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Background

The in-vessel retention of a severe accident of a light water reactor (LWR) by external cooling of the vessel has been recognized as an attractive accident management measure for both current design reactors and new plant designs based on the passive safety systems. Since in-vessel melt retention has become an important safety objective for nuclear reactors, it is important to evaluate and model the relevant phenomena that will contribute to melt retention under prototypical accident conditions. The Nuclear Energy Agency of the Organization for Economic Co-operation and Development (NEA-OECD) has, since 1994, sponsored a collaborative projects on Severe Accidents carried out in Russia. These projects, entitled the RASPLAV Project (from 1994 to 2000) and the MASCA (MAterial SCAling) Project (2000 - 2003) had the basic objective to provide data on the behaviour of molten core materials under severe accident conditions. The MASCA Project started in July 2000 was concentrated on the detailed investigation of the chemical behaviour of corium in contact with structural materials, and the experiments in the framework of the project were not directly aimed at reproducing the in-vessel situation because the main goal of MASCA project is to study material interactions rather than molten corium pools as in RASPLAV.

The experiments which have been conducted within the RASPLAV Project (from 1994 to 2000) and within a first phase of the MASCA Project (2000 - 2003) demonstrated (1,2) that the effects of the corium chemical conditions and composition on melt stratification need to be further investigated in order to understand the extent to which stratification can lead to uneven thermal loading of the lower head of the reactor pressure vessel and thus affect its integrity. 

The MASCA Phase II Experimental Program (hereinafter referred to as “the MASCA-2 Project”) was started in July 2003 with the major goal to investigate chemical effects on the molten fuel-lower head interaction. The MASCA-2 Project implies a program of corium tests of different scale and various prototypic compositions with corresponding pre- and post-test analyses, and additional data organization on thermal-physical properties for melting core materials to expand the material properties database obtained in the RASPLAV and MASCA Projects and in other projects such as COLOSS, ENTHALPY and CORPHAD. 

Major Goals of the MASCA-2 Project

The major goals of the MASCA-2 project are the following:

· Investigation and quantification of the behavior and interaction of sub-oxidized corium with iron (stainless steel) at larger corium-to-iron mass ratios.

· Investigation and quantification of the effects of control materials in stratified molten pools containing U-Zr-O-Fe(SS)-B4C. 
· Investigation and quantification of the behavior of the U-Zr-O-Fe (SS) molten pools in an oxidizing atmosphere. 

· Investigation of molten metal alloys interactions with the debris bed in inert and oxidizing atmosphere.
· Expansion of material properties database. 
Separate effects will be studied in a series of different scale experiments with pre- and post-test analyses and development of physical models. 

Key Program Items

The MASCA-2 project consists in the following key program items:

Corium tests

Obtain experimental data from the different-scale corium tests aiming at prototypic conditions by obtaining controlled boundary conditions on the top surface, and taking into account the effects of oxidizing atmosphere above the molten pool.

Properties

Obtain additional data on thermal-physical properties (density, surface tension and heat conductivity) for various high temperature molten core materials with the emphasis on ingots obtained after the tests.

Analysis and examination

Produce a consistent interpretation and understanding of the experimental data by sufficient pre and posttest analysis and examinations. 

As it mentioned above there will be a combination of different-scale corium tests. In order to enhance the application of MASCA results for reactor cases, the influence of an oxidizing atmosphere and the impact of non-uniform temperatures (presence of crusts or solid debris) will be addressed in addition to scaling effects. The exact number of tests, detailed experimental conditions, and parameters to be investigated in the MASCA-2 project will be proposed by the Russian Research Centre “Kurchatov Institute” (OA), reviewed by the Program Review Group (PRG) and approved by the Management Board (MB). The test programme may be modified based upon the results of completed tests and analysis following the same procedure. 

At the first MASCA-2 MB meeting (Madrid, Spain, October 17, 2003) MB approved the Test Matrixes presented by OA with some amendments and recommendations, which will be discussed below.

Main Activities of the MASCA-2 Project

Study of melt stratification and distribution of major species (U, Zr, O, Fe(SS)) between layers in inert atmosphere at larger iron (SS) to corium ratio

The Test Matrix of the studies of melt stratification and partitioning of major species between layers at a large iron to corium ration in inert atmosphere is presented in the Table 1. The main objective of these tests is to complete database necessary for thermodynamic calculations. These tests are being performed at STFM and RASPLAV-2 facilities, which were upgraded. Investigation and quantification of the behavior and interaction of suboxidized corium with iron will be conducted at prototypic corium to iron mass ratios. Amount of iron will be gradually increased up to a technological limit of the facilities. The PRG recommended the OA to conduct tests STFMFe-19, 21, 22, 23 and 24 with a (C32-U/Zr=0.9) mixture, with steel content varying from 1% (CANDU) up to 40%. The MA-5 test should be changed to study (C32-U/Zr=0.9)+25% steel.

Corium C32 (~7 kg) with uranium to zirconium ratio U/Zr =0.9 was produced and certified prior to tests beginning. The following work was done during the first stage of the corium fabrication and certification:

· Identification of composition and ratio of the initial powder of UO, ZrO2, ZrH2.

· Identification and testing of sintering regimes for corium briquettes.

· Identification of the briquette chemical composition and correction of the initial powder composition.

· Certification of the briquette phase composition and X-ray corium analysis.

· Measurement of the temperature for the change of the briquette aggregate state (Tspread).

· Measurement of the solid corium density.

At present STFMFe-16 - 21 tests have been performed. Middle-scale test MA-6 was performed in April at the RASPLAV-2 facility with corium C32 and Steel/Corium ratio equal 0.4. These tests demonstrated that at a larger steel and corium ratio the amount of extracted uranium is smaller and layer configuration is changed. The posttest analysis of these tests is underway now.

Table 1. Matrix 1: Study of Melt Stratification and Distribution of Main Components (U, Zr, O, Fe(SS)) Between Layers in Inert Atmosphere at Larger Iron (SS) to Corium Ratio

	Factors
	STFMFe
	RASPLAV-2

	
	16
	17
	18
	19
	20
	21
	22
	23
	24
	MA-5*
	MA-6

	Corium

	C-32
	X
	X
	X
	X
	
	X
	X
	X
	
	X
	X

	C-50
	
	
	
	
	
	
	
	
	X*)
	
	

	C-70
	
	
	
	
	X
	
	
	
	
	
	

	2.U/Zr ratio, k

	k=1.2
	X
	X
	X
	
	X
	
	
	
	
	
	X

	k=0.9
	
	
	
	X
	
	X
	X
	X
	X
	X
	

	mFe/mcor ratio:

	0.01
	
	
	
	X
	
	
	
	
	
	
	

	0.05
	
	
	
	
	
	X
	
	
	
	
	

	0.1
	
	
	
	
	
	
	X
	
	
	X
	

	0.2
	X
	X
	
	
	X
	
	
	X
	
	
	

	0.4
	
	
	
	
	
	
	
	
	
	
	X

	Max possible
	
	
	0.3
	
	
	
	
	
	X*)
	
	

	Temperature, oC

	2500
	X
	X
	X
	X
	
	X
	X
	X
	X
	X
	X

	2600
	
	
	
	
	X
	
	
	
	
	
	

	Exposition time:

	30 min
	
	
	
	
	
	
	
	
	
	X
	X

	60 min
	X
	
	
	X
	
	X
	X
	X
	X
	
	

	120 min
	
	X
	X
	
	X
	
	
	
	
	
	

	Metall

	Iron
	X
	X
	X
	X
	X
	X
	X
	X
	X
	
	

	SS
	
	
	
	
	
	
	
	
	
	X
	X


*) Parameters will be specified after completion of STFMFe-21 - 23 tests.

	


 - performed tests

Study of control rod materials effects on interactions and distribution of major species (U, Zr, O, Fe(SS)) in inert atmosphere

The studies of control rod materials effects on interaction and distribution of major species in inert atmosphere will be conducted at STFM, KORPUSM and RASPLAV-2 facilities with the main objective is to extend thermodynamic database including additional structural materials. Control materials to be studied are the following: Boron carbide, Boron oxide and Ag-In-Cd.

The tests will be conducted in inert atmosphere with two basic corium compositions: C32 and C70. For some tests according to Matrix 2.1 (Table 2) corium with the U/Zr = 0.9 ratio with the uniformly distributed (within its volume) materials of absorbing elements and fission products will be needed. Therefore, technology for fabrication of such corium is being developed.

By now two scooping tests were performed one with Boron oxide at KORPUSM facility and another with Ag-In-Cd at the STFM facility. The objectives of these tests were to check technical feasibility of the experiments.
The test performed at the KORPUSM facility confirmed the accuracy of technical decisions on its modernization. It should be noticed that Ag-In-Cd have low melting temperatures (961, 321 and 1560C) and low boiling temperatures (2163, 767 and 2019oC) therefore introduction of Ag-In-Cd in the corium and then retention represent complex technical problem.

Test Matrixes 2.2 and 2.3 on studies of effects of Ag-In-Cd and B2O3 correspondingly will be defined finally after MB-2.

Table 2. Matrix 2: Study of Control Rod Material Impact on Interactions and Distribution of Main Components (U, Zr, O, Fe(SS)) in Inert Atmosphere.
Test Matrix 2.1: B4C

	Factors
	STFMB
	Rasplav‑2

	
	4
	5
	6
	7
	8
	9
	MA-8

	Corium

	C-32 + 0.5 mass% B4C
	X
	X
	X
	
	X
	X
	X

	C-70 + 0.5 mass% B4C
	
	
	
	X
	
	
	

	U/Zr ratio, k

	k=0.9
	
	
	
	
	X
	X
	

	k=1.2
	X
	X
	X
	X
	
	
	X

	mFe/mcor ratio:

	*)
	X
	X
	X
	X
	X
	X
	X

	Temperature, oC

	2500
	X
	X
	X
	
	X
	X
	X

	2600
	
	
	
	X
	
	
	

	Exposition time:

	*)
	X
	X
	X
	X
	X
	X
	X

	Metal

	Iron
	X
	X
	X
	X
	X
	X
	

	SS
	
	
	
	
	
	
	X

	FP

	Mo, Ru, SrO, BaO, CeO2, La2O3
	
	
	X
	
	
	X
	X


*) Parameters will be specified after completion of Matrix 1 tests.

Study of melt stratification and distribution of major species (U, Zr, O, Fe(SS)) between layers in oxidizing atmosphere

The studies of melt stratification and distribution of major species between layers in oxidizing atmosphere will be conducted to study transient oxidation of suboxidised corium containing iron. Quantitative results would provide important data about the kinetics of U-Zr-Fe-O mixtures oxidation at high temperature. Such results are unavailable in the literature at present. Most experiments will be conducted using STFM facility, one at the RASPLAV-2 facility (see Table 3). This program of studies is the most difficult from technical point of view. The special equipment for on-line measurement of the outlet gas composition will be installed at these facilities and during MA tests the possibility of an analysis of aerosols will be provided.

Table 3. Matrix 3: Study of Melt Stratification and Distribution of Main Components (U, Zr, O, Fe(SS)) between Layers in Oxidising Atmosphere

	Factors
	STFM-Ox
	RASPLAV-2

	
	1
	2
	3
	4
	5
	6
	7
	8
	MA-7

	1. Corium

	C-32
	X
	X
	X
	X
	
	
	
	
	X

	C-70
	
	
	
	
	
	
	
	
	

	2. U/Zr ratio, K

	K=1.2
	X
	X
	X
	X
	
	
	
	
	X

	3. mFe/mcorium

	*)
	X
	X
	X
	X
	
	
	
	
	X

	4. Oxidizing

	Steam or Air
	X
	X
	X
	X
	
	
	
	
	X

	5. T, (C

	2500
	X
	X
	X
	X
	
	
	
	
	X

	2600
	
	
	
	
	
	
	
	
	

	6. Time, min

	*)
	X
	X
	X
	X
	
	
	
	
	X

	7. Metal

	Fe
	X
	X
	X
	X
	
	
	
	
	

	SS
	
	
	
	
	
	
	
	
	X


*) Parameters will be specified after completion of Matrix 1.

Two scoping tests with C32 corium were performed by now at these facilities. The main objective of these tests was to check technical feasibility of such experiments. The results of these experiments confirmed the effectiveness of undertaken engineering solutions on the facility modernization  

Investigation of molten metal alloys interactions with corium debris bed in the inert and oxidizing atmosphere

To extend the understanding of interactions of molten metal alloys with debris bed a number of tests in oxidizing atmosphere are being planned at the modernized facility RCW-Ox of RASPLAV complex. The tests in inert atmosphere will be carried out in KORPUS facility in order to confirm some findings of first stage of MASCA Project. The Test Matrix is presented in the Table 4. Two basic corium compositions will be used: C-32 and C-70 with U/Zr=1.2 and four metal alloys.

The RCW facility was modified and scoping test performed in December last year confirmed the technical feasibility of some undertaken decisions. Moreover the test revealed the components that require further modification to perform the work in the media containing water vapor.  

Table 4. Matrix 4: Investigation of Molten Metal Alloys Interactions with Corium Debris Bed in the Inert and Oxidizing Atmosphere

	Factors
	KORPUS test series
	RCW-Ox test series

	
	11
	12
	13
	1
	2
	3

	Corium

	C-32
	X
	X
	
	X
	X
	

	C-70
	
	
	X
	
	
	X

	Particle size

	1.2 - 3.5 mm
	X
	X
	X
	X
	X
	X

	Environment

	Ar
	X
	X
	X
	
	
	

	Steam
	
	
	
	X
	X
	X

	Temperature, oC

	1600
	
	
	
	X
	
	

	2050
	X
	X
	
	
	X
	

	2300
	
	
	X
	
	
	X

	Composition

	Alloy 110
	X
	
	
	
	
	

	85% Zr+15% SS
	
	X
	X
	
	
	

	SS
	
	
	
	X
	
	

	15% Zr+85% SS
	
	
	
	
	X
	X


Expansion of material properties data base

Research on thermo-chemical data is now the subject of many projects. The objective of MASCA-2 project is to provide complementary data for compositions, which are representative of reactor cases. To extend material properties database for metallic body the following properties of metallic phase will be measured:

· Density (solid and liquid phases)

· Surface tension

· Heat conductivity in a solid phase.

Every time the experimental facility was modified depending on the tasks to be solved at it. The modernized TIGEL facility will be used for this research. Also the method used (photography of modeling liquid drops) needs the adjustment.

Conclusion

The necessary feasibility study to analyze the possibility of using installations and equipment to carry out the tests and pre- and posttest analyses in the framework of the MASCA-2 Project has been performed. 

All experimental facilities were modernized in accordance with approved Test Matrixes. Scoping tests performed confirm the technical feasibility of undertaken decisions.

Fist results of post-test analyses of performed Matrix 1 tests are supplemented the same investigation of MASCA-1.
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