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MODELING THE PROCESS OF DECAY HEAT IMITATION IN THE CORIUM AT THE «LAVA-B» FACILITY

It is known that corium is produced during the development of a severe accident at a nuclear power plant
from a melt of core materials [1]. An important feature of the corium formed in an operating reactor is the
presence of decay heat. Thus, it is especially important to take into account the presence of decay heat when
conducting calculations and physical experiments, since it influences significantly on the nature of interaction
between corium melt and structure materials of a reactor facility. For that reason, methods of decay heat
simulation are subject to quite serious requirements to the depth and intensity of energy release in the corium
when conducting different experiments.

This article considers induction and plasmatron heating technologies as methods to simulate decay heat
in corium at the Lava-B facility. Characteristics of the selected methods of heating the corium prototype was
analyzed by means of computer modeling. As a result of the work, parameters of melt heating using each of
the considered methods were determined, and they were also cmpared. The used thermophysical models
were created in the widely known ANSYS software based on the experimental section, which was used in one
of the experiments at the Lava-B facility [2]. The main parameters of the corium-heater system were obtained
by computer modeling for each of the considered methods and limits of their applicability for simulation of
decay heat were determined when conducting the experiments at the facility.

Key words: corium, inductor, plasmatron, decay heat, Lava-B facility, ANSYS, non-stationary calculation

K.O. Teneybekos’?, B.B. baknaHos?, A.C. Akaes?, M.K. bekmynann®2*
IKP ¥AO PMK «ATOM 3HEpPrnachl MHCTUTYTbI» duamansl, KasakctaH, KypyaTos K.
2Cemeit KanacblHbiH, LLskapim aTbiHAafFbl YHUBEpCUTETI, KasakcTaH, Cemel K.
*e-mail: bekmuldin@nnc.kz

«/J1aBa-b» KOHAbIPFbICbIHAA KOPUYMAAFbI KangblK sHeprua 6eny npoueciH moaenbaey

Benrini bonraHaam, aToM 31eKTP CTaHUMACbIHAAFLI ayblp anaTTblH, AaMy NPOLLECIHAE KOPUYMHbIH, Nainaa
6onybl Kypeni — 6enceHai anmak maTepuangapbiHbiH, 6ankybl [1]. BenceHai peaktopaa naiga 6onaTbiH
KOPUYMHbIH, MaHbI3Abl epeKLleniri - Kanablk aHepruaHbiH, 60aybl. Ocbinariia, ecentik 3epTreynep MeH
bU3MKaNbIK SKCNEPUMEHTTEP KYPTi3y KesiHae Kanablk sHeprua 6eniHyiHiH 601yblH eCKepy MaHbI3bl, OUTKEHI
ON KOpWyM OasiKbIMacCbiHbIH, PEAKTOP/IbIK KOHABIPFbIHbIH, KOHCTPYKUMANbIK MaTepuangapbiMeH e3apa ic-
KMMbI/bIHbIH cMNaTbiHa eneyni ynec kocaabl. Ocbl cebenTi, KOpMYyM NPOTOTUNIHAET KaNAblK IHEPrUAHbI Benyai
MoZenbaey a4icTepiHe Kenempai ynecTipyaiH OipKenkiniriHe ae, OHbIH KapKblHAbIIbIFbIHA A3 KaTbICTbl
anTapAblKTal TananTap Konblaagabl.

YcbIHbINFAaH MaKanaga «JlaBa-b» KOHAbIPFbICbIHA KaTbICTbl KOpPUyMAafbl Kanaplk 3Heprua benyai
MOoZenbAeyaiH, MHAYKUMANBIK KaHEe Naa3mMasblk a4icTepi KapacTblpblAfaH. Kopnym NpoTOTUNIH MbIAbITYAbIH,
TaHda/nfaH S4iCTepiHIH cMnaTTamanapblH Tangay KOMNbKOTERPIK MOAeNbAeY apKblabl XKyprisinai. HyprisinreH
KYMbIC HITUMXKeCiHAEe KapacTblpblaAfaH aaicTepaiH, apKancbicbl HanKbiMaHbIH Kbi3[blpy MapameTpiaepiH
aHbIKTabl, COHbIMEH KaTap On1apAbl CanbICTbipy Xyprizingi. KongaHbinatelH TepModU3MKablK MOAENbAEP
6ypblH «/laBa-b» KOHAbIPFbICLIHAAFLI IKCNEPUMEHTTEPAIH BipiHAE KOMAaHbINFAH 3KCMEPUMEHTTIK CeKumA
HerisiHae KeHiHeH TaHbiMan ANSYS bargapnamanbik KeweHiHae »Kacangpl [2]. KomnbtoTepaik moaenbagy
aAiciMeH TaHAaNFaH aAiCTePiH 9PKAMCHIChI YLLIH KOPUN-XKbIbITKbILL XYMECiHIH, Heri3ri napameTpaepi anbiHAbI
*KoHe KOHAbIPFbIAa 3KCMEPUMEHT KYPrisy KesiHAe KanablK aHeprua benyai MMmutaumsnay yuiH onapabiH,
KOJlAaHblNy WeKapanapbl aHbIKTaNab!.

TyliH cesnep: KOPUyM, MHAYKTOP, NA3MOTPOH, Kanablk aHeprmua 6eny, «/laBa-b» KoHAbIpFbickl, ANSYS,
CTaLMOHaPAbIK eMeC ecenTey
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MOLI,e}'IVIpOBaHVIe npouecca oCTaTo4HOro aHeprosblgeneHna B KOPUyme Ha yCTaHOBKE «f1aBa -b»

MN3BeCTHO, YTO B MpPOUECCe PasBUTUA TAXKeN0oN aBapum Ha A3C npoucxoauT obpasoBaHMe Kopuyma —
pacrnsjaBa MaTepuasioB aKTUMBHOWM 30Hbl [1]. BaKHOM o0cobeHHOCTbO Kopuyma, dopmupytolleroca B
OENCTBYIOWEM peakTope, ABNAETCA Ha/MiMe OCTaTOYHOro 3HeprosblaeneHua. Takum obpa3om, yumTbiBaTb
Ha/inyme OCTAaTOYHOrO 3HEProBblAENEeHMA HEMANOBAXHO MNPW MPOBEAEHMM PACYETHbIX UCCAEA0BaAHMA U
bU3NYECKMX IKCNEPUMEHTOB NMOCKO/IbKY OHO BHOCUT OLLYTUMbIN BKNa/, B XapaKTep B3aMMOAENCTBUA pacnnaBa
KOPMYMa C KOHCTPYKLMOHHbIMW MaTepuanamm pPeakTOpHOM YCTAHOBKW. [10 3TOM MpuUMHE K MeToJam
MMUTALUMM OCTAaTOYHOrO SHEProBblAENEHMA B NPOTOTMMNE KOPUYMa NPeabABAAOTCA AOCTAaTOYHO Cepbe3Hble
TpeboBaHMs, KOTOPbIE KAacaloTcA, Kak PaBHOMEPHOCTM 06 bEMHOIO pacnpeaeneHns, Tak U ero UHTEHCUBHOCTMU.

B npeactaBieHHOW CTaTbe PACCMOTPEHbI MHAYKUMOHHbBIA M MAAa3MOTPOHHbIM METOAbl MMMUTALLMK
OCTAaTOYHOrO 3HEProBbIAENIEHNA B KOPUYME NPUMEHUTENIbHO K YCTaHOBKe «J1aBa-b». AHaNM3 XapaKTepuCcTMK
BbIOpPaHHbIX METOAO0B HarpeBa MpPOTOTMMNA KOPWUYMa  BbIMOMHANACA MOCPEACTBOM  KOMIMbIOTEPHOro
MOZEenMpoBaHns. B pesynbTaTe npoBeaeHHON paboTbl onpeaeieHbl NapameTpbl Harpesa pacn/asBa KaxKabim
M3 paccmMaTpMBaeMbIX METOAO0B, a TaKXe MPOU3BEeAEHO WX cpaBHeHue. [MpumeHsemblie Tenaopusmdeckmne
moZenn ObiiM  co3daHbl B LWIMPOKO  M3BECTHOM MporpamMmmHom  kKomnsekce ANSYS Ha ocHoBe
3KCNEPUMEHTAJIbHOM CEKLIMKN, KOTOPas NPUMEHANach paHee B OJHOM M3 SKCMEePUMEHTOB Ha YCTaHOBKe «/1aBa-
B» [2]. Cnocobom KOMMbIOTEPHOrO MOAENMPOBAHMA MOMyYeHbl OCHOBHbIE MapamMeTpbl CUCTEMbI KOPUYM-
HarpesaTe b A/1A KaXA40ro M3 BbIbpaHHbIX METOA0B 1 onpeaeneHbl rpaHuLLbl X MPUMEHUMOCTU ANA UMUTALLUK

OCTaTO4YHOro sHeprosblaeneHnAa npn nposeaeHnn sKCNepmMMeHTa Ha YCTaHOBKE.
Kniouesble c/ioBa: KOPUYM, MHAYKTOP, N/J1a3MOTPOH, OCTAaTOYHOE SHeprosblaeeHne, yCTaHoBKa «/1aBa-b»,

ANSYS, HecTaUMOHapHbIM pacyeT

Introduction

The most severe accidents of nuclear power
plant reactors are accompanied by core melting and
corium formation. Corium is a melt with a radioactive
mixture of uranium oxide, zirconium, zirconium
oxides and steel components (products of high-
temperature interaction of metals with an oxidizing
environment) and other structural elements. The
escape of corium, under certain conditions, beyond
the borders of the reactor plant is a very real scenario
due to a large amount of stored energy and the
presence of decay heat in the corium. That is, nuclear
fuel contained in the corium melt continues to be a
source of heat releasing due to the decay of 2*U
nuclear fission fragments accumulated during the
operation of the reactor. This allows the corium to
remain in a liquid state for a long time and melt the
reactor construction with its subsequent escape to the
surface of the ground and even groundwater.

Obviously, it is necessary to conduct
experimental studies on the interaction of corium with
the structural elements of the reactor plant in order to
prevent such a scenario of the development of a
severe accident at a nuclear power plant. For
example, such experiments are in demand in studies
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of in-vessel and ex-vessel corium retention. They
were and are being conducted as part of concept to
design and establish severe accident management
systems by cooling, controlled movement and
localization of the core melt, both inside the reactor
vessel and outside it [3].

In such experiments on the physical modeling of
processes occurring during severe accidents, a corium
imitator is used, which called "prototype corium".
The prototype of corium is a replacement for real
corium. Its characteristics are close to real corium in
most parameters, but do not create a dose load on
people (hereinafter as corium is understood a
"prototype of corium"). Therefore, the essential
difference between the prototype and the real corium
is that the first one is not a source of heat. That is,
there is no self-sustaining radioactive decay in the
prototype corium [4].

To ensure modeling conditions that are as close
as possible to natural ones, it is necessary to take into
account not only the compliance of prototype corium
composition to real one, but also the energy release in
the melt within a given level. Thus, the device that
provides the energy release in the corium must imitate
the fission reaction both in magnitude and in the
nature of its distribution in the volume of the corium.
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Several experimental facilities have been created
in the world where such studies can be conducted,
however, they differ not only in design, but also in the
methods used to imitate decay heat [5-10].

Among the mentioned experimental complexes
allowing for various studies of the final stage of a
severe accident with the melting of the core, the
LAVA-B facility is considered (Fig.1). Experimental
facility is designed to solve a wide range of tasks with
a corium and operated by the "Institute of Atomic

Energy" branch of the National Nuclear Center of the
Republic of Kazakhstan [11]. The Lava-B facility
includes two main functional units: an electric
melting furnace for the preparation of corium melt
and a melt receiver, where concrete vessel for
experimental study is placed. The facility allows
melting up to 60 kg of a prototype mixture of LWR
core materials by induction melting in a ‘“hot
crucible” followed by pouring the melt into the
experimental section.

1- EMF (electric melting furnace), 2 — graphite crucible, 3 — EMF inductor, 4 —
MR (melt receiver), 5 — MR inductor, 6 — concrete trap.

Figure 1 — Outer view and scheme of “Lava-B” facility

Currently, several research works were
conducted at the «Lava-B» facility under various
programs. They are connected with experiments to
study the interaction of corium with structural
elements of a nuclear reactor, reactor vessel,
containment building, as well as with the sacrificial
materials of core catcher of an NPP [12-14].

Depending on the object and goals of study, both
induction and plasmatron heating of the corium are
applied in the experimental section of the Lava-B
facility as a method of imitate decay heat [15-16]. In
order to ensure required quality of the conducting
researches, it is necessary to study the heating of the
corium melt in an experimental section by methods
using at the “Lava-B” facility as well as to compare
them to justify the most optimal method for decay
heat imitation during physical modeling of the

situation of an ex- vessel severe accident at a nuclear
power plant.

The most effective way that allows to consider
two methods of decay heat imitation with minimal
costs is the computer modeling method. Computer
modeling of thermophysical processes of melt
heating in the experimental section allows:

1)  preliminarily estimating the temperature
fields established during the interaction of the corium
melt with various substances under a given heating
device mode in order to prevent heating of the
elements of the experimental section above the
allowable temperatures;

2)  estimate the characteristics of the heating
device required to establish a certain temperature
field in a particular experiment;

3) analyze the thermophysical processes
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Modeling the process of decay heat imitation in the corium at the «Lava-B» facility

occurring in the experimental section based on a
comparison of the results of computer modeling and
experimental data.

Thus, in this article, the induction and
plasmatron heating methods are considered by
computer modeling method in order to obtain the

Object statement of decay heat modeling

The objective of this work is choosing a decay
heat simulation method for physical modeling of a
severe accident at a nuclear power plant using the
“Lava-B” facility.

To achieve this goal, in this article, an
experimental situation is simulated when the melt of

parameters of the melt-heater system. The advantages
and disadvantages of each melt heating method are
determined as well as the limits of their applicability
were determined for decay heat simulation during the
experiments on the “Lava-B” facility.

the corium prototype is poured into a special melt trap
for its interaction with various materials. Calculations
of the thermal state of the thermophysical model were
performed using the ANSYS software [17].

Figure 2 shows the schematic diagrams of the
experimental section of the “Lava-B” facility with
an induction and plasmatron heaters [18].

W7

b) plasmatron heaters

Figure 2 — Schematic diagram of the “Lava-B” facility with induction and plasmatron heaters

100



K.O. Toleubekov et al.

The thermophysical model for calculations was
created based on the scheme of a special experimental
melt trap (Fig.3) which was used in the one of
experiments at the “Lava-B” facility. Induction heater
was used as a method of decay heat simulation. As for
the thermophysical model of plasmatron heating, it
was created similarly to the model with induction
heating of the melt. However, there are little changes
in the scheme, taking into account the presence of
plasmatron heaters.

Due to the symmetry of the trap relatively to the
central axis, for modeling heat transfer in the melt

- Two-dimensional axisymmetric
computational domain of thermophysical model of
induction heating of melt in the trap;

- The fourth part of a three-dimensional
axisymmetric computational domain of
thermophysical model of plasmatron heating of melt
in the trap.

Computational domains of thermophysical
models of traps are presented in Figure 4.

trap, the following were created:

-

Bl - corium
S - Steel

- 710
B - sand
Bl - Concrete

a) Induction heating

b) plasmatron heating
1 — plasmatron; 2 — sand; 3 — corium; 4 — ZrO,; 5 — concrete

Figure 5 — Computational domains of thermophysical models of traps
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To compare the two melt heating methods in
each of the calculations are equivalent:

- Initial conditions  (initial
temperature 2500 °C);

- Mass of corium;

- Thermophysical properties of materials;

- The power released in the melt for both
types of melt heating (the power released in the melt
was 35 kW);

- The estimated heating time is 30 minutes.

The heat release in the melt was set depending
on the features of induction and plasmatron heating:

1)  The surface effect of penetration deep into
the materials of the electromagnetic field of the
inductor or the skin effect (in this calculation, 70% of
the total heat was released on the surface layer). The
depth of this surface layer is determined by the theory
of induction facilities [19].

2) In the case of the plasmatron method, an
approach was used according to which the heat
transferred to the corium is set on the internal surface
of the graphite tip of plasmatrons in the area of
electric arc formation. This simplification allows to
accelerate and simplify the calculations significantly
courtesy of reducing the number of elements in the
thermophysical model. Thus, in this case only the
presence an external surface of graphite as a source of
heat in the model is sufficient.

Validation of the described methods for
modeling decay heat in the corium was conducted

corium
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earlier and, therefore, they can be used for non-
stationary calculations of temperature changes in trap
elements [20-21].

The thermophysical models take into account:

- The dependence of the properties of the trap
elements on temperature;

- Heat exchange by radiation;

- Convective heat exchange between the
external surfaces of the model and the environment.

Some properties of corium during computer
modeling were used according to literary sources [22-
23]. It should be noted that due to shortages of data
about dependence of the coefficient of thermal
conductivity of corium on temperature, its value was
set as a constant. The value of the thermal
conductivity coefficient was set similarly to the
previously performed calculations of corium heating
in the ISTC project No. K-1265 under the INVECOR
program [24-25].

The thermophysical properties of the trap
elements were used according to the literary source
[26].

Results of computer modeling of decay heat in
the corium at the “Lava-B” facility

Figure 5 shows results of calculating the heating
of the corium in the melt trap by the induction
method.
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Figure 5 — Temperature distribution of the model during induction heating

Throughout the calculation, heat is released on
the side surface of the corium melt. Heat is transferred
from the area of heat release to the central volumes of
the corium due to heat conduction. Figure 5b shows
that the minimum temperatures in corium are
observed on the surface of the melt. This can be
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explained by radiation from the surface of corium, as
well as by convective heat exchange with the
environment.

Figure 6 shows results of calculating the heating
of the corium in the melt trap by the plasmatron
method.
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Figure 6 — Temperature distribution of the model during plasmatron heating

Figure 6 shows that the distribution of heat in the
corium during plasmatron method occurs from the
heat-generating area of the heater to the side surfaces.
Minimum temperatures are observed in the corium-
wall boundary area. Obviously, this is due to the
remoteness of the heat release area and the active heat

b)

exchange process between the trap materials and the
corium. It leads to a significant decrease in the
temperature of the corium in that area.

Table 1 shows the calculated values of corium
temperatures obtained during computer modeling.

Table 1. Calculated corium temperature

Parameter Induction heating Plasmatron heating
Average temperature of corium, °C 2009 2193
Maximum corium temperature, °C 2264 3160
Minimum corium temperature, °C 1345 1225

As shown in Table 1, when using plasmatron
heating, the maximum corium achieved temperature
is significantly higher compared to the induction
heating method. The advantage of plasmatron heating
is also seen in the case of comparing the average
volume temperatures of corium. According to table 1,
it can be argued about the advantage of the
plasmatron method of decay heat imitation over
induction.

Plasmatron heaters are based on the method of
indirect electric arc heating [27]. In the construction
of the plasmatron heaters used in the “Lava-B”
facility, an electric arc is formed, the temperature of
which can reach several thousand degrees. The heat
from the electric arc is transferred through a special
protective graphite tip to the corium melt. Thus,
considering the high temperature that arises in the
plasmatron heater, high temperatures comparable to

the temperature inside the heaters will be observed in
the area of their contact with the corium melt.

The presence of a small area of corium heated to
higher temperatures compared to the rest of corium
areas leads to an increase in the average temperature
of the entire corium. In this regard, the data in Table
1 don’t allow an objective comparison of the two
heating methods.

When comparing the temperature fields of two
thermophysical models (Fig.5b and Fig.6b), it is seen
that with induction heating, corium heating is more
uniform due to volumetric heat release of energy.
This is confirmed if we look at the graph of the
temperature distribution in a random section (from
the center to the periphery) in the corium, shown in
Figure 7. The temperature distribution during
induction heating is more uniform. At the same time,
when using plasmatron heating a large temperature
gradient is observed.
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Figure 7 — Temperature distribution in the melt

Conclusion

Modeling of decay heat imitation at the “Lava-
B” facility by induction and plasmatron heating
methods was performed using ANSYS software. The
calculation was performed under the same initial
conditions to compare these methods. The objective
of calculation was to choose the most optimal method
of decay heat simulation for the studying the
processes of a ex-vessel accident at NPP when
localization corium in the core cathcer.

Numerical calculations have shown that higher
corium temperatures can be achieved when using
plasmatron heaters compared to an induction heater.
This feature of plasmatron heaters can be used when
conducting experiments with corium, especially in
cases where it is impossible to use an induction
heater. For example, in experiments with the study of
the interaction of corium with materials that can be
heated by the action of the electromagnetic field of
the inductor.

However, in the context of future experiments at
the "Lava-B" facility [28], an induction heater is more
more preferable method of decay heat imitation. In
the case of induction heating, heat is released on the
side surface of the corium within the skin layer. The
volumetric release of energy by an induction heater
allows to obtain a more uniform thermal field, and the
release of energy in the area of constant heat
exchange processes of corium with trap materials
allows to maintain corium in a molten state. It allows
bringing the experimental situation closer to real
processes.
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At the same time, a small heat-releasing surface
of plasmatron heaters leads to the formation of a large
temperature gradient in corium. Under certain
conditions, solidification of corium is expected in the
areas most remote from the heaters, especially in
areas of intensive heat exchange of corium with trap
materials. In this regard, it is necessary to use a
complex system of heaters placed in various parts of
the corium to achieve a uniform thermal field over the
entire volume and heat pattern acceptable in
symmetry.

As a result of the perfomed calculations, it can
be concluded that with an equal amount of heat that
the heaters transfer to the corium melt, induction
heating is more effective from the point of view of its
use as a method of decay heat imitation. Thus,
induction heating should be considered as method of
decay heat imitation when conducting experiments at
the “Lava-B” facility for achieving quite uniform
temperature field over the entire volume of corium
and maintaining it in the molten state for time
required for study interaction of corium and
considered materials.
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