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This study described the natural circulation and heat transfer of a molten poolin
a specifically designed core catcher conceived for a pressurized water reactor.
In addition to external cooling, the core catcher features internal cooling tubes
embedded in the molten pool. To investigate the coolability in such a
configuration, first, a full-scale core catcher simulation is conducted to give
a preliminary study under a real SA situation. Results illustrated that cooling
efficiency can be remarkably enhanced due to the inner tubes. Then a test
facility of the 2D slice with the geometrical scaled factor of 1:4 has been
developed, and molten salt (NaNOz—-KNO3) experiments will be implemented in
the near future. This study also performed a pre-test simulation using molten
NaNOz—-KNOs as a stimulant to study the heat transfer and flow characteristics
of the salt pool. The melt convection in the test section was represented by a
two-dimensional mesh with a WMLES turbulence model using the FLUENT
code. The simulation captured the heat transfer enhancement by the cooling
tubes as expected, and the results would help decide the proper test matrix and
improvement of instrumentation required to obtain the necessary data for code
validation.
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Introduction

During the course of a severe accident in NPPs, the reactor core may be melted down
by the decay heat and transferred to the lower head of the reactor pressure vessel (RPV).
The RPV may be melted through and relocated to the reactor cavity, resulting in basement
melt penetration without countermeasures to mitigate the progress. Therefore, arresting
the melted core in a controlled way in RPV or in the containment is of great importance,
which leads to the in-vessel melt retention (IVR) or ex-vessel melt retention (EVR)
strategy, respectively.

For high-power reactors like VVER-1000/1,200 and EPR, the EVR strategy is
preferred to terminate the accident and mitigate the consequences in case of
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FIGURE 1
Sketch of the conceptual ex-vessel coolability enhancement.

containment melting through (Ha et al., 2011) despite the IVR
being simpler and costless. The VVER-1000/1,200 reactors
(Asmolov, 2005) are equipped with core catchers installed
under the RPV, while the EPR (Fischer, 2004) reactors are
using the large spreading room for enhancement of ex-vessel
cooling of the corium. For these two typical types of advanced
reactors with an ex-vessel melt retention strategy, the key issue is
ensuring that the corium flows into the designated area and cools
down as expected. For these purposes, various measures such as
the addition of sacrificial material (Khabensky et al., 2009) and
multiple cooling methods have been adopted to deal with corium
conditioning and to enhance heat transfer between the corium
and coolant (Fischer et al., 2005)

To analyze the safety margin of in-vessel retention for
AP1000, Zhang et al. (2010) developed a point estimate
procedure IVRASA (IVR analysis code in a severe accident)
for modeling the two-layer configuration and postulated three-
layer steady-state core melt configurations. Their results
indicated that for the two-layer configuration, the overall heat
flux remains below the critical heat flux (CHF), while for the
postulated three-layer configuration, due to the portioning of

TABLE 1 Geometry of the full size device and 1:4 scaled model.

Parameters

Inner crucible diameter/mm

Inclination angle of the inner crucible/®

Total height of the inner crucible straight section/mm
Inner crucible melt height/mm

Number of cooling heat transfer tubes/piece

Outer diameter of the cooling heat transfer tube/mm
Wall thickness of the cooling heat transfer tube/mm
Space between the cooling heat transfer tubes/mm
Slice thickness of the experiment section/mm

Total volume of the slice experiment section/L

melt volume of the slice experiment section/L
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partial metal into the bottom layer, the heat flux in the light metal
layer could surpass CHF. COPRA (Zhang et al., 2016a; Zhang
etal, 2016b) (Corium Pool Research Apparatus) experiments on
the in-vessel melt pool behavior had been extensively conducted
in Xi’an Jiaotong University with a 2D 1/4 circular slice of full-
scale (1:1) lower plenum of RPV for the Chinese large-scale
advanced PWR, where simulant material NaNO;-KNO; were
chosen as working fluid with eutectic (50 mol% NaNO;-50 mol
% KNOj3) and non-eutectic (20 mol% NaNO3-80 mol% KNO;)
composition. Experimental results showed that the downward
heat transfer toward the vessel wall of the COPRA test was lower
than that from other previous experiments and correlations with
the relevant range of Rayleigh numbers (10" ~ 10"). With the
COPRA experimental results, Luo et al. (2018) and Luo et al.
(2019) numerically investigated the behavior of internally heated
melt pool with eutectic salt, using the algebraic Wall Modeled
LES (WMLES) model for the turbulence modeling, and found
power changing will not affect the sideward heat flux
significantly, while it had intensive impacts on the crust
growth on the curved sidewall with a polar angle below 30°.
Ge et al. (2019) numerically studied the effects of stratified
interface instability on the thermal focusing effect in a two-
layer corium pool, and relevant results can provide a reference for
reactor IVR safety analysis and optimization design.

Motivated by the improvement of the cooling limit, the
present study introduces a conceptual Ex-Vessel Retention
design with a set of perforated tubes penetrating through a
crucible which is filled with sacrificial materials under the
RPV (see Figure 1). The whole device is kept dry during
normal operation, while in case of severe accidents, water will
be injected into the pit through the bottom of the basement until
almost near the top of those tubes. Once the corium is pouring
out from the RPV, the melt flow will be restricted to the center of
the device by a refractory guide plate so that those tubes located
along the outer circle wound not be damaged. When almost all
the core melt is captured and its mixing with the sacrificial
material comes to the state of layer reversion, the cooling water

Full size 1:4 scaled model
4210 1,052.5
12 12
3,500 875
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B Grid from the front view

Grid from the top view

FIGURE 2
Schematic diagram of the 2D half-round slice. (A) Grid from
the front view. (B) Grid from the top view.
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FIGURE 3

Typical decay heat of the reactor after severe accident.

will be injected again until the whole pit is flooded and all the
melt is surrounded by water. The internal flow of the coolant will
be driven by natural circulation as well as the molten pool itself.
The decay heat will finally be released by water evaporation and
the mixture of the melt and sacrificial material will finally be
solidified in the device. In order to analyze the efficacy in
coolability enhancement of this design, a full-scale simulation
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FIGURE 4
Central temperature vs. pool height at 10000s.

with code FLUENT is conducted to give a preliminary study in
the real situation. Actually, a slice test facility with a geometrical
scaled factor of 1:4 is proposed meanwhile, and a pre-test
simulation is carried out using non-eutectic molten salt which
is 20-80% mixture of NaNOj; and KNO; based on the test facility
in the near future.

Modeling
Model and grid

Similar to the in-vessel molten pool, computation analysis is
a complementary way to investigate the mechanism of heat
transfer and pool behavior for the conceptual ex-vessel
retention design. As to a similar problem, lots of simulation
methods or models done by previous researchers could be
referred to. The ECM and PECM methods performed by C.T.
Tran (Tran and Dinh, 2009) were applied to predict thermal
loads imposed on the vessel wall and control rod guide tubes
(CRGTs) during core debris heatup and melting in a boiling
water reactor (BWR) lower plenum. Buck et al. (2010) used
ASTEC and ATHLET-CD as well as CFD code CONV in
developing the post-test calculations compared with the
FSt4 LIVE test. In addition, Zhang et al. (2013) developed a
two-dimensional numerical model with the SIMPLE algorithm
in investigating the LIVE-L4 molten pool heat transfer
characteristics too. Andrej Horvat (Horvat and Mavko, 2004)
performed a numerical analysis of natural convection with the
SST model of CFX 5.7 fluid dynamic software according to Asfia
experiments. In addition, the fixed interface model has been
successfully employed to describe the heat transfer in the system
of the immiscible fluids numerically compared to data measured
in the SIMECO experiments (Gubaidullin and Sehgal, 2004).
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TABLE 2 Physical properties for real melt and non-eutectic mixture of NaNO;—KNO3 (20-80%).

Physical properties [unit]

Density [kg/m’] (Boussinesq) 7,200
Heat capacity [J/(kg-K)] 525
Conductivity [W/(m-K)] 4
Viscosity [kg/(m-s)] 0.005
Volume expansion coefficient [K™'] 1E-4
Latent heat of melting [J/kg] 332,420
Solidus temperature [K] 1800
Liquidus temperature [K] 2,400
TABLE 3 Physical properties for stainless steel.

Physical properties [unit] Value
Density [kg/m’] 7,850
Heat capacity [J/(kg-K)] 490
Conductivity [W/(m-K)] 15.4

Zhang et al. (2018) and Zhang et al. (1000) launched a numerical
simulation by Fluent 17.1 based on the wall-modeled large eddy
simulation (WMLES) method and the VOF model, as well as the
phase change model, to obtain the corium pool heat transfer
characteristic which agreed well with COPRA experimental data.

The numerical work in this study is a 2D half-round slice
compared to the whole lower head which includes a molten pool,
crucible, and cooling tubes, as shown in Figure 2. The red part is
the molten pool (mixture of core melt and sacrificial material),
the green part is the crucible, and the blue part is the cooling
The prototype
corresponding to the full size listed in Table 1. The decay heat
under the real situation is input as P =7.92- (t+ 10800)7%%8
[MW/m’] considering that the reactor should be shut down after
3h during the severe accident (see Figure 3). Here P is a

conservative value computed from P = %, where Qq is the

v
decay heat expression for melt pool Qg = 0.125f4Pyt %%

tubes. case calculation was launched

(Gaus-Liu and Miassoedov, 2013), fgq is the auxiliary value
considering heat carried by a fusion product (1 as
conservative consideration), P, is the initial power of
HPR1000 (about 3050 MW), and V is the total volume of the
mixture of core melt and sacrificial material (about 50 m?) in the
conceptually designed core catcher. In order to have a 0.5 MW/
m? volumetric heat generation identical to the prototype case

aforementioned, the volumetrical heat generation in the salt melt
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Heat flux vs. the height of the inner tube at the beginning.
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Maximum temperature along the tubes vs. time.

test is given as 50 kW/m® to induce strong natural turbulent
convection in the melt pool, considering about 20% of heat loss.
In addition, the salt mixture would probably decompose above
653K, so the heat release is limited.

The wall-modeled large eddy simulation is selected as the
turbulence model so as to the solidification-melting phase
transition model. Large temperature gradients are likely to
occur near the wall of the cooling tubes and the wall of the
crucible, so the grid needs to be heavily refined. Among them, a
double O-block division is adopted near the cooling tube to
achieve mesh densification and quality improvement. Tran et al.
(2010) recommended that the boundary layer mesh size should
satisfy Ax < H/1,500 in calculating the molten pool whose Ra’
(Ra' = W;‘f—f) is between 10"*~10"° (same level with the designed
test in this study), where g is the volumetric heat rate and H is
the molten pool height. H in the simulation model is set as
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520 mm, so the boundary grid size should be less than 0.35 mm,
and the actual size is taken as 0.3 mm in this study for the salt test
simulation. To evaluate the rationality of mesh size for LES, the
integral length scale (Addad et al., 2008) can be defined as

), (5
° € RANS C:“w RANS

where k is the turbulent kinetic energy, ¢ is the turbulent
dissipation rate, and w is the turbulence specific dissipation rate.
Tests based on the 1,043,120 cells’ mesh shows the LRV in most
region of the molten pool is above 10. So the mesh size used in the
study is enough in our point of view. Time steps are adopted
between 0.01 and 0.5s, while the cell convective Courant number
during LES calculation is always below 1. The central vertical
temperature profile at 10000s for the prototype melt case is
derived from simulation (see Figure 4). The figure shows that a
grid with 1,043,120 cells is enough to get relatively acceptable
results of heat transfer and natural convection in the molten pool.
For the prototype melt case, transient results are acquired
because how long will the melt be cooled down is much more
cared about and a smaller time step is set at the first beginning
thinking of quick decline of decay heat. However, the salt melt
test simulation is almost a steady-state problem according to the
test condition in future, specifically for the steady volumetrical
heat generation and isothermal outer cooling through the
boundaries.

Physical properties

The physical properties of the prototype melt and non-
eutectic mixture of NaNO3;-KNO; (20-80%) are shown in
Table 2. Among them, the physical properties of prototype
melt are set as constant, while heat capacity, conductivity, and
viscosity data for NaNO;-KNOj are changing with temperature.
The Boussinesq approximation is assigned to the density for both
to produce the volume force. In addition, stainless steel is used as
the vessel wall both in prototype condition and simulant
experiment. Its physical properties are listed in Table 3.

Boundary condition

For the prototype melt case, the outer wall of the molten pool on
the side of the cooling water and the inner wall of the cooling tube
are both set to a constant temperature 100°C. The top boundary of
the molten pool is also set as 100°C, considering that the water
around is saturated and it is conservative in coolability evaluation.
The front and back walls are set as adiabatic boundaries.

For the experiment of NaNO3;-KNOs, since the water is
injected from the bottom then into the tubes, the outer wall of the
molten pool on the side and the inner wall of the cooling tubes are

frontiersin.org
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Temperature evolution at 0.2 m beneath the melt surface.
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both set to 25°C, thinking that the cooling water in the experiment is
under room temperature. The top of the molten pool is set as
convection boundary and the convection coefficient for
NaNO;-KNOj is set as 11.2 W/(m*K). The front and back walls
are set as adiabatic boundaries too. The inner wall of the molten pool
and the outer wall of the cooling tube above the liquid level are set as
the radiation boundary, and the outside zone temperature is set to
25°C with the surface emissivity 0.6. In addition, boundary
temperature of top and bottom sections of the cooling tube as
well as the top of the side wall of the molten pool is also 25°C.
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Verification of the model

The model was verified according to the experimental results
of COPRA (Ge et al, 2019). The temperature profile vs. pool
height (Figure 5) and heat flux distribution along with the polar
angle had a good agreement according to the case of
NaNO;-KNOj; (20-80%) molten salt experiment data. So it
was indicated that the WMLES method is capable of
illustrating the heat transfer and flow feature in a high-
Rayleigh-number molten pool.
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FIGURE 11
Temperature distribution of molten pool (NaNOz—-KNO3).

Results and discussion
Coolability evaluation in the real situation

The most important question for this ex-vessel conceptual
design is whether those cooling tubes would survive and keep

Frontiers in Energy Research

several weeks

several months

time (s)

functional. So the thermal load along the tubes is calculated in
the prototype model as revealed by Figure 6. The heat flux is as high
as 2.5 MW/m” at the first 100s and would quickly drop to 1 MW/m*
during a few thousand seconds. With almost 72 tubes in the pool, the
cooling surface is enlarged, which will greatly enhance the coolability
of the device. The largest heat flux is located in 0.2 m beneath the
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FIGURE 12
Temperature profile in the center of the molten pool
(NaNO3—-KNO3).
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Distribution of liquid phase fraction in molten pool (NaNOz—-KNOs3).
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FIGURE 14

Distribution of liquid phase fraction in the center of the

molten pool (NaNO3z—-KNO3).

melt surface. Maybe this is a dangerous situation for the tubes to be
destroyed because CHF of the vertical stainless steel tube could be
exceeded. According to the maximum temperature along the tubes
(Figure 7), mostly the tubes would bear as high as 2000°C in the first
1000s including the left and right walls. But in fact, the refractory
crust solidified by the coolant water may work as the proof from heat
around the tubes; its conductivity is quite lower. So those tubes could
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still possibly survive in the authors’ opinion. But this needs to be
proved by experiment or more detailed modeling. As revealed in
Figure 6, the heat flux in the lower part of the tube is much smaller
than that in the top part near the melt surface, thanks to the weak
convection and lower heat transfer along the inclined bottom part.

The initial temperature for the prototype melt case is assumed as
2800 K in the calculation. It is conservative because the reaction
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FIGURE 15
Velocity contour diagram of molten pool (NaNO3z—-KNO3).
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FIGURE 16
Heat flux distribution on the side wall of the molten pool
(NaNO3—KNO3).

between the core melt and sacrificial material is endothermic.
Figure 8 indicates that the largest temperature along 1.8 m pool
level will decline from 2800 to 2400 K during the first 3000s. The
temperature near those tubes would dramatically drop to a very low
value within the space between the tubes. Specific heat and latent heat
of the melt must be the main heat source at the first thousands of
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FIGURE 17
Heat flux distribution along the cooling tubes
(NaNO5-KNO3).

seconds, while during long time cooling, decay heat may act as the
important role.

From the results of the simulation, it will take several months
(no more than 10) for almost all the melt cooling down to
temperature of 1800K, as shown by Figures 9, 10. Melt near the
tubes, inclined bottom, and the top surface which directly
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TABLE 4 Statistics of total heat flow in the molten pool.

Input power Top flow
[W] [W]
Without tubes 4,400 1,094
With tubes 4,400 357

contacts with water will quickly be solidified, while the center of
the pool is still a mushy zone after several months.

Molten salt test simulation

The initial temperature for the molten salt of the test simulation
is assumed as 298.15 K and a steady state solver is launched. Results
show the temperature profile at the bottom of the molten pool rises
more rapidly as the height increases no more than 0.1 m (see Figures
11, 12) in the center of the molten pool. Then temperature seems
steady as high as 280°C afterward. The upper center part of the
molten pool is the hottest with or without tubes. But the temperature
difference between the two is insignificant. Due to the heat loss by
convection on the top, temperature near the pool surface decreases
within a thin layer. The brim of the pool, mainly near the lower part
of the tubes, is easily and quickly cooled down.

Similar to Figures 11, 12, temperature near the bottom of the
molten pool, the side walls, and the cooling tube is lower than the
solidus temperature, so it seems to be encrusted (see Figures 13,
14). Only a small area near the upper part of the cooling tube is
still liquid. The distribution of the liquid phase in the main body
of the molten pool is consistent with the temperature
distribution. As the height increases, the liquid phase fraction
rises more rapidly, and as the height rises further, the rising rate
slows down. The liquid phase fraction profile in the center with
tubes shows great reduction compared to case without tubes.

The fluid is likely to move obviously between the upper
part of the cooling tubes, and velocity may reach
0.0055-0.0072 m/s (see Figure 15). The convection under
the melt surface is also relatively tense. In the case with
tubes, the vector and flow stream lines inside the molten
pool are more regular. It can be seen that the strong heat
exchange of the cooling tubes also strengthens the regularity of
the flow inside the molten pool.

As shown in Figure 16, since the bottom molten pool might be
crusted, heat flux gradually increases with the pool height on the side
wall of the molten pool. There may be great growth at the height
0.4-0.6 m until the peak value is reached near the molten pool
surface. The maximum heat flux is 16.14 kW/m?” in the case with
tubes, about one half of the one without tubes. Due to the effect of
convection at the melt surface, the heat flux drops rapidly to some
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Side wall Bottom flow Tube flow
flow

[W] [W] [W]

2,192 458 0

588 337 2,474

extent. The average heat flux on the side wall is 3.74 kW/m>
Moreover, the ratio of heat flux peak to the average value is 4.32.
As revealed by Figure 17,

1) For the inner walls of cooling tubes 3 and 4, the heat flux is
basically larger than that of others when the height of the
molten pool is less than 0.45 m, probably because they are
very close to the center of the hot pool. Above 0.5 m, thermal
load seems the same for all the tubes since there are almost no
differences for the melt around. The peak appears below the
molten pool surface, which is about 44.75-47.48 kW/m”.

2) The addition of the cooling tubes can reduce the peak and
average heat flux of the side wall to 45.1 and 23.1%,
respectively, which is a great enhancement of coolability.

The total heat flow statistics are shown in Table 4. It can be seen
that without tubes, the heat flow on the side wall of the molten pool
is much greater than that on the bottom wall, and the former is
about 4.79 times that of the latter. After adding the cooling tubes, the
heat flow exported from the cooling tube is much larger than that
imposed on the side wall and bottom wall, and the ratio of the three
is about 7.34:1.74:1. Therefore, the cooling tubes can transmit most
of the heat out of the molten pool, which will greatly reduce thermal
loads of the catcher brim, thereby reducing the risk of integrality
breach by real high-temperature core melt.

Conclusion

According to the prototype melt numerical results, it seems that
1) cooling efficiency can be remarkably enhanced due to the inner
tubes. The maximum temperature of the molten pool drops rapidly
during the first several days and the cooling rate is relatively smooth
until the melt basically solidifies after several months; 2) thermal
loads of the tubes reach a peak of 2.5 MW-m™ during the first
hundred seconds, and the most dangerous part is located on the top
of the molten pool.

As to the 1:4 scaled pre-test simulation with molten salt
(NaNO3-KNOs3) as simulant of the corium, it can be concluded
thatl) the adaption of the cooling tubes can greatly reduce the
peak and average heat flux of the side wall, which seems a great
enhancement of coolability under the steady state and a good protector
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for the catcher side walls; 2) with the incensement of pool height, the
heat flux gradually increases until reaches the peak value near the
molten pool surface, which is the same as the prototype melt case.

In the future, a 1:4 scaled heat transfer experiment of the
molten pool will be conducted. Apart from the declining and
vertical walls, thermal loads on inner tubes can also be
investigated; till then scaled analysis work and test results
shall be compared with the numerical calculations.
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