25 W/m?-K, representing
natural convection of air, and the ambient temperature is
assumed to be 55 °C. For the upper boundary, the
emissivity is set to 0.5 and the structure temperature is
also assumed to be 55 °C.

Table III: Assume values for 1D model

Paramters Values
T [K, °C] 328.15, 55
ke [W/m-K] 0.4
kw [W/m-K] 20
h [W/m?-K] 25
Sw [m] 0.1
c [W/m? K4 5.67x10%
Tsotia [K, °C] 328.15, 55
€ (emissivity) 0.5

2.3. Crust thickness calculation

Sections 2.1-2.2 quantify the required heat flux to
maintain Ty = T,,and assess crust feasibility using the
1D model. In Section 2.3, additional CFD simulations
are performed under more realistic external heat-transfer
conditions to evaluate whether external wall cooling can
reduce the upper-boundary heat load and g¢psufficiently
to enable crust existence. In these simulations, a radiative
boundary condition is applied at the pool top, while a
water-cooling boundary condition is imposed on the
outer surface of the lower containment wall. To account
for wall conduction, the computational model includes a
100 mm-thick containment wall made of SS316
(properties summarized in Table IV). Table V lists the
numerical settings used for the external cooling cases.
The water cooling is represented using an equivalent
heat-transfer coefficient of 1000 W/m?-K, and the bulk
temperature is set to 373.15 K (100 °C), reflecting the
boiling point of water.
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Fig. 4. Computational domain and boundary conditions for
external cooling conditions

Table IVV: Properties of SS316[5]
Properties Values
p [kg/m?] 7900
G, [J/kg-K] 459.292+0.132891xT
k [W/m-K] 9.248+0.01571xT

Table V: Numerical analysis for external cooling conditions

Parameters Values
Turbulence model SST k-
Spatial discretization Body Force Welghted
2nd order upwind
scheme -
1st order upwind
Exte;nal Top €=05
cgcl)l?iiltlil(%n Tsolid = 328.15 K
Bottom h=1000 W/m2-K
wall T.=373.15K
3 MW
Decay heat MW
3. Results

Figure 5 compares the angular distributions of the
boundary heat flux at the upper and lower pool
boundaries for each decay-heat condition. At the upper
boundary, the heat flux decreases with increasing
distance from the pool center for all three decay-heat
levels. In contrast, at the lower boundary, the heat flux
shows an increasing trend as the angle increases away
from the pool center.

3.2. Crust thickness

Based on Eq. (1), the lower-boundary crust thickness
was evaluated for the three decay-heat conditions. For all
cases, a crust was predicted only within the region where
the angle is below 10°; no crust was obtained for angles
greater than 10°. The upper-boundary crust thickness
was evaluated using Eq. (2), and the results indicate that
no crust exists at the upper boundary for any of the three
decay-heat conditions.

3.3. Required cooling conditions

External wall-cooling simulations were performed for
representative conditions (3 MW and 2 MW) among
those identified by the 1D model as having no upper-
boundary crust. Figure X presents the temperature field
of the molten-salt pool under the external cooling



boundary condition. Although the lower region of the
pool and the near-wall region become cooler due to
external wall cooling, the upper pool region remains at a
relatively high temperature. The upper-boundary
temperature does not drop below the melting temperature
assumed in this study (T ); therefore, the present
external wall-cooling condition alone is not sufficient to
sustain an upper-boundary crust.
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Fig. 5. Comparison of heat flux at top and bottom boundaries
by decay heat.
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Fig. 6. Temr;erature field of the molten-salt pool under the
external cooling boundary condition.

4. Conclusion

This study considers an accident scenario in which
molten salt is released into MSR containment and forms
apool. The boundary heat load of the pool was quantified
using 2D CFD for different decay-heat conditions, and
crust feasibility was evaluated by coupling the CFD
results with a 1D crust model. In addition, for conditions
under which crust existence is difficult, additional CFD
simulations with external wall cooling were conducted to
examine the feasibility of sustaining an upper-boundary
crust. The main conclusions are summarized as follows:
1) Using CFD with an isothermal boundary

condition ( Ty = Typer ), the required

boundary heat-flux distributions were

obtained for each decay-heat condition. The
lower-boundary heat flux exhibited a clear

spatial dependence with respect to the

angular position, highlighting the importance

of evaluating local boundary heat loads from
a containment-design perspective.

2) From the Eq. (1)-based assessment of the
lower-boundary crust thickness, a crust was
feasible only in a limited region (6 < 10°)
for all three decay-heat conditions (3 MW, 2
MW, and 1 MW), whereas no crust was
obtained for & > 10°. This indicates that a
globally sustained lower-boundary crust is
difficult to achieve and that crust existence
may be limited to localized regions.

3) From the Eq. (2)-based assessment of the
upper-boundary crust thickness, no upper-
boundary crust was obtained for any of the
three decay-heat conditions. Under the
assumptions adopted in this study, radiative
heat removal at the top alone is not sufficient
to sustain a crust, suggesting that additional
heat-removal strategies are required to enable
an upper-boundary crust.

4) For the 3 MW and 2 MW cases with
external wall cooling, the temperature in the
lower and near-wall regions decreased;
however, the upper-boundary temperature
still did not fall below T,,,;.for either case.
Therefore, lower external wall cooling alone
may be insufficient to secure an upper-
boundary crust, and further measures to
enhance heat removal at the top are needed.

Future work will quantify the sensitivity of the
boundary heat load to turbulence-model selection and
will expand the range of containment geometry and
external cooling conditions to develop design options for
sustaining an upper-boundary crust.
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