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Abstract 

The main objectives of the MASCA Project investigations succeeding those of the RASPLAV 
Project are to study the influence of chemical behaviour of stratified molten pools containing oxidic 
and metallic components (with minor C, B and FP simulant additions) on heat transfer. 

The thermochemical activity of the oxidic (U, Zr, O) and metallic (Fe, Cr, Ni) components in the 
melt under severe accident conditions eliminates any opportunity to retain the melt by refractory 
material walls. Also the melt-retaining walls should be chemically inert to melt compositions under 
study. 

Therefore, the test sections of the STFM and Rasplav facilities were updated to employ the 
method of induction melting in a cold crucible to conduct test series of Matrix 3, 4 and 5 and large-
scale RCW experiment. The same method was used for middle-scale MA tests performed in Rasplav-2 
facility. 

The most important features of used facilities are described in the paper. 

 



Introduction 

During previous Rasplav Project the experimental technique was developed to study the 
behaviour of reactor core material mixtures containing uranium and zirconium dioxides and metallic 
zirconium under prototypical and controlled conditions. The objectives of the MAterial SCAling 
(MASCA) project were expended on study the influence of steel, regulatory materials and fission 
products (FP). The thermochemical activity of these components in the melt under the test temperature 
2400 – 2600°C eliminates any opportunity to fabricate a crucible capable to retain the melt of this 
composition. 

Thus, the problems associated with the crucible materials limit the range of the melt possible 
compositions, its temperature, and exposition time. Therefore, induction melting in a cold crucible 
(IMCC) method was employed for major experimental studies. The following new facilities were used 
for this purpose: 

• Small scale STFM facility with the loaded mass about 0.5 kg; 
• Middle scale RASPLAV-2 facility with the loaded mass of about 2 kg; 
• Large scale RCW facility with the loaded mass about 100 kg.  

Main MASCA facilities were developed and constructed by the Russian Research Centre 
"Kurchatov Institute" in co-operation with a number of scientific and research & production 
associations of Russia: IBRAE RAN, SPA “Luch”, NITI, SPA “ThermIKS”. 

MASCA Integrated Report [1] presents more detailed descriptions of the main experimental 
facilities of MASCA Project. 

Small Tungsten Facility Modernised (STFM) for MASCA Programme 

Tests of Matrices from 1 to 5 were carried out in the STFM facility [2, 3, 4, 5]. High frequency 
generator with the installed capacity of 250 kW and operating frequency of 66 kHz was used as the 
source of energy in all of the tests. In MASCA-1 programme the test section atmosphere was very 
pure argon (concentration of impurities was: O2 – 2 ⋅ 10-4, CO2 – 2 ⋅ 10-5, H2O - 3 ⋅ 10-4 vol.%), under 
the pressure in the chamber of ~ 1.3 ⋅ 105 Pa. 

An attempt was made at the initial stage of work on Matrix 3 to carry out tests in the quartz 
crucible with the outer diameter of ∅35 mm and wall thickness of ~ 3 mm. Scheme for carrying out 
tests with the use of a quartz crucible is presented in Figure 1. Integrity of the quartz crucible under 
operating temperatures up to 2600 °C was ensured by a thin layer of powder thermal insulation of 
uranium oxide along the outer surface of the assembly combined of corium disks and rings, by fine 
transparency of quartz, and by natural external cooling with inert gas. Considering low electric 
conductivity of the prepared coria compositions tungsten tube was used as the starting heater. It was 
placed inside upper rings of the corium assembly. While adjusting the heating method it was 
experimentally stated that C-32 corium starts to actively absorb high-frequency irradiation at the 
temperature of ~1600 °C. After there is a contact between the tungsten tube and the surface of corium 
loading, and after some small amount of molten corium is produced, the future process of meltdown of 
the corium loading can spread out without participation of tungsten tube. Therefore, only this option of 
the corium melting was used in the subsequent tests. 

Results of analysis of the obtained ingots indicated that despite the outside integrity of the quartz 
crucible was preserved intensive mass transfer of Si into the melt of oxidic corium and into metallic 
phase took place. Therefore, performance of tests in the quartz crucible was stopped and all of the 
subsequent tests were carried out according to the induction melting in cold crucible technology. 
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Results of these tests allowed to study mechanisms of interaction of corium melts (U - Zr - O) and iron 
(steel). Scheme of performing tests according to the cold crucible technology is presented in Figure 2. 

The cold crucible was formed by the set of vertically placed (with the gap of ~ 2 mm) copper 
tubes cooled with water. Figure 3 presents picture of the cold crucible. General view of STFM facility 
is presented in Figure 4. 

Disks of corium selected for the experiment were laid onto the metal cooled with water bottom 
inside internal cavity of this crucible then corium rings were laid onto the disks. Small gaps between 
corium and tubes of the cold crucible were filled with powder of UO2. Tungsten tube of ∅ 16 mm 
diameter and wall thickness of 1 mm was placed into the internal cavity formed by corium rings (see 
Figure 2). The tube was used as the starting heater. In order to ensure integrity of the sintered corium 
heating went on slowly. Time necessary to reach the temperature of experiment was 20 – 25 min. 
After the required temperature was achieved (2500, 2550 or 2600 °C) exposure went on for ~ 5 min, 
after that tungsten tube was taken out of melt. Further holding of the specified temperature was 
performed due to direct interaction of the high-frequency field of the inductor with the molten corium. 
After exposure within ~ 5 min iron was added to the melt of oxidic corium. No changes of the 
consumed energy was observed after extraction of tungsten tube and adding Fe into the melt. Duration 
of the corium melt exposure in the contact with Fe in during the experiments was from 10 to 60 min. 
After that slow (~ 50 °C/min) decrease of temperature was performed. After the temperature reached 
~ 1800 °C high-frequency generator was put off and cooling down to room temperature went on for 
several hours. 

Rasplav-2 Facility for MA Tests Series 

The facility with the HFG7-60/0.066 generator was employed for the MA-1 – MA-4 tests [6, 7, 
8]. The melt was prepared by the IMCC method. The corium solid phase (a skull crust) between the 
high-temperature melt and cold crucible allows to achieve high degrees of the melt overheating, to 
operate in the inert or oxygen-containing atmosphere. In this case, the melt is not polluted with the 
crucible material; the test duration is not limited, as well as there are other benefits. A double-coil 
inductor and a cold crucible with 70 mm inner diameter were specially developed and manufactured to 
perform the test. For the control of the atmosphere above the melt and aerosol sampling, a 
hermetically sealed gas-aerosol system was prepared. The schematic of the experimental section is 
presented in Figure 5. 

The mixture consisting of powders and metal zirconium of the composition UO2 + ZrO2 + Zr was 
used as a furnace charge to produce the melt pool. The schematic of loading for MA-4 test with FP 
simulant additions presents in Figure 6. 

The MA tests were performed in argon atmosphere. The gas was additionally purified from the 
moisture trails at the furnace inlet passing that through the silica gel column. 

RCW Experimental Section 

Therefore, induction melting in a cold crucible (IMCC) method was employed for this 
experiment. In this method the loading heated inductively in a cold crucible up to its melting 
temperature (2500 – 2600°C) is cooled from the outer side by water. The cold crucible is the basic 
element of the RCW facility design. 

Figure 7 demonstrates the facility schematics. The facility consists of two sections located 
vertically one above the other and integrated into one assembly. 
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The corium briquettes and FP simulants are heated and melted in the lower section. After that, 
steel charge is melted in the upper section, and steel melt is poured through the pouring channel onto 
the corium melt in the lower section. 

A cylindrical melting cell is a basic element in each section. Each of the melting cells is located 
inside the bearing supporting cylindrical lattice made from water-cooled copper tubes and copper 
headers for water input-output that form a cold crucible (Figure 8). Tubes are isolated from each other 
by clearances 2 mm wide. Top ends of tubes are electrically isolated from each other.  

The Lower Section 

The height of the melting cell in the lower section is 700 mm, the inner diameter is 176 mm. 

The lower section loading (Figure 7, Figure 7, Figure 9, Figure 10) consisted of 26 layers of the 
C-32 corium ring briquettes and of the FP simulant loading. The corium briquettes were put on the 
powder thermal insulation 40 mm thick (the mixture of UO2 and the C-100 corium powders). The 
loading of FP simulants was located in the middle part of corium loading between the levels of 146 
and 342 mm from the section bottom. 

A layer of the thermal insulation (the mixture of UO2 and the C-100 corium powders) eight 
millimeters thick was filled between the loading and the cold crucible pipes. The same mixture filled 
up all clearances between the cold crucible pipes and inductor. 

The powder thermal insulation performed two functions: 
• prevented the melt leakage up to the cold crucible pipes; 
• minimized thermal losses from the melt to the walls and bottom due to a high thermal 

resistance. 

Thermal shields made of ZrO2 ceramics (the bushing, dome, shield on the pyrotube) were located 
in the upper zone of the melting cell (above the melt surface level) to reduce thermal losses upwards 
and to the walls. The gap between ZrO2 bush and the cold crucible pipes was filled with ZrO2 powder 
and mullite-siliceous wool. The dome was covered with ZrO2 powder. 

A pipe of the starter tungsten 65 mm long located along the cell axis was put into the loading 
down to the depth ~ 100 mm. Tungsten heater was heated by the inductor field with the frequency 8 –
 10 kHz up to the temperature of 2500 – 2600 °C. In turn, the surrounding briquettes were heated from 
the tungsten tube by conduction up to the formation of electrically closed rings and high enough 
temperature to reach sufficient value of electric conductivity in loaded corium (at f = 10 kHz, Tinitial heat 

generation ≈ 2000 - 2200 °C, close to sintering temperature).  

After that, the corium intercepts the absorbed power of the electromagnetic field and corium is 
heated volumetrically to its melting temperature of about 2350 – 2450°C. At this moment, tungsten 
heater is removed from the experimental section (tungsten is incompatible with the molten steel 
component). 

Propagation of the corium melting front from the centre to the periphery and then downwards 
through the loading with the increase of the high-frequency inductor power absorbed by the corium 
was controlled by the set of peripheral thermocouples. The process of melting, as a whole, was quite 
stable due to the autoacquisition in the balance of power absorbed and removed from the corium to 
cooling water. That is, with the increase of power deposition in the corium, the temperature rise leads 
to the change in the properties and reduction in the thickness of the thermal insulation loading layer 
that in turn results in the increase of the thermal flux and thermal losses through the wall. Thus, 
powers of heat generation and thermal losses are equalized. The same processes but of the opposite 
character takes place with the reduction of the input power. 
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The Upper Section 

A melting cell of the upper section is formed by a tungsten heater insulated from the cold crucible 
pipes by the layers of Al2O3 coating (the layer is 10 mm thick) and of ZrO2 powder (the layer is 
14 mm thick). The cell is supported by heat-insulating rings made from ZrO2 ceramics. 

Inside the cell, a stainless steel charge (a pipe ~ 9 mm thick) is placed into the case made from 
ZrO2 ceramics. The case prevents the contact of melting steel with the heater tungsten. 

At the desired moment (after the production of the melt pool in the lower section), the tungsten 
heater is heated up to the temperature 2200 – 2400°C by switching on the upper inductor (the 
frequency of electric power supply is 2.4 kHz). 

Energy from the tungsten heater transferred by radiation, first to ZrO2 case and from that – to the 
stainless steel charge that was melted and poured through the pouring channel. Insulated pipes made 
from ZrO2 ceramics formed the pouring channel. 

Instrumentation 

The facility was equipped with the following sensors and devices (Figure 11) for the monitoring 
of heating – melting processes and for the technical control: 

• Two-wavelength (colour) optical pyrometer MICRON - M77S with an optical channel 
blown through with argon to measure the temperature of the melt surface; 

• Radial (side) tungsten-rhenium (W/Re) thermocouples at the fifth level to measure the 
temperature of the starter tungsten heater at the initial stage of its heating 
(thermocouples of the 5 lev H1); 

• Radial (side) W/Re thermocouples at the levels 1 to 4 (along the loading height) to 
control the melting process throughout the melt front moving downwards through the 
loading (thermocouples of the 1 lev H1 – 4 lev H1); 

• W/Re and chromel-alumel (Cr/Al) thermocouples to measure the temperature in the 
near-bottom loading part (thermocouples Briq bot and Grit UO2); 

• W/Re thermocouples to measure the temperature of ZrO2 structural elements in the 
upper area of the lower section (thermocouples Zr bot1, Zr top1, Dome, Grit C1, 
Grit H1, and PourSh 1, 2); 

• W/Re thermocouples to measure the temperature distribution along the height of the 
upper section tungsten heater (thermocouples W bot, W mid, and W top); 

• Cr/Al thermocouples to measure the temperature of the stainless steel charge 
(thermocouples Steel 1 and Steel 2); 

• W/Re thermocouples to measure the temperature at different sections of the pouring 
channel (thermocouples PourCh bot 1,2 and PourCh top); 

• Sensors of water flow rate and temperature in all water-cooling channels; 
• Handling devices for the relocation of the tungsten pyrotube and rextraction of the 

starter tungsten heater; 
The employed optical pyrometer operates within the temperature range 1000 – 3000 °C with 

inaccuracy of measurement ± 20°C. 

W/Re thermocouples used in the test survive up to the temperature 1800 - 1900°C. 

The facility design took into account the results of calculations and numerical modelling for 
electric and thermal processes taking place in the facility basic units and in the corium as well as the 
results of supporting tests performed to measure high temperature corium thermal and physical 
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properties and to study behaviour of materials and structures under high temperature conditions and 
chemically aggressive media. 

The RCW facility basic characteristics, corium and FP simulants loadings are presented in the 
Tables below. 

Number of test sections 2 

The C-32 corium mass (U/Zr=1.2) (kg) 66.40 

UO2 plates (kg) 1.48 

Thermal insulation 50 % of C-100 
corium + 50 % of uranium dioxide (kg) 24.830 

Stainless steel mass (kg) 4.64 

Mass of fission products (kg) 0.57 

Protective medium Ar 

Melting compartments Upper section Lower section 

Operating temperature (°C) 2200 - 2400 2600 – 2650 

Power supply frequency (kHz) 2.4 10 

Inductor power (kW) up to 50 up to 50 

Test section power (kW) up to 150 up to 250 

Composition for the Simulants of Fission Products 

Compound Mass (g) 

BaO2 (Ba) 89 (72.4) 

CeO2 (Ce) 98 (80) 

SrCO3 (Sr) 135 (80) 

La2O3 (La) 94 (80) 

Ru 71 

Mo 80 

Nb 66 

The Facility Engineering Systems 

The RCW test section is operated in the upgraded protective chamber of the RASPLAV complex. 
All engineering systems of the facility (Figure 12 and Figure 13) were employed for the test. 

Description in detail of the RASPLAV facility engineering systems is given in the report [9]. 
Changes in the systems made as applied to the RCW facility design are described below: 

• The second source of power supply TFC - 350 of 350 kW power and 10 kHz frequency for 
heating tungsten tube and corium in the lower section was developed and mounted; 

• Lines of power supply to both sections were new-made aiming to reduce power losses at the 
subcircuits TFC – inductors; 
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• Figure 14 demonstrates the upgraded power supply circuit of the facility. 
• The gas-vacuum system provided the control of CO and O2 generation during test conduction 

for which purpose the appropriate sensors were mounted in the system of gas sampling from 
the vacuum chamber (Figure 15). 

• The water-cooling layout was changed (Figure 16), the flow capacity of water-cooling 
branches was increased. 

Conclusions 

Within MASCA-1 Project have been created new experimental base to investigate corium 
behaviour in wide composition range. Involved staff gained new knowledge and skills in field of 
corium studies in control accidental conditions. First MASCA-2 studies and performed scoping tests 
shown that this experimental base with some modernisation will be gave opportunity to investigate 
corium melt behaviour under oxidation conditions  
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Figure 1. Scheme of Performing Tests with the Quartz Crucible 
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1 – W tube; 

2 – corium rings; 

3 – inductor; 

4 – quartz crucible; 

5 – corium disks; 

6 – powder of UO2 

Figure 2. Scheme of Performing Tests with the Cold Crucible 
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1 – start-up tungsten heater; 

2 – copper tubes of the lower cold crucible; 

3 – inductor; 

4 – corium loading rings; 

5 – corium loading disks; 

6 – thermal insulation (powder of UO2); 

7 – protective insulation 
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Figure 3. Cold Crucible 

 
Figure 4. STFM Facility 
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Figure 5. Schematics of the “Rasplav - 2” Facility 
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1- water cooled lid; 

2 – pyrometer tube; 

3 – quartz chamber; 

4 – crucible; 

5 – inductor; 

6 – corium melt; 

7 – metal bottom; 

8 – cover; 

9 – stainless steel pellets; 

10 – gateway; 

11 - shutter 

 

Figure 6. Schematics of the Furnace Loading for MA-4 test 

 

1 – water-cooled metal bottom; 

2 – UO2 + ZrO2 powder charge; 

3 – FP simulants mixed with UO2 + ZrO2 powder; 

4 – metal zirconium; 

5 – capsule (metal Ru and Mo in a zirconium pipe). 
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Figure 7. The RCW Experimental Section Schematic 
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1. Steel charge; 
2. ZrO2 case for the steel charge; 
3. Upper tungsten heater; 
4. ZrO2 thermal insulation; 
5. Lattice of copper tubes of the upper cold 

crucible; 
6. Upper inductor; 
7. ZrO2 heat shield; 
8. Thermal insulation (ZrO2 powder); 
9. ZrO2 protective bush; 
10. Magnetic cores; 
11. Starter tungsten heater; 
12. Thermal insulation (UO2 and C-100 

corium powder); 
13. Lattice of copper tubes of the lower cold 

crucible; 
14. Lower inductor; 
15. C-32 corium loading; 
16. Loading of FP simulants; 
17. Pyrometric tube; 
18. C-32 corium groats; 
19. ZrO2 dome 
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Figure 8. The Cross-Section of the Lower Section 
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1. C-32 corium briquettes; 2. UO2 plates; 
3. UO2 +C-100 corium powders (50+50 vol%) 4. W/Re thermocouples; 
5. water-cooled tubes of the cold crucible; 6. magnetic cores; 
7. inductor; 8. pyrometric channel; 
9. starter tungsten heater; 10. mullite–siliceous material. 
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Figure 9. The Corium Briquettes before the Loading 

 
Figure 10. Loading of Briquettes into the Cold Crucible 
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Figure 11. Layout for the Location of Thermocouples and Pyrometer 
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Figure 12. Structure Chart of Engineering Systems 

 
1. The RCW experimental section; 
2. Water-cooled protective chamber of 6 m3 volume; 
3. Power supply system for the lower section TFC – 350, 10 kHz, 350 kW; 
4. Control board for the lower section power supply; 
5. Power supply system for the upper section TFC – 800, 2.4 kHz, 500 kW; 
6. Control board for the upper section power supply; 
7. Water-cooling system of the total flow rate 10 m3/hr; 
8. Emergency water-cooling system; 
9. Gas-vacuum system for the inert gas pumping out-in; 
10. Emergency system for pressure discharge; 
11. Emergency system for the inert gas feeding; 
12. Emergency system for pressure discharge; 
13. Instrumentation system; 
14. Data acquisition system. 

Figure 13. The RASPLAV Facility Design 

 
1. Experimental sections; 2. Unmovable lid; 3. Gas-vacuum system; 4. Protection chamber. 
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Figure 14. General Electric Circuit for Power Supply TFC – 350 and TFC – 800 
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Figure 15. Gas-Vacuum System of the RASPLAV Facility 

 
1 – Vacuum apparatus AVZ-63D; 2,6,21 – Thermocouple manometric transducers PTM-2; 

3,23,24,46,47,52,53,56,57,58,59,60 – Faucets Du-4; 4 – Vacuum electromagnetic valve KBM-63; 
5,9A,10A – Vacuum faucets Du-100; 7 – Nitrogen trap; 8,9,10,11,12,13,14,18,19, 27,29,31,64,65 – 
Faucets Du-10; 15,57,61,62 – gas rotameters PM-0.63G; 16 – gas rotameter PM-2.5G; 17 – Optical 
manometer OM-2 (300 mm Hg); 20 – Pressure sensor “MOTOROLLA” (100 kPa); 22 – Contact 
manometer DA-2005CrUZ (-1 ÷ 6 kg/cm2); 25 – Pressure-vacuum gage (-1 ÷ 5 kg/cm2); 26 – Direct 
safety valve; 28,30,66 – Manometers DM-2010C2 (-1 ÷ 3 atm); 32-40,67-72 – Argon cylinders 
(150 atm, 40 l) with gas reducing gears; 41 – CO sensor “GIAM-14” (0 ÷ 50%); 42 – Sensor of water 
steam “Baikal” (0 ÷ 100 ppm); 43 –O2 sensor “OXIC-O2” (0 - 20%); 44 – Sensor of water steam 
HIH3610 (0 - 100%); 48 – Protection chamber; 49 – Test section RCW; 50 – Protection bursting disc, 
Pburst = 0.55kg/cm2; 54 – Optical manometer OM-6 (10 mm Hg); 55 – Pressure sensor 
“MOTOROLLA” (10 kPa) 

 17



Figure 16. Water Cooling System of the RASPLAV Facility 
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