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The core catcher is one of the mandatory elements of the reactor safety system, which prevents the release of reactor core
materials in a severe accident. The core catcher is steel vessel filled with sacrificial materials (SM) and forming a tank
where a corium melt coming from the core is formed. The trap is a steel body filled with sacrificial materials (LM) and
forming a vessel where a corium bath is formed coming from the core. The melt formed in the core catcher is cooled by
heat removal to the cooling water through the shell of the steel vessel, as well as by water supplied directly to the surface
of the melt after the dissolution process of the SM in corium (gravitational inversion). The delay in the water supply to
the melt is associated with the features of the component structure of corium and its interaction with water (the formation
of explosive hydrogen and the possibility of its detonation, as well as the threat of a steam explosion).

However, a certain amount of time is spent on the implementation of gravitational inversion, and it is desirable to start
the water supply to the melt immediately at the moment when the corium enters the core catcher due to the danger of the
system going beyond the permissible limits (the beginning of boiling of uranium dioxide) due to decay heat in the corium.
In this regard, the authors have an idea — to use a fusible metal for additional cooling of the surface of the corium in order
to organize heat removal and reduce the temperature of the corium in the period before the end of the gravitational
inversion process.

The article presents the results of modeling the interaction of corium with candidate low-melting metals — coolers.
The modeling was conducted using the ANSY'S software package. As a result of the conducted work, the time for which
each of the considered cooling metals will reach the points of phase transitions of melting and boiling is determined.
The analysis of the results allowed us to draw appropriate conclusions about the possible practical implementation of the
proposed method of cooling corium.
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INTRODUCTION

As is known, the formation of corium occurs during
the development of a severe accident at a nuclear power
plant with the melting of the core. The core catcher is one
of the main barriers preventing the release of corium into
the environment. The mail goal of a core catcher is to
accept and cool corium in localization volumes as soon
as possible in order to prevent its heating, release of non-
volatile fission products and prevent the formation of
repeated criticality [1].

Currently, there are several options of a core catcher
design [2], among which the most well-known are the so-
called "crucible" versions of a core catcher for trapping
molten materials from the core [3].

The crucible core catcher is steel forming a tank
where a corium melt coming from the core is formed. The
melt formed in the core catcher is cooled by heat removal
to the cooling water through the shell of the steel vessel,
as well as by water supplied directly to the surface of the
melt after the dissolution process of the gravitational
inversion.

The gravitational inversion is a feature of the crucible
core catcher used due to corium, according to some data,

is system of two immiscible liquid phases — oxide and
metal [4]. Due to the density difference between the two
systems, the metal part of the corium is above the oxide
part. This means that water is supplied directly to the
metal part of corium. In that regard, it can be supposed
that with the active interaction of water with the metal
part of the corium, there is a possibility of the formation
of a critical concentration of hydrogen and its detonation
in the end. This means that the conditions of hydrogen
safety and integrity of the containment cannot be
reached.

Additional difficulties are created by the fact that,
according to some scenarios, the output of corium from
the reactor vessel is carried out not in a single mass, but
in portions for some time [5]. In this regard, it is assumed
that when water for cooling the corium is supplied
immediately after the first portion of the corium enters
the trap, this leads to the fact that at outflowing of the
second portion of the corium (approximately 0.5-1 hour
after the outflow of the first portion), a water pool is
formed on the surface of the melt. In this case, when a
high-energy melt falls into a container filled with water,
there is a possibility of a steam explosion, as a result of
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which not only the device for trapping the molten
materials of the core, but also the concrete burden with a
sealed zone can be destroyed [6].

The main element of the concept of gravitational
inversion is sacrificial materials. Sacrificial materials are
used to dilute the heat-generating oxide part of the
corium in order to create conditions for the gravitational
inversion of parts of the corium and reduce its high
temperature [7]. The experiments showed 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 <1 h [8]. Thus, the possibility of
implementing the concept of gravitational inversion was
experimentally confirmed, and after its implementation,
water is supplied to the melt to cool it [9]. After the
inversion of the corium components, water is supplied to
the surface of the melt bath.

The operability of the described concept has been
confirmed by various numerical and experimental
studies, however, its implementation takes a certain
amount of time. Thus, during the melt is localized in the
core catcher, there is a small period of time when the
cooling of the corium surface is not organized. In this
regard, there is a possibility that the system will go
beyond the permissible limits (the beginning of boiling
of uranium dioxide) due to decay heat in corium [10].

On the basis of the foregoing, methods of melt
cooling become very relevant, excluding the direct
supply of water to the surface during the period of
portioned release of the corium and until the completion
of the gravitational inversion of the corium parts. In this
regard, the idea is proposed — to use a hon-water cooler
until the end of the gravitational inversion process to
organize additional cooling of the corium surface in order
to increase the efficiency of corium localization during a
severe accident.

In the article [11], the authors propose to consider
low-melting metals as a non-water cooler (in the
following text as metals-coolers) during the period when
water does not enter the surface of the corium. At the end
of the process of dissolution of sacrificial materials in
corium and the completion of the gravitational inversion
process, complete evaporation of the cooling metal —
cooler is assumed. In this regard, there will be no
reactions of metals — coolers and water vapors with the
formation of hydrogen in the core catcher. The choice of
metals is primarily due to their thermophysical
properties. It's necessary to conduct computational-
theoretical justification for confirmation the operability
of the proposed concept of corium cooling.

Thus, in this article, in order to estimate the
implementation of the proposed concept of corium
cooling, the interaction of corium with selected metals-
coolers is considered by computer modeling.

OBJECT STATEMENT OF COMPUTER MODELING

The objective of this work is the time determination
during which metal — cooler reaches the points of phase
conversions (melting and boiling) and the nature of its
interaction with corium under severe accident condition.

In [11], requirements were set for cooling metals and
a literary analysis of the physicochemical properties of
known metals, which theoretically can be used for
cooling corium, was conducted. Table 1 shows the metals
selected as cooling metals and their thermophysical
properties.

The chemical activity of magnesium is significantly
lower compared to other alkaline earth metals. This is due
to the fact that magnesium has some chemical properties
common to alkaline earth metals, but otherwise differs
markedly from them. Nevertheless, magnesium remains
a sufficiently active metal, so its candidacy should not be
considered for use in a core catcher, however, in this
paper magnesium is considered as an example and
comparison with other candidate materials in terms of
their thermal interaction with corium.

To achieve this goal, in this article, a situation is
simulated when the reactor’s vessel is melted by corium
interaction and corium pours into a core catcher.
Development and calculations of the thermal state of the
thermophysical model were performed using the ANSY'S
software [12].

The scheme of the core catcher according to [13] was
used as a basis of thermophysical model design and with
a small change in the model which takes into account the
presence of metal — cooler in the vessel of the core
catcher. The computer model considers only thermo-
physical interaction between its elements. According to
the reference, the mass of outcoming corium from reactor
vessel is roughly 200 tons, which occupies about 27 m?
of the core catcher volume. At the same time, the total
mass of sacrificial materials in the core catcher is 140
tons, which occupy approximately 25 m®. The total
volume of the core catcher basket is 56 m®. Thus, the free
volume of the core catcher is ~4 m®. The amount of
cooling metal used was determined based on the fact that
it should not occupy more than 30% (1.2 m®) of the free
volume of the core catcher. In this regard, in thermo-
physical models, the volumes of metal coolers are equal,
and the masses differ due to different density values.

Table 1. Thermophysical properties of candidate materials

Name Density Melt temperature Boiling temperature | Specific heat of melting | Specific heat of boiling
p, kg/m? Tmett, K Thoi, K A, kd/imol L, kd/mol
Antimony 6691 904 1908 20.08 195.2
Zinc 7133 693 1179 7.28 114.8
Manganese 7210 1516 2234 134 221
Magnesium 1738 923 1363 9.2 131.8
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A two-dimensional computational domain was
chosen to modeling of heat transfer in the core catcher
due to symmetry of the melt trap relative to the central
axis. Figure 1 shows the computational domain of the
core catcher.

- Air
- Sacrificial
material

- - Steel vessel
g - Metal layer

Figure 1. The computational model of corium interaction
with metals — coolers in the core catcher

The thermophysical properties of the core catcher
elements and their temperature dependence used in the
calculations according to [14]. The thermophysical
properties of the corium melt, such as specific heat
capacity, thermal conductivity, viscosity, density
according to [15-16].

RESULTS OF COMPUTER MODELING

AND THEIR DISCUSSION

Figure 2 shows the change in the calculated maxi-
mum and minimum temperature of the zinc volume the
core catcher. Observation of the boundary values of
temperatures allows us to estimate time intervals of phase
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transition of zinc during its interaction with corium in the
core catcher.

The graph shows that melting process of zinc start
almost instantly after beginning of its interaction with
corium and start approximately in ~0.25 s. At the same
time, the zinc melting process in the core catcher will
occur in parallel its boiling process since according the
graph, the start of zinc boiling process is recorded at
~0.75 s. The time of complete zinc melting is estimated
at~1.6s.

The computer modeling of corium interaction with
manganese, antimony and magnesium was conducted in
the similar way. Figure 3 shows the change in the
calculated maximum and minimum temperature of the
antimony volume in the core catcher.

According the graph, the time of complete melting of
antimony in the core catcher is estimated at ~3.4s.
As with zinc, the melting of antimony will occur in
parallel with its boiling process (antimony will reach the
point of boiling in ~1.6s). However, according the
calculation, there are some doubts about the complete
boiling of antimony from the core catcher due to
sufficiently high boiling point (Thei = 1908 K).

Figure 4 shows the change in the calculated
maximum and minimum temperature of the manganese
volume in the core catcher.

According the graph, the melting of entire volume of
manganese will start in approximately ~0.6 s. The time of
complete melting of manganese in the core catcher is
estimated at ~5.5 s. Considering the high boiling point of
manganese (Thoil = 2234 K) and the growth rate of maxi-
mum temperature values on the graph, it’s more likely that
the manganese boiling process won’t occur in the process
of further interaction with corium in the core catcher.
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Figure 2. The change in the calculated temperatures of zinc in the core catcher
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Figure 3. The change in the calculated temperatures of antimony in the core catcher
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Figure 4. The change in the calculated temperatures of manganese in the core catcher

Figure 5 shows the change in the calculated maximum
and minimum temperature of the magnesium volume in
the core catcher. As we can see, the time intervals of phase
transitions of magnesium in the core catcher during its
interaction with corium is similar with zinc (Figure 2).
At the same time, the complete melting of magnesium
occurs rapidly despite the higher points of phase
transitions and the energy required to complete them. This
can be explained, first of all, by the higher heat-
conducting properties of magnesium relative to zinc.

When comparing the diagrams of changes in the
calculated temperatures, it was found that intensive heat

exchange will occur during metals-coolers interaction
with corium. This leads to the melting of the metal —
cooler in a short period of time (the maximum time is
~5.5 s for manganese). Based on the results of computer
modeling, the boiling of entire volume of zinc and
magnesium isn’t in dispute, however it was made
following conclusion about antimony: antimony boiling
is most likely to be local in certain volumes of liquid
metal. It’s most likely that manganese won’t reach the
boiling point and will be in the system as a liquid
interacting with other elements of the core catcher.
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Figure 5. The change in the calculated temperatures of magnesium in the core catcher

Due to the rapid melting of metals — coolers, it can be
supposed that they will not reach the surface of the
corium melt. The metal — cooler will leave the core
catcher as steam formed in the bottom part of the core
catcher. Also, the average temperature of corium will
decrease in the area of metals-coolers interaction with
corium due to active heat exchange processes.

On first consideration, this assumption is a positive
moment since the decrease of the corium temperature is
one of the goals of operation of the core catcher. At the
same time, a decrease of the corium temperature at the
bottom part of the core catcher due to using of metals-
coolers can increase the time of activation of mass
exchange processes between corium and sacrificial
materials and eventually harm the process of
gravitational inversion.

In this regard, the case was considered when metal —
cooler comes the core catcher after corium flow out from
the reactor vessel. This approach will allow to organize
the process of the heat removal directly on the surface of
the corium melt. Zinc was considered as a metal — cooler
in this calculation. A computational domain of the core
catcher is two-dimensional axisymmetric model which is
shown in Figure 6.

Figure 7 shows the change in the calculated
maximum and minimum temperature of the zinc volume
in the core catcher.

It can see from the graph that the time intervals of the
phase transitions of zinc in the case under consideration
are almost identical to the previous calculation with zinc

(Figure 2). The melting process of zinc in the core catcher
will occur in parallel its boiling process since according
the graph, the start of zinc boiling process is recorded at
0.75 s. The time of complete zinc melting is estimated at
~2 s approximately. The process of boiling zinc in the
trap will take longer time intervals because heat exchange
processes with the core catcher’s air environment
(thermal conductivity, convection, radiation) are added.

g
- Zinc

- - Corium

- Sacrificial material

- - Steel vessel

Figure 6. The computational model of corium interaction
with metals — coolers in the core catcher
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Figure 7. The change in the calculated temperatures of zinc in the core catcher
CONCLUSION in vaporous state will occur with a sufficient speed to

The computer modeling of the interaction of corium
with candidate metals — coolers in the core catcher of a
light water reactor was conducted in the ANSYS
FLUENT software. The modeling was conducted under
the same initial conditions to compare selected candidate
metals — coolers to justify their using in the core catcher
in the case of a severe accident with core meltdown and
corium leaving the reactor vessel.

The modeling showed that the melting of metals —
coolers implement in a short period of time (the
maximum time is ~5.5 s for manganese). The analysis of
graphs of the change temperature of metals — coolers
during time shows that the transition of zinc and
magnesium into steam will occur in the entire volume
while the boiling of antimony will be local in a certain
volume of a liquid metal. Analysis of graphs of
temperature change of metals — coolers with time shows
that the transition of zinc and magnesium into steam will
occur in the full volume while the boiling of antimony is
likely to be local in a certain volume of liquid metal.
Manganese most likely will not reach the boiling point
and will be in the system in a liquid state and will enter
into various chemical interactions.

Based on the modeling results, it was concluded that
in the case of the proposed approach, there is a possibility
that the cooling of corium on its surface will not be
organized due to the melting of cooling metals in a short
period of time. With this outcome of events, the case was
considered when metal — cooler comes into the core
catcher after corium leaving the reactor vessel. This
approach will allow to organize the process of heat
removal directly on the surface of the corium melt. Zinc
was considered as a metal — cooler in this calculation.
The results of modeling show that in the case of zinc
using as metal — cooler, the time of the transition of zinc

complete this process in the set interval of time within the
framework of proposed concept.

Like magnesium, manganese and zinc can also react
with water vapor to form hydrogen. At the same time, the
basket with sacrificial materials is drained and
completely sealed. In this regard, there are no water
vapors in the trap basket until the end of the gravitational
inversion process, thereby excluding the above-
mentioned reactions. However, there is a possibility of
water vapor entering the core catcher from the reactor
vessel during its depressurization.

Considering these factors, we decided to consider in
this article the thermophysical interaction of the selected
materials with corium, taking into account the inert
medium. These conditions will be recreated when
conducting experiments with corium directly. In case of
a positive conclusion regarding the proposed cooling
method, it will be advisable to conduct experiments
taking into account the presence of water vapor in the
medium and their effect on hydrogen safety.

Thus, based on the computer modeling and analysis
of the results, it can be concluded about the possible
practical implementation of the proposed method of
cooling corium. The next stage of work is to conduct a
series of experimental studies of the interaction of corium
with selected materials to study issues related to the
nature of the interaction of cooling metals with corium in
a severe accident with core meltdown.
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KEHIJI CY PEAKTOPBIHBIH BAJIKY TY3AFBIHIAFBI KAHIUJATTBIK METAJIJI CAJIKbIH-
JATKbIII MATEPUAJIJAPMEH KOPUYMHBIH O3APA OPEKETTECYIH MOJEJIBAEY
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* Baianwic ywin E-mail: toleubekov@nnc.kz

AybIp anaT Ke3iHJie peakTOp/IbIH 03€T1 MaTepHaIapbIHbIH IIBIFYBIHA XKOJI 0EPMENTIH PeaKTOPIbIH KayIICi3/iK )KyHeciHiH
MIHJETTI JIeMEHTTepiHiH 0ipi — OanKpIMa Ty3aFrbl, o KypOaHablk MatepuangapbiMeH (KM) TonbITeIpbuFa Oojat
KOPITyC JKoHE OeliceH i aiMaKTaH KeJIeTiH KOpUyM BaHHACHI Maiia O0IaTeIH BIABICTH Kypaiiabl. Ty3akra maiina OoiraH
OQJIKBITBUIFAaH BaHHAHBI CAJKBIHIATY OOJIaT KOPIYCTBHIH KaOBIFBI apKbUIBl CAJKBIHIATKBIII CyFa JKBUTYIBI, COHmai-aK
KoprymIa (TpaBUTaIMsUIBIK HHBepcus) KM epiTy mporeci askrarFaHHaH KeiliH OalKbIMaHBIH OeTiHe Tikeneid OepireTiH
cyabl Oypy apKbUIBI JXKY3ere achlpbUIaabl. bajkpiMara cy OepyliH Kemlryi KOpUYMHBIH KOMIIOHEHTTIK KYpaMbBIHBIH
epeKIIeNTiKTepiMeH JKOHE OHBIH CYMEH e3apa dpeKeTTecyiMeH OalaHbICTHI (KApPBUIFBIII CYTCKTiH Maiina OOdysl KoHE
OHBIH JKapblTy MYMKIHAIT1, COH/Iali-aK OyIbIH JKapbuTy KayTii).

Anaiina, TpaBUTALMSIIBIK MHBEPCHSHBI JKY3€re achlpyra 0ipa3 yakpIT >KYMcala[bl, ajl KOPUYMAAFbl KaJIBIK KbLUTY
LIBIFapy/IbIH apKaChIHAa KYHEHIH pyKcaT eTUIreH IeKTepaeH (ypaH AMOKCHAIHIH KaifHaybIHBIH O0acTalybl) IIBIFY KayIiHe
0aliTaHBICTHI KOPHYM TY3aKKa TYCKEH Ke3Jie OamKpiMara cy Oepy i OipjcH OactaraH skoH. OchiFaH 0aiIaHBICTHI aBTOPJIAP
IpaBUTALMSUIIBIK HHBEPCHUS MTPOLIEC] asKTallFaHFa IeHiHT1 Ke3eH e Y3IIKCI3 KbUTY XKHHAY bl YHBIMIACTHIPY XKHE KOPUYM
TEMIIEpaTypachlH TOMCHJIICTY MaKCaThbIHAAa KOPUYM OCTIH KOCBIMIIA CAJKBIHIATY YIIH >KCHIT OaJKUTBIH METaJIbl
naianany UIesChIH JaMbITThI.

¥YCBIHBUIFAaH MaKajiaJa KOPHUYMHBIH KaHAWAATTHIK KEHIN OaJKUTBIH METAIZapMEH — CAJIKBIHIATKBILITAPMEH ©3apa
OpeKeTTeCyiH MOJIeNbIeY HOTIKeNepi Kenripinredn. Mogensaey ANSYS GarmapiamMalnblK KelIeHiHiH KoMeTiMeH JKy3ere
achIpbULBL. JKYPriz3iireH >KYMBICTHIH HOTHXKECIHIE KaPACTHIPBUIBIIT OTBHIPFAH CAJIKBIHAATKBII METAAAPABIH SPKaHCHICHI
OaKy MeH KaifHaynablH (as3ajblK aybiCy HYKTEJEpiHe JKeTETiH yakKbIT aHBIKTANAbl. HoTmxenepni tanmmay KOpHyMIbI
CANKBIHIATYIBIH YCHIHBIIFAH [IICIH MPAKTUKAJIBIK ICKE aChIPy Typallbl THICTI KOPBITBIHIBI JKacayFa MYMKIHIIK Oepi.

Tyiiin ce30ep. dicenin cy pekmopwl, KOpUym, ayvin anam, oaikeima mysaewi, mooenroey, ANSYS, cmayuonaprvix emec
ecenmey, cymexkmiy namoa 60aybl, 0y HcaAPbLILICHL.

MOJIEJIMPOBAHUE B3AUMOJIEMCTBUSA KOPUYMA C KAHIUIATHBIMUA METAJJIMYECKUMHA
MATEPHUAJIAMMU — OXJIAAUTEJIAMUA B JIOBYHIKE PACIIJIABA JIETKOBOJHOI'O PEAKTOPA
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OmHEM W3 00s3aTEIBHBIX JJIEMEHTOB CHUCTEMBI OE30IIaCHOCTH peakTopa, IPEIOTBpAIIAIONIel BBIXOJ MaTepHANIOB
aKTUBHOU 30HBI peaKkTopa MpH TSHKEJTIOH aBapuy, sIBISETCS JIOBYIIKA paciuiaBa, KOTOpast MPEICTABISIET COOO0H CTaIbHOM
KOPITyC, 3aIl0JIHEHHBIN jkepTBeHHBIMU MaTepuanamu (JKM), u oOpasyromuii cocyn, rae popMupyeTcst BaHHA KOPHyMa,
MOCTYTAIOIIAs M3 aKTUBHOW 30HBL OXIJaxIeHHe 00pa3yroleiicss B JIOBYIIKE BaHHBI PacIUiaBa MPOUCXOAUT OTBOAOM
TeIUIa K OXJIaXKAAIoNIe Boe yepe3 000JI0UKy CTAIBHOTO KOPIyca, a TakXKe BOJIOW, 1M0/1aBaeMOl HEMOCPEICTBEHHO Ha
MMOBEPXHOCTh pacIljiaBa TOCJe 3aBeplieHus npoiecca pactBopeHus XM B kopuyMme (TpaBUTAIMOHHAS] WHBEPCHS).
3amep)kka IOJa4d BOJBI HA pacIylaB CBA3aHA C OCOOEHHOCTSMH KOMIIOHEHTHOTO COCTaBa KOpHyMa M €ro
B3aMMOJIefiCTBHEM C BOJIOH (00pa30BaHME B3PHIBOOIIACHOTO BOJAOPOAA M BOZMOXKHOCTh €T0 JICTOHAIIHH, a TAKKe yrpo3a
MIapOBOTO B3PHIBA).

OmHaKo Ha OCYIIECTBICHUE TPABUTAIIMOHHON MHBEPCUH 3aTPAYNBACTCSI HEKOTOPOE KOJIMYECTBO BPEMEHH, a M01a4dy BOJIBI
Ha pacIlyiaB jKeJaTelIbHO HAYMHATh cpa3y B MOMEHT BbIX0/a KOpHUyMa B JIOBYIIKY BBHJLy OMACHOCTHU BBIX0/Ia CUCTEMBI 32
JIOITyCTUMBIC TpeAebl (Hayalo KHUIICHUS JUOKCHIA ypaHa) Ojarojaps OCTATOYHBIM TEIUIOBBIIACICHHSIM B KOpUYME.
B cBsi3u ¢ 3TUM y aBTOPOB BO3HHUKIIA UI€S — UCIOJIb30BaTh JIETKOIUIABKUN METaJll JIsl JOTIOJHUTEIBHOIO OXJIaXACHUS
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MOBEPXHOCTH KOPHyMa C IEJbI0 OPraHW3allii HEIIPEPhIBHOIO TEIIOChEMa M YMCHBIICHHS TEMIIEpaTyphl KOpHyMa B
MepUOJT 10 OKOHYaHUS Ipoliecca IPaBUTALIMOHHOM HHBEPCUH.

B mpencraBneHHOM cTaTbe NPHUBEACHBI PE3yNbTaThl MOAEIMPOBAHUS B3aUMOJEHCTBUS KOpHUyMa C KaHIUIATHBIMHU
JITKOIUIaBKUMHU MeETajUlaMH — OXJaAUTeIsIMH. MoJenupoBaHHE OCYLIECTBISUIOCH C IOMOIIBI HPOrPAMMHOIO
komruiekca ANSYS. B pesynbrare npoBeeHHON pabOThI OIPEIEICHO BPeMsi, 32 KOTOPOE KaXK/Iblii U3 pacCMaTpHBaeMbIX
METaJJIOB — OXJIaJAUTENIeH TOCTUTHET ToYeK (ha30BbIX NEPEX0JI0B IJIABJICHUS U KUIICHHS. AHAIN3 PE3yJIbTaTOB TO3BOJIMII
c/ienaTh COOTBETCTBYIOIIHME BBIBOIBI 00 BOZMOYKHOM MPaKTHUECKOH peaan3aliy MpeaiokeHHOTro Cocoda oXJIaxIeHUs
KOpUyMa.

Knrouegvie cnoea: n1e2ko800Hblll peakmop, KOpuym, msdicends agapus, 108ywika pacniaea, mooenuposanue, ANSYS,
HecmayuoHapHwlll pacuem, 0opasosanue 6000pood, napoeoll 63pule.
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