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Abstract

The OECD MASCA Programme, dedicated to the in-vessel corium behaviour, has provided for three years experimental information allowing to reduce the uncertainties on two main aspects related to the thermophysical properties, the phases in equilibrium in a non fully oxidised corium at high temperature and the density of these different phases.

The thermodynamic databases, on the basis of the results of the programme, have been improved. They allow to globally reproduce the two-liquid phase equilibria found in the different MASCA tests at temperature. Solidification calculations within each phase have been also performed and satisfactorily compared to the phases detected after the tests. Finally, fission product partitioning obtained in the two specific MASCA tests have been analysed.
The two-liquid phase equilibrium may lead to a stratification in two layers in the vessel bottom. To model this phenomenon, an accurate evaluation of densities of the different phases at temperature is necessary. A large review of the literature has been performed on the different species present in the corium. Different approaches have been tested to calculate the densities of the different phases. They generally slightly differ at high temperature. It is shown that the composition of the metallic phase is the main factor impacting the density calculations and the predicted stratification. 
A more accurate knowledge of the metallic liquid phase composition requests today a more precise description of the in vessel corium thermodynamics which can be reached through some tests focussed on specific aspects of the sub-ternary systems (Fe-O-U and Fe-O-Zr in particular).













1
Introduction

For the prevention, the mitigation and the management of a severe accident in a nuclear reactor plant, many problems related to the core melt have to be solved : fuel degradation, melting and relocation, convection in the corium, coolability of the corium, fission product release, hydrogen production, behaviour of the materials of the protective layers, ex-vessel spreading of the corium. Among all these problems, the MASCA Programme performed during the period 2000-2003 in the Russian Research Center (Kurchatov Institute) and sponsored by OECD, was dedicated to in vessel phenomena and more particularly addressed the thermal loads imposed by a convective molten pool to the lower head of the reactor pressure vessel during the progression of the accident. 

The OECD RASPLAV Programme
 had already provided important data on the thermal hydraulic behaviour of simulant and corium materials, corium chemistry and corium properties. Nevertheless some important questions remained still open. Among those were the possibility and the condition which may lead to the stratification of the molten pool and the partitioning of fission products and decay heat associated with this stratification. These issues may change the heat flux imposed to the cooled reactor vessel. 

In a severe accident scenario, after the degraded materials progressively relocate to the lower head of the vessel, a molten pool may be formed
. Following the nature of the materials in this pool, it may separate into two non miscible phases. Indeed stainless steel of internal structures is known to form a non miscible liquid with UO2 oxide fuel
. In reactor conditions, it may lead to the formation of two liquids, one of metallic character (including iron and uranium if non oxidised zirconium is present in the corium) and one oxide liquid (including urania and zirconia). Since two liquids have generally different densities, they may separate in a two-layer structured material. 

Sufficient knowledge on chemical distribution in these different phases in prototypic segregated liquid corium was still lacking at the beginning of the MASCA programme. One of the specific objectives of MASCA was then to provide information on this topic and on the thermophysical properties (in particular on the density) of the different phases of the corium in order to be able in fine to predict the configuration the corium could exhibit in the lower head of the vessel.

This paper is devoted to the interpretation of the MASCA tests regarding the material aspects. The presented analysis is divided in six parts. In Section 2, a status of the art regarding the experiments involving U-O-Zr-Stainless pools is done. In the following section (Section 3), the procedure and the main experimental results of the MASCA tests are briefly reported. In Section 4, thermodynamic calculations and the MASCA results are compared and the remaining uncertainties on the U-O-Zr-Fe system modelling are discussed. In Section 5, the fission product distributions between the different phases of the MASCA corium are analysed. In Section 6, some predictions based both on thermodynamic calculations and simplified density model are performed in order to show in which conditions stratification in a molten pool could occur (Section 7).

2
Status-of-the-art O-U-Zr-Steel interactions

The structural characteristics of the in-vessel corium are determined by the concentration of the components (UO2, Zircaloy and Steel, considering only the main elements) as well as the oxidation potential of the environment. Since the state variables are not constant with time and place, the composition of the corium can show considerable variations. However regarding the thermodynamic point of view, only two situations may occur. The first one is to consider that all materials are oxidised. In this situation (which was observed in the TMI-2 accident), the mixing of the different oxidised species leads to the formation of an homogeneous molten pool. The second situation in which some components are not fully oxidised is the situation addressed by the MASCA programme. 

In this situation, different interactions may then occur :

(a) Alloying of the metallic materials steel and zirconium at temperature below 2100 K,

(b) Dissolution of some UO2 by liquid zirconium
 at temperature between 2100 K and 2700 K,

(c) Alloying of uranium rich phases resulting of (b) with Steel and zirconium at temperature between 2100 K and 2700 K. 

(d) Formation of two non miscible liquids above 2800 K.

Only three documented sets of experiments
 
 
 were performed in the past within the U-O-Zr-Fe system and evidenced at high temperature (i) the formation of two immiscible liquids, (ii) the dissolution of some uranium in the metallic liquid phase when metallic zirconium is present and (iii) the stratification of the metallic phase located below the oxide phase. 
By thermodynamic considerations Powers
 also predicted this phenomenology when hypostoechiometric urania is in contact with a metallic phase containing zirconium.
Among all these data, only the first two ones are well enough characterized to be compared to the MASCA experiments. The MASCA and Hofmann “AX1” global compositions (respectively Table 1 and Table 2a) which are very close each other are representative of the mass balance of the main reactor materials whereas the composition investigated in the Guéneau’s test is more metallic (Figure 1). 

Table 1
Global compositions (in at.%) of the different tests


U
Zr
Stainless

Steel
O
*Cn
**U/Zr

Guéneau and al.6
50
17
***18
15
-
2.9

Hofmann and al5,

“AX1” composition
20.3
15.3
19.4
45
C14
1.3

*Cn is defined as the oxidation rate of the corium by the molar ratio ZrO2/(Zr+ZrO2).
**U/Zr is a molar ratio.

*** Is pure Iron.
Figure 1
Global compositions of the different tests
represented in the U-O-Zr phase diagram 
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3
MASCA experimental results

3.1
Test procedure 

In MASCA, the technology for heating the mixture was the induction melting under inert atmosphere in a cold crucible. In this facility, the melt is advantageously not polluted by eventual interactions with the crucible. The melt surface temperature was measured using a pyrometer. Four tests with different specific objectives (so-called MA-1, MA-2, MA-3 and MA-4) were performed. 

In the first two tests, the initial mixture consisting of oxide UO2-ZrO2 powders and metallic zirconium was used as the furnace charge to produce the melt pool of approximately 45 mm height. The liquidus of the mixture was determined during the heat-up by visual polythermal analysis. After the thermal equilibrium was achieved, stainless steel was progressively introduced into the initial charge and the resulting melt heated. This mixture was finally maintained during 30 minutes at 2773 K before cooling. The difference between both tests was the compositions (Table 2a) of the melts containing less free metallic zirconium in MA-2 than in MA-1. The aim was to evaluate the impact of the oxidation of the corium on the chemical equilibrium. Notice that in the MA-2 test, it is probable that the thermal equilibrium was not achieved even after the 30 minutes plateau.

Table 2a
Average initial composition (in wt.%)

in the different MASCA tests (from
 
 
)

U
O
Zr
Fe
Ni
Cr
Mo,W,Nb,Mn,V,Ti

MA-1
63.23
10.73
16.04
6.75
1.04
2.04
0.17

MA-2
59.62
12.78
17.60
6.75
1.04
2.04
0.17

MA-3
58.28
10.18
18.84
7.00
0.98
1.81
0.21

MA-4
51.79
9.63
16.68
13.50
1.96
3.62
0.42

In the two following tests (MA-3 and MA-4), the same test procedure was adopted with the objective to obtain the fission product partitioning between the different phases of the molten pool with different mass ratios of steel and oxide corium. The mixture was also maintained during 30 minutes at 2673 K and at 2728 K respectively for MA-3 and MA-4. The difference between both tests was the compositions (Table 2a) of the melts containing more stainless steel in MA-4 than in MA-3. 

Table 2b
Average initial composition (in wt.%)

for the fission products in the different MASCA tests (from 9 10 11)

Sr
Ba
Ru
Mo
La
Ce

MA-3
0.45
0.45
0.45
0.45
0.45
0.45

MA-4
0.40
0.40
0.40
0.40
0.40
0.40

3.2
Post test analysis

In all tests, the separation between a rich stainless steel metallic phase and a UO2-ZrO2 oxide type phase was observed at the surface of the pool during the test by a camera recorder. The metallic phase then disappeared from the surface and sank. The most impressive picture after cooling was provided by the MA-1 test (Figure 2).

Figure 2
MA-1 test macrography after the test
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Table 3a
Proportion and composition (in wt.%)

of the different phases in the MASCA tests (from 9 10 11)

Phases
wt. %
U
Zr
Fe
Ni
Cr
O*
FP**


Oxide(L)
63.2
67.2
18.0
1.3
0.1
0.3
13.1


MA-1
Oxide(S)
19.0
68.4
14.7
1.8
0.1
0.5
14.5



Metal(L)
17.7
43.2
10.5
31.1
5.4
9.8
0.0



Aerosol
0.1
16.2
1.6
32.5
0.5
37.8
11.4



Oxide(L)
76.8
64.4
19.3
1.3
0.3
0.4
14.3


MA-2
Oxide(S)
12.0
65.8
18.3
0.9
0.2
0.2
14.6



Metal(L)
10.7
20.2
5.5
51.8
7.2
15.1
0.2



Aerosol
0.5
34.5
0.4
28.1
5.1
23.0
8.9



Oxide(L)
60.7
63.2
20.1
0.4
0.0
0.1
14.0
2.2

MA-3
Oxide(S)
16.0
64.3
17.2
1.7
1.1
3.4
8.8
3.5


Metal(L)
23.3
41.8
16.8
27.9
3.4
5.2
1.2
3.5


Oxide(L)
59.0
63.3
17.7
2.2
0.0
0.3
14.6
1.9

MA-4
Oxide(S)
7.3
55.1
14.7
2.6
2.7
6.1
11.5
7.3


Metal(L)
33.7
31.5
15.4
36.0
5.2
9.0
0.6
2.3

*Determined by difference

**Fission products
Table 3b
Fission product compositions (in wt.%)

in MA-3 and MA-4 tests


Phases
Sr
Ba
La
Ce
Mo
Ru


Oxide(L)
3.5 10-1
3.8 10-1
6.7 10-1
7.5 10-1
1.8 10-2
3.2 10-2

MA-3
Oxide(S)
1.5
1.4
1.9 10-1
0
3.5 10-1
1.5 10-1


Metal(L)
2.1 10-2
0
5.6 10-2
7.3 10-2
1.6
1.7


Oxide(L)
3.9 10-1
3.2 10-1
4.9 10-1
6.2 10-1
3.3 10-2
2.5 10-2

MA-4
Oxide(S)
2.3
2.9
1.5
3.2 10-1
9.5 10-2
1.2 10-1


Metal(L)
1.0 10-2
8.9 10-3
8.9 10-3
2.1 10-2
1.1
1.1

After the tests, the different parts of the ingot were separated and weighted before chemical analysis. Three main parts were obtained : the first two ones (so called metallic liquid phase and oxide liquid phase), due to their homogenous morphologies, were certainly liquid at temperature; whereas the third one, of oxide type, remained solid during the test. The elemental analyses of these different phases were performed by XRF (Tables 3a and 3b). A large enrichment in uranium of the metallic liquid phase is observed.

4
Thermodynamic calculations of the MA-1 and MA-2 tests

4.1
Thermodynamic modelling

The chemical systems involved in the corium studies contain a large number of elements and then, may potentially exhibit a larger number of phases. The thermodynamic description of such a complex system requires assignment of thermodynamic functions for each phase. To manage this task, the empirical CALPHAD method
 is generally used. It employs a variety of models to describe the temperature, the pressure and the concentration dependencies of the free enthalpy functions (Gibbs energy) of the different phases. 

To represent pure elements or stoichiometric substances, the Gibbs energy is generally developed as a function of the temperature T :
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For the solutions phases, it has proven useful to distinguish two terms from the composition dependence to the Gibbs energy :
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The first term, Gref, corresponds to the Gibbs energy of a mechanical mixture of the constituents of the phase and the second term, Gmix, corresponds to the Gibbs energy of the mixing (entropy of mixing plus enthalpy of mixing). 

The usual strategy for assessment of the multicomponent systems is then the following. First, a critical analysis of all the available experimental data has to be done to select a coherent set of experimental points. The thermodynamic descriptions of the constituent binary systems are derived, i.e. the coefficients of the Gibbs energy functions are determined from the selected experimental data for each binary system. Thermodynamic extrapolation methods are then used to extend the thermodynamic functions of the binaries into ternary and higher order systems. The results of such extrapolations can then be used to design critical experiments. In view of the experimental results, interaction (or mixing) functions may be added, if necessary, to the thermodynamic description of the higher order system. Coefficients of the interaction functions are fitted on the basis of these data. In principle, this strategy is followed until all 2, 3, ..., n constituent systems of a n-component system have been assessed. However, experience has shown that, in most cases, no or very minor corrections are necessary for reasonable prediction of quaternary or higher order systems, i.e. assessment of most ternary constituent systems is often sufficient to describe a n-component system.

Since 1989, in the framework of the nuclear reactor safety, THERMODATA/INPG/CNRS with the sponsorship of IRSN is developing, within the CALPHAD approach, a thermodynamical database for the corium (NUCLEA04
), representing at this time a 18 element system Ag-Al-B-Ba-C-Ca-Cr-Fe-In-La-Mg-Ni-O-Ru-Si-Sr-U-Zr for the condensed phases. It includes the main interacting materials, i.e. fuel (UO2), zircaloy (Zr), steel structures (Cr, Fe, Ni), control rods (Ag, B, C, In), fission products (Ba, La, Ru, Sr) and concrete (Al2O3, CaO, FeO, Al2O3, MgO, SiO2). The modelling and critical assessment of all the binary and the most important higher-order sub-systems (metallic, oxide and metal-oxide/oxygen) have been recently reviewed in the framework of the ENTHALPY Programme
. The modelling of two main sub-systems, U-O and U-O-Zr, have been recently published
 
.

Since 1994, CEA is developing within the same methodology, a 4 elements U-Zr-Fe-O thermodynamical database (called DPC01) for nuclear applications. The critical assessment and the modelling of the sub-system U-O , U-Fe, U-Zr-O and U-Fe-O of the DPC01 database have been obtained in 2001 thanks to several studies
 
 
 
 
 
 
. The modellings of the other subsystems are carefully chosen among the existing published ones
 
 
 
.
For both databases (NUCLEA and DPC01), the formula (1) is employed for the substance Gibbs energy whereas for the condensed solution phases, the general multi-sublattice model developed by Sundman
 is used to fit the Gibbs energy of mixing. For the particular case of the liquid phase, this model is enriched with the associate model
 for the NUCLEA04 database and with the ionic two-sublattice model
 for the DPC01 one. The associate model is based on the assumption of the molecular-like associates between unlike atoms. It is sometimes applied under the argument that such molecular-like associates (or short-range order) can exist in some liquid phases. The ionic model, developed to take into account the chemical order in ionic substances postulates the existence of two sublattices, one for cations and one for anions. Both models assume consequently two different microscopic descriptions of the chemical order. Nevertheless they must be regarded, in the presented analysis, as a convenient way of representing adequately the entire set of available data on the thermodynamic properties and phase equilibria of the system which can contain a more or less large number of elements. The choice of the description may (slightly) impact the calculated equilibria in composition domains where no experimental data is available.

In this paper, the NUCLEA04 and DPC01 databases are used in conjunction with the GEMINI2
 and THERMOCALC
 codes respectively.

4.2
Experimental validation of the U-O-Zr system versus MASCA liquidus temperatures

In the MASCA test procedure, a measurement of the liquidus temperature of the pool is performed before addition of steel. The values of the transition temperatures are reported in Table 4a for the first two tests. 

The compositions of the U-Zr-O pools are not well characterised because during the first period of the MA-1 and MA-2 tests, the molten sub-oxidised corium is assumed to be dissolving a UO2-ZrO2 protection. In the thermochemical calculations two “extreme” compositions are then considered, the first one (1) which does not take into account the dissolution of the protection and the second one (2) including the whole mass of the pad.

Table 4a
Calculated and measured liquidus

temperatures of the MA-1 and MA-2 molten pools before steel addition

wt.%
UO2
ZrO2
Zr
Tliqmes (K)
Tliqcal (K) NUCLEA04
Tliqcal (K)

DPC01


(1)
76.0
9.0
15.0

2640
2615

MA-1




2633 ( 35




(2)
79.8
9.2
11.0

2750
2743


(1)
73.8
19.9
6.3

2820


MA-2




2688 ( 25

3123


(2)
75.2
20.2
4.6

2850


Both thermodynamic modellings are in agreement with the MA-1 experimental determination, considering the uncertainty on the composition. 

The MA-1 and MA-2 experimental results are consistent with the Farmer’s measurements
 reported in Table 4b. The liquidus temperature increases when metallic zirconium content decreases in the pool even if temperatures measured in MASCA are slightly smaller than Farmer’s ones. Both databases calculate the same trend with a more important liquidus temperature increase than the measured one, particularly for the DPC01 database (Table 4a).

Table 4b
Measured liquidus temperatures in Farmer’s tests

and comparison with MA-1


UO2 

(wt.%)
ZrO2

(wt.%)
Zr

(wt.%)
Tliqmes (K)

MA-1(C30-C38)

U/Zr = 1.2-1.5
76-79.8
9.9.2
15-11
2633 ( 35

Farmer (C30)

U/Zr= 1.6
81.5
6.8
11.7
2738 ( 30

Farmer (C50)

U/Zr= 1.6
80.5
11.2
8.3
2773 ( 30

Farmer (C70)

U/Zr= 1.6
79.6
15.5
4.9
2793 ( 30

*Cn is defined as the oxidation rate of the corium by the molar ratio ZrO2/(Zr+ZrO2)

*U/Zr is a molar ratio
4.3
Experimental validation of the U-O-Zr-Fe system versus MASCA MA-1 and MA-2 phase compositions and proportions

Table 5a
Calculated proportions and compositions (in wt.%)

of the different phases in MA-1 and MA-2 tests calculated 

with the NUCLEA04 database


Phases
wt.%
U
Zr
Fe
Ni
Cr
O

Corium MA-1
Oxide(L)
52.1
67.2
18.5
0.1
0.1
0.3
13.8


Oxide(S)
25.5
74.0
12.6
0.0
0.0
0.0
13.4

2833 K
Metal(L)
22.4
42.3
14.2
30.0
4.5
8.4
0.6

Corium MA-2
Oxide(L)
43.0
62.8
21.5
0.1
0.1
0.3
15.2


Oxide(S)
42.5
69.3
16.2
0.0
0.0
0.0
14.5

2833 K
Metal(L)
14.5
22.4
10.4
46.4
6.9
13.2
0.7

Table 5b
Calculated proportions and compositions (in wt.%)

of the different phases in MA-1 and MA-2 tests calculated 

with the DPC01 database

Phases
wt.%
U
Zr
***Fe+Cr+Ni
O

Corium MA-1
Oxide(L)
78
68.7
18.8
0.1
12.4

2900 K
Metal(L)
22
37.0
7.4
55.5
0.0

Corium MA-2
Oxide(L)
89
65.8
19.6
0.5
14.1

3100 K
Metal(L)
11
1.4
1.2
97.4
0.1

*** Cr and Ni are not modelled in DPC01 and are taken into account in the Fe inventory.

For the MASCA tests, it can be assumed that the thermodynamical equilibrium between the two liquid phases and the solid one was never achieved. The presence of a solid phase detected in the vicinity of the cold crucible can be due to lower temperatures reached in this zone. For that reason the amount of materials corresponding to the solid phase should not be taken into account in the inventory. Nevertheless, the analysis of sample compositions taken from the crusts indicated that it contained some amount of steel, showing a limited interaction. 

For that reason, in the following calculations, the amount of the solid phase can be or not included in the initial global inventory :

· the calculations with NUCLEA04 take into account the crust in the global initial mass balance (Table 2a) and the temperature of equilibrium is assumed to be obtained when the three phase equilibrium is reached (2803-2863K),

· the calculations with DPC01 don’t take into account the crust in the initial inventory and the equilibrium temperature is assumed to be above the liquidus temperature (> 2900K).

Both global initial mass balances have been checked to be very close and whathever the assumption or the database chosen, the compositions of phases (metallic and oxide liquids) does not significantly change when the temperature increases and crosses the liquidus temperature (as shown for example, in the NUCLEA04 calculations for the metallic phase in MA-1, Figure 3).

Figure 3
Composition of the metallic liquid phase calculated 

with the database NUCLEA versus temperature for the MA-1 test
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A satisfactory agreement between measurements (Table 3a) and calculations (Table 5) with both databases is generally observed. More precisely, NUCLEA04 tends to calculate larger quantities of zirconium in the metallic phase. Lower contents of U and Zr are calculated with DPC01 in particular for the MA-2 test.

It must be emphasised that the thermal equilibrium was certainly not fully achieved during the MA-2 test and that a very large composition gradient was measured in the metallic phase. For this test, comparison with thermodynamic calculations then must be considered cautiously.

4.4
Experimental validation of the MASCA MA-1 solidification path

The microstructure analysis of the main phases detected in the metallic and oxide ingots of the MA-1 test is summarised in Table 6. There were no phase proportion measurements.

The solidification path of both phases has been calculated with the DPC01 database from the measured compositions reported in Table 3a. In Table 6 and Figures 4a and 4b are reported the main temperatures and solidified phases calculated when an equilibrium approach (lever rule) is assumed to model the solidification of the ingot. 

Table 6
Microstructure analysis and solidification path calculated with DPC01 of the MA-1 oxide and metallic ingots from the measured compositions (see Table 3)


Metallic phase
Oxide phase

Experimental 

observations
Main grey Fe and Zr rich matrix which composition is homogeneous from top to bottom of the ingot bordered by a white Fe and U rich phase:

Laves phase Fe2(ZrxU1-x) 

Zr rich at the center (Fe0.54Zr0.25Cr0.1Ni0.07U0.04) and 

U rich at the border (Fe0.54U0.23Ni0.1Zr0.09Cr0.07)
The main phase is (UxZr1-x)O2 with U/Zr~2-3.5 locally and ~1.1-1.5 globally


Many small precipitates Fe and Cr rich (Fe0.55Cr0.43Ni0.02)
Zr rich phase in very few quantity


Some (UxZr1-x)O2 rich as globules and ingot border (U/Zr ~6.5 locally)
Some Fe rich globules with the same microstructure as the metallic one

Solidification path calculations (lever rule)
Liquidus temperature : 2815K

2.5 wt%       (UxZr1-x)O2 primary phase U/Zr =1.9
Solidus temperature : 1388K

2.5 wt%       (UxZr1-x)O2
10 wt%        Fe (FCC_A1)

13 wt%        Fe23Zr6
75 wt%        Laves, Zr rich at 1711K (Fe0.66Zr0.18U0.15) 

                   Laves, U rich at 1388K (Fe0.66U0.24Zr0.09)
Liquidus temperature : 3090K

>95 wt%       (UxZr1-x)O2 primary phase U/Zr =1.6

Solidus temperature : 1550K

98 wt%          (UxZr1-x)O2

2 wt%            Fe rich (FCC_A1)



A good agreement is generally obtained for the main phases of both ingots. Nevertheless for the metallic ingot, the equilibrium cooling hypothesis allows to precipitate the Fe23Zr6 phase which was not experimentally observed. The fast cooling rate of the ingot may give non equilibrium conditions at the microstructure scale. Thus, a second solidification model (Gulliver-Scheil) where it is assumed that there is no diffusion in the solid state and that the liquid has an homogeneous composition (diffusion allowed in liquid phase) could be more appropriate. 

Figure 4a Molar phase proportion of the metallic ingot versus temperature calculated with DPC01 at equilibrium (lever rule)
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Figure 4b  Molar phase proportion of the oxide ingot versus temperature calculated with DPC01

at equilibrium (lever rule)
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Figure 5
Liquid mole fraction versus temperature for 

two solidification models (lever rule and Gulliver Scheil) 

during the cooling of the metallic ingot 
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Figure 5 presents the liquid mole fraction evolution versus temperature for the metallic ingot during cooling for both models. According to the Gulliver-Scheil model the liquid composition crosses directly the [liquid + (UxZr1-x)O2 + Laves] domain to the [liquid + (UxZr1-x)O2 + Laves + Fe] one without precipitating the Fe23Zr6 compound, in agreement with the post-test examinations. Nevertheless, this result may be cautiously considered for two main reasons. The experiments were performed with Cr and Ni (not taken into account in the calculations) which could stabilise some other solid phases. Additionally, the Fe-Zr phase diagram description remains still poorly validated
.

4.5
Discussion

As previously said, the comparison between the thermodynamical calculations (Tables 5) and the mean measured compositions of the phases (Table 3a) shows a general satisfactory agreement.

The MASCA test results have contributed to improve the modelling in two directions.

At the beginning of the MASCA Project, the uranium contents calculated with the current NUCLEA database (named TDBCR001) in the metallic phase were significantly lower than the experimental determinations
 whereas with the DPC database, a more reasonable estimation was obtained. 

The thermodynamical equilibrium prevailing in the MASCA tests is mainly the one between a metallic liquid phase and an oxide one. The Gibbs energy of the metallic phase is calculated on the basis of the experimental data which is generally produced in the domain of interest of the metallic phase diagrams, i.e. at low temperatures regarding those reached in the corium tests. For that reason, the extrapolation at high temperature of the (c,T)-dependence of the Gibbs energy of the metallic phase can be only estimated. A different approach has been adopted
 in NUCLEA04 for the extrapolation of the Gibbs energy for the metallic phase, by assuming that the metallic liquid solutions behave as ideal mixtures at “very” high temperature. On this basis, the different metallic phase diagrams have been reviewed. The U-O and the UO2-ZrO2 phase diagrams have been also reassessed by taking into account very recent studies20 38 39. 

The second direction concerns the modelling of the oxide solid phase. The MASCA analyses evidenced the presence of a few stainless steel components in the oxide solid phase tests whereas its almost complete absence is calculated with both databases. These experimental results seem to be contradictory with the insolubility of iron in zirconia (evidenced in different studies17) and the very low solubility of steel in urania measured by Kleykamp
 (maximum of 0.6 mol. % of steel in solid UO2). In more oxidising conditions, it has been recently shown
 that FeO could be soluble in UO2 fuel and in ZrO2 in more significant proportions. It shows that the oxygen potential is a key parameter. It cannot be excluded that local oxidising conditions in the MASCA tests have favoured the solubility of steel in urania. 

This hypothesis raises the more general problem of interpretation of direct comparisons between mean compositions of the different experimental phases as measured in MASCA and those coming from thermodynamic equilibria. In the presented interpretation, it is assumed that the same equilibrium (in terms of phases and compositions) is reached in all the pool domain. In the MASCA tests, the use of a cold crucible during the heating obviously imposes the existence of a temperature gradient within the corium which may lead to the existence of a composition gradient within the different phases (which is confirmed by the microanalyses). For that reason, the thermodynamical equilibrium should be considered only locally and the presented comparisons only as a global validation of the thermodynamic modelling of the U-O-Zr-Fe-(Ni-Cr) system. 

4.6 Remaining uncertainties

The differences encountered between the different databases calculations are directly linked to the uncertainties existing in the U-O-Zr-Fe quaternary system and consequently to the different possible choices to model the system. More precisely, uncertainties in the thermodynamic calculations are determined firstly from the uncertainties in the experimental data on which the database is built, secondly by the possible lack of the data and finally by uncertainties in the theories on which the Gibbs energies are derived.

Regarding the first source of error, in many cases, rigorous statistical treatment of the experimental data to determine uncertainties is difficult because of some lack of information on the experimental uncertainties. Additionally, very few experimental data are generally available for corium at high temperature. Nevertheless, a careful critical analysis of the different existing experimental data allows to reduce this source of error20 
 
.

The second source of uncertainty (lack of data) is probably the most important one for the thermodynamic modelling of the in-vessel corium because it imposes a choice for the database building. 

Among all the binary phase diagrams of the Fe-O-U-Zr system, Fe-Zr was probably one for which the larger inconsistency in data existed at the beginning of the MASCA program. Very recent experimental works are now available
 
, that allows a more reliable modelling of this system.

The equilibrium is also determined by the modelling of the ternary phase diagrams U-O-Zr, Fe-O-U and Fe-O-Zr in reducing conditions. 


The U-O-Zr phase diagram exhibits a miscibility gap in the liquid state between two phases of respective compositions (U,Zr)O2-x and U-Zr-(O). The orientation of the tie-lines in this biphasic domain has been investigated by Guéneau21 at 3223 K. This data and the improvement of the U-O modelling15 22 allows a better estimation of the orientation of the calculated tie-lines in the temperature range [2800 K-3200 K]. Some experimental information are probably still necessary in this key ternary system to improve its modelling. 


By contrast, the two other phase diagrams (Fe-O-Zr and Fe-O-U) are unknown at high temperature, in particular regarding the oxygen solubility in Fe-U and in Fe-Zr liquids. Taking into account the experimentally proved immiscibility21 between UO2 and U, and UO2 and Fe, it can be assumed a low oxygen solubility in Fe-U liquids until 2900 K. Nevertheless, some experimental information is necessary to validate its modelling. For the Fe-O-Zr system, the modelling is more complex to determine since on one part, metallic zirconium is known to dissolve zirconia
 and on the other part, iron is weakly miscible with zirconia. This ternary phase diagram is probably one of them in which more experimental information is still necessary. These uncertainties in the modelling of the iron including ternary systems strongly impact the composition of the metallic phase, in particular its oxygen content. The other components of steel (Ni and Cr) can also have an impact on the oxygen solubility. The MASCA tests do not allow any reliable experimental validation, even indirect, on this point since oxygen, highly diffusive species, should exhibit non uniform profiles under the unstationary MASCA conditions. 

The third source, probably the less important one, is linked to the choice of the models to represent the thermodynamic behaviour of the liquid phase. Because a miscibility gap is determined by the curvature of the Gibbs energy surface, small changes in the Gibbs energy could lead to possible (and large) modifications in the shape and the extent of the miscibility gap. It is therefore to be expected that the calculated miscibility gap depends on the choice of the model and more strongly when no detailed experimental information is available as it is the case for the U-O-Zr-Fe system. As previously described, the associate model (in the NUCLEA04 modelling) and the ionic one (used in DPC01 modelling) are used to describe the thermodynamic behaviour of the liquid phase. It is generally admitted 
 that the associate model leads to the formation of less extended miscibility gaps in demixing systems.

5
Fission product partitioning in the molten pool in the MA-3 and MA-4 tests

One of the important issues in the stratified molten pool configurations is the distribution of the fission products in the different phases. 

In the MA-3 and MA-4 initial inventories the fission products can be divided into three broad classes regarding their chemical behaviour in the fuel in reducing atmosphere conditions :

i. in the first one, the fission products which are known to be insoluble (or weakly soluble) in either solid or liquid UO2. It includes the transition metals Mo and Ru which are expected to be found in the metallic phase. 

ii. the second class are materials, such as Ba and Sr, which are soluble in the liquid oxide phase and partially in the solid state
. 

iii. the third class includes lanthanides Ce and La which are known to be highly soluble in UO2 in both solid44 and liquid states. 

The MA-3 and MA-4 experimental results (Table 3b) confirm this analysis since Mo and Ru were analysed predominantly in the metallic phase whereas La, Ba, Ce, Sr were mainly detected in the oxide phases. They are also in agreement with previous experiments performed on Fe-UO2 mixtures
.

Local measurements provided additional information about the speciation of the fission products. In particular in the oxide phases, two different phases were identified at crystallisation (Table 6), a U-rich solid solution of formula (U,Zr)O2 containing the fission products Sr, Ba, Ce and La and an enriched Ba and Sr oxide phase with a lower U content. 

Table 6
Typical phase compositions (in wt.%) in MA-3 and MA-4 tests 


Formula
UO2
ZrO2
SrO
BaO
La2O3
Ce2O3
Others

Phase 1
(U, Zr)O2
68.6
27.9
1.4
0.4
0.5
0.8
0.4


Free-Ba (U, Zr)O2 phase
79.3
17.6
1.0
0.
0.7
1.0
0.4

Phase 2
(Ba,Sr)(U,Zr)O3
15.1
39.9
5.4
36.9
0.2
1.2
1.3


(Ba,Sr)ZrO3
4.1
45.8
7.4
42.7
0.
0.
0.

This phase separation may be explained by the common understanding
 of the chemical behaviour of barium in nuclear fuels. The BaO-UO2 phase diagram
 indicates that BaUO3 melts at ~2723 K and can coexist with UO2 up to eutectic temperature of 2390 K. BaO is known to be slightly soluble (<1 mol.%) in UO2. This value is compatible with the MASCA local analyses which revealed that the BaO content in the rich UO2 (U,Zr)O2 phase never exceeds 0.8 mol.%. The BaO-ZrO2 phase diagram47 shows that BaZrO3 melts at 2978 K and that it is compatible with UO2 (with some low mutual solubility) up to eutectic temperature of 2569 K. Small quantities of Sr and U can coprecipitate with Ba and Zr to form a complex solid solution of (Ba,Sr, …)(Zr,U ..)O3 formulae.

Thermodynamic calculations have been performed with the NUCLEA04 database
 to be compared with the MASCA results. They do not include Mo and Ce which are not modelled in the database. Tables 7a and 7b show firstly a good agreement in terms of U-O-Zr-Fe contents in the different phases. 

Table 7a
Calculated proportions and compositions (in wt. %)

of the different phases in MA-3 and MA-4 tests with the NUCLEA04 database


Phases
wt. %
U
Zr
Fe
Ni
Cr
O
Sr+La+

Ba+Ru


Oxide(L)
54.6
62.3
20.8
0.1
~0
0.2
14.2
2.4

MA-3
Oxide(S)
17.2
70.7
15.1
0
0
0
13.7
0.5

2740 K
Metal(L)
28.2
45.1
18.1
25.0
3.5
6.1
0.5
1.7


Oxide(L)
48.9
62.3
20.2
0.1
~0
0.2
14.9
2.3

MA-4
Oxide(S)
35.3
70.1
15.3
0
0
0
14.2
0.4

2780 K
Metal(L)
15.8
30.8
13.1
38.6
5.6
10.1
0.6
1.2

Table 7b
Calculated compositions in fission products (in wt. %)

of the different phases in MA-3 and MA-4 tests with the NUCLEA04 database

Phases
Sr
Ba
La
Ru


Oxide(L)
8.3 10-1
8.3 10-1
6.7 10-1
1.2 10-2

MA-3
Oxide(S)
2.1 10-2
8.5 10-3
4.2 10-1
0

2740 K
Metal(L)
3.3 10-4
8.3 10-4
5.2 10-2
1.6


Oxide(L)
8.2 10-1
8.3 10-1
6.7 10-1
8.5 10-3

MA-4
Oxide(S)
1.5 10-2
6.2 10-3
3.6 10-1
0

2780 K
Metal(L)
2.9 10-4
7.3 10-4
6.3 10-2
1.1

For the fission product, the partitioning coefficient between the metallic and the oxide phases is a more adequate parameter to evaluate the quality of the calculations (Table 7c). The calculations show several general tendencies :

· an underestimation of the ruthenium content in oxide phases. The Ru solubility in the oxide solid solution is assumed to be zero in NUCLEA04. The experimental results seems to indicate that this hypothesis should be reviewed.

· an underestimation of the strontium content in the metallic phase.

· a fairly good agreement on lanthanum for MA-3.

These differences (on Sr and Ru) may impact the calculated residual power by phases after the reactor scram. Nevertheless, Ru and Sr represent a small part (3% each one) of the total residual power after 1 day. By contrast, the behaviour of lanthanum, representing about 20%, can be considered more or less correctly estimated by NUCLEA04.

Table 7c
Calculated and experimental partitioning 

coefficients
 of fission products between the

metallic and the oxide phases (Kmetal/oxide)

MA-3 

experiment
MA-3

NUCLEA 04 calculation
MA-4

experiment
MA-4

NUCLEA04

calculation

Sr
1.1 10-2
2.1 10-4
9. 10-3
2.5 10-4

Ba
0
5. 10-4
8. 10-3
6.4 10-4

La
3. 10-2
3.4 10-2
5. 10-3
5.8 10-2

Ru
9.5
69.3
16.4
96.56

6
Density calculations

To analyse the MASCA stratification results, the right density differences between metallic and oxide liquids needs to be predicted at temperature. To achieve this task, a simple model for the phase density calculation is proposed (section 6.1) and is applied in the MASCA test compositions (6.2). The calculated densities can be compared with the observed stratification in the MASCA. The uncertainties of this approach are discussed (6.3).
6.1
Model

To calculate the density, (T) of an alloyed liquid phase at the temperature T, the following formulae is used :
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where :


i(T)
: the molar density of the specie i when pure at T,


xi
: the molar fraction of the specie i in the phase.


The above formulae consists in assuming that there is no additional volume generation during mixing.


For the metallic liquid phase, density measurements of metallic species of interest (U, Zr and Stainless Steel) are available until very high temperature allowing to estimate the thermal expansion coefficients (annex 1). This previous model has been successfully applied for Fe-U liquids at 1900 K (annex 1).


For the oxide liquid phase, very few (or no) data exists about zirconia density in the liquid state. Additionally, the use of pure component densities in the calculation of the oxide mixture density may involve extrapolation of the pure component density formula. This is due to the fact that a UO2-ZrO2 mixture exists in a fully liquid state at temperatures below the normal melting points of the pure components. For that reason, in the presented calculations, two hypotheses are considered for the evaluation of the oxide liquid phase : 

· one assuming that the pure component density below its melting temperature is constant and equal to that at this temperature; this hypothesis likely consists in underestimating the real value,

· the second one
 assuming that the thermal expansion coefficient of each oxide species can be used to extrapolate the density below the melting point. For liquid zirconia, this coefficient has been estimated by Strizhov65 whereas for liquid urania, the Fink‘s recommendation
 has been used (annex 1).

For the oxide UO2-ZrO2 liquid solutions, considering the different uncertainties and whatever the assumption, the validation of equation (3) versus experimental data seems to evidence a slight positive deviation to the mixing ideal law for the volume of the mixture until at least 3200 K (annex 1).

6.2 Application of the density model with the MASCA measured compositions

Taking into account the average measured compositions (Table 3a) and the values of the densities of the different species (Annex 2), the application of Equation (3) to the MASCA tests provides the results reported in Table 8.

Table 8
Estimated densities at test temperature

of the different phases of the MASCA experiments 

for the two different hypotheses

(experimental compositions)


Phases
 (103 kg/m3)

hypothesis (1)
 (103 kg/m3)

hypothesis (2)

MA-1
Oxide(L)
7.55
7.71


Metal(L)
8.28
8.28

MA-2
Oxide(L)
7.45
7.66


Metal(L)
7.00
7.00

MA-3
Oxide(L)
7.40
7.68


Metal(L)
8.40
8.40

MA-4
Oxide(L)
7.51
7.76


Metal(L)
7.65
7.65

In MA-1 and MA-3 (nearly the same in terms of composition for the main elements), the metallic liquid phase is denser than the oxide one as observed in the tests. In MA-2 and MA-4, the conclusions are less definitive since one has to take into account the fact that equation (3) likely leads to overestimate the density of the oxide phase.


In any case, these results show that the densities of both phases exhibit a maximum difference of ~10% which is generally considered as the range of magnitude of the threshold to overpass for the stratification to occur.
6.3 Remaining uncertainties

The calculations performed on the MASCA tests show that the densities of both phases are very similar. So stratification predictions are difficult to be performed with reliability taking into account the different uncertainties which affect the calculations of the density (model and pure species density values).

Even if it has been shown that the ideal mixing hypothesis could not be strictly applied for the oxide liquid phase, equation (3) should provide a reasonable estimation (within ~3.5%). For the metallic phase, this assumption seems to be also reasonable since it can be considered that at high temperature, local chemical order in the metallic liquid microstructure should be attenuated. 

By contrast, the choices of the correlations for the density of the individual species are crucial, in particular for uranium for the metallic phase and for zirconia. 
For liquid uranium the different correlations are represented on Figure 6. Among all these data, only Boivineau
 and Sheldon57’s ones correspond to measurements at very high temperature (i.e. above 2500 K). If the thermal expansion coefficients are very similar, the uranium density at melting surprisingly presents significant differences. The Grosse’s data is generally discarded because it would involve volume contraction at the melting point, which is unusual for the metallic elements. The Fisher’s recommendation (used in this paper) is based on the Sheldon’s and Rohr’s measurements at the melting point which are in agreement and a thermal expansion coefficient allowing to evaluate coherently the equation of state of uranium up to the critical point. 

Figure 6
Liquid uranium density correlations
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For liquid zirconia for which no experimental data is available, the usual recommendation comes from MATPRO
. According to this reference, zirconia density at the solid state at the melting point (2983 K) is ~5.71 g/cm3 whereas in the molten state, it is about 5.99 g/cm3. This means that at the transition temperature, there is volume contraction. Strizhov65 stressed a contradiction with the behaviour of other oxides, principally with UO2, which exhibits the same crystalline structure and similar lattice parameters that ZrO2.

This analysis shows that the difference of ~10% calculated between the densities of both phases in MASCA is approximately of the same order of magnitude of the different uncertainties affecting the density calculations.

7
Applications
By assuming (i) the global thermodynamic equilibrium between the oxide and metallic phase to be achieved, (ii) and taking as valid the previously described density models, we are now able to predict entirely the stratification between the oxide and metallic liquids in some in-vessel reactor case applications.

The evaluation of the mass of steel
 that can lead to density inversion when coming in thermochemical equilibrium with the oxide phase is a very important data for reactor application. Density inversion means that the density of the metallic phase becomes greater than the density of the oxide phase.
7.1
Evaluation of steel mass which can be stratified below the oxide phase

The application has been performed for a corium (100 tons of UO2) with a U/Zr ratio of 1.45 typical for pressurised water reactors (PWR) and different oxidation rates. 

The calculations have been performed with both databases NUCLEA04 and DPC01, considering the first hypothesis for the calculation of the oxide phase density (see section 6.1). On Figures 7a and 7b, are represented the evolution at 3000 K of the density of oxide (almost horizontal curves) and metallic phases (curves marked by the zirconium oxidation parameter Cn) as a function of the mass of steel. 

For example, for a C25 corium, the mass of steel (iron) leading to density inversion is ~ 12 tons for the DPC01 whereas with NUCLEA04, it reaches approximately 40 tons.

Considering the fact that the oxide liquid density may be overestimated in an ideal mixing approach, these values could be slightly decreased. Nevertheless, they remains in global agreement with previous estimations
 
. 

This comparison between both databases illustrates the significant impact of the uranium concentration in the metallic phase (as already predicted by Powers8). It can be stressed that the difference of only ~ 5 wt.% on the uranium content (corresponding to the difference of composition calculated by NUCLEA04 and DPC01 in MA1 conditions) leads to the prediction of a stratification in accordance with the MA1 observations with NUCLEA04 (Figure 7b) and to the reverse with DPC01 (Figure 7c). This difference corresponds to the order of magnitude of the deviations on the uranium microanalyses performed on the metal MA1 ingot. The MASCA test limitations thus do not allow more than a global validation of the databases. More precisely the measured compositions in the MASCA tests cannot be taken as a thermodynamic tie-lines from which the modelling could be fitted. More analytical tests would be very necessary to refine the thermodynamic description and then to reduce the residual uncertainties in the thermochemical calculations. 

Figure 7a
Density predictions of metallic and oxide phases for a corium 

(100 tons of UO2) at 3000 K with a U/Zr ratio of 1.45 and different oxidation rates (C0, C25 to C50) with DPC01 
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Figure 7b
Density predictions of metallic and oxide phases for a corium 

(100 tons UO2) at 3000 K with a U/Zr ratio of 1.45 and different 

oxidation rates (C0, C25 to C50) with NUCLEA04 
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Figure 8
Density predictions of metallic and oxide phases for a C25 corium 

(100 tons UO2) at 3000 K with a U/Zr ratio of 1.45 considering different

hypotheses for the calculation of the densities (DPC01 database)
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Regarding the uncertainties on the density modelling, Figure 8 shows the influence of different hypotheses on the mass of steel leading to the density inversion. For a C25 corium, we have seen (on Figure 7a) that it is calculated with DPC01 as ~12 tons, considering the first hypothesis for the calculation of the oxide phase (densities of UO2 and ZrO2 at their respective melting points). This mass is reduced to ~9 tons taking into account the second hypothesis for which the density of UO2 and ZrO2 are extrapolated below their respective melting points. So it can be considered that the density model (without taking into account the uncertainties on the individual species density) does not impact significantly this mass
. 

One can consider that, taking into account the different uncertainties (compositions and densities), the NUCLEA04 value (~40 tons) is likely the upper bound for the stainless steel which can be stratified below the oxide phase for the C25 corium. The lower bound should be provided by a calculation with DPC01 (which tends to give lower uranium contents in the metallic phase) and the choices of the Boivineau’s measurements and MATPRO correlation respectively for liquid uranium and liquid zirconia (which tends to reduce the difference of densities between the two liquid phases, see section 6.3). The application leads to ~7 tons. 
From these different calculations, it is demonstrated that the uncertainty on the composition of the liquid metallic phase is the main one regarding the reactor application.

7.2.
Impact of other factors on the stratified steel mass

Different other factors may impact the mass of steel (temperature, B4C) leading to the density inversion.

Figure 9 illustrates the influence of the temperature on the density of a C25 corium. The temperature increase contributes to the preferential dedensification of the metallic phase due to its strong thermal expansion. At higher temperatures (> 3100 K), this phenomenon is partially balanced by the evaporation of iron (and nickel). 

Figure 9
Density predictions of metallic and oxide phases 

for a C25 corium (100 tons UO2) with a U/Zr ratio of 1.45 

at 2900 K, 3000 K and at 3100 with NUCLEA04 
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Figure 10
Density predictions of metallic and oxide phases 

for a C25 corium at 2900 K with a U/Zr ratio of 1.45 

and containing 0.3 wt% B4C with NUCLEA04 
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The additive materials coming from the absorber rods may also influence the density inversion. The French 1300 MW PWR reactor contains boron carbide absorber rods representing 0.3 wt.%
 of the total fuel mass. Figure 10 reports the impact of B4C on the density inversion for a C25 corium at 2900 K. Boron carbide leads to a slight dedensification of the metallic phase since it preferentially associates with metallic zirconium, consequently reducing the zirconium amount available for the UO2 reduction.

The temperature and additive B4C material finally have a low impact on the stainless steel mass that can stratify.

9 Conclusion

This paper illustrates the significant contribution of the MASCA program to many material aspects of the knowledge of in-vessel corium knowledge thermophysical properties (liquidus temperature, extend of the miscibility gap in the liquid phase, solidification path, fission product distribution, density…..) 

The analysis of the MASCA results allowed to improve and to validate the thermodynamic description of the quaternary system Fe-O-U-Zr in the databases. However they cannot not be directly taken into account in the database modelling procedure. Indeed, the phase compositions obtained in MASCA, as well characterized they are, cannot be considered to lie precisely on equilibrium tie-lines in the Fe-O-U-Zr quaternary system for many reasons (uncontrolled fast quench of the ingot due to the large mass involved, heating technique which may segregate some phases outside of the main phase, etc …). For these reasons, they can be only used as general tendencies which allowed to choose a more realistic thermodynamic description of the metallic liquid phase and to review some of the main subsystems (Fe-Zr and Fe-O-Zr in particular for the NUCLEA database). Now better calculations of the MASCA results are obtained for both NUCLEA04 and DPC01 databases even if discrepancies are still existing between the measured and calculated compositions in particular for the metallic liquid phase. 

A classical density model based on the ideal mixing assumption has been adopted in this paper and partially validated versus the existing data available in the literature. This validation process has evidenced a lack of experimental data for important pure specie density (zirconia) and for complex liquid solutions (metallic and oxide) and also the necessary reduction of the liquid uranium density uncertainty for which the measurements seem to be contradictory. After analysis, it seems that larger uncertainties affect the calculation of the oxide phase density (~ 5%) than the metallic phase one.

The main uncertainty impacting the metallic phase density calculation lies in fact in the insufficient knowledge of its composition, in particular its uranium content. It can be shown that a small discrepancy (~5 wt.% absolute which is of the same order of magnitude of the MASCA test accuracy) is able to inverse the stratification order in the MA1 test.

These uncertainties strongly impact the mass of steel that can lead to density inversion, which is a very sensitive data for reactor application. The temperature and the eventual B4C presence in the core have been demonstrated to have much smaller effects.

Consequently the compositions of the liquid phases have to be determined with more accuracy for reactor application. It could be only done through tests specially dedicated to the improvement of the modelling of some identified sub-systems (in particular Fe-O-Zr and Fe-O-U). 

Annex 1
Pure liquid species density 

A.1
Uranium

The liquid uranium density has been experimentally investigated by several authors
 
 
 
. These data has been recently reviewed by Fischer
 who recommended the following expression :
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with :
AU = 17270 kg/m3

BU = 1.358 kg/K.m3

Tm = 1408 K

A.2.
Zirconium

The liquid zirconium density has been measured in two different studies
 
. Only Korobenko investigated this property in a wide range of temperature up to 4000 K. The approximation equation that generalises his experimental results has the form :
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(A2)

with :
AZr = 6844.51 kg/m3


BZr = -0.609898 kg/K.m3

CZr = 2.05008 10-4 kg/K².m3

DZr = -4.47829 10-8 kg/K3.m3

EZr = 3.26469 10-12  kg/K4.m3
A.3.
Iron, nickel and chromium

For liquid iron, liquid nickel and liquid chromium, the correlations reported in the Iida’s monography
 have been adopted :
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Table A1
Coefficients for formula (A3)


AX (kg/m3)
BX (kg/K.m3)
Tm,X(K)

Iron
7030
0.88
1808

Nickel
7900
1.19
1728

Chromium
6290
0.72
2178

A.4.
Urania

Up to now experimental data of three investigations for the density of liquid UO2 have been available
 
 
. Fink49 has reviewed these data and recommended the following formulae in the [3120 K-4000 K] interval :
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(A4)

with :
AUO2 = 8860 kg/m3

BUO2 = 9.285 10-1 kg/K.m3

Tm = 3120 K

A.5.
Zirconia

The density of liquid ZrO2 has not been extensively measured. The used value comes from the recommendations issued from RASPLAV Project
 :
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with :
AZrO2 = 5150 kg/m3

BZrO2 = 0.445 kg/K.m3

Tm = 2983 K

A.6.
Validation of the model to the in-vessel corium phases

Corium density data are very limited. Some measurements were performed on Fe-U liquids alloys18 at relatively low temperature (< 2000 K) and on UO2-ZrO2 mixtures at high temperature
.

Figure A1 shows a good agreement between the model and the experimental data on Fe-U at 1900 K. Even a experimental validation would be helpful, it seems reasonable to consider that the ideal mixing law is adequate for the calculation of the metallic liquid phase density at much higher temperature (> 2773 K). 

Figure A1
Density model predictions versus Gardie’s experimental points

at 1900 K for U-Fe liquids
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For the oxide liquid, measurements were performed at different temperatures (2973, 3173 and 3373 K) for a massic composition 77UO2-23ZrO2.

Figure A2
Density model predictions versus RASPLAV experimental correlation (with its uncertainty) for a 77UO2-33ZrO2 (wt.% composition) liquid
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The use of pure component densities in the calculation of the oxide mixture density below the melting point of zirconia (2985 K) involves extrapolation of the pure component density. This is due to the fact that a UO2-ZrO2 mixture exists in a fully liquid state at temperatures below the normal melting points of the pure components. For the presented calculations, it has been assumed that the pure component density below its melting temperature is equal to that at this temperature. This hypothesis likely consists in underestimating the real value.

Figure A2 shows a slight positive deviation to the mixing ideal law for the volume of the oxide mixture. 

Annex 2
Density values for the different species

for application to the MASCA tests

species
Density (kg/m3)

MA-1 and MA-2 (2773 K)
Density (kg/m3)

MA-3 

(2673 K)
Density (kg/m3)

MA-4 

(2728 K)


U
15420 
15550
15480


Zr
5970 
5990
5980


Fe
6180 
6270
6220


Ni
6660 
6780
6710


Cr
5860 
5930
5890

hypothesis 
UO2
8860
8860
8860

(1)
ZrO2
5150 
5150 
5150 

hypothesis 
UO2
9180 
9280
9223

(2)
ZrO2
5240 
5290
5263
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� Some experiments� RENVOINOTE _Ref70329783 \h � \* FUSIONFORMAT �41� are on the way to solve them.


� In the DPC01 database, no fission product is modelled.


� Kmetal/oxide is calculated as the mass of FP in the metallic phase divided by the mass of the FP in the solid and liquid oxide phases.


� In the calculations, steel is considered as pure iron.


� An upper bound of this mass can be calculated assuming that the density of the metallic phase is evaluated from the densities of the pure elements at their respective melting points. In a DPC01 calculation,  for a C25 corium, the mass of steel reaches ~35 tons.


� This value lies between those for VVER-1000 and BWR respectively 0.25 and 0.5% of the core mass.
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