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Abstract: This paper presents the results of an experimental study of the interaction of a candidate
sacrificial material (SM) for a light water reactor melt trap with corium at the Lava-B test-bench. The
candidate sacrificial material is a combination of aluminum oxide and a lead layer. The idea of using
such a combination of SM is based on the fact that when the lead layer interacts with corium, there
will be an increase in the intensity of heat removal from the corium, as well as the chemical interaction
between the corium and SM due to the high heat-conducting properties of lead. This approach will
improve the efficiency of corium localization in the melt trap compared to the current set of sacrificial
material. Experiments have shown active melting and boiling of lead during its interaction with corium.
This is confirmed both by the readings of thermocouples and by the X-ray diffraction phase analysis
of the deposit material formed on the walls of the melt receiver (MR) of the Lava-B bench, sampled
after the experiment. The experiment results show that the lead layer reduces the rate of increase in the
temperature of the corium and increases the rate of erosion of the ceramic part of the SM. With these
circumstances, it is possible to conclude that the use of aluminum oxide with a lead layer is promising
in practice.
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1. Introduction

Severe accidents of pressurized water reactors of nuclear power plants (NPPs) are accompanied
by melting of the core and the formation of corium-a melt of a radioactive mixture of uranium oxide,
zirconium, steel, products of the interaction of metals with an oxidizing environment, and other structural
elements. The release of corium, under certain conditions, outside the reactor facility is considered as
a possible scenario due to the large amount of stored energy and the presence of decay heat [1].

Currently, there are two options for localizing the core melt inside the containment during a severe
accident at a NPP with light water reactors under pressure: in-vessel and out-of-vessel containment of
the melt [2]. At the same time, the most acceptable method at the moment for managing the final stage
of a severe accident with a core meltdown at NPPs with high-power reactors (over 1000 MW) is the
concept of containing and cooling the corium outside the reactor vessel. This concept consists of
installing a melt localization device (melt trap) in the sub-reactor space [3].

During its development, the concept of melt traps had moved from a simple pool filled with water
to complex structures that combine many unique engineering solutions [4—8]. Currently, melt traps are
known for light water reactors: evolutionary power reactor (EPR) [9], European Union advanced boiling
water reactor (EU-ABWR) [10], economic simplified boiling water reactor (ESBWR) [11], European
Union advanced power reactor (EU-APR) [12], water—water energetic reactor (WWER) [13], etc.
One of the most technically feasible and often used melt traps is the crucible-type melt trap of the
WWER reactor.

A crucible-type melt trap is a steel housing that forms a vessel in which a bath of corium melt
coming from the core is formed. Cooling of the melt pool formed in the trap occurs by heat removal
to the cooling water through the shell of the steel housing, as well as by water supplied directly to the
surface of the melt after completion of gravitational inversion of the corium layers.

The main element of the gravitational inversion concept is sacrificial materials. The role of sacrificial
materials is to dilute the heat-generating oxide part of the corium in order to create thermodynamic
conditions for gravitational inversion of parts of the corium and reduce the high temperature [14].

Based on a set of experiments to justify the use of the first such trap at the Tianwan NPP, the use
of ceramic materials as sacrificial materials was recommended. Experiments confirmed the eutectic
nature of the phase diagrams formed by a multicomponent core melt with Al,O3; and Fe>Os. It was
shown that the mutual dissolution of the sacrificial material and the melt occurs at a rate sufficient to
implement the inversion of the oxide and metal layers in less than 1 hour. As a result, an oxide ceramic
sacrificial material was synthesized, consisting of 67 wt.% Fe,O3 and 30 wt.% Al.O3 [15].

However, in the process of further research it was found that the selected materials have
disadvantages, among which the following can be identified [16,17]:

- Heat removal from the corium by the bulk of sacrificial materials is not fully justified due to the
low thermal conductivity of sacrificial materials (A = 0.5 W/m-K);

- Release of oxygen during the decomposition of Fe2O3 will create a barrier gas-liquid layer that
prevents heat and mass transfer.

Thus, the search for new sacrificial materials for melt traps is an urgent task. As an example, it is
possible to note the latest experiments on the study of candidate oxide and concrete sacrificial
materials [18,19].

To improve the efficiency of using sacrificial materials and eliminate the above-described
disadvantages, it was decided to apply the previously conducted studies on the selection of material
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for a core catcher similar to the Tianwan NPP. Thus, in the original version, steel was considered as a
sacrificial material, but the calculations and experimental studies performed showed that if only metal
is used as a sacrificial material, then the thermal loads to the side cooling surfaces in the area where
the oxide melt bath is located may exceed permissible values due to the limited depth and high-volume
energy release densities [20]. Ultimately, experts concluded that the use of metal as SM is promising
only in combination with an oxide sacrificial material.

Previously, in [21], to eliminate the above disadvantages, the authors proposed to consider a
ceramic material made of aluminum oxide (Al,O3) with a lead layer (fluidized bed) as a sacrificial
material. Computer simulation in the Ansys program showed that, due to the heat transfer from the
corium to lead phase transitions, the growth rate of the average temperature of the corium decreases
due to decay heat. At the same time, the interaction between lead and the sacrificial material leads to
an increase in the intensity of heat exchange processes compared to the interaction between corium
and the sacrificial material. This fact can lead to accelerated destruction of the sacrificial material and
its further dissolution in the corium for the successful completion of gravitational inversion.

However, the disadvantage of the computer simulation is that it only takes into account the
thermophysical interaction between the elements of the trap. Thus, the purpose of this study, in order
to understand all aspects of such interaction, is to conduct physical simulation of the interaction
between corium and ceramic material made of aluminum oxide and a lead layer under conditions of
simulating decay heat in corium.

2. Materials and methods

Experiments on the interaction between corium and sacrificial material were conducted in the
Lava-B test-bench [22-25]. Figure 1 shows the physical form and layout of the Lava-B facility. The
experimental facility includes two main functional blocks: an electric melting furnace (EMF) for
preparing the corium and a melt receiver (MR), which houses an experimental section for modeling
the studied processes.

Before the start of the experiment to obtain corium, an electric melting furnace (EMF) crucible
with a total mass of 25.5 kg was loaded with the following composition: UO2: 16.5 kg; Zr: 7.5 kg;
ZrO2: 1.5 kg [26]. To add a steel component to the corium and eliminate the negative effect of carbon
on its composition, a steel element (brand 12X18H10T: X—chromium, H—niccolum, T—titanium)
with a developed interaction surface weighing 4.5 kg was installed in the concrete trap. Disks and
cylinders made of aluminum oxide (A120s3, purity 99 %) were installed in the internal cavity of the
concrete trap. A general view of the core catcher with the studied samples is shown in Figure 2.

AIMS Materials Science Volume 11, Issue 1, 81-93.



84

I—electric melting furnace (EMF); 2——crucible; 3—EMEF inductor; 4—melt receiver (MR);
5—MR inductor; 6—concrete trap

Figure 1. Physical form and layout of the Lava-B facility.

Pb

Figure 2. Installation of trap elements: (a) blocks and cylinders from A1,03; (b) lead liner;
(c) steel liner.

Figure 3 shows a diagram of the arrangement of thermocouples (tungsten—rhenium type with
measurement error of 0—7%) in the core catcher with the dimensions of the concrete trap, blocks and
cylinders made of A1,03, and a lead liner (dimensions in the figure are in mm.). The routing of the
compensation wires of the thermocouples of the concrete trap from the platform to the MR cover is
made inside pipes made of corrosion-resistant steel.
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Figure 3. Diagram of the arrangement of thermocouples in a concrete trap: 1: concrete
trap; 2: aluminum oxide cylinders; 3: steel liner; 4: aluminum oxide disc; 5: lead liner.

Next, the corium components were heated in an EMF crucible until a liquid state. The amount of
integrated energy supplied to the EMF crucible was 367.4 MJ after 6960 s while the melt temperature,
according to the infrared pyrometer readings, was about 2514 °C. Then, the voltage on the EMF
inductor was reduced to 0 V and the crucible plug was chipped in order to move the corium into the
core catcher.

After the melt was drained into the trap, voltage was applied to the MR inductor to simulate the
decay heat in the corium. The method for selecting the parameters of the induction system in the MR
and the results of previously conducted calibration experiments are described in detail in [27].

The interaction between corium and studied materials with the simultaneous input of extra energy
into the melt lasted for 2700 s. The experiment was stopped when most of the controlling thermocouples
failed. After turning off the power, the experimental device was cooled due to heat leakage into the MR
elements of the Lava-B bench.

3. Results and discussion

The temperature of the experimental device (ED) during the experiment is shown in Figures 4
and 5. Figure 4 evidences that after the corium is moved into the trap, its active interaction with the
sacrificial material begins, which is expressed by an increase in the temperature of the aluminum oxide
blocks. At the same time, taking into account the reading of thermocouple T4, which is commensurate
with the value of the melting point of aluminum oxide, it can be assumed that in the area where this
thermocouple is located, melting of aluminum oxide occurred in the process of interaction with corium.
Thermocouple T4 is located at the junction of areas with and without a lead layer. In the course of

AIMS Materials Science Volume 11, Issue 1, 81-93.



86

further research, the maximum erosion of aluminum oxide ceramics will occur and a sample for
materials science research will be selected from this area.
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Figure 4. Diagrams of changes in temperature values during the interaction of the melt
with Al,O3 (thermocouples in the side wall T1-T8).
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Figure 5. Diagrams of changes in the temperature values of the disks during the interaction
of the melt with Al,O3 and the lead layer (thermocouples T9-T13).
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At the same time, according to the results of the experiment, the readings of thermocouples
installed in ceramic disks, not closed (thermocouple T13, Figure 5) and closed with the lead
layer (thermocouple T11, Figure 5), differ significantly after the start of boiling and evaporation of
lead. The rate of increase in temperature of the ceramic disk under the lead layer is lower. The boiling
of the lead layer is also confirmed, as a later analysis showed, by the presence in the MR chamber and
on the surface of the core catcher of particles of material with a diameter of 1-10 mm (Figure 6) after
the experiment, visually identified as lead, presumably deposited during the condensation of metal vapors.

Figure 6. Fragments of detected material in the MR chamber and on the surface of the trap.

X-ray diffraction phase analysis was implemented to more accurately determine the composition
of the material. Analysis of the diffraction pattern showed (Figure 7) that the main component of the
phase composition is metallic lead. All the main intense peaks of the diffraction pattern correspond to
this phase.

To obtain data on the interaction between corium and ceramic material (aluminum oxide), a
diametrical section of the core catcher was made, which showed the presence of corium penetration
beyond the original boundary of the side walls of the ceramic material to various depths (penetrating
erosion). It was revealed that in the cross section of the trap, the depth of erosion of the side wall was
maximum on the side containing lead, minimal on the side without a lead layer, and there was through
erosion on the bottom disks and part of the concrete trap material in the entire section. For subsequent
microstructural studies, it was necessary to obtain templates containing the pattern observed in the
cross section. In this regard, it is supposed to make an additional diametrical cut in half of the trap and
subsequent cutting of the plates.

From the quarters of the trap obtained after the additional cut, templates in the form of plane-parallel
plates were cut along the entire height of the trap. Cutting a plate about 30 mm thick from a quarter of
a trap containing lead was not successful, since during the cutting process the plate broke up into many
fragments. From the part of the trap that did not contain lead, a more massive sample with a thickness
of about 50 mm was cut out, located at the junction of both zones (without a layer of lead and with
lead). By increasing the thickness of the template, it was possible to maintain its overall integrity. The
cut plate contains a representative cross-sectional area of the trap with maximum sidewall erosion and
metal accumulation detected (Figure 8).

AIMS Materials Science Volume 11, Issue 1, 81-93.
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Figure 7. The result of X-ray diffraction phase analysis of detected material in the MR
chamber and on the surface of the trap.

As can be seen, on the cut-out plate there are areas of through erosion of the internal insert, local
penetration of the melt into the gap between the internal and external liners, and partial local erosion
of the material of the external ceramic liner.

The choice of area for studying changes in structure was determined by searching for a fragment
containing all the characteristic signs of erosion of ceramic material, i.e., the presence of an area of
erosion, the presence of changes in structure, and cracks in ceramic liners. For further materials science
research, the workpiece was cut into three plates about 15 mm thick. The plate cutting diagram and
sample markings are shown in Figure 9.

AIMS Materials Science Volume 11, Issue 1, 81-93.
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(a) (b)

Figure 8. Location (a) and appearance (b) of the surfaces of the sample cut from the trap.

Figure 9. Scheme of cutting a plate for materials science research.

AIMS Materials Science Volume 11, Issue 1, 81-93.
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For materials science research, a thin section was made, including the area of maximum erosion
of the ceramic material (Figure 10). The prepared section contains a close-to-diametrical cut of
materials in the area of contact between the corium and the ceramic material.

Along with the obvious erosion boundary characterized by a sharp transition from the structure
of the corium melt to the structure of the ceramic material, the area of influence of the melt on the
ceramic material is also the area of visible preserved structure of the aluminum oxide material at
different distances from the boundary with the melt. Indicators property degradation (mediated,
secondary and indirect erosion) are signs of changes in the structure of a ceramic material, determined
by optical macroanalysis, microstructural studies, and studies of strength properties.
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Figure 10. Appearance of a sample for materials science research. a: 1—external liner of
ceramic material; 2—epoxy; 3—corium with dark structure; 4—inner liner of ceramic
material; 5—microcracks in the structure of ceramic material, 6—macrocrack in the
structure of ceramic material; 7—microcracks in the structure of corium; 8—the area of
darkening of the structure of the ceramic material; 9—microcrack in the structure of
corium; 10—corium with dense dark structure; 11—corium with porous colored structure;
b: 1—macrocrack in the structure of ceramic material; 2—inner liner of ceramic material;
3—the area of darkening of the structure of the ceramic material; 4—corium with dark
structure.
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The prepared section (see Figure 10a) contains an area of erosion of the ceramic material, areas
of darkening of the structure (8), microcracks (5), macrocracks (6), and areas of corium penetration
into the gap between the liners and into the macrocrack (3) in the ceramic material formed during the
experiment. The structure of the corium and ceramic material also contains macrocracks (9), which
were formed either during the processes of dismantling the trap and cutting out the workpieces or
during the cooling of the assembly in the post-experimental period, at least after the melt solidified. A
layer of solidified corium melt with a thickness of about 1 cm near the contact boundary with the
ceramic material has a dense homogeneous structure (10), different from the structure of corium in the
rest of the section (11), which is characterized by porosity and the presence of round metal inclusions.

4, Conclusions

In this study, we conducted an experiment to study the interaction of a candidate SM with corium
under conditions as close as possible to the real processes of a severe light water reactor accident, i.e.,
using an aluminum oxide SM with a lead layer in the melt trap.

The experiment showed that during the interaction between corium with SM, melting and subsequent
boiling of the lead component took place. These processes are confirmed by thermocouple readings
and the presence of lead in the MR chamber and on the surface of the trap. In this case, when the
boiling point of lead is reached, the rate of increase in the temperature of the ceramic material slows
down over a certain time interval. This is most likely caused by phase transitions in the lead layer.

It was also found that the presence of lead increases the intensity of erosion of the oxide
component of SM. Thus, the depth of side wall erosion turned out to be maximum on the side
containing lead and minimal on the side without lead.

As a result of the destruction of the oxide part structure of the SM, its active introduction into the
composition of the corium occurred. It was noticed that the layer of solidified corium melt near the
contact boundary with the ceramic material had a dense homogeneous structure, different from the
structure of the corium in the rest of the section, which was characterized by porosity and presence of
round metal inclusions.

Thus, the experiment showed the perspective of the proposed combination of sacrificial materials
for the melt trap. During future materials research, the processes of interaction between corium and
the proposed SM will be studied in detail and conclusions will be drawn about the possibility of its use
in melt traps of a light water reactor.
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