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Abstract: This paper presents the results of computational and physical studies on the production of
corium and its retention in an MR’s melt trap of the Lava-B facility. A feature of the Lava-B facility
used in the IAE NNC RK to study the processes occurring during a severe accident at a nuclear
reactor, is the separation of the stages of the reactor core corium formation and its interaction with
structural materials. The melting of materials takes place in an induction furnace with a hot crucible,
after which it moves to a melt receiver (MR) in which the test object is located. In the case of studies
of processes occurring outside the reactor vessel, this is a special trap, which is placed in the inductor
to simulate decay heat. However, based on the conservative computational estimates, it was found
that the inductor power in the MR can be sufficient to directly produce, melt, and, subsequently,
maintain the corium in the liquid phase. In this regard, in order to optimize the experiments under
controlled conditions, the authors came up with the idea to experimentally test the possibility of
producing corium by induction heating directly in the MR’s melt trap. In addition, according to the
authors, this method would obviate the problem of corium contact with the carbon environment of
the melting furnace of the Lava-B facility. Previously, burden heating simulating corium was modeled
on the computer using available parameters of the MR’s induction heater. Based on the numerical
experiment, the conditions for physical modeling of the corium production in the MR’s melt trap
were established. An analysis of the physical modeling showed that during the burden heating in
the melt trap, its metal components became liquid, thus, forming a melt pool. However, in terms
of this design of the trap, there were problems associated with the complete melting of all corium
components, as well as with the integrity of the experimental device when forming the corium pool
and during the actual physical modeling.
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1. Introduction

As it is known, beyond design basis severe accidents of water-cooled and water-
moderated reactors of nuclear power plants are followed up by the core melting with
corium formation, which is a melt of a radioactive mixture of uranium oxide, zirconium,
steel, products of interaction between metals and oxidizing medium and other structural
elements. The escape of corium outside the reactor facility under certain conditions is a real
scenario due to the large amount of accumulated energy and the presence of decay heat [1].

Obviously, in order to prevent such situation during a severe accident at an NPP,
experiments should be conducted to study the interaction between corium and structural
components of the reactor facility to improve understanding of running processes. For
instance, such experiments are required in studies of in-vessel and out-of-vessel melt
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retention, which have been conducted and are underway as part of the design and im-
plementation of systems to control severe accidents through cooling down, controlled
movement and retention of corium both inside the pressure vessel and outside of it [2].

In such experiments on the physical modeling of processes occurring during severe
accidents, a corium simulator is used, the so-called “prototype corium”, a substitute with
properties similar to real corium in most parameters, but the dose load on personnel is
almost excluded (hereinafter in the paper, corium means “prototype corium”). Therefore, a key
difference between the prototype corium and the real one is that the prototype is not a
source of heat, i.e., there is no self-sustaining radioactive decay in the prototype corium [3].

In this regard, not only should the correspondence of the composition of the corium
prototype to the real one be taken into account to ensure the modeling conditions are
as close as possible to the full-scale ones, but, also, the energy release in the melt at a
given level [4]. The Lava-B experimental facility, available in the NNC RK [5,6], allows the
conducting studies of the end-stage of a severe accident with core melting.

Figure 1 shows the physical form and layout of the Lava-B facility. The corium
produced in an electric melting furnace (EMF) is drained into a melt trap located in the MR
for further studying of its interaction with various structural materials. The trap is inserted
in an inductor, which is used to simulate the decay heat in the corium in standard order.

Figure 1. Physical form and layout of the Lava-B facility. 1: EMF (electric melting furnace), 2: crucible,
3: EMF inductor, 4: MR (melt receiver), 5: MR inductor, 6: concrete trap.

A structural feature of the Lava-B facility is that inductors of the EMF and MR are
driven with a single variable frequency drive VFD 500-2.4-10000 with a capacity of 500 kW.
According to our reckoning, the power of the MR’s induction heater can be sufficient not
only to simulate the heat decay, but, also, to directly produce corium in the volume of the
melt trap.

A mechanism for destroying the crucible plug was mounted in the bottom of the EMF
(Figure 2). Operating principle of destruction devices is pneumomechanical. A striker (3)
driven by the gas flow, moves a firing pin (1), which strikes the graphite plug, destroying it.
The firing pin is returned to its original state by a spring which, as the striker moves in the
direction of the plug, is compressed and, after impact on the plug, is released, pushing the
striker backwards.
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Figure 2. Structural layout of the plug destruction device. 1: firing pin; 2: guide cylinder; 3: striker;
4: vessel; 5: gas supply fitting to the cavity B; 6: valve; 7: elastic diaphragm; 8: vessel’s lid; 9: gas
supply fitting to the cavity A.

In some experiments, cases of incomplete melt draining into the experimental section
had taken place, which violated the experiment conditions. There were moments when
the plug did not chip even after several attempts. In such cases, it was decided to stop the
experiment, and preparation of the facility for a second experiment began. All of these
factors lead to the loss of both time and finances, since some parts of the EMF can be used
only once in the experiment (for example, a graphite crucible).

Producing of the corium in a melt trap enables melting under controlled conditions,
eliminating the need to prepare and drain the corium into a melt trap from EMP, which, as
a rule, is associated with a number of technical complexities.

Previously, in [7,8], future large-scale experiments at the Lava-B facility were described.
To test the applicability of the proposed approach in the planned experimental studies, we
conducted an experiment at the Lava-B facility.

Thus, the purpose of the experiment is to experimentally confirm the possibility of
producing corium by induction heating directly in the MR’s melt trap.

2. Research Method

To assess the thermal state of the experimental device and determine the conditions
for the experiment, a computer simulation of induction heating of the loaded burden at
a stationary level of the inductor power was performed. The purpose of the simulation
was to confirm the feasibility of testing with the considered device design and the volume
of burden’s materials. A value equal to 2500 K was taken as the achieved temperature of
the corium, based on previous experiments in the Lava-B facility with a similar burden
composition [9,10].

Computational studies were conducted using the ANSYS software package, based
on the finite element method [11]. Based on the design of the MR’s melt trap, a two-
dimensional axisymmetric model was developed, which allows calculating the thermophys-
ical parameters at control points. Figure 3 shows a diagram of such an experimental device.

The melt trap is a cylindrical concrete structure inserted in the MR'’s inductor. A
composition of materials for producing the corium with a total weight of 30.0 kg was
loaded into the concrete trap.

The number of materials loaded into the trap:

- Uranium dioxide (UOy), kg ... ... ... ... oo oo i 165
- Zirconium (Zr), kg ... ... oo 15
- Zirconium dioxide (ZrOp), kg ... ... ... ... ..o o oo L5
- Steel (SS), kg ... o e L 45

The initial data of induction heating for simulation were selected based on the averaged
parameters of previously performed experiments [12,13]. By taking into account the
technical capabilities of the Lava-B facility:

- The active power of the inductor was 120 kW;
- The inductor electrical efficiency was 45%;
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- The inductor power factor was 0.9 considering the compensation.
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Figure 3. Diagram of the experimental device. 1: concrete trap; 2: chamotte side blocks; 3: zirco-
nium rod; 4: steel rod; 5: Zr + SS + ZrO, mixture; 6: chamotte bottom blocks; 7: thermocouples;
8: UO; pellets.

Therefore, the heat release in the melt was set depending on the characteristics of
induction heating—the surface effect of penetration into the depths of materials of the
conductive medium during induction heating, or the skin effect (in this calculation, 70%
of the total heat release occurred on the surface layer). At the same time, the depth of this
surface is determined by the theory of induction installations [14].

The prototype of the corium is a burden consisting of several components. Consid-
ering the complexity of induction heating, it is impossible to fully take into account its
effect on each of the burden components when computer modeling. Hence, a significant
simplification is made. The trap load or the future corium is presented as a single-structured
material. Some properties of the corium were used in computer modeling based on their
sources [15,16]. It should be noted that its value was assumed to be a constant in the
calculations due to the lack of information on the dependence of the corium thermal con-
ductivity on temperature. In this case, the value of the thermal conductivity coefficient was
set similarly to the earlier calculations of corium heating within the framework of the ISTC
Project No. K-1265 using the INVECOR program [17,18].

The described method of decay heat simulation in the corium prototype was validated
earlier and, therefore, it can be applied for a non-stationary calculation of temperature
changes in the trap components [19,20].

The thermophysical properties of the trap components were used according to the
literature source [21].

When simulating, the following control points were selected: c.p.1, c.p.2, c.p.3. Their
layout corresponds to the layout of the thermocouples 1-04, 1-07, and 1-08 in the melt trap,
(Figure 3) based on the symmetry condition.

Based on the presented results of the computer simulation, the conditions for conduct-
ing physical modeling of corium production in the MR’s melt trap were determined.

In order to provide conditions for a controlled environment during the experiment, the
measured temperature and power of the induction heater were chosen as the main control
parameters. The components were heated by raising the voltage on the MR’s inductor
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to 900 V (rate: 100 V/min, N ~ 120 kW), while the integral amount of energy supplied
to the burden in the concrete trap, the average value of the maximum power supplied
by the constant speed drive (CSD), and the values of the melt temperature during the
experiment should correlate with the results of the computer simulation. To control the
temperature in a concrete trap, tungsten—-rhenium thermocouples of 5/20 graduation are
used as measuring instruments (Figure 3).

3. Research Results and Discussion

When conducting the computer simulation of the induction heating of the burden at
the set power level of the inductor, the temperature at the control points reached 2500 K
in ~75 min after the start of heating. Therefore, the average temperature of the resulting
corium was ~2350 K. Figure 3 shows the results of computer simulation.

Figure 4a shows a diagram of change in the average temperature of the corium over
time at the set power of the inductor. As the diagram shows, approximately 20 min after
the start of heating, the increase in the average temperature stopped (the diagram becomes
flat). This process took about 5 min and indicated a phase transition of one of the corium
components. Indeed, by paying attention to the temperature at which the phase transition
occurred, it became evident that this was steel. The melting temperature of the steel
12C18N10T used in the experiment was ~1703 K.
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Figure 4. Computer simulation results. (a) Change in the values of the corium average temperature;
(b) Temperature field of the model.

A similar situation was observed approximately 35 min after the start of heating. As
in the first case, the melting of the corium component began at this point in time, and, in
this case, it was metallic zirconium. The melting processes in the trap should complete
approximately 60 min after the start of heating. The temperature at one of the control points
should reach 2500 K at approximately 75 min.

Figure 4b shows the temperature field of the calculation model at the time of 75 min.
The average temperature of the corium was 2350 K with a maximum temperature of 2559 K.

Analysis of the temperature field showed that the temperature of the outer surface of
the concrete section reached temperatures above 700 K. A high level of temperature gradient
between the corium and the outer wall of the concrete section can lead to the destruction of
the experimental device due to thermal stresses. As illustrated below, this assumption was
confirmed by a visual analysis of the concrete section state after the experiment.

Thus, the calculation showed that the temperature of the corium at the selected control
points reached 2500 K 75 min after the start of heating with the given parameters of the
MR’s induction heater of the Lava-B facility. The total integral amount of heat supplied to
the corium is ~540 M]J.
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After the computer simulation, an experiment was conducted to produce a prototype
of corium in the MR’s melt trap. Table 1 provides the main data obtained based on
the experiment.

Table 1. Experiment parameters.

No. Parameter Value
1 Test duration, min 120
2 Active heating phase, min 80

2 Inductor average power, kW 120
3 Integral amount of heat supplied to the corium, MJ 529.74
4 Maximum temperature, K 2305

Therefore, the main parameters of the physical experiment correlated with the results
of the computer simulation. Figure 5 shows the diagram of the burden temperature in the
trap. According to expectations, due to the features of induction heating, in particular the
skin effect [15], more intense heating occurred at the side walls of the refractory blocks, as
shown by thermocouples 1-04 and 1-05. Thermocouple 1-08 failed.
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Figure 5. Change in the burden temperature during the experiment.

As the presented diagram shows, at 50 min there were sharp changes in the thermo-
couple readings near the side walls of the refractory blocks. Thus, it is possible to make
an assumption about the beginning of the melting process and the intense interaction of
the burden components (probably, the melting of steel and zirconium). Thus, it could be
concluded that the metal components became liquid and formed a corium pool in the melt
trap within an hour after starting the experiment.

Visual confirmation of the melting of the corium components were the smudges of
the solidified melt revealed after the opening of the MR, which escaped through one of the
horizontal cracks in the lower third of the concrete trap (Figure 6).

At the same time, as it was supposed in the course of computer simulation, the
inductive heating of the corium led to the formation of overheated regions and thermal
stress centers in the concrete wall of the trap. Due to the thermal stresses that occurred in
the wall of the concrete trap, cracks formed through which the melt flowed out of the trap
into the MR. (Figure 7).
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Figure 6. Solidified melt escaped through a crack in the wall of the concrete trap. (a) Location of
the solidified melt on the surface of the trolley; (b) Material collected from the surface of the trolley;
(c) Solidified melt drops from the bottom of the MR vessel.

Figure 7. Outer view of the trap after removing a part of the wall.

When studying the burden material resulting from the heating, its components were
removed layer by layer in two stages. Figure 8 shows the removed material.

Figure 8. Materials removed from the trap.

At the first stage, fragments of steel and zirconium loading rods were removed
(Figure 8, left), which were the remains of vertically located loading rods melted from
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below. Following these were the partially sintered fragments of the dispersed components
of the mixture (uranium dioxide pellets, zirconium dioxide powder, zirconium plates)
(Figure 8, right).

In the second stage, the remains of the vertical loading rods were removed, melted at
or slightly below the maximum protruding level of the compacted burden. The removal
led to the separation of part of the burden fragments that had undergone melting, which
formed a “crust” from uranium dioxide pellets bound by a metal melt (Figure 9).

Figure 9. Removal of the second layer of the burden fragments. (a) Material in the traps after
the mechanical removal of the remains of the zirconium rods; (b) The material removed at the
second stage.

Based on the study of the produced corium, as Figures 8 and 9 show, it can be
concluded that the components of the burden in the concrete trap were not completely
melted. Fragments of the steel and zirconium rods, as well as partially sintered fragments
of the dispersed component of the corium, turned out to be unmelted.

4. Conclusions

Thus, computer simulation of the induction heating of the corium components in
the melt trap showed that the power of the inductor can be sufficient to directly obtain a
melt and, subsequently, maintain the corium in the liquid phase. Based on the performed
calculations, the conditions for the physical modeling of the corium production in the MR’s
melt trap of the Lava-B experimental facility were also determined.

The results of a physical experiment to study the possibility of forming a corium
pool by induction heating in the melt trap of the Lava-B facility showed that its metal
components became liquid and formed a melt pool during induction heating of the burden
in the trap. These processes were confirmed both by analysis of the diagram of temperature
changes in the experiment and by visual means. However, not all components forming the
corium in the concrete trap were completely melted. This can be explained by heat losses
due to radiation into the MR medium, as well as thermal interactions with the trap walls,
which are much colder than the melt. A high temperature gradient between the walls of
the trap and the corium leads to thermal stresses that destroy the trap. The melt escapes
through the cracks outside the trap in the MR. In this regard, it can be concluded that the
proposed method for obtaining corium without making additional design decisions is not
applicable in the case of using this design of the trap.

Nevertheless, based on the analysis of both the computational and experimental study,
it can be concluded that the proposed method for producing corium is potentially feasible.
However, at this stage, there are problems associated with the complete melting of all the
components of the corium, as well as with the integrity of the experimental device during
the formation of the corium pool and during the direct simulation of the physical and
chemical processes of a severe accident.
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Concluding the results of the studies of the corium producing method and its retention
in the MR’s melt trap of the Lava-B facility, the following proposals for its implementation
can be presented:

(1) Apply measures to reduce heat loss by radiation from the surface of the burden/corium
in the experimental device;

(2) Increase the volume of the liquid phase of the corium, and conduct additional studies
with varying the configuration of loading materials and the power diagram of the
induction heater. The results of these studies will contribute to a gentler formation
of the liquid phase of the burden metal components without its overheating and
subsequent dissolution of the “dispersed component” of the burden;

(8) Strengthen the design of the experimental device in order to increase its structural
resistance to high thermal stresses, and, as a result, maintain integrity in the course of
the experimental studies.
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