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This article presents the results of modeling of the temperature field of the experimental assembly of the VCG-135 test
bench to study the interaction between model corium and candidate metal-coolers (zinc, antimony and manganese) in the
conditions of a severe accident.

The need for modeling is associated with the probability of metal melting in the discharge device due to the heat flow
from the heating crucible of the experimental assembly. Thus, the purpose of the modeling was the justification of the
integrity of the design of the metal discharge device during the production of liquid corium in the crucible of the
experimental assembly.

The thermophysical model was created in the ANSYS software. The temperature field of the experimental assembly was
obtained at the moment of obtaining liquid corium as a result of the modeling. An analysis of the results showed that
metal in the discharge device wouldn’t reach the melting point. In this regard, the discharge device of the experimental
assembly can be used in its current design for experiments conducting at the VCG-135 test bench.

At the same time, after the experiments, the thermophysical model was validated by comparing the calculated temperature
values with experimental data. Validation of the model shows that the deviation of calculated and experimental
temperature values at control points does not exceed acceptable limits (melting of the studied metal before interaction
with corium). Thus, the developed thermophysical model can be used to justify further experiments on the VCG-135 test

bench with the current experimental assembly.
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INTRODUCTION

The most harmful consequences of a severe nuclear
reactor accident are the core meltdown with the for-
mation of corium and its release outside the reactor vessel
[1-2]. Passive nuclear safety systems are provided in the
nuclear power station design in the case of such a sce-
nario. The core catcher is one of the passive safety sys-
tems and is the last barrier to the spread of corium during
the destruction of the reactor vessel [3—6].

Currently, the National Nuclear Center of the Repub-
lic of Kazakhstan is conducting research on the possibil-
ity of using the boiling effect of metals to cool the surface
of corium in the core catcher of the VVER reactor [7-8].

This idea is based on using the boiling effect of metals
on the corium surface in a similar way to water cooling.
In this regard, it is appropriate to conduct experimental
studies to understand all features of such interaction.

The experiments on the study of the interaction be-
tween corium and candidate metal-coolers was con-
ducted at the VCG-135 test bench. The VCG-135 test
bench is a sealed water-cooled working chamber with a
built-in inductor designed to perform high-temperature
thermophysical and materials science studies [9-10]. Fig-
ure 1 shows the scheme and appearance of the working
chamber of the VCG-135 test bench.

The experimental assembly consisted of a double
graphite crucible and a developed metal discharging de-
vice. The discharge device made it possible to organize
the discharge of solid metal fragments after receiving lig-
uid corium into the crucible. The appearance and scheme
of the experimental assembly of the VCG-135 test bench
are presented in Figure 2.

The main uncertainty before the experiments was as-
sociated with the issue of the probable melting of the
studied metal in the discharge device during obtaining of
the liquid corium due to the heat flow from the graphite
crucible.

In this regard, it was necessary to analyze the integrity
of the metal discharge device design during liquid corium
obtaining in the crucible of the experimental device be-
fore experiments. At the same time, one of the most ef-
fective ways for considering this issue with minimal cost
is the method of computer modeling.

THERMOPHYSICAL MODEL FOR THE EXPERIMEN-

TAL ASSEMBLY OF THE VCG-135 TEST BENCH

The objective of the modeling is to obtain the temper-
ature field of the elements of the experimental assembly
of the VCG-135 test bench when the temperature of co-
rium in the crucible reaches ~2250 °C.
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1 — inner tank of the power hull; 2 — external tank of the power hull; 3 — inductor current supply; 4 — viewing window;
5 — brackets for mounting the experimental assembly; 6 — electrode holders; 7 — foundation

Figure 1. Appearance and scheme of the working chamber of the stand VCG-135.

1 — graphite crucible; 2 — lid; 3 — tungsten glass; 4 — corium; 5 — metal-cooler; 6 — thermocouple;
7 — device for discharging the metal-cooler; 8 — electromagnetic drive

Figure 2. Experimental assembly in the working chamber of the VCG-135 test bench

To achieve this goal, in this article, an experimental
situation is simulated when the corium prototype is
heated in the graphite crucible to obtain a melt by method
of the induction heating. Calculations of the thermal state
of the thermophysical model were performed using the
ANSYS software [17].

The thermophysical model for calculations was cre-
ated based on the scheme of the experimental assembly
in which an induction heater was used as a method to ob-
tain a corium melt. Figure 1 shows the scheme of the ex-
perimental assembly.

Due to the symmetry of the experimental assembly
relative to the central axis, the third-dimensional axisym-
metric computational domain was chosen for modeling
heat transfer. Figure 3 shows the developed thermophys-
ical model of the experimental assembly. The thermo-
physical model takes into account the presence of the in-
sulation, however it isn’t shown on the figure due to the
convenience of visualization.
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Figure 3. Thermophysical model of the experimental assembly
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Control points TC-1, TC-2, TC-3 were selected for
temperature control in the experimental assembly at the
planned locations of thermocouples in future experiments
during the calculation. Figure 2 shows the scheme of the
control points locations and, accordingly, future thermo-
couples.

ELECTRICAL CALCULATION OF THE PARAMETERS

OF THE “INDUCTOR-GRAPHITE CRUCIBLE” SYSTEM

It was necessary to calculate the efficiency of the in-
ductor before modeling the induction heating of a graph-
ite crucible. The efficiency shows the amount of energy
invested in the inductor and transferred directly to the
graphite crucible. Calculation of the efficiency of the in-
ductor of the VCG-135 test bench was carried out using
the following formulas according to [12].

The depth of current penetration into the inductor ma-
terial A1 is calculated by the formula:

A, =503 /pT

where p, - electrical resistivity of copper, p. =
2-107% Ohm'm; f — power supply frequency, f = 66 kHz.
The depth of current penetration into graphite A2 is:

A, =503- /pTg ,

where pg — electrical resistivity of graphite, pg= 1.3 x10°
5 Ohmxm;

The relative radius of the melt R, , which is used later
when determining the values of auxiliary functions, is
equal to:

— d
R,=—2=,
2 AZ\/E
where d; — graphite crucible diameter, d; = 0.14 m,

The active resistance of the inductor r; is calculated

by:

m-d,
Al ' hl ' kx
where dy, — design diameter of the inductor turn, m; hy —
inductor height, hy = 0.12 m; k, — the fill factor of the in-
ductor, equal to the ratio of the height of the inductor coil,
which corresponds to the diameter of the inductor tube,
to the winding pitch.

The calculated diameter of the inductor dy, is deter-
mined as:

rlzp.w.

dlp = do— dext + A1,

where d, — average diameter of inductor turn,
do = 0.15 m; dex: — external diameter of the inductor turns
tube, dext = 0.01 m.

Inductor fill factor k, is determined as:

— n'dext

K,
h,

where n— number of inductor turns, n = 5.

Active resistance of the block r; is:
2070 2. A2,

where A = F (R, ) — auxiliary function, which is deter-
mined according to the graph in [12]; h, — graphite cruci-
ble height, h, = 0.18 m.

If the condition is met b,,, > 1.5- A1, (copper tube wall
thickness b.,, = 2 mm), internal reactance of the inductor
X1 has a value approximately equal to the active re-
sistance of the inductor:

Xip=1TI1.
Internal block reactance x: is equal to:
X, =p n-d,’
2 — Peor * 2 :
2-A5-h,

where B=F (Ii2 ) - auxiliary function, which is deter-

mined according to the graph in [12].
Leakage reactance xs of the conventional single-turn
inductor is determined by the formula

2 2
,d, —d
o e 21
2

where @ — circular frequency of the current, calculated
as:

S

107,

w=2-n-f.
Reactance x; of the unloaded inductor is equal to:

2
X = oot k107,

where d, —crucible external diameter, d,=0.14 m;
k - correction factor taking into account the end effects of
a short inductor (Nagaoka coefficient).

The Nagaoka coefficient is a function of the dy/h; ra-
tio and has a value of 0.4 in the calculation.

The reverse circuit reactance Xo is determined by the
formula:

XO = X1 . L .
(h—k-h;)
The parameter reduction coefficient C is calculated
as:

1

2 2"
r X, + X
XO XO

Reduced active resistance of the block r»’ is equal to:
r,L=C-r,.

The reduced reactance of the block x; is determined
by the formula:
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(X, + %, )2+ 1,7
X

The equivalent active resistance of the inductor r is
equal to:

’
X5 :C~{xs+x2+

r=rn+r.
The equivalent reactance of the inductor x is:
X=Xy + X, .

The equivalent impedance of the inductor z is calcu-
lated by the formula:

z=Ar +x* .

The electrical efficiency of the inductor #, is equal to:
r_2I
=

THE CONDITIONS FOR CONDUCTING NON-STATIO-

NARY CALCULATIONS

The following boundary conditions were determined
for the calculation:

a) initial temperature of the experimental assembly —
27 °C;

b) mass of the heated corium — 40 gram;

c) the graphite crucible is heated according to the di-
agram shown in Figure 4;

d) the corium in the crucible was heated to a temper-
ature of ~2250 °C (readings of the control point TC-1).

n, =

T

Power, KW
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Figure 4. Heating diagram of a graphite crucible

At the same time, the energy released in the graphite
crucible was set taking into account the efficiency of the
inductor (see the calculation method in the previous sec-
tion of this article) and experimental readings of the
power factor. The calculation of the efficiency of the in-
ductor of the VCG-135 test bench was conducted accord-
ing to [12]. The electrical parameters of the inductor are
shown in Table 1.

Table 1. Electrical parameters of the inductor

Parameter Value
Active power of the inductor, kW 8-17
Calculated inductor efficiency, % 38
Inductor power factor, cosg 0.58

The thermophysical model takes into account:

— dependence of the properties of the experimental
assembly elements on temperature;

— heat exchange by radiation;

— convective heat transfer between the external sur-
faces of the model and the environment.

Zinc was chosen as the test material in this calculation
as the metal with the lowest melting point relative to an-
timony and manganese. Some properties of corium dur-
ing computer modeling were used according to literary
sources [13-14]. 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 co-
efficient was set similarly to the previously performed
calculations of corium heating in the ISTC project No.
K-1265 under the INVECOR program [15-16]. The ther-
mophysical properties of the experimental assembly were
used according to the [17].

RESULTS OF MODELING THE EXPERIMENTAL

ASSEMBLY OF THE VCG-135 TEST BENCH

Figure 5 shows a graph of temperature changes at
control points during heating of a graphite crucible ac-
cording to the proposed diagram. The graph shows that
when the required temperature of the corium in the cru-
cible is reached, the temperature in the area of placement
of the metal under study will reach ~400 °C (readings of
the TC-3 point).
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Figure 5. Heating diagram of a graphite crucible

In this regard, it can be argued that temperature of the
zinc will not exceed the melting point (~420 °C) due to
the heat flow from the heated elements during heating a
graphite crucible to produce liquid corium.

Figure 6 shows the temperature field of the experi-
mental assembly at final moment of the time. The figure
clearly shows the heating pattern of the experimental de-
vice. It can be seen that heat transfer to the area of place-
ment of the metal under study occurs due to thermal con-
ductivity through the lower graphite sleeve.
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Figure 6. Temperature field of the experimental assembly

VALIDATION OF THE THERMOPHYSICAL MODEL OF
THE EXPERIMENTAL ASSEMBLY OF THE VCG-135
TEST BENCH

Figure 7 shows a graph of changes in calculated and
experimental temperature values during heating corium
in a crucible to ~2250 °C according to the proposed heat-
ing diagram. The calculated values are represented in the
graph by a dotted line, while the experimental values are
represented by a solid line.

A comparison of the calculated and experimental
temperature values at points TC-1 and TC-2 shows that
the deviations between them average ~8%. At the same
time, the deviation in values at the TC-3 control point is
no more than 2%.

2500 20

°C
Power, KW

Temperature,

o 600 1200 1500 2400 3000 3600 4200
Time, s

- = TC-l fesle) TC2 (eale) TO3 (eale) ——TC- {exp) ——TC2dexp) —— TC-3 fexp) Power fcak) —— Power (exp)

Figure 7. Experimental and calculated temperature values

During the experiment with zinc, the temperature in
the area where the studied metal was placed reached
about ~406 °C according to the readings of the TC-3 ther-
mocouple at the moment the required temperature of the
corium in the crucible was reached. Thus, at the moment
the induction heater was turned off, the zinc was in a solid
state and, as a result, solid metal was dumped into the
crucible with liquid corium.

CONCLUSION

Modeling of the heating process of the graphite cru-
cible of the experimental assembly of the VCG-135 test
bench by induction heating. was performed using
ANSYSS software.The non-statinary caclulation was per-
fomed in order to study the possibility of melting of the
studied metals placed in the upper bushing of the dis-
charge device due to heat fluxes from the heated crucible.

Numerical calculation has shown that when imple-
menting the proposed heating diagram, the temperature
of zinc will not exceed the melting point at the moment
when the required temperature of corium is reached in a
graphite crucible. At the same time, the melting point of
zinc is lower relative to other candidate metals under con-
sideration (antimony and manganese).

In this regard, the experimental assembly in the cur-
rent design can be used for conducting experiments with
candidate metals for cooling corium at the VCG-135 test
bench. The proposed heating diagram of corium in a
graphite crucible was used during conducting the experi-
ments.

Analysis of the results of non-stationary calculations
showed good agreement with experimental data. On av-
erage, deviations are within acceptable values. Thus,
based on the data on the relative deviations of the calcu-
lated and experimental results, it can be stated that the
developed thermophysical model is applicable for tem-
perature measurements in the elements of the experi-
mental assembly of the VCG-135 test bench during in-
duction heating.
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AYDBIP ABAPUSI JKAFJAMBIHJIA KOPUYMHBIH CAJTKBIHIATKBIII METAJIJIAPMEH O3APA
OPEKETIH 3EP/IEJIEY YIIIH BYT-135 CTEHAIH DKCHEPUMEHTTIK KYPACTBIPYIBIH
TENJIO®U3UKAJIBIK MOJEJIH 93IPJIEY
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Ocel makamaga ADC-TiH ayblp aBapHsiChl >KaFaalbIHAa MOJACTBAIK KOPUYMHBIH KaHAHIATTHIK CaTKbIHAATKBIII
MeTangapMeH (MBIPBIII, CypbMa JKOHE MapraHell) e3apa dpekeTiH 3epaeney ymin BUl'-135 cTreHaiHiH SKCTIEPUMEHTTIK
JKIHAFBIHBIH TeMIepaTypajIbIK 6piCiH MOIeNbeY HOTIDKEIEepl KeNTipijreH.

Mopenpaey KaXeTTUTir SKCHePUMEHTTIK KYPBUIFBIHBIH KBI3IBIPBUIATHIH TUTENIbiHEH JKBUTy aFbIHBI €CE0iHEH IIBIFapy
KYPBUIFBICBIHIA METAN/IbIH 0alKy BIKTHMAIbIFbIMEH OainaHbIcThl. OchbUTaiiina, MOJIEIbeY MaKCaThl SKCIIEPUMEHTTIK
KYPBUIFBIHBIH THT€JIH/IE CYHBIK KOPUYM aiy Ke3iH/e MEeTal/bl LIbIFapy KYPBUIFHICHI KOHCTPYKIHUSCBIHBIH TYTACThIFbIH
HETi311ey OOJIIBI.

Temnoduzukaneik Momens ANSYS OargapiaManblK KEHICHIHAC 93ipieHIi. AJBIHFAH HOTIDKENEP/l Taljay MIBIFapy
KYPBUIFBICBIHIIAFBl MeTana OaJky HYKTeCiHe KeTHeWTiHiH kepcereni. OcblFaH OaiJIaHBICTBI HKCIIEPUMEHTTIK
KYpacThIpyAbl IbIFapy KypblIrbickl BUI'-135 crenainae sKciepuMeHTTEep XYPTi3y Ke3iH/Ae aFrbIMJIaFbl KOHCTPYKIHSIIBIK
TYp/Ie MaitalaHbUTybl MYMKIH.
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CoHBIMEH KaTtap, SKCHEPUMEHTTCPACH KEHiH TeMIepaTypaHbIH eCeNTiK MOHAEPIH 3KCIIEPUMEHTTIK JepeKTepMeH
CANIBICTBIPY JKOJBIMEH KbUTY (DM3HMKAJIBIK MOICTBII BalUAAlUsUIAy SKYpri3uimi. YNriHi Bajgupanusiay Oakeuiay
HYKTEJCPIHACT1 TeMIIepaTypaiapIbIH €CENTIK XKOHE IKCIICPUMEHTTIK MOHJICPIHIH ayBITKYbl PYKCAT CTIITCH MICKTEePICH
aCIaWTBIHBIH KepceTell (KOPUYMMEH OpeKeTTeCleC OYPBIH 3ePTTENIEeTIH MeTalabl OankbiTy). Ochutaiiina, d93ipJieHTeH
KBUTY (PH3UKAIIBIK MOJICITb aFbIMIAFbl SKCIICPUMEHTTIK KypacTeipyMen BUI'-135 crennine onaH opi SKCIIEPUMEHTTEP/TI
Heri3aey Ke3iHje MaianaHbuTybl MYMKIiH.

Tyitin ce30ep: ayvip asapust, Kopuym, 6AIKbIMa My3a2bl, Memaii—caikbiHoamgsius, BUI-135 cmenoi, ANSYS, modendey.

PA3PABOTKA TEIJIO®U3NYECKOM MOJEJIA 3KCIIEPUMEHTAJIbHOW CBOPKH
CTEHJA BUTI'-135 J1JIs1 U3YYEHUSA B3AUMO/JENCTBUSA KOPUYMA C METAJIVTIAMU-
OXJIAITATEJISIMHA B YCJOBUSX TAKEJIONU ABAPUN

M. K. Ckakog!, K. O. Tosney6exos?*", M. K. Bekmyaaun’, A. C. AkaeB?

D Pril «Hayuonanvuwtii a0epnstii uenmp Pecnyénuxu Kazaxcman», Kypuamos, Kazaxcman
3 @unuan «Mucmumym amomnoii snepzuuy PI'TI HAL] PK, Kypuamos, Kazaxcman
%) Yuueepcumem umenu Hlaxapuma zopooa Cemeii, Cemeit, Kazaxcman

* E-mail ons konmaxmos: toleubekov@nnc.kz

B Hacrosimieit cratbe NpHBEICHBI PE3yJbTaThl MOJACIUPOBAHUS TEMIICPATYPHOTO IIOJISi IKCIIEPUMEHTAIbHOW COOpKH
crega BUI'-135 s m3yueHus B3aMMOAEHCTBHS MOJENBHOTO KOpHUyMa ¢ KaHAMJATHBIMHU METaJUIaMHU-OXJIAAUTEIIMU
(uMHK, cypbMa M MapraHell) B yCIOBHAX Tsxesol aBapun ADC.

Heo0xoauMoCTh MOAENUPOBaHUS OOYCIOBICHA BEPOSATHOCTHIO ILIABICHMSA MeTalla B yCTpoOHcTBe cOpoca 3a cyeT
TEIIOBOTO ITOTOKA OT HAarpeBAIOIIET0Cs THIJIS SKCIIEPUMEHTAIBHOTO yCTpoiicTBa. TakiuM 00pa3oMm, Lielib MOAETHPOBAHNUS
3aKiIroyanachk B 000CHOBAHUH IIEJIOCTHOCTH KOHCTPYKIMHU yCTpOMCTBa cOpoca MeTaiuia BO BpeMsI ITOJIyUECHUS! )KUAKOTO
KOpHyMa B THTJIE SKCTIEPUMEHTAIIBHOTO YCTPONUCTBA.

Temnoduzngaeckast Mozens OblIa pa3padoTana B mporpaMMHoM komiuiekce ANSY'S. AHanmn3 mOMydeHHBIX pe3ylbTaToB
MOKAa3bIBaeT, YTO METAJUI B yCTPOWCTBE cOpoca HE JOCTHIHET TOUKH IUIaBICHMA. B CBsI3M ¢ 3THM, yCTpOHCTBO cOpoca
SKCIIEPUMEHTAIbHOM COOPKM MOXKET OBITh HMCIOJIB30BAHO B TEKYIEM KOHCTPYKIIMOHHOM BHJAE IPU NPOBEICHUH
9KCIEPUMEHTOB Ha ctenae BUI'-135.

B Toxe Bpems, mocie SKCHEPUMEHTOB ObLIa NMpOBEleHa BATHAALMS TEIUIO(QU3NYECKOW MOJENIH IyTeM CpPaBHEHHS
pacyeTHbIX 3HAUEHHWH TEMIepaTypbl C OSKCIEPUMEHTAIBHBIMHM IaHHBIM. Banupanus MoJIenu IOKa3bIBaeT, YTO
OTKJIOHEHHE PACUETHBIX M OKCIEPUMEHTAJbHBIX 3HAYCHUI TeMIeparyp B KOHTPOJBHBIX TOYKAaX HE IPEBBILIAIOT
JIONTYCTHMBIX TIpe/iesioB (TJIaBJICHUE UCCIIeNyeMOTo MeTaia Tepe]] B3auMOAeHCTBUEM ¢ KopuyMoM). Takum oOpazom,
paspaboranHas Teruodu3nuecKas MoJeNIb MOKET ObITh UCIIOIB30BaHA TP 0OOCHOBAHUH JaJbHEHIINX 3KCIIEPUMEHTOB
Ha creHae BUI-135 ¢ Tekyrelt 3kcriepuMeHTaIbHOH COOPKOMA.

Knruesvie cnosa: msdicenas asapus, Kopuym, 108YWKA pacniasa, memani—oxiaoumens, cmeno BUYI-135, ANSYS,
MoOenuposarue.
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