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ABSTRACT

A description and results of MCP-3 experiment carried out within the ISTC METCOR-
P project # 3592 are presented.

The experimental studies cover the oxidation phenomena taking place in the steam
atmosphere above the interaction zone. It was formed on the surface of VVER vessel steel after
the contact with C-30 corium taking place in the argon atmosphere before steam supply.
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INTRODUCTION

The ISTC METCOR Project has determined qualitative and quantitative characteristics
of the interaction between suboxidized molten corium and cooled surface of VVER vessl steel.
Experimental data on the corrosion depth and kinetics have been summarized; the mechanics of
corrosion has been explained. Like in the studies carried out within the OECD MASCA program
it was found that the interaction is accompanied by the partitioning of corium and steel
components, after which an interaction zone (IZ) is formed on the steel specimen surface.
Similar to MASCA case with metallic melt, the IZ consists of U, Zr, Fe and a small quantity of
O. At this, other conditions being equal, concentrations of U, Zr and O in the METCOR IZ are
considerably smaller than in MASCA, which is explained by the METCOR thermogradient
conditions. The steel itself undergoes corrosion during its dissolution in the IZ liquid phase.
These METCOR findings are discussed in [1+3].

Of special interest for the in-vessel retention (IVR) studies is the change of initially
inert above-melt atmosphere by steam (a case with suboxidized corium). It is assumed that such
change of atmosphere results in the oxidation of the system, which was formed at the melt-
specimen interaction in the METCOR experiments. The system also includes a metallic part —
the 1Z, similar to the one observed in MASCA tests [4].

Experiment MCP-3 was performed for determining qualitative and quantitative
phenomena of IZ oxidation in the given conditions. The experiment was conducted in
accordance with the METCOR-P Work plan as a continuation of MC6 [5], in which the IZ was
formed as a result of interaction between C-30 corium and steel specimen, the maximum
temperature on the interface of which was 1400°C, i.e. in MCP-3 the neutral atmosphere was
replaced with steam after the MC6 procedure was repeated.

Sections below present MCP-3 procedure, data and their analysis.
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1 DECRIPTION OF EXPERIMENT

1.1 Experimental setup schematics

The experiment was conducted on the Rasplav-3 tests facility. The furnace schematics
are given in Fig. 1.2. Top and bottom calorimeters and ultrasonic sensor were used to determine
heat fluxes from the melt into the specimen and cooling of the interaction zone.

2
A

1 — gas and aerosol vent; 2 — gas supply pipe; 3 — water-cooled pyrometer shaft;
4 — water-cooled cover; 5 — quartz tube; 6 — water-cooled electromagnetic screen;

7 — crucible section; 8 — inductor; 9 — melt; 10 — acoustic defect; 11 — molten ZrO,
(fianite); 12 — vessel steel specimen; 13 — K-type thermocouples; 14 — top calorimeter;

15 — bottom calorimeter; 16 — ultra-sonic sensor

Fig. 1.1 — Furnace schematics

Top calorimeter

~—_| Bottom calorimeter

Fig. 1.2 — Vessel steel specimen

Table 1.1 shows the positioning of thermocouple junctions (K-type), which were
embedded into the specimen. Thermocouples located within a 10-mm radius from the specimen
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axis were embedded into 1.5 mm-diameter holes, those located 29 mm from the axis were
embedded into the 1.5 mm-wide grooves.

Table 1.1 — Location of thermocouple junctions

o . r, mim h, mm
# ¢ (dlst.ance be?ween the (distance between the top
(azimuth angle) specimen axis and hot . .

. . edge and hot junction)
junction)

TCO1 180 10 1

TCO02 90 10 2

TCO3 135 10 3

TC04 45 10 4

TCO05 270 10 6

TCO06 0 10 8

TCO7 225 10 20

TCO08 180 29 1

TC09 90 29 2

TC10 45 29 4

TCI11 225 29 8

TC12 315 29 20

TCI13 7.5 104

To exclude the electromagnetic heating of specimen the lower sections of the crucible
top zone were welded together to serve as an electromagnetic screen. The specimen was
positioned in the crucible so that its top was 1 mm lower than the top of welded sections. The
gap between the specimen and crucible sections was filled with ZrO, powder and molten ZrO,
granules (11). Water-cooled movable screen (6) was used for additional specimen screening from
electromagnetic heating and for controlling the thickness of molten pool bottom crust. The melt
surface was monitored through the water-cooled pyrometer shaft blown with argon (3).

Acoustic defect (10) was made in the specimen to measure the vessel steel corrosion
rate. Same ultra-sonic sensor (14) as in MC6 was used. Differently from MC6 the acoustic defect
was farther from the specimen top because of the estimated interaction zone depth. The furnace
was sealed with water-cooled cover (4), which had quartz tube (5).

Fig. 1.3 shows the system of steam and gas supply and gas-aerosol sampling.
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1 —Ar,N tanks; 2 — water regulator-meter; 3 — evaporator; 4 — steam supply into the
furnace; 5 — steam condenser; 6 — condensate collector; 7 — condensate drop
collector; 8 — ejector; 9 — large-area filter; 10 — silica-gel dryer; 11 — Petrianov
filters; 12 — O and H electrochemical sensors; 13 — vacuum receiver; 14 — large-
area filter, startup line ; 15 — strain sensor; 16 — hydrolock.

Fig. 1.3 — Gas-aerosol system

The system operated in the following way. Startup heating, charge melting and first part
of the experiment were performed in argon supplied from the tank to the furnace. Hydrolock (16)
provided the excess argon pressure in the furnace. After studies in the argon atmosphere steam
was supplied through steam pipe (4) from evaporator (3). Steam flow rate was measured by water
regulator-meter (2). To exclude steam condensation the steam pipe was heated up to 120-150°C.
Steam-gas mixture went from the furnace to steam condenser (5). The condensate flew into tank
(6). Strain sensor (15) was used for on-line measurement of condensate weight. Ejector (8)
collected non-condensable gases from the condenser, nitrogen was used as the carrier-gas (1).
After that gas went to filter (9) and silica-gel drier (10). The gas composition, in particular, H
and O concentration in it, were measured by electrochemical sensors (12) after additional
cleaning by filter (11).

1.2 Materials

The following materials were used in the test: vessel steel 15Kh2NMFA-A, uranium
dioxide, zirconium oxide, metallic zirconium, argon, steam. All materials were analyzed for the
content of the basic component. Along with that, the O to U ratio was measured in UO, powder
by the gravimetric method; it was 2.0. Table 1.2 shows the composition of charge and steel
introduced into the melt in MCP-3.
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Table 1.2 -MCP-3 charge composition

10

Content of
Components matn Admixtures, mass. % Source
substance,
mass.%
U0,
powder, U0->99.0 Fe<0.03; As<0.0003; CuO<0.01; Certificate data,
dispersivity <200 i phosphates<0.002; chlorides<0.003. | thermogravimetry
um
7Zr0O, A1203<0.03; Fe,03<0.05;
powder, (ZrO,+H1O,) Ca0<0.03; Mg0<0.02; Si0,<0.2; )
dispersivity <100 ~99.3 Ti0,<0.1; P,0s<0.15: Certificate data
um (Na,0+K,0)<0.02.
Zr
metallic rods HO-1 Zr>99.0 Nb<1.0 XRF data
Steel Si-0.25; P<0.02; Ni-1.0; Mn-0.49;
I5Kh2NMFA-A Fe>95.1 Cr-2.24; Cu-0.07; Mo-0.7; V-0.1; XRF data

C0<0.03; As<0.003.

The charge was placed into the crucible in the argon atmosphere following a special
technology tested in previous experiments. 150 g of corium C-29.8 (76.7 %UO,; 7.0 % ZrOy;
16.3 %Zr, here and hereafter mass.%) was put on the top of steel specimen. The corium
dispersivity was not more than 50 pm. Corium C-29.8 had been synthesized in the argon
atmosphere in Pr1-MCP-1. On top of it the following charge was placed: UO,, ZrO, and metallic
zirconium having the C-32 composition (76.00 %UO,; 9.33 % ZrO,; 14.67 %Zr).

Table 1.3 gives the composition and mass of components placed into the crucible
before melting.

Table 1.3 — Charge composition and mass of components

Function Component Fraction, Mass, Percent
pm g
Corium C-29.8
Crust simulant (76.7%U0O3,; 7.0% ZrOy; <50 150 8.2
16.3%Zr)
U0, <500 1271.7 69.8
710, <50 150.6 8.3
Main charge ROd.S 3 mm
Metallic zirconium, Zr in diameter 250.0 13.7
and 15 mm
high
Total 1822.3 100.0

The required fractions of uranium dioxide and corium were produced by crushing
tablets from fuel elements and C-29.8 corium ingot from PrI-MCP-1 in the argon atmosphere.

1.3 Experimental procedure

Fig. 1.4+1.10 shows the measurements of main parameters excluding specimen corrosion
depth.
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The furnace was flushed with argon during 10 minutes (flow rate 10 I/min). It was
followed with startup heating to produce molten pool. To prevent the uncontrollable specimen
heating its top was lowered by 35 mm (Z.) versus the lower edge of inductor, and the top edge of
screen was positioned 25 mm (Z.) below the bottom edge of the inductor. Temperature of the
specimen top was controlled by thermocouple measurements. At seconds 700 and 800 the
crucible was lowered into the inductor for 7 and 8 mm respectively.

At 850 s temperature on the molten pool surface was approx. 2300°C. To raise the
temperature on the specimen top at 1300, 1870 and 2170 s power release into the melt was
increased. From 2680 till 5100 s the crucible and screen were moved versus the inductor;
temperature on the specimen top was stabilized (at Z, =20 mm, Z. =27 mm). At 5300 s in
accordance with thermocouple measurements temperature on the specimen top reached approx,
1400°C (Fig. 1.4). After this in conditions close to MC6, in the temperature stabilization regime
the specimen was ablated for 10 hours until its corrosion stopped (like in MC6). Differently from
MC6 the crust did not form on the molten pool surface. Temperature on the surface of molten
pool during the interaction zone formation was approx. 2400°C (Fig. 1.4). After 10 hours of
ablation regime and interaction zone formation the molten pool was prepared for the oxidation
by steam. For that during seconds 38300 - 42000 temperature on the interface was lowered and a
thick crust was formed on the specimen top by moving screen and crucible (Z.= 53 mm,
Z.=38 mm) and reducing power deposition in the melt. After crust formation (between the
interaction zone and the melt) at 42500 s steam was supplied into the furnace (flow rate approx.
400 g/h, temperature 140+150°C (Fig. 1.9)). At that time the melt surface had a crust, which did
not disappear at the interaction temperature approx. 500°C. Therefore, the molten pool was
oxidized through the crust. At 44300 s the crust broke off from the molten pool surface. Its parts
got into the steam condenser (5) via silicon pipes. At that moment HF heating was shortly
disconnected, which resulted in the temperature drop in the interaction zone. The 1Z temperature
was increased by stepping up power and moving screen and crucible versus the inductor
(Z. =38 mm, Z. =33 mm); it was stabilized at 600+700°C level. Up to 45300 s no condensate
was found in collector (7), and small amount in collector (6, Fig. 1.3), which probably means
that practically all steam was absorbed by the melt. The pyrometer shaft was periodically flown
with nitrogen to observe the molten pool surface, at this the steam supply was stopped. At
46500 s steam-gas line between the furnace and inductor was checked and replaced (5, Fig. 1.3).
By 47400 s the volume of liberated hydrogen (Fig. 1.10) reduced to 1% vol., which indicated the
end of oxidation of the main volume of molten pool. After this the IZ was heated to melt the
crust above it by moving crucible and screen versus inductor (Z, =21 mm, Z. =30 mm) and
increasing power deposition in the melt by 49039 s (Fig. 1.8). Judging by the heat flux into the
specimen calorimeter (Fig. 1.7, 1.8) heat flux into the molten pool bottom grew up to 1.5 kW,
and the IZ oxidation started. Indications of hydrogen sensor grew and thermocouples started to
break down. At 49257 s power deposition was reduced, temperature was maintained on the
1400°C level (like in TC-06 ). At 49990 s the surface crust broke off from the melt surface again,
and a part of condensate spilled from the collector (6, Fig. 1.3). At 50490 s signal from the
acoustic defect disappeared (was not indicated by the US sensor). After that the steam supply
was stopped, the furnace was flushed with nitrogen and at 50960 s the HF heating was
disconnected.
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Fig. 1.5 — Fragment of thermocouple readings and anode voltage dynamics
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Fig. 1.6 — Dynamics of anode current and voltage, inductor voltage and current on the
mesh of oscillating tube
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Fig. 1.7 — Dynamics of heat and electromagnetic fluxes into the crucible and heat flux into
the top calorimeter
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Fig. 1.10 — Readings of hydrogen sensor, carrier gas flow rate Gar5
1.4 Ultrasonic measurements of steel corrosion

The methodology of ultrasonic sounding previously tried in METCOR experiments was
applied for measuring interaction front position versus time. The specimen was probed by the
pulse-periodic signal having varied reference frequencies. . Between pulses the ultrasonic
transducer is automatically switched to receiving echo signal. Distance between the reflecting
surfaces (from the specimen top and acoustic defect):

D = 0.5cAt, (1.1)
where ¢ — speed of sound in the specimen;

At — time interval between the sent and reflected echo signals.

Dependence of the speed of sound from temperature was determined in the regimes of
specimen heat up and cool down in absence of its corrosion.

Fig. 1.11 shows the image of echo signals on the monitor, which looks like two groups
of sinusoidal signals. Left group corresponds to the signal from defect, and right — from the
specimen top. Main frequency of oscillations — own resonance frequency of ultrasonic
transducer. Spectral composition of the groups is different due to the different shape of reflecting
surfaces.

To determine the time interval one half-wave was chosen in each group on condition of
their coherence. Two characteristic points were fixed on each of the waves: one — at crossing the
‘zero’ line; and second — at the amplitude maximum. After that the time delay between the
corresponding points or any couples of points was changed. Knowing the speed of sound at the
measured temperatures the distance from defect to the specimen top was calculated; it kept
reducing versus time due to steel corrosion. Calculations were made by computer processing of
online data. Error of the measured interaction front position was 0.01 mm.

In experimental measurements with suboxidized corium is a necessity to separate signals
reflected from the following surfaces: the IZ boundary and specimen (bottom boundary); and 1Z
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boundary and corium crust (top boundary). This procedure is based on the analysis of the
interferogram of signals. It is described in the previous METCOR reports.

mW 4 ‘

a0
max ﬁ
20 i

-20 l|,|| U ‘

=30

Time, s
1 — echo signal reflected from defect; 2 — echo signal reflected from the specimen top; «max» — position of
cophasal half-waves maximums; «0» — positions of zero points of cophasal half-waves

Fig. 1.11 — Echogram of the specimen in interaction with molten corium

Fig. 1.12 shows the measured data. Before the IZ oxidation completion and steel
specimen oxidation start it was not possible to determine the position of bottom boundary (stage
E) correctly using the interferogram.

Section 3 gives a detailed analysis of the measurement data.

S
I

N

Melt

17

'
N

o
III|IIII|IIII|III

Corrosion Depth (h), mm
N

-12 ||||i||||i||||i||||i

10 20 30 40 49.0 495 50.0 50.5 510 515
Time (1), ks

1 — Top boundary of 1Z, 2 — Bottom boundary of 1Z,
3 — calculations using methodology [2], 4 — thermocouple
breakdown. A, D, E — experimental stages (see Section 3)

o

Fig. 1.12 — Ultrasonic measurements of specimen corrosion depth

As evident from Fig. 1.12, by the onset of IZ oxidation the corrosion depth was 7.6 mm,
the estimated error is +17%, and the maximum corrosion depth by the end of the test was approx.
9.4 mm.
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2 POSTTEST ANALYSIS

2.1 Specimen temperature conditions

Similar to the posttest analysis of all METCOR tests calculations of the specimen
temperature conditions were made for determining the temperature field in it during a stationary
10-hour regime. The calculations were made using the finite-element program, in which the
equation of stationary heat conductivity in the axi-symmetrical formulation was solved. The
boundary conditions were as follows: temperature on the internal surface of the top calorimeter,
which, in accordance with estimates, was approx. 100°C, temperature on the internal surface of
the bottom calorimeter (20°C) and temperature on the external surface of the periphery layer of
heat insulation, which was assumed to be equal to the average temperature of cooling water.
Heat conductivity of steel 15Kh2NMFA-A, the specimen material, was taken from the data
provided by the ISTC METCOR, Phase 1 [6]. The average heat flux into the specimen top and
heat conductivity of periphery heat insulation layer were varied for the best convergence of
numerical and experimental temperatures in the specimen in the locations of thermocouple
junctions. At this the distribution of heat flux along the radius of the specimen top was assumed
to be the same as in MC6.

Results of calculations are given in Fig. 2.1, 2.2. Fig. 2.1 shows experimental and
calculated temperatures 10 and 29 mm from the specimen axis. Their comparison shows
satisfactory convergence of calculations and experimental data. Fig. 2.2 shows calculated
temperature distribution across the axial section of the specimen; maximum temperature on the
specimen top was, like in MC6, approximately 1400°C. At this the heat flux from the melt (in
the USS sighting spot) was 1.2, and in MC6 — 1.3 MW/m’.

1400 — - — - —— - ——— -~ -~~~ _
¢ exp. r=10mm
[

exp. r=29mm

1200 — ‘L -
|
1000 —
800 —
600 —

400

0 10 20 30 40 50

Fig. 2.1 — Experimental and calculated vertical temperature distribution in the specimen

Fig. 2.2 shows the position of corrosion front by the end of 10-hour exposition in the
stationary regime (final position of the IZ boundary) in the USS sighting spot. Maximum
specimen ablation depth was 7.6 mm, which is 1.4 mm more than in MC6. Temperature on this
boundary is approximately 1160°C. In MC6 the corresponding value was 1120+1200°C, i.e. the
result is close to MC6.
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Fig. 2.2 — Temperature field in the specimen

2.2 Physicochemical analysis

2.2.1 Ingot macro- and micro-structure

When the MCP-3 furnace was disassembled it was found that crucible sections were
covered with a layer of aerosols (Fig. 2.3). When the corium ingot and steel specimen were
extracted from the crucible, the oxidic ingot was partially destructed. Oxidic ingot and steel
specimen were included into the epoxy resin and used for template preparation (Fig. 2.4).

Aerosols on
sections

Corium crust on the
specimen surface

Ingot surface

Fig. 2.3 — Ingot surface and aerosol depositions on the crucible sections

Fig. 2.5 shows the photograph of the axial section of the steel specimen top and a
profilogram of corroded steel surface. It is seen that the maximum corrosion depth (on the
specimen axis) was approximately 9.9...10.0 mm, which is close to the value determined by
ultrasonic measurements (see Section 1.4). Profile of the surface is close to axisymmetrical.
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Oxidic ingot

Steel specimen

Fig. 2.4 — Oxidic ingot adjacent to the steel specimen

0 10 20 30 40 50 60mm
MCP-3
s B et

16 9 Ol

201

1 — boundary of undamaged specimen, 2 — specimen boundary after the experiment, 3 — boundary of
decarbonated zone of steel, 4 — boundary of the temperature influence on the macro- and microstructure
(727°C isotherm)

Fig. 2.5 — Longitudinal specimen section and profilogram

Fig. 2.6 shows a template of the longitudinal section of corium ingot and the top part of
the steel specimen with locations of steel microstructure studies.
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1 — profile of the specimen top after the experiment; 2 — decarbonized steel boundary;
3 — zone of melt temperature influence on the steel macro- and microstructure.

Fig. 2.6 — Macrostructure of the longitudinal section of corium ingot and top part of the
steel specimen

The template was prepared and polished following the standard methodology.

For revealing the microstructure a prepared microsection was etched, and the quality
was controlled using metallographic microscopes. Etchants for pearlite and austenitic steels
were used, their combined application revealed macro- and microstructure of the zone of high-
temperature impact of corium melt on steel and steel microstructure.

The surface of polished sections was photographed using digital camera NIKON on the
metallographic microscope METALLUX with the 200, 400 and 900 magnification factor.

Fig. 2.7 shows images of steel microstructure in the locations mentioned in Fig. 2.6.

In the near-surface layers of the specimen top, the profile of which is shown in Fig. 2.6
(above line 2), a ferrite structure with a minimum content of carbon was formed (Fig.2.7a,b).
This zone goes to the depth of 11,5 - 11,7 mm in the central part of the specimen,; it is likely to
have been formed by melting. The specimen macro- and microstructure below line 2 underwent
changes caused by the carbon and chrome redistribution and grain roughening. In this zone
(Fig.2.7c) a ‘new’ ferrite-pearlite structure was formed. Such structure can result from the
cooling of steel heated above the critical point As; (from austenite condition), from the
redistribution of carbon and relatively high cooling rate. Different pearlite modifications can be
produced, i.e. sorbite, troostite or martensite (even with such small amount of carbon). The
resulting acerous pearlite enhances steel strength and hardness, but it results in lower impact
resistance and relative lengthening. The region with structural changes has the depth up to 32
mm from the initial position of the top surface (Fig. 2.7 c, d). Attention should be paid to the
pores formed in the near-surface layers (Fig. 2.7a); they probably appeared during melting
followed by crystallization of these layers.
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Fig. 2.7 — Steel microstructure at the specimen top in locations a — d, shown in Fig.2.6.

2.2.2 Material balance of the experiment

To make the MCP-3 material balance initial components of the charge and molten
products were weighed with an accuracy up to 0.1 g. The molten products were subjected to the
physicochemical analysis, its data were included into the material balance.

Table. 2.1 MCP-3 material balance

Put into the melt, g Collected after experiment, g

Corium C-29.8 150.00 Aerosols from F3 filters 8.08

(<50 pm)

Uo, 1271.70 Acerosols from F2 filters 2.13

70, 150.60 Aerosols from quartz tube (Fig. 1.1, 5528
pos. 5)
Aerosols from steam and condensate

Zr metal. 250.00 collector (Fig. 1.3, pos. 6) 11.06

710, coating 2) 84.20 pA:Sro;;)ls from crucible sections (Fig. 1.1, 18.32
Crust above the melt 464.20
Probe sample 3.52
Ejections 119.01
Spillages" 41.52
ZrQO, coating 2 68.72

z 1906.50 | =¥ -

Y _ powders (unused charge, spillages, aerosols);
? _ 7r0, coating was put on the crucible sections to reduce steam condensation;
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3 _ ingot mass was not determined, because it was destructed at disassembling, its parts were collected to produce an
average sample for physicochemical analysis; and a part adjacent to the steel specimen was included into the resin
with steel specimen; after that an axial cut was made for SEM/EDX analysis and pfofilogram construction.

As mentioned in section 1.2, C-29.8 corium was used as a crust (m= 150 g); it had a
composition synthesized in Pr1-MCP-1; results of its analysis are given in Table 2.2.

Table 2.2 — Physicochemical analysis of an average sample of Pr1-MCP-1 ingot

Method
XRF Chemical analysis
Composition, mass. %
U 67.6 U 68.0
Zr 21.5 Zr 21.5
Admixtures and O" 10.9 Admixtures and O" 10.5

Y _ admixtures and oxygen from the residue

Volumetric method [7, 8] was applied to determine the content of free zirconium in the
average sample. It was 16.3 mass.%, which corresponds to C-29.8 corium..

2.2.3 XTF of witness specimen and molten products

The elemental analysis of witness specimen and molten products was made by X-ray
fluorescence (XRF) analysis with spectrometers SPARK-1M and SPECTROSCAN MAX-GV

[9].
A 40mm-diameter disk was cut on a lathe from the witness specimen and analyzed by

XREF.
Table 2.3. shows the XRF data of the vessel steel witness specimen in comparison with the

steel specifications.

Table 2.3 — XRF data of the 15 Kh2NMFA-A steel witness specimen

Specif. Content of chemical elements, mass. %

and

method | ¢ | si |Mn|Cr|Ni|[Mo| V| P | S [Cu| Co| s
analysis

Specif.

0.13-10.17-] 0.30- | 1.8- | 1.0- | 0.5- | 0.10-

108- 018 1 037 1 060 1 23 1 15 1 07 | 0.12 <0.02 | <0.02 | <0.3 | <0.03 | <0.003
765-78

XRF — 0.25 | 049 [ 2.24|1.00]0.70 | 0.10 | <0.02| - |0.07 | <0.03 | <0.003

The XRF data prove the compliance of steel used in the experiments to ‘Specifications
TU 108-765-78".

After the test the oxidic ingot, above-melt crust, ejected melt, sample from the probe,
spillages and aerosols were separately crushed to the particle size < 200 um (excluding aerosols),
and the average sample were prepared by quartering. The average samples were subjected to
additional crushing to have the particle size < 50 um, after which they were analyzed.

Table 2.4. shows the XRF data of molten products.
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. . Content, mass.% Mass, g

Studied material U 7r Fe o Mass, g U 7r Fo o
Aerosols from F3 filter 60.1 3.3 26.6 9.92 8.08 4.86 0.27 2.15 0.80
Aerosols from F2 filter 37.1 14 55.6 9.9 2.13 0.79 0.03 1.18 0.13
Aerosols from quartz tube (Fig. 1.1,
pos. 5) 61.5 12.7 12.4 59 55.28 33.99 7.03 6.86 7.40
Aerosols from the steam condensate | 5, - 214 18 13.4 11.06 6.61 236 0.19 1.90
collector (Fig. 1.3, pos. 6)
Aerosols from crucible sections 60.7 12.6 12.3 17.1 18.32 11.13 2.30 2.25 2.64
(Fig. 1.1, pos. 7)
Ingot 57.3 19.9 7.8 14.4 — — -0 — —
Crust above the melt 62.0 18.7 4.1 15.0 464.20 288.00 86.90 19.11 70.20
Probe sample 62.9 21.2 0.0 15.1 3.52 2.22 0.75 0.0 0.56
Ejections 60.3 20.1 4.4 15.9 119.01 71.79 23.97 5.20 18.06
Spillages 59.7 16.8 9.2 15.2 41.52 24.77 6.99 3.83 5.93
7Zr0, coating™ o 740 | Notdet. | 260 | 68.72 - 50.85 - 17.87

etect.

"

)

Error in determining the content of U, Zr and Fe by XRF did not exceed 5 rel.%.

— oxygen taken from the residue;

— in the analysis of the coating Zr / O ratio was taken as ZrO,.
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2.2.4 Chemical analysis of molten products

Samples for chemical analysis were prepared in a way similar to XRF (see
Section 2.2.3). The samples were analyzed for the content of U, Fe and Zr ions. For this a
previously tested method [10] was used: the crushed 0.1 g portion of corium was dissolved in a
mixture of concentrated orthophosphoric and sulfuric acids (1:2) in the argon flow. Further on
the content of Fe™ and Fe™ was determined by photocolorimetry with orthophenantroline, and
U+4, U+6 — with arsenazo III [11-13].

To determine Zr+4 an aligot of 0.1+0.5 g was molten with (3.0+0.5)g of potassium
pyrosulphate at (900+25)°C to produce transparent fusion cake, which later was dissolved by
heating in 200250 ml of 1M melt of sulfuric acid; after that Zr was determined as Zr4+ by
photocolorimetry with xylenol orange. The method of determining total zirconium is based on
the formation of colored complex compound of zirconium (IV) with xylenol orange in the
sulfuric acid solution with a molar concentration of equivalent 0.3+0.4 mol/dm3 [14+16].
Zirconium determination is not complicated by the presence of large amounts of Mo, W, U, Zn
and Ti, and by admixtures of Fe (up to 50 pg), Pb, Ni, Cu, Th and Ta (>100 pg) [15, 16].

Methodology for determining U+4, U+6 is applied to identify coequalities of uranium in
corium samples [17, 18]. Sensitivity — 0.04 pg/ml. The method is based on using colored
compounds of tetravalent uranium with arsenazo III reagent in the 4 N HCIl environment. For
uranium reduction granulated zinc is used in the presence of ascorbic acid. When interacting
with arsenazo III the tetravalent uranium forms a green complex. If the reagent is in excess, a
mixed basically violet coloring is observed. Spectrophotometric determination gives the best
results at 2+5-fold molar excess of the reagent. The coloring appears almost instantly and it is
stable for, at least, two hours. The method enables to determine the content of tetravalent
uranium separately and total uranium in the solution. The amount of hexavalent uranium is
evaluated from the difference between uranium (IV) content and total uranium.

The methodology for Fe+2, Fe+3 determination evaluates the content of iron oxides in
uranium-bearing corium without uranium separation [11]. The range of measured iron
concentrations is 0.5+2.0 mg/dm’. The total relative error of the method does not exceed +3 %
on condition that measured optical densities are within 0.2+0.6. The method is based on the
reaction between orthophenanethroline (1.10-phenanthroline) with ions of ferrous iron to
produce a complex compound having an orange-red coloring. The intensity of coloring is in
proportion to the concentration of iron. Due to a high stability of the complex compound
(generation constant is 9.8-1021) the optical density does not depend on pH within 2+9. The
coloring has high dynamics at pH=3.0+3.5 in presence of orthophenanethroline in excess; and it
is stable during several weeks. In more acidic solutions the coloring intensifies slower and it is
less saturated. Direct evaluation of iron is possible at its mass concentration from 0.5 to
2.0 mg/dm’ [19, 20]. The method enables to determine the content of ferrous iron separately and
total iron in the solution. The amount of ferric iron is evaluated from the difference between iron
(IT) and total iron [19, 20].

Error in determining U content by photocolorimetry was below 5 rel.%, and for Zr and

Fe — not more than 3 rel.%.

Table 2.5 gives the data of chemical analysis of molten products and elemental mass
balance. Comparison with XRF data (Table 2.4) shows good convergence of both methods.
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Table 2.5 — Results of chemical analysis of molten products and elemental mass balance

. . Content, mass.% Mass, g

Studied material i U 7 Fe’ Fo? Fe™ o Mass, g U 7r To )
Aerosols from F3 filter 50.66 10.09 3.43. 8.52 11.65 1.58 14.07 8.08 491 0.28 1.76 1.14
Aerosols from F2 filter 31.64 6.95 1.39 21.17 | 23.35 1.87 13.63 2.13 0.82 0.03 0.99 0.29
Aerosols from quartz tube 490 | 92 160 | Not 7.8 1.2 168 | 5528 | 3221 | 883 | 495 9.28
(Fig. 1.1, pos. 5) det..
Aerosols from the steam Not
condensate collector (Fig. 1.2, 33.0 22.4 22.4 det.. 24 1.7 18.2 11.06 6.12 2.48 0.45 2.01
pos. 6)
Aerosols from crucible sections | 5 | 340 | 54 | Not o b a0 s | 1832 | 1365 | 044 | 135 | 2.87
(Fig. 1.1, pos. 7) det..
Ingot 51.2 5.1 19.9 1.4 43 1.4 16.7 - - — — -
Crust above the melt 57.6 32 19.0 i(t)t 4.0 0.0 16.2 464.20 281.82 88.07 18.49 75.81
Probe sample 59.7 0.0 23.1 i(t)t 0.8 0.0 16.4 3.52 2.10 0.81 0.03 0.58
Ejections 56.4 0.0 21.8 (Il\;ct)t 33 1.6 16.9 119.01 67.16 25.92 5.86 20.07
Spillages 56.8 5.4 17.1 (Il\;ct)t 35 1.0 16.2 41.52 25.85 7.10 1.86 6.71

. Not Not Not Not Not

ZrO; coating det.. det.. 74.0 det.. det.. det.. 26.0 68.72 - 50.87 - 17.85

") _ oxygen taken from the residue;
) — in the analysis of the coating Zr / O ratio was taken as ZrO,.
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2.2.5 SEM/EDX analysis

Five templates were made for SEM/EDX analysis. Four of them represented different
parts of corium ingot, and the fifth included corium and a part of vessel steel surface..

Fig. 2.8-2.10 and Table. 2.6-2.8 show the microstructure and EDX data of the first three
corium ingot templates. It can be said that the observed structure repeats microstructural
peculiarities of the oxidic part of experiments in steam ([21], 12, Fig. 1.33).

Analysis of the total composition of templates has some divergence, in mol% it is:
37.241.6 U, 31.8+1.1 Zr, 29.7+1.4 Fe. This result agrees very well with the XRF data (Table 2.4).
The analysis of microstructure identified three phases: the one based on solid solution from the side
of UO, (Table. 2.6, point P1), solid solution from the side of ZrO, (Table. 2.6, point P2) and a phase
based on Fe(Cr,N1)Oy, in which uranium and zirconium oxides do not dissolve (Table. 2.6, point
P3, Table. 2.7 and 2.8, point P1). The chemical analysis (Table. 2.5) enables to make a conclusion
that in these conditions iron oxide is close to the Fe;O4 stoichiometry. In accordance with ultrasonic
measurements at the final stage of experiment after the established interaction zone got oxidized the
oxidation of vessel steel was in progress and continued into the melting stage, after which the
experiment was terminated. The specimen melting is confirmed by metallic droplets found in
corium, which had no time to get oxidized. Fig. 2.11-2.13 and Table. 2.9-2.11 show microstructure
and EDX data of the polished section of the fourth template with a rounded metallic inclusion.
Analysis of the metallic inclusion proves that uranium and zirconium do not dissolve in the metallic
phase, if the melt is fully oxidized (Fig.2.12 Table. 2.10, location SQ1).

Fig. 2.14 shows a template with corium — steel interaction boundary with marked locations
chosen for studies.

No traces of interaction zone similar to those of MC6 were found. It means that it
dissolved in the melt completely during oxidation in the steam atmosphere

The best preserved structure of steel-melt interface was in region 3-1 (Fig. 2.17). Dark
Fe,0s inclusions are the result of oxidation during the preparation of samples (droplets of water
remained in the crack between steel and oxidic part); they have no relation to the experiment itself.
A layer between steel and corium crust, which was likely to form after the oxidation of metal-oxidic
interaction zone, has a characteristic thickness of 10-100 pum; it consists of ~30 (closer to periphery)
— ~70 (in the central part) vol. % of FeO (Fig. 2.15, region 1-1-1-1, points P5-6). Other phases of
this layer — two UQO;-based solid solutions (Fig. 2.15, region 1-1-1-1, point P2) and ZrO, -based
(Fig. 2.15, region 1-1-1-1, point P3), there is also a y-(Fe,Ni), FeO-based phase, also as droplets.
There also exist small zones with a structure similar to eutectics (Fig. 2.15, region 1-1-1-1). At
melting the crust in this region probably stayed solid; and oxidation of the liquid specimen steel
continued under it. The crust was likely to be broken in some locations, and corium melt was in
direct contact with molten metal of the specimen (Fig. 2.18 region 6).

The melt composition crystallized completely near crust and a distance from it in mol.% is
36.1+1.2 U, 31.9+0.2 Zr, 29.342.3 Fe (Table. 2.13 region 2-3, S(Q2) and Table. 2.15 region 8,
S(Q1)), which coincides with the data on melt samples with an accuracy up to 1 mol.% and testifies
to a high homogeneity of the whole molten pool in this experiment.
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Table 2.6 -EDX data of sample #1

Fig. 2.8 — Microphotograph of template #1 fragment

# U | Zr | Fe | Cr | Ni | Mn | ~O Phase

mass.% 53.3] 17.4] 9.1 20.2

SQ1[mol.% 12.2] 10.4] 8.8 - 68.7 -
mol.% MeO, | 38.8] 33.0] 28.2 ]
mass.% 54.1] 17.0] 82 0.3] 20.3

$Q2[mol.% 12.4] 10.2] 8.0 03] 69.2 -
mol.% MeO, | 40.1] 32.9] 26.0 X
mass.% 60.5] 152] 43] 03 19.7

P1 [mol.% 14.7] 9.6] 4.5] 03 - 709| U(Zr,Fe)O,
mol.% MeO, | 50.5] 33.0] 15.4] 1.1 -
mass.% 35.9] 36.5] 3.8 23.8

P2 [mol.% 7.2 19.0] 32 - 70.6|  Zr(U,Fe)O,
mol.% MeO; | 24.4] 64.7] 10.9 T
mass.% 86.0 5.2 8.8

P3 |mol.% 70.8| - 4.1 - 25.2 FeO
mol.% MeO, 94.6 55 -
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Fig. 2.9 — Microphotograph of template #2 fragment

Table 2.7 -EDX data of sample #2

# Fe | Cr Phase
mass.% 104| 04
SQ1|{mol.% 9.6/ 04 -
mol.% MeOy 31.00 14
mass.% 65.8| 2.1
P1 |mol.% 36.5| 1.3 FeO
mol.% MeOy 96.7 3.4

3(SQl)

2o

r

s
-

-

Fig. 2.10 — Microphotograph of template #3 fragment
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Table 2.8 -EDX data of sample #3

# U [ Zr | Fe | Cr | ~O Phase
mass.% 523] 17.0] 9.9 0.5] 20.3
SQ1[mol.% 11.8] 10.0] 9.5] 0.5] 682 -
mol.% MeO, | 37.1] 31.5] 299] 150
mass.% 66.6] 1.8] 31.5
P1 [mol.% - 373] 1.1] 61.6 FeO
mol.% MeO 97.1

1(SQT)
Fig. 2.11 — Microphotograph of template # 4, region 1

Table 2.9 -EDX data for region #1

# U | Zr | Fe | Cr | Si | ~O Phase

mass.% 325 11.6] 93] 0.5 03] 45.7

SQ1|mol.% 41] 38| 51| 03] 04] 863 -
mol.% MeO, | 30.2] 28.1] 36.9] 2.1] 27|
mass.% 51.2] 18.3] 122 0.5 17.8

$Q2[mol.% 12.2] 11.4] 12.4] 05| - | 63.4 -
mol.% MeO, | 33.5] 31.2] 339] L5 ]
mass.% 727 57] 43] 0.0] 02] 171

P1 [mol.% 20.1] 4.1] 5.1 0.0] 04] 702| U(Zr,Fe)O,
mol.% MeO, | 67.6] 13.9] 172] 0.0] 13 ]
mass.% 36.3] 37.8] 4.6] 03 21.0

P2 [mol.% 78] 21.1] 42| 03| - [66.7] Zr(UFe)O,
mol.% MeO, | 23.3] 63.4] 12.6] 0.8 o
mass.% 63.0] 19] 0.2] 35.0

P3 [mol.% - 33.6] 11| 0.2] 652 FeO
mol.% MeO, 96.4] 3.1] o050
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2 | 2-1(SQl)

2-1(3Q2)
Fig. 2.12 — Microphotograph of template # 4 fragment, region 2

Table 2.10 -EDX data of region #2

# U | Zr | Fe | Cr | Ni | Si | ~O Phase
9 1 4.9
1massA) ) 95 ) ) )
5Q mol.% 953 4.7
mass.% 429] 16.9] 19.8] 0.7 03] 19.4
SQ2|mol.% 92| 95[181] 07| - [ 05] 62.0 -
mol.% MeOy | 24.2] 24.9] 47.7] 1.8 BRI

March 2009 ISTC PROJECT-3952 METCOR-P



31

3 (SQ1)
Fig. 2.13 — Microphotograph of template # 4, region 3

Table 2.11 -EDX data of sample #3

# U Zr | Fe | Cr | Ni Si | ~O Phase
mass.% 53.2] 19.2] 10.5] 0.4 0.3] 16.6
SQ1|{mol.% 13.3] 12.5] 11.2] 04| - 0.6] 62.0 -
mol.% MeOy | 35.0] 33.0] 29.4] 1.1 16l

Table 2.12 -EDX data of region 1

# U | Zr| Fe | Cr | Ni| Si]|~0 Phase

mass.% 59.7| 18.2| 5.8 0.2] 16.2

SQ1|mol.% 16.0] 12.7| 6.6 - 0.4] 64.3 -
mol.% MeO, | 44.8] 35.6] 18.5 R

P1 mass.% ) 97.0/ 1.1] 1.5 i stecl
mol.% 96.6] 12| 1.5
mass.% 72.8] 53] 2.4 19.6

P2 |mol.% 18.8] 3.6] 26 - 1 (Uzno,
mol.% MeO, | 75.3] 14.3] 10.4 L
mass.% 18.5| 21.9] 40.2| 1.5 1

P3 [mol.% 3.6] 11.0] 32.9] 1.3 - 1 Zr(U)0,
mol.% MeO, | 7.3] 22.6] 67.4] 2.7 T
mass.% - 88.1 11.9 )

P4 [ mol.% 886 ~ [ 114 ) v-(Fe.ND
mass.% 70.8] 0.4] 2.6] 02]259

P5 [mol.% - 43.0] 03] 15| 03] 549
mol.% MeOx 955 06| 34| o6 | FeO
mass.% 2.6] 4.1| 659 2.0 25.4

P6 |mol.% 04| 1.6] 412 1.3 - 55.5
mol.% MeO, | 0.9] 3.5 92.6] 3.0 ]
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1(SQ1)

12 (SQ1)
Fig. 2.15 — Microphotograph of region 1
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Fig. 2.16 — Microphotograph of region 2

Table 2.13 -EDX data of region 2

33

# U | Zr | Fe | Cr | Ni | Mn | Mg | ~O Phase
mass.% 57.2| 18.0| 7.4 17.5
SQ1|mol.% 14.5] 11.9] 7.9 65.8 -
mol.% MeO, | 42.2] 34.6] 23.2 T
mass.% 54.7] 189 11.3] 05 0.3 14.3
SQ2|mol.% 14.8] 13.4] 13.0] 06| - | 03] - [579 -
mol.% MeO; | 35.2] 31.8] 309 1.3 0.8 T
mass.% 54.6| 18.2] 12.2] 0.6 14.4
SQ3|mol.% 14.7] 12.8] 14.1] 07 - 57.7 -
mol.% MeO, | 34.8] 30.3] 33.3] 1.7 T
P1 mass.% 974| 22 04|
mol.% 97.1 2.1 0.9 steel
P2 mass.% 98.1| 1.9 )
mol.% 98.2 1.9
mass.% 76.1| 64| 1.8 15.7
P3 [mol.% 22.8] 5.0/ 2.3 69.9]  (U,Zr)0,
mol.% MeO; | 75.8] 16.6] 7.7 T
mass.% 30.9] 39.6] 9.2 20.3
P4 |[mol.% 6.5 21.7] 8.2 63.6]  Zr(U)0,
mol.% MeO, | 17.8] 59.6] 22.6 o
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Table 2.14 -EDX data of region 3

Fig. 2.17 — Microphotograph of region 3

# Fe | Cr | Ni Si | Mn | ~O Phase

py |mass.% 952| 23] 15| 04| 0.6]

mol.% 94.7] 25| 1.5/ 08] 06 stecl
P2 mass.% 97.8| 04| 1.8 i

mol.% 97.9] 04] 17

mass.% 60.2] 03] 13 38.3
P3 [mol.% 30.8] 0.2 0.6 68.4

mol.% MeO, | 97.6] 0.5] 2.0 ] st

mass.% 40.6 07] 04 58.4
P4 |mol.% 165 - [ 03] 03] - | 829

mol.% MeO, | 96.8 1.5 1.7 ]
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6
Fig. 2.18 — Microphotograph of regions 4, 5 and 6
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Table 2.15 -EDX data of region 8

E%%ﬁ’im' =

Fig. 2.19 — Microphotograph of regions 7 and 8

# U Zr | Fe | Cr | Si | ~O Phase
mass.% 48.4] 16.1] 8.5 0.6] 0.2] 26.2
SQ1|mol.% 93] 8.1] 7.0] 05 03] 74.8 -
mol.% MeO, | 36.9] 32.1] 27.7] 2.1 13 ]
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3 DISCUSSION OF RESULTS

Experimental results are discussed in stage-wise succession. Table 3.1 denotes and
describes the stages. Oxidant (steam) was supplied into the furnace and possible oxidation of the
melt and/or I1Z material and specimen took place at stages C, D and E. In terms of experimental
objectives of most interest is stage E and, to a certain degree, stages A and C.

Table 3.1 — Experimental stages

Stage Time interval, s Description
A 0. 38300 Molten pool is produced and interaction zone is
formed

33300...42500 Vessel steel temperature is reduped and crust thickness
on the 1Z surface increases
42500...44300 Molten pool oxidation
Increase of vessel steel temperature, reduction of crust
44300...49200 thickness on the IZ surface
E 49200 ...50960 Oxidation of I1Z and specimen

*) _stage E is assumed to start when an intensive hydrogen liberation is registered

S O w

Such division of experiment into stages corresponds to the description of experimental
procedure (section 1.3); it is well illustrated by Fig. 1.4+1.10.

First let’s consider data of ultrasonic measurements. At stage A an interaction zone was
formed, which was typical of the interaction between suboxidized corium melt and vessel steel.
This process is well-studied (main results and conclusion are given in [2]). A long incubation period
is typical for such conditions; noticeable ablation is not yet registered. As follows from Fig. 1.12,
the incubation period lasted approx. 10000 s, which is by approx.6000 s shorter than in similar MC6

[5].

Fig. 1.12 also shows a calculated curve of steel ablation (corrosion) in the inert
atmosphere (stage A) in accordance with methodology proposed in [2], which in the coordinates of
the given plot has the following formulation:

dh

Ez_o,46.1o*4 T, (t)- T, , mm/s, (3.1

int

where t > 15800 s (for experimental conditions MCP-3), [Tint (t)] = [TB] =C, T,

1

ot (t) — temperature

on the boundary between the specimen and IZ at time t, T, — final temperature on the boundary

between the specimen and IZ. For MCP-3 conditions Tg is 1160°C (in MC6 — 1180°C). Time curve
Tin(t) was plotted in accordance with measured ultrasonic data (see section 1.4) and results of
calculated specimen temperature conditions (see section 2.1). It is evident that calculated results
have a good convergence with experimental data — difference between calculated and experimental
value of maximum ablation depth in the end of stage A does not exceed 2 %. In the absolute value it
is 7.4 (£0.1) mm. In the above-mentioned similar MC6 test the ablation depth was smaller —
6.2 mm, i.e. the difference is not more than 20 % and it is likely to be explained by the difference of
specimen temperature conditions in the compared tests.

After ablation stopped in the inert atmosphere the specimen and IZ temperatures
substantially decreased, and for a long period (stages B, C and D) the IZ was kept in a ‘conserved’
condition. Stage E started with the oxidation of metals contained in the IZ. It is seen in Fig. 1.12
that these processes started a bit earlier than the time of stage E beginning given in Table. 3.1
(49200 s). Their real time of start is close to the increase in power deposition in the melt (49039 s).
A thinning of the IZ is confirmed by thermocouples, breakdowns of which correlate well with the
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progression of the IZ front (position of its bottom boundary did not change). It is worth to remind
here that the position of the top boundary registered by the USS is not realistic due to a considerable
reduction of the speed of sound in the mushy IZ.

Approximately at 49800 s the top and bottom IZ boundaries merge (at corrosion depth
approx. 7.4 mm), and later (approx, from 50000 till 50750s) steel corrosion takes place during its
oxidation.

Approximately at 50800s an abrupt increase (by 0.93 mm) of registered corrosion depth
was registered - from 9.4 to 10.4 mm (in the absolute value), which was identified as specimen
melting start. This assumption is confirmed by the fact that immediately after power disconnection,
at 50960 s a reverse abrupt reduction of registered corrosion depth took place - to the level before
the abrupt depth increase, at which the ultrasonic parameters of the material were restored. The
natural explanation to it is the molten steel freezing (see section 2.2.1).

Therefore, in accordance with ultrasonic measurements, the final corrosion depth was
approx. 9.4 mm (absolute value), which is close to the results of visual posttest measurements of the
specimen axial section (see Section 2.2.1): absolute corrosion depth in the specimen center
~ 9.6 mm at maximum depth 9.95 = 10.0 mm (see Fig. 2.4). That is, we can say that the final

corrosion depth is h{)" =~ 9.5 mm (£1 %).

Let us consider the on-line gas analysis given in Fig. 1.10 and 3.1. Main generation of
hydrogen takes place at stages C and E. Three sharp peaks of hydrogen content on curve 2 at
stage D, and one at stage E correspond to the furnace flushing with nitrogen. It was accompanied by
the replacement of hydrogen present in the zones of stagnation, which resulted in its higher content
in the flue gases. Along with that, a sharp drop of hydrogen content was observed at stage C, which
is explained by a temporary increase of carrier gas flow rate from 540 to 700 1/h at =43000 s. If we
exclude these drops and rises on curve 2, we see that after power disconnection at stage D hydrogen
decreased exponentially (curve 3) in the flue gases, which is typical of a delay explained by the
capacity of the furnace and gas lines. For the same reason the growth of hydrogen content at stages
C and E has a similar pattern of asymptotic stabilization at a certain level, which is very well seen at
stage C. Taking into account everything above-said we can conclude that the oxidation of melt
components and respective generation of hydrogen takes place only at stages C and E.

An important issue is the heat from redox reactions. In the given experimental conditions
an indicator of such reactions is the above-discussed hydrogen release. But, due to a high volatility
of hydrogen and related uncontrolled losses in the furnace components and gas lines it is not
possible to determine the melt and steel oxidation rate using direct gas measurements. It is also
impossible to determine oxidation kinetics from the balance of steam supplied into the furnace and
collected condensate, because it was not possible to make a precise evaluation of non-reacting
steam due to its losses by absorption in the porous materials of the furnace and in the ingot; also due
to the losses by condensate ejections from collectors.

As shown by MASCA and EVAN studies [21, 22], the oxidation of molten corium has the
regime, which is controlled (limited) by the availability of the oxidant at the interaction surface. At
this the oxidation rate does not depend on the content of reducing agents in the melt, but only on the
oxidant supply conditions (flow rate of the carrier gas, oxidant concentration in the gas, pattern of
hydrodynamics inside the furnace, etc.). That is, the reaction rate is practically constant until nearly
complete depletion of reducing agent. If we assume that this regime of oxidation is typical of the
experimental conditions, we can evaluate power released from the oxidation of melt components, 1Z
and steel.
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Fig. 3.1 — Carrier gas flow rate and hydrogen content in furnace gases

Let us assume that the oxidation rate of melt, I[Z and steel is in proportion to the hydrogen
release at a certain stage; and in terms of integral value the amount of absorbed oxygen is
determined by the availability of reducing agents in the system at the corresponding stage. As
mentioned above, the presence of hydrogen at stage D is explained by a delay related to the capacity
of the furnace and gas lines. So we can assert that no oxidation was in progress at this stage.

For a correct evaluation of heat deposition from the redox reactions it is necessary to know
the melt mass and composition before stage C and IZ composition before stage E. Mass of the melt
is determined by the following parameters: furnace charge (Table. 1.3), losses by spillages and crust
formation, aerosol release (Table. 2.4 and 2.5). Along with that, during stage B a part of zirconium
and uranium from the melt migrated to the 1Z, and some iron from the IZ went into the melt.

First let’s determine the amount of uranium and zirconium, which went to the IZ from the
melt at stages A and B. In the course of this experiment the IZ, which formed at its early stages,
later was completely destructed, so its composition can be evaluated only using the previously
provided data on the IZ composition in the inert atmosphere. As said above, first stage of this
experiment was similar to MC6 [5]. In accordance with its data the MCP-3 IZ composition is
assumed to be as follows: U — 27.7, Zr — 5.2, Fe — 67.1 mass.%. The following should be
mentioned: first, Cr, Ni and other doping admixtures present in steel were added to iron; second,
oxygen present in IZ was neglected. After that the IZ composition was renormalized by 100 %. The
error in determining concentrations of components taking into account the procedure of
renormalization is about 9 rel.%, i.e. we have the following composition 1Z: U — 28, Zr — 5, Fe —
67 mass.% (9 rel.%).

The 1Z density (piz) can be determined by the following formula taken from [21]:
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1z~ 1 (3.2)

6/5 6/5 6/57%/6
BEGES
pU er pFe
where ay, az, m ape — atomic fractions of uranium, zirconium, iron, respectively. The assumed
densities of uranium, zirconium, iron are: py = 19.04, pz: = 6.45 and pg. = 7.85 g/em’, respectively.
Taking into account the IZ composition its density is piz = 8.60 g/cm’. An error of this formula, the

atomic fractions of uranium, zirconium, iron are known, is approx. 5+6%. Taking into account the
above-mentioned error in the determined concentration (fractions) of components, the error

calculated by method [23] grows to +/(6%)* +(9%)* ~11%.

The total volume of corroded part of the steel specimen (V™) can be evaluated from

profilogram (Fig. 2.4): it is between 23 - 27 cm’, i.e. Vim =25 cm’ (£8%). Knowing this volume

and the final position of the bottom corrosion boundary after the experiment, we can evaluate the IZ
volume before the start of stage E, if we assume the proportionality of volume to a certain corrosion

depth at a certain moment of time. Then the IZ volume (V,}’) before the beginning of stage E is:

v _ h{> Lyt _ 74 mm (£17 %)
. h{fim 9.5 mm (+1%)

25em® (£8%)=17cm® (£19%) (3.3)

In (3.3) the total error of IZ volume evaluation was calculated using a conventional
formula for an error in indirect measurements [23]:

AV AR Y (AVEDY (ApUm Y
ve |l p® + V() + R |~ (3.4)
1Z 1Z 1Z .

JAT %Y +8 %) +(1%)* ~19%
Used symbols need explanation. Ax in (3.4) and subsequent formulas of this section
stands for the absolute error in determining x value expressed in physical units applied for

. . . Ax . . ..
measuring a given physical value. Term (—j stands for the relative error in determining value X,
X

expressed in percent. Therefore, if a formula used for calculating a relative value has a ratio of the
absolute error and any physical value, and the denominator has an average value of this term, it
means that this fraction has been multiplied by 100 %.

If the IZ density and its volume are known, the IZ mass can be determined, which equals
m,, = 150 g (£22 %). Error in determining the IZ mass was calculated by the formula, which was
derived following methodology [23]:

(o] (] - s

(E)
my, Piz Vi

For the composition assumed above we get the following IZ content: U — 42, Zr — 8 and
Fe — 100 g. The error in mass determination is 22 %.

Before interaction V' contained m'Y =17 cm’ -7.85 g/em’® = 130 g (= 19%) of iron

(error in determining the iron density was taken as zero). In this way, at the early stage of

experiment (stages A and B) the volume of iron transferred from the specimen into the melt was

mg, =m{, —m,,,, = 130 — 100 = 30 g. The error in determining this value is rather high:
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2 2
Amg, _ mj) ‘Amig) n Mee 1z Amg, 1, _
mg, Mg, m(Ig) Mg, Mg,
2 2
= @-19% + @-22% ~100 %
30 30

This high error in the volume of iron, which was transferred into the melt from the 1Z at
stages A and B is explained by the presence of factors with magnitude grater than unity in both
radicand terms: ratio between the minuend and difference and ratio between the subtrahend and
difference.

(3.6)

After calculating the volume of iron migrated into the melt at stages A and B, we can
calculate other values, which determine the melt mass and composition. The furnace charge is given
in Table. 1.3 and Table. 3.2. Absolute error in determining the charge volume is £0.01 g, in relative
expression it is not more than 6:10~ %. We neglect the contribution of this error into the total error,
i.e. assume that the charge value is quite accurate.

Let’s evaluate the melt composition before stage C, mass losses taken into account (crusts,
spillages, aerosols, partitioning between the melt and 1Z). Table. 2.5 gives the data of determined
composition of molten products and their masses. As mentioned in section 2.2, it was not possible
to determine the ingot mass, and it complicates the evaluation of melt mass and composition, and,
respectively increases the total error. Let’s assume that before stage C the melt included both the
ingot material (line 6 in Table.2.5) and sample of the probe (line 8, Table.2.5), taken after stage C,
and ejections (line 8 in Table.2.5), which also happened after stage C. All other molten products
were not included onto the melt composition. The resulting formulas used for the calculation of
masses of uranium and zirconium dioxide, free zirconium and ‘cations’ Fe’, Fe*?, Fe™ (under a
‘cation’ we understand the iron, which oxidizes at stage C to a respective condition) are as follows:

M
=m® - Y% _ U0,
My, =My, m,Cy ; Y my |, (3.7)
Ui U

(V) Cgo) ) Mzio, Mz,

Mz0; =M7:0, ~ 700 M, ZmiCZr,i + 5 my yz (3-8)
r 1
c M
—_m® Z
m, =y, _[1 - 180 'zmiczm —Mmy. ;= M —my (3.9)
i U
C_o
_ Fe" ingot
mFeo — +C +C ‘mFe (3.10)
FeY ingot Fe™2 ingot Fe*3 ingot
C
Fe*2 ingot
e, G.11)
Fe? ingot Fe*2 ingot Fe*3 ingot
C
Fe*3 ingot
m_.s = “Megg (3.12)

+C +C
FeY ingot Fe*2 ingot Fe*3 ingot

O (0 (0) '
where my, , my, , m;’ —acomponent in the furnace charge, M, M, , M,,, M, — molecular

masses of uranium, UO,, zirconium and ZrO,, respectively, m ,, m, ,, — mass of uranium and

zirconium displaced from the melt into the IZ, mg. — mass of iron transferred from the 1Z into the
melt (calculated above), m; — mass of corresponding molten product, C'” — initial oxidation index
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of the melt, Cy; — concentration of all uranium cations in the i-th molten product, Cz; — zirconium
concentration in the i-th molten product, Croo ingot? C — concentrations of

corresponding iron cation in the ingot (line 6 in Table. 2.5). Concentrations are given as fractions of
one. The summing up is done for all molten products not included into the melt by the beginning of
stage C. They are as follows: all types of aerosols (lines 1+5, Table. 2.5), crust (line 7, Table. 2.5)
and spillages (line 10, Table. 2.5). It was assumed that all aerosols were generated at the preceding
stages, which took main time of the experiment.

Fe*?,ingot”  Fe*3ingot

Comment on (3.7)+(3.12). First summands in (3.7)+(3.9) are charges of certain
components in the furnace, second summands — losses, note that in (3.8) and (3.9) the initial

distribution of Zr atoms between its oxide and free Zr was taken into account (factors C!” and

(1 - Cflo)), respectively). Third summands in (3.7) and (3.9) are related to the partial transfer of U
and Zr into the IZ. Third summand in (3.8) and the fourth one in (3.9) stand for the following: when
uranium gets into the IZ from the melt the oxygen bound to this uranium as dioxide stays in the
melt and gets bound to free Zr, by this the amount of ZrO, increases and free Zr reduces. In
(3.10)+(3.12) it is assumed that the amounts of iron ‘cautions’ in the melt are correlated in the same
way as in the ingot.

Let’s determine the calculation errors UO,, ZrO,, zirconium and iron ‘cations’ in the melt.
In accordance with [23] these errors are as follows:

2 2 2 2
AmUO2 _ [MUOZ J z mCy; ) (Amij _i_(ACU,iJ " My .z Amy ,, (3.13)
My, My i\ Myo, m; Cu.i Myy, My

(3.14)

2 2 2
_ MZrOZ .C;O) ’ z miCZr,i . Am, ’ 4 ACZr,i + MZrOZ My,z Amy
M, 100 i\ My, m; Cui My my, my,

- (3.15)

2 2 2 2 2
- 1_ C(n()) Z miCZr,i Ami + A(:Zr,i + er,IZ . AIl’er,IZ + Mzr . mU,IZ . AIl’lU,IZ
100 i my, m; CZr,i my, er,lZ MU my, 1’nU,lZ
2
Am 0 ACFeO . Am ?
R | N (3.16)
mFeO CFeO i mFE

2 2
Am +2 AC +2
[ re? | R +£AmFej (3.17)
InFe*2 CFC+2,1 M,
A AC ’ ?
m +3 +3
R | _ reti | [ Al (3.18)
mFe+3 CFe*‘ i M,

Table 3.2 gives the masses of components in the melt before stage C, which are calculated
using (3.7)=(3.12) and errors are calculated using (3.13)+(3.18). It also shows the changes in
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oxidation index (C,) and uranium-zirconium ratio in comparison with the charge. The charge
composition is given taking into account both the main charge and crust simulant (Table. 1.3).
Errors in determining oxidation index and U/Zr ratio were not calculated.

It is evident from the table that a partial transfer of uranium into the IZ together with Zr
(without oxygen present in the respective amount of UO») resulted in a certain increase of the melt
oxidation index, and U/Zr ratio decreased.

Table 3.2 — Melt composition and parameters

Parameter Charge Before stage C
m o, 1386.6 924 (+2 %)
my, 161.1 139 (+4 %)
m,, 274.5 176 (£3 %)
Mass, g m_, 0 6 (+100 %)
m_ . 0 18 (100 %)
mg . 0 6 (£100 %)
Oxidation index (C,) 30.3 37 (=3 rel.%)
U/Zr ratio 1.19 1.12 (£3 %)

Using data of Table. 3.2 we can evaluate the mass of molten corium before stage C:

m . =My, +Myo + My + Mg (3.19)

melt

The error in determining the melt mass is calculated in the following way:

2 2 2 2
(Ammelt j — mUOz . ArnUOz + er02 . Amzroz + ( er . Aer] + [ mFe . ArnFeJ (320)
m mmelt 1’nUOZ mme]t erOZ mmelt er mme]t mFe

melt

Calculations wusing (3.19) and (3.20) give the melt masses before stage C:
Mpeie = 1269 g (£3 %).

Chemical analysis of molten products (Table. 2.5) has determined the presence of the
following cations in the melt: U+4, U+6, Zr+4, Feo, Fe'? and Fe™. It means that at melt oxidation the
following reactions with the corresponding thermal effects took place:

Zr + 2H,0 = ZrO, + 2H, +530 kJ/mol. (3.21)
UO; + H,O =UO;s + H, —160 kJ/mol. (3.22)
Fe + H,O =FeO + H, —30 kJ/mol. (3.23)
2Fe + 3H,0 = Fe,03 + 3H, —120 kJ/mol. (3.24)

Of all reactions (3.21)+(3.24) only the first one (3.21) is exothermal.

Let’s assume that the reactions are heterogeneous, i.e. take place on the melt surface, so
the heat of dissolved oxygen in the suboxidized melt is negligible. Note that the heat of oxygen
dissolved in the melt of metallic uranium or zirconium is quite significant - about 60=70 % of the
heat of oxidizing reaction with the corresponding element. And this process is exothermal [24].

Therefore, assuming that cation composition of the melt after stage C was the same as the
cation composition of molten products, knowing the melt composition (Table. 3.2) and heat effects
of reactions (3.21)+(3.24), we can get the total power from the melt composition at stage C:

HO =H® +H® +H + H = +949 kJ (3.25)
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where H! = +530 kJ/ mol- (&] =+1020 kJ (£3 %) (3.26)
Zr
© M 0,8 1146 gt
H® =-160 kJ /mol -| ————"¢% | = 55 kJ (+5 %) (3.27)
U0,
m. .,
H{® =-30 kJ/mol-[ MF j:-lo kJ (£100 %) (3.28)
Fe
m_ .
H{® =-120 kJ/mol.( Fe j=—6 kJ (£100 %) (3.29)
Fe

— heat of reactions (3.21), (3.22), (3.23) and (3.24), respectively, a . ot = 0.10 (£5%) — atomic

fraction of cation U™ from all uranium atoms. Errors in determining atomic fractions correspond to
the maximum errors given in section 2.2.4. M, My, , My, — molecular masses of Zr, uranium and

iron dioxides, respectively. Masses of Zr, UO; and Fe (m,,, m, ,m_.., m_,,) are given in the last

Fe+3

column of Table. 3.2. As noted above, errors in evaluating H'®, H\”, H® and H'” are calculated
as follows [23]:

©)
AH&) = (Am” ] =3% (3.30)
Hl er
AH© Am;, ’ AaUm oot ’ ; 5

o |= = = zJ(2%) +(5%) ~5% (3.31)
H2 mUOZ U*¢ ingot

(© Am._
A}{é) = —"—|=100% (3.32)
H3 mFe+2

(C) Am_ .
o j: e =100 % (3.33)
H, m_ .

Relative calculation error of H'® is:

AHO) & (HO AHOY
H© | ; H© HO© N
© ‘ (3.34)

2 2 2 2
=\/[@~3%J +(ﬂ-5%J +(ﬂ-100%j +(—(_6)-100%J ~3%
949 949 949

949

In this way, the total power release resulting from the melt oxidation at stage C is:
H© %950 kJ (3 %) (3.35)
Then the average heat deposition from the heat of redox reaction at stage C is:

H© 950 kJ
© ~ = =0.53 kW 3.36
Q 9 —t(@  44300s-42500s (3:36)

where t{”, t!© — time of stage C start and finish. To determine error Q' we should take

' and t\©

into account error H'® and errors in choosing . In accordance with the experimental

procedure described in section 1.3 and gas measurement data (Fig. 1.10, 3.1) the absolute error in
determining the start of stage C t\” can be taken as =50 s. The error in determining the completion
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of stage C t!9 is assumed to be larger (100 s), in absence of any direct measurements and
manipulation only the gas analysis data testify to the completion of melt oxidation. So, in
accordance with methodology [23] the relative error in determining Q' is:

AQOY [(AHOY (A Y Aal© Y
- | +| | =
Q(C) H© tgc) _ tf)c) tgc) _ tgc)

- - (3.37)
:\/(3 %) +(50s-100%] +{100s-100%] 7o,
1800 s 1800 s
Therefore, the average heat deposition in the melt at stage C is:
Q9 =0.53kW (+7 %) (3.38)

After that we determine the specific density of power release in the melt. For its
calculation it is necessary to know the melt volume, which is not known — though the melt diameter
is known, its depth was not measured in the experiment. The melt volume can be derived from its
mass and density, which, in accordance with the model of ideal mixing, is calculated in the

m

following way:
Z m;
i — melt (3 39)

Pmett = >
m; m,
Z’(Pi(T)] Z(Pi(T)J

Where: index i takes the following values: i = UO,, ZrO,, Zr, Fe, pi(T) — density of the i-th melt
component at temperature T. The corresponding temperature correlations have the formulation of

[25+27]:
Puo, (T)=11.58-0.0008987 - T (3.40)
P20, (T)=6.384-0.00023-T (3.41)
p,.(T)=6.84451-0.609898-107 - T +2.05008 - 10 - T* — (3.42)
~4.47829-10™"" - T +3.26469-107"° - T*
Pr(T)=7.066-1.232-107 - (T -1811.15K) (3.43)

where [pl] = g/em’, [T] = K. Melt temperature is close to 2400°C ~ 2673 K. Errors of (3.40)+(3.43)

at this temperature are unknown, but they are likely to be not smaller than the scattering of
experimental data. E.g. for iron, a melt component, the properties of which are best-known, at the
end of experimental range (2200 K) the scattering is +£0.15 g/cm’ [28]. This value is taken as the
absolute error in determining densities. We get the following values for densities and their relative

errors: Puo, =92 g/cm’ (£2 %), Pro, =5-8g/cm’ (£3 %), p,=60g/cm’ (£3%),
Pr. =6.0 g/cm’ (£3 %) .

In accordance with [23] the relative error of melt density is calculated in the following

(Ap_j: Z(Lj K _B]Ai}jL[ﬂA_PJ (3.44)
P mett i\ M e p; ) My Pi P

way:
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The calculation with (3.39)+(3.44) gives the following value of melt density and
corresponding relative error:

P =8.0g/cm’ (£2%). (3.45)

Knowing the average heat power Q‘“’, melt mass m__ and its density we can calculate

melt

the average specific heat deposition from redox reactions at stage C per a unit of melt volume:

(©)
q© = Q" 'Peit (3.46)
m

melt

The relative error in determining q'“’ is calculated in accordance with [23]:

© © ) : :
[Ac(lc) ] — (AQ(C) J + (Apmelt ] + (Ammelt ] (347)
q Q pmelt mmelt
The (3.46)+(3.47) calculations give the following average densities of power deposition in

the melt at stage C and corresponding relative error:

q©=33W/cm’=33MW/m’ (+8 %) (3.48)

This value is considerably higher than the one for specific decay heat in the melt in the
IVR conditions, which is about 1.6 MW/m’. The actual heat density distribution can be quite
different from the unimodal distribution, therefore (3.48) gives only the average heat deposition
value for the whole volume.

Let’s determine heat release at the oxidation of IZ and vessel steel specimen (stage E). At
this stage the oxygen from steam supplied to the melt penetrates it and gets to the specimen. By
then the melt is fully oxidized, the heat of oxygen dissolution in its case is normally negligible. The
reaction of steam decomposition into hydrogen and oxygen is endothermic, heat phenomena take
place in the gas atmosphere and in the layer adjacent to the melt. At this stage of oxidation critical is
the heat, which is released at the interface of steel (IZ) and melt, so the thermal effect of steam
dissociation is not relevant.

Oxygen dissolved in the melt gets to the 1Z because of the melt convection; there it
interacts with its material and/or with steel. Let’s list possible redox reactions taking place at such

interaction:
Zr + 0, =ZrO, + 1090 kJ/mol (3.49)
U+ 0, =UO; + 1060 kJ/mol (3.50)
2U + 30, =2U0; + 2360 kJ/mol (3.51)
2Fe + O, = 2FeO + 500 kJ/mol (3.52)
4Fe + 30, = 2Fe,03 + 1440 kJ/mol (3.53)

In this case all possible reactions are exothermic. Table. 3.3 shows the amount of reducing
agents (Fe, U and Zr) in the IZ and in the part of steel specimen between the IZ and corrosion front
before the beginning of stage E.
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Table 3.3 — Reducing agents in the 1Z and steel at stage E

. Mass, g
Region Fo U 7r
1Z 100 (£22 %) 42 (£22 %) 8 (22 %)
Specimen (between 1Z and final 0
position of the corrosion front) 70 (42 %) - -
Total 170 (£20 %) 42 (£22 %) 8 (£22 %)

Errors in determining masses of U and Zr in the IZ, as mentioned above, are equal to the
error in determining the lower IZ boundary, i.e. £22 %. Error in determining the total iron is
evaluated in a more complex way. Let the mass of iron in the undamaged specimen within the final
position of the corrosion front be m” =p, V™ =785 g/em’ - 25 cm’ =~ 200 g (+8%), the error in
determining this mass equals to the error in determining the volume of corroded part of the steel

specimen during the experiment. m!’ can be conventionally divided into two summands:

0) _ 1, (0) (0)
Mg, = Mg, +My; (3.54)

where m{)), — iron mass between the final position of the corrosion front and lower 1Z

boundary before stage E, m)’ — mass of iron between the lower 1Z boundary (before stage E) and

top boundary of undamaged specimen. Second summand has been calculated above: 130 g (19 %).

Therefore, for calculating m{,, we have the following correlation:

m{, =m{ -m{) =200-130=70 ¢ (3.55)

and, consequently, for the relative error of this value:

2 2
(0) (0) (0) (0) (0)
Amg/, _ Mg Amy, L My Am;, _
(0) (0) (0) (0) (0)
mg, Mg, Mg, mg., MMy,

2 2
= (@8%} +(m-19%j ~ 42 %
70 70

In this way, (3.55) and (3.56) calculations give the following value for the mass of iron
between the final position of corrosion front and lower IZ boundary before stage E:

m{Y, =70 g (+42 %) (3.57)

(3.56)

As evident from (3.57), a large relative error results from the presence of factors with
magnitude grater than unity in the both summands of the radicand.

Let’s denote the mass of iron in the IZ and discussed part of the specimen before stage E

(E) .
as my :

mY =m{ -m, =200-30=170 ¢ (3.58)

where m;, - above-calculated mass of iron displaced into the melt at stages A and C

30 g (£100 %) (Table. 3.2). It is followed by a formula for calculating the relative error in

i (E) .
determining my’ :
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A\ (m Am@Y) (m Amg )
m )"\ ml m® ) (ml my,
(3.59)
2 2
= (@-8%j +(£~100%j ~20%
170 170

In this way, (3.58) and (3.59) calculations give the following iron mass in the 1Z and
considered part of specimen before stage E:

m{® =170 g (+20 %) (3.60)

We should mention that m{;’ was calculated not like the sum of m{,, and m,,, relative

errors of which are quite high (> 20 %), but as a difference, the minuend of which having a rather

small error of 8 %, is nearly seven times larger than the subtrahend. And the relative error m{”

evaluated in this way is rather small (and smaller than it would have been if calculated in the first
way — as the sum mentioned above).

Knowing the distribution of atoms of reducing agents in the molten materials and
assuming that it is equal to the distribution of oxygen consumption in the corresponding redox
reactions at stage E (Table. 2.5), we can get the power effect for this stage:

H® =H{” +H” +H{” +H}” + H{” =967 kJ (3.61)
(E)
where H{® = +1090 kJ / mol - [E—ZJ =96 kJ (£22 %) (3.62)
Zr
(E) _ m(f)aw _ 0
H® =+1060 kJ /mol-| ——U= | =170 kJ (£23 %) (3.63)
MU
H® = 42360 kI /mol-| 0 2ue | o1 ¢ 0
B = ol .| ——U° | =21KkJ (£23 %) (3.64)
2M,,
(E) _ Mpa _ 0
H® =+500 kJ /mol -| —=—F | = 460 kJ (+20 %) (3.65)
N 2M
Fe
HE ~ +1440 k) /mol | = s | 0
® = mol| — = =220 kJ (£20 %) (3.66)
Fe

— heat released in reactions (3.51), (3.52), (3.53), (3.54) and (3.55), respectively. Errors in
determining H\®, H®”, H", H{” and H{" are calculated in the following way:

AH{® ) [ Am})
= L |~ 22 % 3.67
a7 ) g )" -
AH®Y  [(am® Y (Aag ) : .
|l T | S| J22%) +(5%) ~23% (3.68)
2 U U+4
AH® Am® 2 Aa_ 2 3 3
H(é) N m(g) "1 ] w2 5oy < 23% o
3 U U+6
AH® Am® 2 Aa_ ,, 2 > 5
= 20 | S 2 (20 9%) +(3%) ~20 % (3.70)
H4 mFe aFe”
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(E) ®Y (A ?
(AHS ]z (AH:ETJ +[ aM] ~(20%)" +(3%) ~20% 3.71)

my, a

A relative H® calculation error is:

AH®) & HE AHPY
H® |~ ; H® g® |

2 2 2 2 2
= (ﬁ.p_?_%j + M .(23%)2_,_ M .(20%)2 ~12%
967 967 967

(3.72)

It should be noted that the relative error in determining H'® is smaller than relative errors
of any of the five reactions. Mathematically it is explained by the presence of factors with
magnitude lower than unity in each summand of the radicand (all reactions in the IZ and specimen
taking place at stage E are exothermic, i.e. the total energetic effect from all reactions is higher than
any partial energy effect). In this way, power release caused by the oxidation of IZ and/or steel at
stage E is:

H® =970 kJ (12 %) (3.73)
The average heat release from redox reactions at stage E is:

e _ H® 970 kJ
t® —t® 50960 s -49200 s

=0.55 kW (£14 %),

(3.74)

where t{”, t!" — time of stage E beginning and end. For determining error Q" we need to take

into account both error H" and errors in choosing t\"”’ and t!". The described experimental

procedure (section 1.3), and gas measurements (Fig. 1.10, 3.1) enable to estimate the absolute error
in determining these moments of stage E as £100 s. Then, in accordance with methodology [23] the

relative error in determining Q" is:

AQ®Y  (aH®Y [ A Y a® Y
Q(E) - H® + th)_t(()D + th)_th) -

a (3.75)
=\/(12 %)’ +2-[%] ~14 %
Therefore, the average heat power in the melt at stage E is:
Q® =0.55kW (£14 %) (3.76)

The recalculation for the surface area of the specimen having a 70 mm diameter gives the
average heat flux on the surface:

g™ =140 kW /m* (£14 %) (3.78)

Let’s compare the heat flux value of (3.78) with a characteristic value of heat flux on the
external surface of the reactor lower head in the IVR conditions: 0.5+1.0 MW/m*. q"* is about
14+28 % of this value, which can be relevant for the IVR conditions.

Knowing heat fluxes from redox reactions and having the gas analysis data on hydrogen
content in furnace gases, we can calculate hydrogen release. E.g. at gas measurements hydrogen
losses took place due to its high volatility, so the calculations assumed that the actual content of
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hydrogen at a random moment of time is in proportion (not equal, but larger) to the measured value.
The coefficient of proportionality was adjusted in terms of stoichiometry from the inventory of
reducing agents in the whole system (not only in the melt) for stages C and E. The incremental
hydrogen release is shown in Fig. 3.2. It is seen that the curves have a stable inclination angle at the
stabilized regimes of these experimental stages (at stage C in particular), which confirms our
assumption about the constant oxidation rate and its independence on the content of reducing agents
in the system (melt, IZ and/or steel).
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—I_rlllllllllllllllII|IIII||||||IIII|IIII|IIII|
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1 — experiment, 2, 3 — steady regimes:
2 —stage C (9.9 mg H,/c), 3 —stage E (5.1 mg Hy,/¢)

Fig. 3.2 — Hydrogen release in MCP-3
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CONCLUSIONS

The following has been established by the completed experiment, at which the neutral
(argon) atmosphere was replaced with the oxidizing one (steam) above the suboxidized melt of
prototypic corium:

e Oxidation rate of molten corium and interaction zone is controlled by the supply of
oxidant to the melt surface. (In this case the IZ is formed on the steel specimen surface
before the neutral atmosphere is replaced with steam, other conditions being equal).

e In the experimental conditions the specific volumetric power deposition caused by the
redox reactions in the melt was approximately 3.3 MW/m®, which exceeds the specific
decay heat in the melt for the IVR conditions.

e In the experimental conditions the heat flux into the specimen generated by the heat of
redox reactions in the interaction zone was approximately 0.14 MW/m? that is,
commensurable with the heat flux from the melt into the vessel in the IVR conditions.

The provided data confirm that thermal effects taking place during the replacement of
neutral atmosphere with the oxidizing one should be taken into account in the IVR analysis.
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