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ABSTRACT - For the assessment of molten corium pool source terms, a mechanistic model has been de-
veloped to describe the transport of fission products from liquid corium pool surfaces into a colder gas at-
mosphere. Modelling is based on an approach for diffusive and convective transport processes coupled
with thermochemical equilibrium considerations enabling detailed speciation analyses of the fission prod-
ucts released. Both have been implemented into the code system RELOS.MOD2.

RELOS.MOD2 sensitivity calculations on possible effects of anticipated uncertainties in the thermo-
chemical data on the fission product release predictions are presented.
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INTRODUCTION

Considerations of the severe accident risks of nuclear power plants normally include the discussion of

a highly improbable event: The meltdown of the reactor core, which might occur after a possible loss-

of-coolant accident with subsequent failure of the emergency core cooling system. For example, the

TMI-2 post accident examination [1] showed that during accident progression molten pools may ap-

pear in the reactor core and also, with possible corium relocation, in the lower plenum of the reactor

pressure vessel (RPV). Furthermore, also ex-vessel molten pool formation may occur in the case of

RPV failure and subsequent melt release to the containment [2]. Here, interactions with the concrete

basemat or, for the case of advanced reactor designs, within the core catcher influence the molten

pool configuration and behaviour. Due to the high amount of radiologically relevant fission products

that may be located in the molten pool, the determination of its contribution to the overall severe ac-

cident source term is necessary [3].

Thus, for the assessment of short- and long term releases of low volatile fission products from in- or

ex-vessel molten pools, a mechanistic model has been developed [4] to describe the transient vapori-

zation of fission products from liquid corium pool surfaces into a colder atmosphere consisting of dif-

ferent fractions of steam, hydrogen, nitrogen, oxygen and/or argon. Special emphasis has been laid on
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the determination of fission product chemical identities during the release possibly changing with

time and on the effects of changing oxygen potentials of the melt and the surrounding atmosphere.

MODEL APPROACH

The model developed is based on a mechanistic approach for diffusive and convective transport proc-

esses which has been closely coupled to thermochemical equilibrium considerations. Both have been

implemented into the stand-alone computer code RELOS (Release of Low Volatile Fission Products

from Molten Pool Surfaces).

The release mass flux mA of a released fission product (Index: A) are determined by:

Here, the resistance against mass transport in the gas phase is considered by introducing a mass trans-

fer coefficient fi Ag which is determined by a heat and mass transfer analogy approach as a function

of the diffusion coefficient of the respective element or compound released into the original gas mix-

ture atmosphere, the Sherwood number in the gas phase and the geometry. Furthermore, the driving

partial density difference ApAg between the gas side of the liquid pool surface (Index: gPh) and the

bulk of the gas phase above (Index: g°°) can be determined by the definition of local equilibria for the

system defined.

For the complex multi-component and multi-phase system applied here, it is appropriate to use com-

mon Gibbs energy minimization routines to calculate chemical equilibria. In the latest RELOS code

version (M0D2), the thermochemical analysis is performed using the code module CHEMAPP, a

Gas Atmosphere (g)
+ Released Species (A)

programmable version of CHEMSAGE [5]. The driving partial density difference

transfer over the concen-

tration boundary layer be-

tween the gas side of the

phase interface and the

bulk of the gas phase is

provided by a set of con-

secutive thermochemical

analyses within RELOS.

for mass

Figure 1 illustrates the

system analysed here. As-

suming as a first guess a

local equilibrium at the

pool/gas phase interface,

RELOS.M0D2 calculates

the chemical multi-
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Figure 1. Illustration of the thermochemical analyses performed in

RELOS.MOD2 for the determination of the driving partial

density difference
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component and multi-phase equilibrium for a system consisting of the molten pool inventory (or the

upper pool layer in case of a stratified melt) and a certain amount of atmospheric gas which is avail-

able at the phase interface during a time step (bold lined box: Phase Interface Calculation). Here, this

amount of gas considerably determines the time-dependent oxygen potential of the melt/gas phase

system which changes with changing amount of oxidizing or reducing gas transported to the pool sur-

face. Minimizing the total Gibbs energy of the given system for the mean temperature of the molten

pool, the corresponding equilibrium results represent the fission product partial densities p^gPh a t

the gas side of the phase interface between molten pool and gas phase.

In a second step, RELOS.MOD2 determines the fission product partial densities p^gco in the bulk of

the gas phase assuming equilibrium between the entire gas in the volume above the pool and the

amount of molten pool species released into this volume so far during the time considered (bold lined

box: Bulk Gas Phase Calculation). The decrease of fission product concentration between the calcu-

lated high temperature local equilibrium at the molten pool surface and the colder gas bulk above in-

duces the release process.

The thermochemical approach thus enables the consideration of effects arising due to chemical reac-

tions at the phase interface and in the bulk of the gas phase, which substantially influence the fission

product speciation as well as volatility and thus its respective release kinetics.

RELOS.MOD2 calculates the transport properties (e.g. gaseous diffusion coefficients [6]) for each

species and compound determined by the thermochemical module. Thereby, the amount of considered

species is only limited by the thermochemical data in the form of Gibbs energies. Currently, up to 222

different gas phase species from 30 elements are considered in the available thermochemical data

base. A further of 564 species describe the condensed phases, partially summed up in mixtures de-

scribing an oxidic and a metallic melt.

RELOS.MOD2 calculations therefore enable the determination of transient fission product release

mass fluxes from molten pools including a detailed break down of the corresponding chemical forms

and their specific contribution to the total release of a specific element. With each calculated time

step, the pool inventory is updated corresponding to the released species amounts and thus the time

dependent change in species pool concentration can be reproduced.

RELOS.MOD2 SENSITIVITY STUDIES ON THE EFFECTS OF ANTICIPATED

THERMOCHEMICAL DATA UNCERTAINTIES

The applicability of thermochemical equilibrium approaches for the analysis of complex multi-

component, multi-phase systems in severe accident analyses has been approved e.g. by fission prod-

uct release studies on molten corium concrete interactions [2]. Nevertheless, these applications are

considered to the final equilibrium state of the core melt scenario not accounting any kinetics of re-

lease as it is done by RELOS.
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The quality of the thermochemical analyses of the RELOS.MOD2 code system and thus its instation-

ary fission product release predictions are dependent on the adequacy of the thermochemical database

used.

The radiologically relevant fission products Ru and Sr are selected here to study the influence of an-

ticipated uncertainties in their thermochemical data on the release predictions using the code

RELOS.MOD2 [7]. It is done in terms of varying the thermochemical stabilities of all relevant gase-

ous and liquid phase species of Ru and Sr by analysing an exemplary base case scenario of an ex-

vessel severe accident. Increasing the Gibbs energy means in general a destabilization of the species

and vice versa. The extent of the variations reflected as far as possible previous results by the project

partner ECN Petten from a comparison of thermochemical databases. Nevertheless, even higher

variations were chosen arbitrarily also in order to demonstrate possible effects on the release predic-

tions. In the sensitivity calculations, a ten minutes release characteristic for an oxidic and metallic

melt with high surface area after molten core concrete interaction has been analysed. A melt tem-

perature of 2573 K, a gas phase temperature of 1073 K and a system pressure of 0.2 MPa are as-

sumed.

Figure 2 gives the results of the sensitivity calculations for Ru with Gibbs energy variations of ±10%.

Each bar reflects a single sensitivity calculation with the variation of one selected Ru species, i.e.

Ru(g), RuO(g), RuO4(g), RuOH(g) in the gas phase (g) or Ru(l) as a liquid phase (1) species, respec-

tively. Since the aim is to give a demonstation of possible effects of thermochemical data variations,

no absolute release values are given, but the calculated releases with the variated data are related to

the calculation done with the base case Gibbs data (i.e. solid horizontal bar with unity value).
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Figure 2. Total Ru release predictions following the Gibbs energy variated data bases (±10%) for gas
phase and liquid phase species related to the calculation with the base case Gibbs data
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The studies revealed, that a variation of Gibbs energy data, i.e. stabilization or destabilization of a

respective Ru compound in the liquid or gaseous phase may have a significant effect on calculated

releases. The numerical values at the bars give here the factor by which to total Ru release increases

or decreases. As qualitatively expected, an increase of the stability of a single Ru compound in the

gaseous phase leads to an increase in the release of total Ru. In contrast, an increase of the stability of

a liquid phase compound leads to decrease in releases calculated. Highest deviations by a factor of up

to 2.2 are observed for RuO(g) and Ru(l). Often liquid phase data variations show the tendency (also

for other radionuclides analyzed) to have the most distinct effects. Changing the stability of RuO4(g)

does not affect the release since RuO4(g) is only a minor species under the chosen boundary condi-

tions.

Figure 3 shows the effects of a variation of RuO(g) Gibbs energy data on the speciation of the Ru va-

pours released. As expected, variations of stability of the gas phase compound RuO(g) influences the

speciation of gaseous released Ru compounds.
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Figure 3. Percent fractions of gaseous Ru, RuO, RuO2 and RuOH related the total release of Ru with
a ±10% Gibbs energy variation for RuO(g)

Under the chosen boundary conditions, the Ru release is basically due to the species Ru(g) and

RuO(g) with some small fractions of RuO4(g) and RuOH(g). As can be seen, the fraction of RuO(g)

to the total Ru release increases with increasing the RuO(g) stability. Additionally to these results,

variations of the liquid phase Ru compound Ru(l) influences the overall release of Ru as it can be

seen in Figure 2, but it does not affect the speciation of the Ru vapours released.
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With view on the analysis of effects of the hight of Gibbs data variations, the Figure 4 gives results

for Sr sensitivity calculations analysing ±3% and ±10% variations. As can be seen, most decisive ef-

fects occur with increasing the stability of the liquid phase species SrSiO3(l) and SrZrO3(l), which

leads to significant decreases in overall Sr releases of up to five orders of magnitude related to the

base case.
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Figure 4. Total Sr release following Gibbs energy variations of several species relative to the base case

Furthermore, stabilization of Sr species generally leads to more distinctive effects on the release pre-

dictions than destabilisation.

CONCLUSIONS

The mechanistic code system RELOS.MOD2 has been developed for the analysis of fission product

releases from liquid corium pool surfaces. The code enables the determination of transient fission

product release mass fluxes including a detailed speciation analysis in order to consider changes in

volatility arising from the chemical states of the species released. Furthermore, effects due to possible

stratification of metallic and oxidic melt phases as well as due to reaction with atmospheric steam are

taken into account.

Sensitivity analyses on the effects of possible thermochemical data uncertainties for Ru and Sr re-

vealed a strong influence on the RELOS.MOD2 fission product release predictions. Under the chosen

boundary conditions, the specific effect of different fission product species has been found quite dif-

ferently. An arbitrarily high Gibbs data variation of 10% for Sr shows changes in the release predic-
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tions of up to several orders of magnitude. The sensitivity analyses presented here assist the impor-

tance of critically assessed data for multi-component, multi-phase thermochemical analyses. It also

underlines the requirement of providing uncertainties in the Gibbs energy data to users of the data-

bases
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