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Summary 

The assessment of the consequences of severe accidents in nuclear reactors involving molten 
core-concrete interactions (MCQs) requires estimates of the quantities and physicochemical 
forms of the radioactive species released from the melt into the cavity atn osphere. Such 
estimates in turn require a detailed knowledge of the complex chemical interactions which 
would occur between the fission products, fuel and the components of the core structural 
materials and the concrete. In recent years, effort has been put into 'he thermodynamic cha
racterization of these processes [1,2]. 

The results of such studies are important for predicting several aspects of MCQs, including: 

1. the release of species by vaporization; 
2. the extent of concrete penetration: 

a. the melt solidus and liquidus temperatures, which in turn affect the heat transfer 
processes and hence tile predictions of the melt temperature and the onset of 
solidification, 

b. the amounts of the solid and liquid phases and the respective compositions, which 
determines the viscosity of the melt, and 

c. the composition of the crust formed following the addition of water to quench the 
interaction. 

d. the distribution of fission products among metallic and oxidic phases. 

This SOAR is devoted to thermochemical calculations in the context of MCCI where most 
fission products and the metallic components of the melt are transferred into an oxidic form 
sooner or later. Calculations on fission product release from a molten pool without MCCI are 
underway in the source term project of the CEC-RCA. 

The following conditions have to be taken into account in order to be able to perform reliable 
thermodynamic calculations: 

1. All thermodynamic calculations should be done with consistent databases. These 
databases should be upgraded regularly. 

2. A code to minimize Gibbs energies of multi-component systems is necessary. 
3. The approach for thermodynamic calculations based on ideality concept and use of 

limited activity coefficients, has to be used with care. When c t̂ivity coefficients are set 
from experimental results (ACE experiments for instance) in order to reproduce the 
experimental release, this approach is only valid as long as the melt composition and 
temperature for the calculation differ not too significantly from the experimental 
conditions. 

4. Thermodynamic modelling based on phase diagram assessments have the advantage to 
give more confident results outside the range of experimental temperatures and 
compositions. 

5. All thermodynamic analyses of plant applications have to be validated against phase 
diagram and integral experiments. 

Concerning the fission product transport by groundwater, the sump water ingession appears 
to be the main short term contamination source of the ground. 
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1. Relevant fission products 

1.1 Introduction 

The assessment of the consequences of severe accidents in nuclear reactors involving molten 
core-concrete interactions (MCCls) requires estimates of the quantities and physicochemical 
forms of the radioactive species released from the melt into the cavity atmosphere. Such 
estimates in turn require a detailed knowledge of the complex chemical interactions which 
would occur between the fission products, fuel and the components of the core structural 
materials and the concrete. In recent years, effort has been put into the thermodynamic 
characterization of these processes [1,2]. 

The results of such studies are important for predicting several aspects of MCGs, including: 

1. the release of species by vaporization; 
2. the extent of concrete penetration: 

a. the melt solidus and liquidus temperatures, which in turn affect the heat transfer 
processes and hence tile predictions of the melt temperature and the onset of 
solidification, 

b. the amounts of the solid and liquid phases and the respective compositions, which 
determines the viscosity of the melt, and 

c. the composition of the crust formed following the addition of water to quench the 
interaction. 

d. the distribution of fission products among metallic and oxidic phases. 

The fundamental requirements for the thermodynamic studies are reliable thermodynamic and 
phase diagram data coupled with the calculation of multi-component, multi phase equilibria. 
The importance of reliable experimental data cannot be over-emphasized: the thermodynamic 
calculations are totally reliant on such data. In turn, calculational techniques are highly 
valuable for enabling the efficient use of experimental data through extrapolation and 
interpolation. As such, they can offer substantial savings in time over the use of extensive 
experimental investigations which may be unnecessary. In this section of the SOAR, the 
requirements for further experimental characterization are defined. 

This SOAR is devoted to thermochemical calculations in the context of MCCI where most 
fission products and the metallic components of the melt are transferred into an oxidic form 
sooner or later. Calculations on fission product release from a molten pool without MCCI are 
underway in the source term project of the CEC-RCA. 

1.2 Relevant fission products 

During a molten core-concrete interaction, the fission products release from the corium to the 
reactor containment is of interest from a safety point of view, especially for those nuclear 
power plants ("NPP") with a filter concept to avoid an internal overpressurisation. 

In order to get a relevant list of fission products, a selection of the radioactive elements of 
a NPP core, as a function of the radiological consequences by inhalation, has been made. The 
corium is assumed to interact with the concrete, and all the volatile species (Rb, Cs, Br, I, Xe, 
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Table 1. Main fission products for MCCI. The core is a 900 MWe PWR, at end-of-life 
equilibrium (% of the core at 11000 MWd/tU; % at 22000 MWd/tU; % at 33000 
MWd/tU) one day after scram. 

element 

Actinides 

U 
Np 
Pu 

Am 
Cm 

Lanthanides 

Y 
La 
Ce 
Pr 
Nd 
Pm 
Sm 
Eu 
Gd 

Cd 
Pd 

Ru 

Rh 

Zr 
Nb 

Sr 
Mo 
Tc 
Ba 

Sb 
Ag 
Se 
Sn 
Te 

g/tU 

367 
8647 

58 
14 

353 
838 

1985 
750 

2426 
161 
441 
88 
29 

44 
720 

1661 

279 

2514 
44 

661 
2191 
529 
970 

10 
44 
29 
29 

308 

isotope 

i37Np 
"'Pu 
'"Pu 

241 Am 
""On 

9Iy 
,40La 
l44Ce 
,43Pr 
,47Nd 
,47Pm 
l5,Sm 
l54Eu 
,53Gd 

,,5Cd 
107pd 

,MRu 
,06Ru 
105Rh 

95Zr 
'5Nb 

"Sr 
"Mo 
"Tc 
140Ba 

125Sb 
I,0Ag 
79Se 
,23Sn 
,25Te 

half-life 
time (lxA) 
y - year 
d = day 

2.H0*y 
14 y 

2.4-10* y 
432 y 
162 d 

58 d 
1.6 d 
285 d 
13.5 d 
11 d 
2.6 y 
90y 
8.8 y 
242 d 

45 d 
6-105 y 

39 d 
i y 

1.5 d 

64d 
36 d 

29 y 
2.7 d 

2-105 y 
13 d 

2.7 y 
250 d 

6.5-!04 y 
129 d 
33 d 

potential 
radiological 

factor 
Sv/tU 

1.0-10* 
5.6-109 

1.1-10' 
3.6-10* 
3.7-10' 

5.7-10' 
5.2-107 

3.7-10' 
1.0-10' 
3.6107 

4.1-107 

5.2-104 

1.5-107 

1.0-103 

2.0-104 

5.2-10' 

1.0-10' 
1.7-10' 
5.2-106 

2.0-10' 
5.2-107 

1.0-107 

5.2-107 

5.2-102 

5.2-107 

5.2-105 

1.5-106 

2.0-101 

2.0-106 

1.5-107 

%of 
corium 
decay 
heat 

18% 

42% 

< 1 % 

1% 

18% 

11 % 

3 % 

relevant 
fission 
product 

U 
Np 
Pu 

Y 
La 
Ce 
Pr 
Nd 

none 

Ru 

Rh 

Zr 

Sr 
Mo 

Ba 

Ag 

Te 
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Kr) have already been released. For each main isotope of the core, a "Potential Radiological 
Factor" is defined as the product of the Effective Inhalation Dose factor of the isotope (from 
ICRP30, in Sv/Bq) by the isotope activity (in Bq/tU). The relative comparison between the 
resulting numbers (in Sv/tU) give the potentialities of the isotope concerning the radiological 
consequence by inhalation (a release fraction from the corium should be taken into account 
to get the exact number, but this is not the purpose of this example). The results are presented 
in Table 1. 

Usually, the volatiles are not included in the corium composition after the lower-head bottom 
vessel failure. Depending on the chosen accident sequence, one can always add some fraction 
of the total mass of less volatile species such as Te (under Zr-Te associate form for example) 
or Cs. It is usually assumed that, even if present in the corium at the beginning of the MCCI, 
these volatile elements are released to the atmosphere of the containment during the first hour 
of the interaction. Nevertheless, the possibility exists that up to 10% of some of these volatile 
fission products, in particular cesium and rubidium, can be retained in the form of zirconates, 
depending on temperature and oxygen potential [3]. 

Table 1 indicates that between 80 % to 90 % of the corium decay heat is contained in the 
oxidic pool, assuming all the actinides, lanthanides and Zr in oxidic form. From this example, 
one can assume that the relevant fission products to be taken into account in a MCCI corium 
composition are the following: 

In oxidic form: 
U, Np, Pu, Y, La, Ce, Pr, Zr, Sr, Ba 

In metallic form, or partly metallic and partly oxidic: 
Rh, Mo, Ru, Te. 

For example, in the ACE experiments, the chosen simulant fission products were: 
Ba, Sr, La, Ru, Mo, Ce, Te. 

Only in the case of in-vessel behaviour, the volatility of the control rod elements should be 
taken into account. 

1.3 Non-radioactive species 

Once on a surface, the corium starts to interact with it. As a consequence, if the surface is 
eroded, all the main species coming from the molten surface have to be included in the 
corium composition. 

In the case of a core-concrete interaction, the molten concrete compounds are often the oxides 
of Si, Mg, Ca, Al, and Fe. The initial corium is usually composed of U02, actinides, fission 
products, structural materials (Zr, Fe, Ni, Cr), and their oxides. During the interaction, steam 
and carbon dioxide percolate the mixture. 
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2. Release behaviour 

2.1 Chemical species to be taken into account for fission products release 

In the following paragraphs the release during MCCI will be dealt with. The chemical species 
of a corium to be taken into account for fission products calculations are all the possible 
compounds, as function of the thermodynamic state of the mixture, between the previous 
listed fission products and the previous listed oxides and metal, including gases C-H-O. 

2.2 Release mechanism 

This chapter focuses on the fission product release mechanisms from a corium into the 
containment during a core-concrete interaction. There exist two possible release mechanisms: 
- by vaporization from a non-ideal mixture composed of oxides and metals, 
- by mechanical release due to gas sparging. 

From the ACE post-test aerosols examination [4], the released aerosols contained mainly 
elements from the concrete. Fission product species, other than tellurium, contributed less than 
1% of the mass. Silicon species dominated the aerosols in the tests with metal and siliceous 
or limestone-common-sand concrete. The releases of uranium and zirconium differ from the 
releases of low-volatile fission products in that there are two contributions to their release of 
vaporization and gas sparging, but there is only a vaporization contribution to the release of 
low-volatile fission products. Because of their low concentration in the melt, gas sparging 
makes no significant contribution to the release of low-volatile fission products. The gas 
sparging contribution to zirconium and uranium release was demonstrated by the larger 
amounts of uranium and zirconium in large particles (average mass median diameter > 9 um) 
compared to small particles. 

As a consequence, vaporization appears to be the main contributor to the release of 
low-volatile fission products. This assumption is correct if the gas sparging rate is low, i.e. 
corresponds to a molten core-concrete interaction using a basaltic, a siliceous or a limestone 
common-sand concrete. The vaporization may not be the main contributor concerning the 
uranium release, and also the low-volatile fission products release in the case of high gas 
sparging, as in a core-concrete interaction using a limestone concrete. As a matter of fact, in 
the ACE experiments using such a limestone concrete, the low volatility fission products 
releases are about an order of magnitude higher than the releases in the other tests. 

In these ACE tests, for a given type of concrete, releases of low-volatile fission product 
elements decreased with decreasing metal in the melt. More than 50% of the low-volatile 
fission products release occurs during the beginning of the core-concrete interaction. This 
confirms the fact that the oxygen potential in the melt is a key parameter for the fission 
products release: at the beginning of a core-concrete interaction, if there exists still some 
non-oxidized Zr or Cr, the release is at a maximum. When all the Zr and Cr has been 
oxidized, the oxygen potential raises and the fission products release drops significantly 
compared to the previous release. The corium temperature is also a key parameter: in the 
ACE experiments the temperatures ranked from 2500 K to 2000K. 

In the ACE tests, barium and strontium were observed to be trapped in the corium as silicates 
[4]. The Ce and La content of the melt was too low to determine their location by chemical 
analysis. However, their release is in agreement with silicate or zirconate formation that 
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would reduce their volatility. Two phases were observed in the solidified material: a phase 
high in SiOj and a UCyZrCVCaO solid solution. The first phase was found in the foam and 
near the top of the melt. The second phase was concentrated in the bottom of the melt 

However, based on calculations of the ACE tests (see 3.3), at IPSN at the temperature levels 
of the tests (2000 K to 2500 K), it is concluded that the fission products are trapped either 
in a liquid complex phase (due to strong interactions) or in a UCyCaO-ZrOj rich solid phase. 
When the liquid phase freezes, at the end of Jie experiment, some fission products can be 
included in stochiometric compounds such as silicates and zirconates. 

Concerning the quantitative results one can assume, from the piesent knowledge, that: 

- The release of volatile species is immediate and almost complete at the beginning of the 
MCCI. 

- The release of low-volatile fission products is low, compared to the in-vessel fission 
product release. 

The important question, which is not easily solvable with equilibrium calculations, is the 
timing of the release of medium and low-volatile fission products. An early release would 
lead to a minor contribution to the total release, but a long-lasting, even low, release may 
dominate the release from the plant. 

3. Release models and codes 

3.1 Introduction 

Different methods exist on the prediction of the fission product release by vaporization. The 
original VANESA code (developed by D. Powers from Sandia National laboratory, USA) 
approach treated the vaporisation as a classic "stripping process" in which vapors partitioned 
into sparging gases. Oxide and metal phases were assumed not to equilibrate except that the 
chemical potentials of oxygen in the two phases were assumed to be the same. The stripping 
process of trace species was treated as a kinetic process and the chemical potentials of 
sparging gas were not adjusted as a result of vaporization. Recent improvements were 
introduced in the order to take into account the condensed phase chemistry of a non-ideal 
mixing [5]. 

The other approach is to calculate the fission products release as the consequence of a 
vaporisation process, using conventional thermodynamic equilibrium models of an ideal or 
non- ideal melL 

Concerning the models of an ideal melt, the SOLGASMDC code [6] has been extensively used 
during the last decade. Concerning the non-ideal melt, thermodynamic models and databases 
to describe the condensed phase equilibria for MCCls have been systematically developed 
over recent years in Europe: CHEMSAGE [7], GEMINI [8], MTDATA-Nuclear [9], and also 
FACT in Canada [10], 

A previous benchmark, organised by the OECD/CSNI [11], noticed that a good agreement 
exist between almost all the calculation models employed to determine the equilibrium state 
composition of multi-component systems, when all the necessary thermochemical data and 
modelling were set as input data (i.e. no freedom was given concerning the interaction 
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parameters between two species). 

On the opposite, the choice of different assumptions in the modelling of condensed solution 
phase showed large differences in the results concerning the gas phase and aerosols 
composition. 

The main reasons of the results discrepancies are the following: 

(a) The choice of non-consistent thermodynamic unary data between the different codes 
and even between data in the same code. There exists to-day well-known 
thermodynamic databases for pu „ substances, as for instance, JANAF (USA), IVTAN 
(Russia), NEA (Paris), SGTE (Scientific Group Thermodata Europe), and TBase (ECN). 
Each database is consistent but there exists no consistency between each other. The 
SGTE database is one of the most complete, due to the common work of 7 European 
laboratories working in this area: IRSID (Mete, Fr), KTH (Stockholm, Sweden), 
LTPCM (INPG, Grenoble, Fr), NPL (UK), RWIH (Aachen, FRG), Thermodata 
(Grenoble, Fr) and UKAEA (Harwell, UK). It includes about 4000 compounds. For 
calculations of core-concrete interactions consistent databases should be used. 

(b) The restriction and disadvantages of the classical approach for thermodynamic 
modelling based on ideality concept and use of limited activity coefficients. 

As a matter of fact, the assumptions made on the activity coefficients can lead to 
calculated activities which are very different from those expected. One of the 
troublesome consequences is the uncertainty on the concentration of the released fission 
products in the gaseous phase, which is directly connected to the activity of the 
condensed phase. It means that, when doing a reactor calculation, even if activity 
coefficients were set from some experimental results (ACE experiments, for instance) 
in order to reproduce the experimental release, this approach is not valid as soon as the 
melt composition and temperature for the calculation differ significantly from the 
experimental ones. 

(c) The use of different models will give different activities which cannot be used outside 
the model. 

3.2 Principle of calculations 

Thermodynamic models have been developed in the past 10 years to describe the phase 
equilibria of multi-component systems. The models can be used to predict the release of 
species by vaporization during core-concrete interactions. The extent of release of species 
during MCCI are determined by the temperature of the melt and the activity of the 
components in the crude and metal phase. 

To calculate the thermodynamic equilibrium, a representation of the Gibbs energy of the total 
system as a function of temperature and composition is required. The equilibrium state is then 
obtained by minimizing the total Gibbs energy with respect to the composition under various 
conditions. 

The total Gibbs energy of the system is simply given by the algebraic sum of the Gibbs 
energies of the individual phases present at equilibrium. For pure substances the Gibbs energy 
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can be obtained from consistent databases. However, solution phases are more complicated 
to express. In that case the Gibbs energy of mixing, AGmjx, will be given by the ideal Gibbs 
energy of mixing plus an excess Gibbs energy term, AG". 

Thus, 

in which AG"U = RT [x In x + (1-x) In (l-x)] t and x = composition. 

The modelling of multi-component systems is mainly concerned with deriving suitable 
representations of AG" which reproduce the experimental phase relationships of particular 
binary (or ternary) systems. Self-consistent analytical expressions permit the data to be 
interpolated and extrapolated (CALPHAD approach). Having derived representations for the 
Gibbs energies of all the phases in a system, the equilibrium state can then be determined by 
minimizing the total Gibbs energy at various combinations of temperature, composition, and 
pressure. 

3.3 Code validation 

Blind ACE post test calculations on aerosol releases were performed for tests L6 and L8 by 
analysts of the international community [4] and Appendix 1. Comparison of all calculations 
concerning the ACE L8 test is presented here as a basis for discussion. This includes the 
GEMINI calculations using the OXY6PF3G database, and the ECN/EU calculation not 
included in the report [4]. Table 2 gives some information concerning the codes and input 
data used for this validation. All participants, except FAI, give results during the duration of 
the tests (111 min). The results of the calculations, expressed as l0log (calculated release 
fraction/ experimental release fraction), are presented in Fig. 1. Ce results are not shown, 
because this element is not included in the database of the GEMINI code. 

The general conclusion is that chemical equilibrium codes that include silicates and zirconates 
of Ba, Sr and La in the melt chemistry, give reasonable agreement with the experimental 
releases. Codes that do not include these species, overestimate releases by more than one 
order of magnitude. Ce release is more than one order of magnitude too high for all 
calculations. Neither silicates nor zirconates of Ce were included in the calculations because 
of lack of thermodynymic data. The similar release behavior of La and Ce in these ACE tests 
indicate that thermodynamic data on Ce silicates and zirconates are needed. 

Differences between results of code calculations and measured releases of Zr and U indicate 
that, although these releases are low, they are not well modelled. One explanation, proposed 
by Thermodata (Grenoble, France) is that this effect could come from the thermodynamic 
properties of the binary system U02-Zr02; U and Zr are two main compounds of the corium. 
In the binary system U02-Zr02, these two oxides are completely miscible under solid and 
liquid state. Presently, thermodynamic properties (activity, enthalpy,...) for these states are not 
available. As a consequence, the Gibbs energy of the liquid and solid phases modelled only 
from the phase diagrams are associated with a large uncertainty. This can lead to an 
uncertainty in the calculated activities of U and Zr, and consequently to U and Zr release 
from the corium. A better result could be obtained by optimizing again the thermodynamic 
property of the binary system based on experiments concerning the binaiy system U02-Zr02. 
In addition, ECN results (Appendix), taking into account assessed values of zirconates of Ba, 
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Table 2. ACE L8 calculations: methodology. 

country 

Japan 

United Kingdom 

United States 

United States 

United States 

Germany 

France 

The Netherlands 

organization 

JAERI 

AEA Technology, 
Harwell 

University of 
Wisconsin 

FAI 

SNL 

GRS 

ISPN/CEA 

ECN 

code 

VANES A 1.01 

SOLGASMIX-reactor 

CORCON.UW 

MAAP4-METOXA 

CORCON-Mod 3 

WXLSIM-
CHEMSAGE 

OXY6PF3G/GEMINI 

ECN-database 
CHEMSAGE 

index 

JPN 

UK 

UW 

FAI 

SNL 

GRS2 

IPSN 

ECN/EU 

The input data for the calculations are coming from: 

index 

JPN 

UK 

UW 

GRS2 

SNL 

FAI 

IPSN 

ECN/EU 

codes 

VANESA 

SOLGASMIX 
reactor 

CORCON.UW 

WXLSIM 
CHEMSAGE 

CORCON 
Mod 3 

MAAP4 
METOXA 

OXY6PF3G 
GEMINI 

CHEMSAGE 

input data 

temperature 

test ACE L8 

test ACE L8 

CORCON.UW 

test ACE L8 

CORCON 

MAAP4 
decomp 

test ACE L8 

test ACE L8 

gas release 

test ACE L8 

test ACE L8 

CORCON.UW 

test ACE L8 

CORCON 

MAAP4 
decomp 

test ACE L8 

test ACE L8 

concrete 
erosion 

test ACE L8 

test ACE L8 

CORCON.UW 

test ACE L8 

CORCON 

MAAP4 
decomp 

test ACE L8 

test ACE L8 
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barium 

1.50 

1.00 

0.50 

0.00 

-0.50 

-1.00 

-1.50 

-2.00 

2.00 

ECNyEU FAI GRS2 IPSN JPN SNL UK UW 

strontium 

ECN/EU FAI GRS2 IPSN JPN SNL UK UW 

Results of the ACE-L8 code calculations for barium and strontium for the various 
organisations mcniioncd in Tabic I. 
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uranium 

I 
| 

o 

t 

1 
i 
# 

1.50 

100 

0.50 

0.00 

•0.50 

•1.00 
ECN/EU FAI GRS2 IPSN JPN SNL UK UW 

zirconium 

0.00 

-0.50 

-l.oo - -

-1.50 " -

-2.00 

-2.50 
ECN/EU FAI GRS2 IPSN JPN SNL UK UW 

Figure lb. Results of the ACE-L8 code calculations lor uranium and zirconium for the various 
organisations mentioned in Tabic I. 
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Sr, La, and Ce, give a better result for the calculated release. Another point, as indicated in 
section 2 of this chapter, could be the effect of gas sparging. 

4. Plant application 

As a basis for discussion to evaluate the plant applications using different tools, one reactor 
application from GRS (FRG) using WECHSL and VANES A [12] is compared with the same 
calculation using WECHSL and GEMINI-2 with the database OXY6PF3G. 

The comparison is presented Fig. 2. The Sr release is of the same magnitude but the La 
release is lower by a factor 1000 for the WECHSL/GEMINI results. 

5. Data requirements 

5.1 Existing chemical models and data requirements for the condensed phase 

Thermodynamic models to describe the condensed phase equilibria for MCCIs have been 
systematically developed over the recent years [1,2]. Models now exist for the 
multi component systems, like UOj-ZrO^CaO-SiOj-Al^-MgO-BaO-SrO-L^Oj and 
extensions of the work to describe the metal oxide systems are underway. The development 
of these models has involved a careful critical assessment of the available thermodynamic 
data and this has highlighted the areas requiring better experimental characterization. In the 
LajOj-SiC^ binary system, for example, there appears to exist several compounds (La^iOj, 
La4Si3012, La2Si2Ö7) for which no thermodynamic data are available [13] and the modelling 
of this system therefore requires estimates to be made. Likewise, in the Zr02-Si02-SrO ternary 
system very little is known about two ternary compounds which are found to exist, 
Sr7ZrSi602J and SrZrSi207 [14]. 

Outside of the multi-component systems, given above, there are undoubtedly many other 
species which have not been considered but for which thermodynamic data are sparse. In the 
CejOySiO^ system, for example, three compounds have been identified but no thermodynamic 
properties have been determined [13]. Likewise, plutonium and other actinides should be 
added if data are available. 

There are several phases (e.g. halite, spinel, perovskite, fluorite) in which the solution of 
many of the metal species identified above would be expected. Many of these solution phases 
are well-characterized in the binary and ternary systems but in higher-order systems they may 
never have been studied let alone their thermodynamic properties measured. However, it is 
reasonable to assume that the binary interactions between components will be the most 
important for determining the overall thermodynamics of the system. Ternary interactions will 
have lesser importance and higher-order interactions less still. Thus, for these solution phases, 
it is most important that the experimental data in the binary and, perhaps, ternary systems are 
reliable. 

5.2 Data requirements for the gaseous phase 

Unlike the condensed species, the amount of vapour phase species is fairly limited even if 
complex ternary compounds are considered in the gaseous phase. However, it is expected that 
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the contribution of these molecules, such as CsjMoO^g), to the total source term will be 
negligible. Nevertheless, the thermochemical data on many volatile fission product species are 
insufficiently known, especially the gaseous hydroxides of the less volatile fission products. 
For instance, of the thermochemical properties of the mono- and dihydroxides of La, Ru, and 
Mo, only estimates exist [15, 16]. Even the existence of some of these vapour species has still 
not been proven experimentally. On the contrary, other gaseous species, like SrO and BaO, 
have been studied extensively with often conflicting results [17]. Their low vapour pressures 
makes it difficult to study such gaseous compounds in situ. 

6. Fission product transport by groundwater 

If a base mat melt through is to happen, there are three possible sources of contamination of 
the underground water: 

one coming from the leaching of the corium by the water table, 
one coming by the sump water penetration, 
one coming from the containment gases and aerosols ingression. 

Leaching and dissolution of specific radionuclides from the solidified corium melt by 
groundwater contact is a slow but long lasting process and its radiological consequences are 
strongly influenced by the migration velocity of the groundwater and the adsorption of 
radionuclides in the soil. For a plant site in the Rhine valley, estimates have been made on 
the release and transport of'''Sr, "Tc and ,37Cs which reach their highest concentrations after 
5000 days typically [18]. Technical counter measures as insulation of the groundwater at the 
reactor site or closing of the relevant drinking water dwells could be initiated to protect the 
public from potential radiation exposures. 

The consequences of the containment gases and aerosols are expected to be orders of 
magnitude less than the consequences coming from the sump water ingression. 

The short term ground water contamination comes from the sump water penetration. As a 
basis for discussion, the activity of the relevant fission products in this last case have been 
assessed, assuming: 

1. a Sump water containing all the volatile species (I, Cs, Te), and some non-volatile 
(10% of Sr and Ru initial inventory; 0,1% of lanthanides and actinides). This 
assumption derives from the WASH1400 [19]) and NUREG/CR-4251 [20] as described 
in the IAEA-TECDOC report 482 [21]. 

2. mobility factors or sorption factors, characterizing the interaction between the fission 
product and the ground, as found in the literature for typical alluvial soil, (these factors 
display the fact that some fission products such as iodine have a poor interaction with 
the soil, whereas others such as Cs have strong interaction), 

3. delays from the basemat melt through to the potential ground water consumption. These 
delays depend on geological conditions and result in an activity decrease for each 
isotope. 

In order to compare the radiological impact as a function of the time after the basemat 
penetration, these activities are weighted with the Annual Limit of Intake (ALI) for ingestion 
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for each isotope. 

The main conclusion of such an example is that l , lI may be dominant to evaluating the 
hydrogeological transfer if the delay is less than three months. After this time, almost 99% 
of the contamination by water intake is due to the following isotopes: wSr, ^Sr, ,06Ru, 134Cs 
and ,37Cs. 

These results are given as a step for discussion only and any further study should use more 
detailed tools (e.g. hydrogeological codes) and take into account the fission product release 
from the corium. It means that the low-volatile fission product release should be much lower 
than assumed in this evaluation. Concerning the short term ground waler contamination by 
the sump water, results should not differ as regard to the conclusion concerning 13II. 

As a final conclusion for this section, the sump water ingression appears to be the main 
contamination source of the ground. 

7. Final conclusions 

1. All thermodynamic calculations should be done with consistent databases. These 
databases should be upgraded regularly. 

2. A code to minimize Gibbs energies of multi-component systems is necessary. 

3. The approach for thermodynamic calculations based on ideality concept and use of 
limited activity coefficients, has to be used with care. When activity coefficients are set 
from experimental results (ACE experiments for instance) in order to reproduce the 
experimental release, this approach is only valid as long as the melt composition and 
temperature for the calculation differ not too significantly from the experimental 
conditions. 

4. Thermodynamic modelling based on phase diagram assessments have the advantage to 
give more confident results outside the range of experimental temperatures and 
compositions. 

5. All thermodynamic analyses of plant applications have to be validated against phase-
diagram and integral experiments. 
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Appendix 1. ACE calculations at ECN. 

The results were obtained using the same input amounts of chemical species as used in the 
ACE-L6 and -L8 experiments; the erosion data (ablation velocity) and temperature 
development obtained in these experiments were used as boundary conditions. The results are 
presented as the fractional release of several fission products and are compared with the 
experimental results from the L6 and L8 experiments. A comparison with these experiments 
is given in the figures 3 and 4 for ACE-L6 and -L8, respectively. 

As can be seen in the figures in the first series, a large numerical over-prediction of cerium 
and lanthanum occurred. This was entirely caused by the lack of thermodynamic data of the 
ternary compounds bearing these fission products, specially silicates and zirconates. After the 
(estimated) data has been added to the new database it can be concluded from the second 
series that the release of even difficult elements like lanthanum and cerium is predicted rather 
well. Moreover, although previously the drastically under-prediction of the zirconium release 
was supposed to be by droplet entrainment, the new L6 calculations show much better results. 

In a general overview of the calculations it can be seen that the calculated releases with 
optimized database are somewhat different from the (expected) experimental releases. A 
possible explanation is that the current calculations were performed under the assumption of 
ideal behaviour. The influence of chemical activities will generally alter the calculated 
releases. 

More important is that the thermodynamic data of solid substances are well-defined up to 
about 1500 K; above this temperature the accu.acy of data will decline simply because no 
thermodynamic data are available. Seen the melting points of most oxides occurring in this 
MCCI system, this certainly will be applicable to the state of confidence of the liquid data. 
For this reason the one-order-of-magnitude-difference boundary lines are given in the figures 
3 and 4. Calculations concerning difficult systems like MCCI, are considered satisfactory 
when results fall within these boundary limits. Seen the amount of uncertainties in the 
calculations, the results can therefore be called very encouraging. 
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Figure 3. The calculated and the experimental release of the ACE-L6 experiment derived with 
ChemSage before (+) and after (•) the database optimization. 
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experimental release 

Figure 4. The calculated and the experimental release of the ACE-L8 experiment derived with 
ChemSage before (+) and after (•) the database optimization. 
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