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Abstract

Experimental results are presented on the interaction between corium melt and water supplied onto its
surface. The tests were conducted on the "Rasplav-2" experimental facility. Induction melting in a cold
crucible was used to produce the melt. The following data have been obtained: heat transfer at water
boiling on the melt surface, aerosol release, structure of the post-interaction solidified corium. The corium
melt had the following composition, mass %:
60% UO2- 16% ZrO2- 15% F e ^ -6% Cr2O3-3% Ni2O3.
The melt surface temperature was 1650-1700 °C.
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1. Introduction

Efficiency of corium melt quenching by water supplied on its surface depends to a great extent on the
water-corium interaction processes. They are: heat transfer during water boiling, interaction
hydrodynamics and possible steam explosions, gas and aerosol releases. Generally speaking, these
processes can depend on the method of water supply and its temperature, as well as on the melt
composition, properties and superheating, which, in their turn, are modified by the design parameters of a
reactor and core catcher, melt formation area, and by the accident stage and development scenario.
Certain aspects of the studied problem are to be or being addressed in a number of experimental
investigations [1-3], Of the results obtained, those worth mentioning are: a considerable influence of
crust on the heat transfer during water supply on the surface of an oxide melt and steam explosions
accompanying film boiling on the surface of bismuth, lead and Wood alloy melts.
As the experimental data on interaction processes between the melt (corium melt in particular) and water
supplied on its surface were limited, NITI undertook experimental investigations, some results of which
are presented below.

2. Experimental facility

Experimental studies were carried out on the "Rasplav-2" facility, which has been in operation since
1988. The uranium-bearing corium melt was produced using induction melting in a cold crucible (IMCC).
The solid phase (crust lining) formation between a high temperature melt and a cold crucible enables to
considerably superheat the melt, work in inert and oxidising atmosphere during unlimited period of time.
Fig. 1 shows schematics of the facility, experimental cell is presented in Fig. 2.
Water, heated up to 95-100 ° C, was poured onto the melt surface. UO2 mass in the melt amounted to 1
kg, the corium charge having the following composition, mass %:

60% UO2- 16% ZrO2- 15% F e ^ -6% Cr2O3-3% Ni2O3.

The liquidus temperature corresponding to the corium having the given composition, as determined in
separate tests, was about 1550 ° C. The corium melt temperature maintained in the course of the test was
1650-1700 °C, i.e. the provided melt superheating was about 100-150 ° C.
The following parameters were being measured during the tests: the melt surface temperature, flow rate
of water used for cooling the crucible and inductor, water temperature at the inlet and outlet of the
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crucible and inductor, power characteristics of modes of the high-frequency generator, time of complete
boiling out of water on the melt. Besides, the steam-gas mixture from the crucible top and water from the
melt surface were periodically sampled in the course of tests. In some tests corium ingots were cooled in
water.
The sampled corium, water and steam-gas mixture were subjected to the post-test chemical and physical
studies.

3. Test procedure and results

When at 1700 ° C the corium melt pool was formed and homogenised, the tests with a staged increase of
water supply onto the melt surface were started.
Initially hot water was added dropwise. Water drops moved chaotically in the steam layer above the melt
surface. Volume of the supplied water increased, the interaction pattern did not basically change until the
water covered the melt surface. It was accompanied by a violent steam generation with corium particles
captured from the melt surface.
Further increase of water supplied to the corium melt surface resulted in a significant extension in water
evaporation time. At this stage a circumferential corium crust appeared on the cold crucible walls in water
above the melt. To study the mechanism of crust formation the constant water level was maintained on
the melt. With time, crust accretions expanded in water from the crucible walls to the centre and formed a
solid corium layer above the melt. As the layer was forming, discharges of water, steam and corium
particles from the crucible became more intensive. To eliminate the corium discharge resulting from the
completion of the solid layer, water supply was terminated. It was followed by a complete water
evaporation caused by radiation from the melt surface, with the solid layer melting and streaming down
into the molten pool. Both separate crusts and the solid layer were observed to have been formed by melt
droplets, discharged from the corium pool surface at its interaction with water, and brought by the steam
flow to the cold crucible walls, where they cooled down and adhered to each other.
The decrease in temperature of the water supplied to the melt did not cause any apparent changes in the
processes observed.
Here it is worth mentioning the following experimental results:
• in the nine test series the average density of the heat flux from the melt surface into water was

qeXp=0,82±0,12 MW/m2, with0,95 probability.
• steam explosions were not observed when water was supplied on the uranium-bearing oxide melt;
• steam and boiling water captured particles of the corium melt;
• in difference to MACE tests [1] the corium crust layer was formed not on the melt surface, but in

water above the melt, propagating from crucible walls to the centre.

Corium ingots extracted from the crucible were subjected to post-test studies. Physico-chemical analyses
of corium, water and steam-gas mixture samples contributed to a comprehensive understanding of the
melt-water interaction mechanisms.

4. Post-test examination of corium, water and steam-gas samples

4.1 Examination of corium samples

The examined corium ingot had a readily separated crust, which had a convex surface with rounded
corium particles stuck to it.
After the 2-4 mm thick crust was removed, a ~ 5 mm thick layer of fragmented corium was uncovered.
On removing this layer, a wavy ingot surface was observed. There were many pores of various sizes in
the remaining part of the ingot, which made it different from dense corium ingots of the same
composition molten without interaction with water. To estimate corium porosity, characterising
crystallisation and gas release patterns during the cooling of ingot, its apparent density was determined
by immersion methodology [4]. The average apparent density of the molten corium was 7.0+0.2 g/cm3.
For the sake of comparison: the apparent density of corium molten in absence of water amounted to
7.4±0.2 g/cm3.
The elementary analysis of corium samples was made using X-ray fluorescence methodology, which
employed SPARK-1M spectrometer. Table 1 shows the post-test analysis results of samples, taken from
different parts of the ingot.
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Table 1. The elementary composition of the ingot

Ns

1

2

3

Part of the sample

Crust on the ingot surface

Corium layer under the crust

Ingot centre

Content of elements, mass. %

U

54.0

54.3

60.3

Zr

9.5

9.6

7.5

Ni

1.2

1.1

1.1

Fe

6.4

6.1

6.4

Cr

2.4

2.2

2.4

Phase analysis was based on powder diffractogram methodology, which employed diffractometer DRON-
2, PDOS software and used the data base of individual phases JSPDS -1980. Comparison of samples
taken from the upper, middle and lower parts of the ingot revealed U3O8 phase presence in combination
with (U,Zr)O2ix and a small amount of FeCr2O4. The phase crystallised in the middle and upper parts of
the ingot, probably as a result of a more active contact of the upper corium layers with oxidising
atmosphere, i.e. steam film, or due to the displacement of free oxygen from lower layers of the ingot
during crystallisation.

4.2 Studies of water and aerosol samples

Products of the melt-water interaction were gathered and filtered. The filter cake was analysed by the X-
ray fluorescence, the solution was subjected to chemical analysis.
Elementary composition of aerosol products was determined using SPARK-1M spectrometer directly
from the analytical filter. The results are given in Table 2

Table 2. Results of the elementary analysis

Sample source

Sediment of sampled solution

Aerosol filter

Content of elements, mass %

U

66.3

76.4

Zr

<0,l

<0,l

Ni

0.4

0.7

Fe

2.0

2.3

Cr

1.4

3.3

Notes

Mass fraction

Mass fraction

Aerosol concentration determined experimentally was approximately 1-103 mg/m3, which corresponds to
the aerosol generation rate per the melt surface area unit ~16 mg/(cm2hr). This value is considerably
lower than the same in tests without water on the melt, which, at all other conditions being equal,
amounted to more than 200 mg/(cm2hr).

From the data obtained it is evident that the content of elements both in the sediments of sampled
solutions and in sampled aerosols is identical. From this it can be inferred, that aerosols from the melt
surface are released into the steam film and bubble through the boiling water layer with steam. During
this most aerosols are transferred into water, and their concentration in the escaping steam decreases.

5. Thermohydrodynamic processes during water boiling above the melt

A high temperature of corium melt accounts for the film type of boiling on its surface. But the
experimental data on heat transfer during boiling on the surface of the superheated melt are very limited.
The only data available deal with the surface of a molten metal and cannot be considered as representative
for corium melt, as a) the data [2] had a considerable scattering (±60%), b) the surface temperature did
not exceed 600 ° C, c) thermophysical characteristics of liquid metal do not correspond to those of the
corium melt. That is why the unscattered data on heat transfer during water boiling atop the uranium-
bearing corium melt, heated up to ~ 1700 ° C, are considered to be quite reliable. Their analysis is given
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in [5]. Here we will just mention some major results.

So as to compare the obtained experimental value of heat flux with the heat transfer on a solid surface, we
used a correlation for film boiling on a horizontal surface, which was put forward in [6]. It takes into
consideration the heat transfer by radiation and approximates over 350 available experimental data,
having a 9% average error, including data from tests with water boiling on surfaces heated up to 1000 °C.

The following equation was used to calculate the total heat flux:

q i q f b qr>

where

q E - total heat flux;

q fl, - heat flux at film boiling without radiation;

q r - radiant heat flux.

Equation for calculating q f t is also presented in [6].

The oxide melt emissivity to be used in q r calculation was experimentally determined by the calorimetry

method. It was sc=0,40-0,55, the melt surface temperature being 1700-1850 ° C. On the basis of work [6]
methodology, using the values obtained and the emissivity of steam-water boundary taken as ew =1, the

heat flux was calculated for the film boiling at the specific test parameters. It was q 2 =0,55-0,65 MW/m2,
which is 20-30% lower than qexp=0,82 MW/m2.
A hypothesis explaining this deviation is advanced in [5]. According to it, the intensification of heat
transfer during film boiling on the melt surface (in difference to the same on a solid surface) is caused by
the development of instability on the melt-steam boundary. It results, on the one hand, in the discharge of
melt drops, and, on the other, in steam penetration under the melt surface. Both phenomena increase the
interaction area and, consequently, the radiated heat flux. Both melt particles observed in the boiling
water and voids in corium ingots can be considered as an indirect evidence to this process.

6. Conclusions

The following has been determined as a result of experimental studies of water boiling on the uranium-
bearing oxide melt surface:

• Water boiling was not accompanied by steam explosions in the experimental conditions provided.

• The formation of corium crust was observed at a ~ 1 cm distance above the melt; the crust initially
appeared on the crucible walls and with time propagated to the centre.

• The crystallised melt ingots had increased porosity as compared to that of ingots crystallised without
water on the melt surface, which illustrates steam (water) penetration under the melt level and proves
the melt-steam boundary instability.

• The integral emissivity of the corium melt surface (60% UO2±X - 16% ZrO2- 15% Fe2O3 - 6% Cr2O3-
3% Ni2O3) at 1700-1850 ° C was calorimetrically evaluated as being within 0.40 ... 0.55 range.

• Densities of heat flux at film water boiling on the melt surface were approximately 20-30% higher
than the same for water boiling on a solid surface. The advanced hypothesis coordinated the
intensification of heat transfer and the development of instability on the melt-steam boundary.

• The presence of water on the melt water was determined to considerably reduce aerosol release.

• To specify the quantitative characteristics obtained, it is necessary to continue investigations on the
interaction of melt and water in similar conditions, but with modifications in corium composition,
degree of its superheating and on a larger experimental facility .
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Drawings

1. Glove box; 2. Melt pool bottom; 3. Corium melt; 4. Inductor; 5. Cold crucible;
6. Quartz tube; 7. Cooling water inlet and outlet; 8. Water-cooled lid;
9. Pyrometer access ports; 10. Gas in; 11. Gas cylinder; 12. Gas canisters;
13.14.15.16 Valves; 17. Drive; 18. Drainage; 19. Spectral ratio pyrometer;
20. Infrared pyrometer; 21. Main aerosol line; 22. Port cover; 23. Main filter;
24. High frequency generator; 25. Ventilator.

Figure 1. The "Rasplav-2" facility schematics.

1 Crucible sections; 2 Bottom; 3 Corium melt; 4 Quartz tube;
5 Weir; 6 Tray with the level sensor; 7 Inductor.

Figure 2. The experimental cell schematics.
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