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THE PROCESS OF FRAGMENTATION OF MODEL CORIUM
DURING INTERACTION WITH THE COOLANT
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This paper presents the results of a study of the granulometric parameters, elemental and phase compositions of a solidified
model melt of a nuclear reactor core (corium) obtained in out-of-pile conditions. The out-of-pile experiments are conducted
in the EAGLE test-bench of the IAE NNC RK, which allows obtaining a melt of the burden from the components of the core
and implementing its interaction with the coolant. To obtain the model corium of a fast neutron reactor, aluminum oxide
(AL>03) was used, and sodium was used as a coolant.

The results of the studies revealed the presence of three modifications of aluminum oxide Al>Os in the phase composition of
the solidified simulator. The main one is the a-modification (corundum), which is also the basic component of the initial
burden. The appearance and regular distribution of other crystalline modifications of aluminum oxide is definitely a sign
associated with the features of the processes occurring during the interaction between model corium and the coolant. Such
features may be characteristic and extend to the actual melt of the reactor core, but may also be specific to the simulator used.

Keywords: model corium, sodium coolant, fragmentation, melt, experimental modeling.

INTRODUCTION

Ensuring the safe operation of nuclear reactors is one of
the most important tasks of the nuclear power industry.
A large amount of work, including both theoretical and exper-
imental studies, is carried out to address issues related to the
safety of power reactors [1-9]. The most informative data on
the possible consequences of severe accidents in power reac-
tors of various types associated with the cessation of core
cooling or an unauthorized increase in reactivity followed by
melting of the core can be obtained by conducting experi-
mental studies. Such studies make it possible to refine existing
or develop new calculation methods designed to determine
the parameters of severe accidents when substantiating de-
signs for nuclear power plant reactor installations and analyz-
ing the safety of existing installations [10-14].

In relation to fast neutron reactors with liquid metal cool-
ant, studies are being conducted on the final stage of a severe
accident, aimed at eliminating the possibility of the formation
of a repeated critical configuration of the fuel during its melt-
ing in the core (re-criticality) and the efficiency of its cooling.
The studies are focused on studying the processes of interac-
tion of the fuel melt with the coolant and structural materials
[15].

One of the phenomena accompanying the interaction of
the melt with the coolant is the fragmentation of the melt flow
with the formation of solidifying particles or fragments. The
study of this process is important, and its parameters should
be taken into account in approaches to localizing and mini-
mizing the consequences of a severe accident with the reactor
core melting down.

This paper presents the results of the implementation of
the process of simulating a severe accident in a fast neutron
reactor; shows the results of the interaction of a model reactor
core melt with a sodium coolant; describes a methodology for
materials science research that allows identifying systematic
features of corium fragmentation during its cooling.

METHODOLOGY OF EXPERIMENTAL RESEARCH

Research on the interaction in corium-coolant sys-
tems was conducted in the EAGLE test-bench, Figure 1a
presents it’s the basic diagram, using the experimental
device shown in Figure 1b.

The EAGLE test-bench is designed to conduct out-of-
pile experiments to simulate and study processes that oc-
cur during the interaction of a fast nuclear power reactor
melt simulator with its structural elements and coolant.

The EAGLE test-bench includes an electric induction
melting furnace (EMF) designed to produce corium melt
and an experimental device that houses the test discharge
pipe and melt trap (lower trap). The EMF can produce up
to 26 kg of melt containing uranium dioxide and stainless
steel or up to 15 kg of aluminum oxide melt. During the
experiments, liquid sodium is located in the discharge
pipe and/or lower trap.

The simulation of the process of overheating and
melting of the core of a fast neutron reactor consists of
the following: sintered aluminum oxide (fuel simulator)
weighing about 15 kg is loaded into the crucible, the
charge is heated to a melting temperature of ~2100 °C,
after which the plug of the electric melting furnace
(EMF) is chipped off;the melt is discharged into the up-
per melt trap, simulating the internal cavity of the reactor
core fuel assembly (FA); it melts through the thin-walled
section of the drain pipe (with a steel wall thickness of 1—
3 mm) and moves along the thick-walled section of the
discharge pipe (with an aluminum wall thickness of 3—
5 mm) into the lower melt trap, simulating the lower ple-
num of the reactor, where it interacts with the sodium
coolant. The sodium in the volume of the lower melt trap
before the melt is discharged is in a liquid state at a tem-
perature of about 400 °C and a pressure of 0.35 MPa.
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Figure 1. EAGLE Test-Bench

An experimental device, which includes an experi-
mental container and a basket, is installed on special rods
in the internal cavity of the lower melt trap. At the end of
the experiment, liquid sodium is drained through the
drainage system into the sodium tank. The sodium resi-
dues, together with fragments of the solidified melt, re-
main in the materials and on the units of the installation,
located in the lower trap case.

As a result of conducting such an experiment, at var-
ious levels of the bench, the material of the solidified co-
rium simulator, the products of its interaction with the
coolant and structural materials remains.

After the experiment, the material of the solidified co-
rium simulator in the area of the lower melt trap is still
impregnated with metallic sodium. The material is
cleaned of sodium by treatment with a superheated
steam-gas mixture (nitrogen, water vapor). For the final
removal of water-soluble sodium compounds after steam
treatment, the material is washed in water.

Samples of the obtained materials are subject to re-
search, including granulometric analysis, determination
of elemental and phase composition.

RESEARCH RESULTS

As a result of treating the products of interaction be-
tween the model corium and sodium coolant with a su-
perheated steam-gas mixture, the sodium oxidized and
formed a fragmented dry conglomerate with corium,
which had a grayish-white color of various shades.

When first poured with water, the material reacted
vigorously with water, releasing gas and heat, which in-
dicated the presence of traces of metallic sodium or its
oxides. Thus, primary concentrated solutions were
formed, which received the corresponding designations
NC-1 — from the experimental container and NC-2 — from
the bottom trap basket. The density of the solutions after
the first pouring was 1.18 g/cm? and 1.26 g/cm? respec-
tively.

The material was treated with water until it was com-
pletely washed free of sodium. After each stage of treat-
ment, the corium simulator was weighed, Table 1 pro-
vides the results of mass determination.

Table 1. Results of determining the masses of fragmented
corium simulator from the lower trap at different stages of

preparation
Corium Corium mass Corium mass Corium mass
designation after dry steam | after washing after drvin
9 treatment, g with water, g rying, 9
NC-1 (from the
experimental 5650 3440 3060
container)
NC-2 (from the
lower trap basket) 10680 2319 2074

Figure 2 shows the view of the corium simulator ex-
tracted from the lower trap of the EAGLE test-bench af-
ter entire cleaning procedures.
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From the lower trap basket — NC-2

Figure 2. View of the corium simulator after entire washing
procedures

Granulometric analysis of the corium simulator con-
sisted of separation of particles by size fractions by siev-
ing on a set of sieves (fractionation), weighing the result-
ing particle fractions and studying the resulting
distribution of particle mass by fractions. The diagrams
(Figure 3) show the fractionation results.

The diagram showing the size distribution of frag-
mented corium from the lower trap (Figure 3b) shows a
clear peak, the apex of which corresponds to the size of
the fraction “0.4 mm-+0.8 mm”. No such peak is observed
in the size distribution of fragmented corium from the ex-
perimental container (Figure 3a). The largest share is
made up of particles with a size of > 20 mm. The smallest
mass from the experimental container has the fraction
“0.05 mm=+0.1 mm", and from the basket —“< 0.05 mm”.
The average weighted particle size in the corium from the
experimental container is 8.9 mm, and from the lower
trap — 3.4 mm.

The particle shape characteristics were also investi-
gated. Photographs of particles of some fractions are pre-
sented in Figures 4 and 5.

The characteristics of the shape and appearance of the
particles from the experimental container and the basket
of the lower trap turned out to be similar to each other. In

the fractions with a particle size of more than
“>5.6 mm”, the main share is made up of plate-shaped
particles. As a rule, the opposite surfaces of the particles
have different colors: one of the surfaces is darker, the
other is lighter. Basically, one of the surfaces of the plate-
shaped particles is smooth, the other is relief. In the frac-
tions of > 1.6 mm, there are particles with both a smooth
surface and a developed one. In the fractions of
“200 um=+1.6 mm” the main share of particles has a de-
veloped surface. In the fraction “50 um+100 pm” a sig-
nificant proportion of particles have an elongated shape.
In the fraction < 50 um there are rounded particles, some
particles are translucent. No obvious presence of metal
particles was detected in the fractions.
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Figure 3. Size distribution of fragmented simulator of corium
from the lower trap

For the analysis, a representative portion of corium
was taken from each fraction and ground into powder to
a particle size of <50 um. A thin, even layer of powder
was fixed to the microscope sample holder using carbon
tape. The area of the analyzed region was ~ 16 mm?.

The analysis of the atomic content of the elements
was carried out on a Supermini 200 X-ray fluorescence
wave dispersive spectrometer with a range of determined
elements from Al to U. The error in the analysis does not
exceed 10% relative to the determined values. The results
of quantitative elemental analysis of the samples are pre-
sented in Tables 2 and 3.
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Figure 5. External view of the corium from the lower trap basket

Table 2. Results of elemental analysis of fractionated corium simulator samples from the experimental container

. Content of elements, wt.%
Fraction -

0 Na Mg Al P K Ca Ti Cr Fe
5.6-8 mm 4152 1.64 — 55.28 0.46 — 0.29 0.11 0.14 0.57
2.8-4 mm 31.88 1.32 — 65.11 — — 0.44 0.22 0.25 0.78
0.8-1.6 mm 47.00 0.88 0.71 50.64 0.13 — 0.18 0.05 0.06 0.34
200-400 pm 47.71 0.66 — 50.70 — 0.11 0.15 0.12 0.17 0.39
50-100 ym 50.31 0.86 0.18 47.79 0.08 0.10 0.23 0.06 0.10 0.29
less than 50 ym 39.46 0.49 — 56.57 0.32 — 1.34 0.12 0.38 1.32

Table 3. Results of elemental analysis of fractionated simulator samples of corium from the lower trap basket

. Content of elements, wt. %

Fraction - -

0] Na Mg Al P K Ca Ti Cr Fe Ni

5.6-8 mm 49.29 1.56 0.15 47.95 0.09 0.10 0.22 0.09 0.14 0.42 —

2.8-4mm 44.20 1.42 0.82 51.98 0.27 — 0.37 0.08 0.19 0.67 —

0.8-1.6 mm 39.26 0.81 2.03 56.89 — — 0.23 0.10 0.21 0.46 —

200-400 pm 45.91 0.11 — 52.85 — 0.18 0.22 0.08 0.16 0.49 —

50-100 ym 45.53 0.54 0.69 52.02 — 0.23 0.34 0.05 0.16 0.45 —

less than 50 ym 46.19 0.61 0.64 48.90 0.06 0.14 1.37 — 0.36 1.34 0.39
As shown by the results of elemental analysis, the satisfactory accuracy of the estimates obtained in the ap-

main compound in the corium collected from the lower plication of the semi-quantitative method.

trap is aluminum oxide. The ratio of Al and O concentra- In addition, in the elemental composition of the co-
tions in most samples is very close to the ratio for the rium samples, both from the lower melt trap and from the
stoichiometric composition of Al,Os, which indicates experimental container, in addition to impurity elements,
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stainless steel components such as Cr, Fe, Ni were found.
The highest concentration of stainless steel components
is observed in the fraction “<0.05 mm”. This fraction
also has the highest concentration of calcium. The frac-
tion of particles “<0.05 mm” also contains a large
amount of suspended material, presumably a product of
chemical precipitation of compounds in an alkaline solu-
tion. Probably, this is the reason for the increased content
of such elements as Ca, Fe, Cr, Ni.

The sodium content in the sample material, which in-
creases with increasing particle size, can be explained by
both incomplete removal of sodium from the particles
during the washing process and the presence of water-
insoluble sodium-aluminum compounds formed as a re-
sult of the chemical interaction of corium with sodium
during the experiment.

The phase analysis of the samples was carried out us-
ing an Empyrean X-ray diffractometer (Panalytical) in
copper radiation. The identification of phase components
was carried out using crystallographic data from the
PDF-2 database, the HighScore spectrometric measure-
ment results processing program, OriginPro-7.5.

The phase composition of the samples of fragments
of solidified corium simulator from the basket of the
lower melt trap after washing from soluble sodium com-
pounds is represented mainly by aluminum oxide in var-
ious crystalline modifications: a-AlLOs, y-AlL,O; and
B-ALOs.

The crystalline modification in most corium samples
is a-AlLO3 (corundum), which is the main stable low-
temperature phase.

B-phase aluminum oxide is a compound of aluminum
and alkali metal oxides and is identified in diffraction
patterns as a phase with a hexagonal crystal lattice of the
P63/mmc space group. The presence of the B-Al,O3 crys-
talline modification (up to 10+15 wt.%) in the phase
composition is typical for samples of all fractions and in-
creases with increasing particle size. The tendency for the
amount of B-Al,Os to increase in the composition of the
material coincides with the increase in the Na content in
the elemental composition of the samples, which indi-
rectly confirms the expected chemical composition of the
phase Na,O x11A10;.

Aluminum oxide of the y-phase is satisfactorily iden-
tified in diffraction patterns as a crystalline phase with a
cubic lattice of the Fd3m space group of the spinel type.
In fact, the y-Al,O3; modification is a high-temperature
crystalline modification of aluminum oxide, and its pres-
ence can presumably be explained by quenching of the
high-temperature phase in the surface layer of the solidi-
fying melt. However, there are data confirming the nature
of the formation of this phase from aluminum hydroxide.
With a decrease in particle size, the proportion of y-Al,O3
in the phase composition of corium increases signifi-
cantly.

Semi-quantitative assessments based on corundum
numbers, along with a decrease in the intensity of the a-
AlO3 modification peaks by almost 2 times, suggest a

high content of this phase in the fraction of particles
smaller than 50 um, which, according to various esti-
mates, is 30-60 wt.%. In the material of fractions with
particle sizes larger than 1 mm, the content of the phase
is low and is on the verge of detection.

Samples of fraction “10 mm+12.5 mm”, prepared
from particles with characteristic external features,
showed a virtually identical phase composition, charac-
teristic of the material of large fraction particles. Some
differences were revealed in the structural parameters of
B-ALOs, which has characteristic shifts of individual ref-
erence lines on the diffraction patterns of the samples.
A detailed study revealed the presence of shifted lines in
the diffraction patterns of other samples with a high con-
tent of B-Al,Oswhich suggests the existence of two mod-
ifications B1 and B2 with different structural parameters.

DiSCUSSION

Based on the research results, the following can be
highlighted:

— The largest mass fraction in the corium remaining
in the experimental container consists of fairly large par-
ticles, > 20 mm in size, which have a predominantly la-
mellar shape and a-modification of Al,Os in the phase
composition;

— The ratio of aluminum and oxygen concentrations
in a significant portion of the corium samples from the
experimental container corresponds to the stoichiometric
composition of Al,Os3, which indicates satisfactory accu-
racy of the estimates obtained in the application of the
semi-quantitative method. The small difference in the ra-
tio of Al and O concentrations was presumably influ-
enced by the process of washing the samples in water and
keeping the corium in an aqueous solution to get rid of
sodium;

— It was found that the phase composition contains
three crystalline modifications of aluminum oxide, the
main one being the a-modification (corundum). B-Al,O;
and y-Al,O; were identified as additional phases. The
presence of the crystalline modification B-Al,Os3 (up to
10+15 wt.%) in the phase composition is typical for sam-
ples of all fractions and increases with increasing particle
size. The tendency for the amount of B-Al,Os to increase
in the composition of the material coincides with the in-
crease in the Na content in the elemental composition of
the samples, which indirectly confirms the expected
chemical composition of the phase Na,Ox11A1,0;. The
v-Al,O3 modification is a high-temperature crystalline
modification of aluminum oxide, and its presence can be
explained by quenching of the high-temperature phase in
the surface layer of the solidifying melt.

The study confirmed the possibility of using a corium
simulator made of aluminum oxide to describe the co-
rium/coolant interaction process. Data were obtained on
the granulometric composition of the products of the co-
rium simulator interaction, data characterizing the shape
of the particles, allowing one to judge the nature of the
process occurring at the final stage of a severe accident
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at the reactor. The obtained data can be used to design
systems and devices for localizing the consequences of a
severe accident at the reactor.
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MOJEJIBAIK KOPUYMHBIH KbILITYTACBIMAJIJJATBIIIITEH O3APA OPEKETTECYIH
GOPATMEHTTEY ITPOLECI

B. B. bakaanos, IO. I0. baknanosa®, U. M. Kykymkun, O. C. Bykuna, A. C. AkaeB
KP ¥A10 PMK «Amom 3nepeusacol uncmumymuly gpunuanst, Kypuamos, Kazaxcman
* Baunanvic ywin E-mail: basalai@nnc.kz

Byt sxyMBICTa peakTopAaH THIC XKaFaailnap/a ajdblHFaH SIPOJIBIK PEaKTOPABIH (KOpUyM) OelceH i aliMarbIHbIH KaTKaH
MOJENBIIK OaJKBPIMACBIHBIH TYHIpHIIKOIMIEMAIK MapaMeTpiepiH, JIEMEHTTIK jKoHe (azaiblKk KypaMaapblH 3epTTey
HOTHXKelepi YehiHbUIFaH. Peakropnan Thic akcnepuMentTep KP ¥ 50 PMK AU «EAGLE» crenainze xxypriziieni, on
OenceHai aifMaK KOMIIOHEHTTEPIHEH IIMXTa OaJKpIMACBIH ajyFa JKOHE OHBIH JKbUTyTaChIMAJIAFbINIICH ©3apa
opeKeTTecyiH icke achlpyFa MyMKiHJIK Oepeni. [1lammiay HeHTpOHIapIaFkl pEaKTOPABIH MOJENbAIK KOPHYMBIH ally YIIiH
HATPUH KBLUTYyTaCBIMAIIIAFBINI PEeTiHAC amFoMuHuE okcui (Al,O3) maiaanaHbUIIbL.

3eptrey HoTHXKENEpi (a3anbIK KypambiHaa Al,Os aTroMUHHUN TOTHIFBIHBIH YII MOIU(DHUKAIMACEIHBIH KaTKaH HIMUTATOPBIH
aHpIKTanbl. Herisrici o-mommdukanumscel (KOpYHI), O COHAAW-aK IIBIFBIC IIMXTaHBIH 0a3aiblK KOMIIOHEHTI OOJBIT
caHaaAbl. AJTIOMUHHUN TOTBIFBIHBIH 0acka KPHCTAIABIK MOAN(HUKAIMSIIAPEIHBIH Haiaa OOMybl JKOHE 3aHAbI TapaTybl
MOJIENBIIK KOPUYMHBIH JKBUTyTaChIMAJIIAFBIIINEH ©3apa OpeKeTTecyl Ke3iHIe TYBIHIANTBIH HpPOLECTEPIiH XYPY
epekmeniriven OaimaHeIcTBl Oenrinep ekeHi aHbIK. OCBIHIAW epeKIIeNiKTep pPeaKTOPABIH OelCeHIi aiMarbIHBIH
0aKpIMaChIHA TOH JKOHE COH/IAa KOJNIaHBLTYBl MYMKiH, OipaK KOJIIaHBUIATBIH UMUTATOP YILIiH TOJICHIATTHI O0TyHl MYMKIH.

Tyiiin ce30ep: M00enbOiK KOpuym, HaAmMpuil HCoLIYMACLIMALOAblubl, Qpazmenmmey, OAIKbIMA, IKCHEPUMEHMMIK
Modenvoey.

MMPOLNECC ®PATMEHTAIIUN MOJEJIBHOT'O KOPUYMA
MPU B3AMMOJIEVICTBUM C TEILJIOHOCUTEJIEM

B. B. bakaanos, IO. I0. baknanosa®, U. M. Kykymxun, O. C. Bykuna, A. C. AkaeB
Dunuan «MHucmumym amomnoii snepeuuy PI'TI HAL] PK, Kypuamos, Kazaxcman
* E-mail ona konmaxmos: basalai@nnc.kz

B macrosmeit pabore mpencTaBIeHBl Pe3yiIbTaThl MCCIEIOBAHUS TPaHYJIOMETPHIECCKUX MapaMeTpOB, FIEMEHTHOTO U
(ha30BOro COCTABOB 3aTBEP/IEBILIETO MOJIEILHOTO pacIliaBa akTHBHOM 30HBI SJIEPHOTO peakTopa (KOpruyma), IoJIy4eHHOTO
BO BHEPEAKTOPHBIX YCIOBUAX. BHepeakTopHbIe dKCrepuMeHThI mpoBoastcs Ha creHae «EAGLE» MAD HALL PK,
KOTOPBIH MO3BOJISIET MOJIYYUTh PACIIAB IIMXTHI U3 KOMIIOHEHTOB aKTUBHOM 30HBI M PEATM30BaTh €T0 B3aMMOJICHCTBHE C
TEIUIOHOCHUTENEeM. [ MOTydeHUs] MOJICIEHOTO KOPUYMa PeaKTopa Ha ObICTPBIX HEUTPOHAX OBLI UCIOJIB30BaHA OKCH]T
amromunus (Al,O3), B Ka4eCTBE TCIUIOHOCUTESI — HATPUH.

PesynbraThl UcCIeNOBaHNI BISBIIN MPUCYTCTBHE B (DA30BOM COCTaBE 3aTBEPICBIIECTO HMHUTATOPA TPEX MOIAM(HUKAIINI
okucu amoMuHus Al,Os. OCHOBHOW sBisieTcs o-MoauduKanus (KOPYHH), KOTOpas TaKXe SBIACTCS 0a30BBIM
KOMIIOHEHTOM MCXOTHOH MUXTHI. [1osBIICHNE 1 3aKOHOMEPHOE pPacIpeIesiCHIE IPYTUX KPUCTAIUTHYCCKIX MO TUDUKAITHN
OKHCH QIIOMUHUS OIPEACICHHO SIBISCTCS IPU3HAKOM, CBSI3aHHBIM C OCOOCHHOCTSMH TIPOTEKAHHUS IIPOIIECCOB,
BO3ZHUKAIOMIMX TPH B3aUMOICHCTBHH MOJIENBHOTO KOpHUyMa C TerioHocuTeneM. Ilogo0HbIe 0COOEHHOCTH MOTYT
OKa3aThCs XapaKTEPHBIMHU M PACIIPOCTPAHATHCS HAa COOCTBEHHO PACIUIaB aKTHBHOM 30HBI PEaKTOPa, HO MOTYT OKa3aThCs
Y CIeUN(UIHBIMA JJIS1 IPIMEHSEMOT0 UMHTATOPA.

Kniouesvie cnosa: moodenvuvlii Kopuym, HAmMpuesviti MenioHOCUmMeNb, Qpasmenmayus, pacnias, IKCNEPUMEHMATbHOE
Mooenuposanie.
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