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ABSTRACT - The computer program SOURCE IST 2.0 contains a 1997 model of fission-
product vaporization, developed by B.J. Corse et al. That model was tractable on computers
of that day. However, the understanding of fuel thermochemistry has advanced since that
time. A new prototype computer program was developed with: a) newer Royal Military
College of Canada thermodynamic model of uranium dioxide fuel, b) new model for fission-
product vaporization from the fuel surface, c) a user-callable thermodynamics subroutine
library, d) an updated nuclear data library, and e) an updated nuclide generation and depletion
algorithm. The prototype has been benchmarked against experimental results.
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Introduction

In 2012, nuclear power stations provided 56.4% of the electricity produced in Ontario [1].
Part of the licensing of these stations is analysis of postulated accidents in which radioactive
material is released to the environment. One step in that release (and its analysis) is the
release of fission products from fuel. Within the Canadian nuclear industry, the Industry
Standard Toolset (IST) provides computer programs for nuclear safety analysis. The IST
computer program for fission-product release from fuel is SOURCE 2.0 [2, 3]. The version
on which this work is based is SOURCE IST 2.0P11. All version of SOURCE IST 2.0 to
date contain a 1997 model of fission-product vaporization by Corse et al. [4-6]. The 1997
model was tractable on desktop computers of that date.

In the intervening years, both computing power and the understanding have fuel
thermochemistry have improved. A newer thermodynamic model of irradiated uranium
dioxide fuel has been developed by RMC researchers [7-10]. Additionally, the interactive
thermodynamics package FACT [11, 12], used in the 1997 work, has evolved into FactSage
[13, 14]. The core solvers of FactSage are available in the commercial thermodynamics
subroutine library ChemApp [13]. A prototype computer program based on the 2008 January
production version (SOURCE IST 2.0P11) has been created [15, 16] that incorporates: 1) the
newer RMC thermochemical treatment of irradiated uranium-dioxide fuel, 2) a new model
for fission-product vaporization from the fuel surface, 3) the user-callable ChemApp
thermodynamics subroutine library, 4) a revised list of nuclides and nuclear isomers in the
fuel and updated and corrected nuclear physics data, and 5) minor updates to the nuclide
generation and depletion algorithm.

Recently-published work [15, 16] identified improved agreement between calculated and
experimental release fractions for 1“°La, in particular, as an advantage of the new prototype
computer program. The same works recommended repeating the benchmarking of release
fractions with caesium trizirconate solid, Cs,Zr;07 (s), removed from the thermochemical
database. This solid was observed in the calculated equilibrium composition of one test case
in which the calculated caesium release fraction was lower than the experimental release
fraction. The purpose of this paper is to report the prototype development more widely, and
to report the results of that benchmarking exercise.

1 Background

1.1 SOURCE 2.0

Descriptions of the phenomena modelling in the computer program SOURCE 2.0 were
presented at a previous CANDU Fuel Conference [3]. Only a brief summary will be
provided here. For normal operating conditions, SOURCE 2.0 models thermal fission of
%, 2%y and 2*'Pu and fast fission of 22U and the accumulation of radiologically-
significant fission-product nuclides and nuclear isomers from these fissions. Diffusion of
fission products within fuel grains to the grain-boundary is modelled using a numerical
solution to a one-dimensional Booth diffusion model [17, 18] on an unevenly spaced mesh.
Diffusion is coupled to fission-product generation from fission, branching decay [19-21] and
neutron-induced transformations and depletion from decay transformation [22, 23]. The
mesh is finer near the surface of the grains. The perfect-sink boundary has been retained for
all chemical elements, for the time being. After grain growth, a shell of fuel oxide with no
fission products is added to the outside the grain. The fission-product concentration on the
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mesh of the new grain is recalculated by interpolation, retaining the zero-gradient Neumann
boundary condition at the centre of the grain and the zero concentration Dirichlet boundary
condition at the mesh location corresponding to the old grain radius. Grain-boundary
sweeping reduces the grain concentration by the fraction of the grains swept and adds this
material to the grain surface. Grain-boundary bubbles grow to interconnection and on
interconnection vent excess gas. These models are similar to those in FREEDOM [24]. The
gas in the gap is vented at fuel failure.

Simple rules are applied to phase changes that form liquid phases (fuel/Zircaloy interaction,
fuel dissolution by molten Zircaloy, and fuel melting) based on the user-input fraction of the
fuel in liquid form at the end of each time interval. Congruent releases are assumed due to
matrix stripping and fuel leaching using input phase fractions. Thermodynamic equilibria
were calculated [4-6] for varying oxygen potential, fission-product to gas ratios, pressure and
temperature using the inventory of a CANDU fuel element at a burnup of 100 MW-h-kgu™
to produce lookup tables. The Corse model of fission-product vaporization from fuel
surfaces used these lookup tables and a diffusion-limited mass-transfer model to compute
release rates. After fuel failure, gas from the coolant (inert gas, hydrogen steam and oxygen)
is allowed to enter the fuel-to-sheath gap. The gas composition is used in selecting the
appropriate lookup table. The Corse model, in its day, represented an advancement of the
state-of-the-art for fission-product release modelling.

1.2  The SC11 prototype

The SC11 prototype replaced the Corse model [4]. The new model calculates a new
equilibrium composition among the material in the gap (including a user-defined fraction of
the gas flowing by the fuel), solid or liquid inclusions on the fuel surface, and the actinides
and oxygen from the fuel matrix. Fission products within the grains do not participate in the
reaction because they are held up by slow diffusion or in intragranular bubbles. Material in
the grain-boundary bubbles does not participate in the equilibrium because the bubbles are
not in direct contact to the fuel surface. The ChemApp solver is used to calculate chemical
equilibrium at the end of each time interval using the current inventories. The nuclide
generation and depletion model was modified to accommodate a larger number of nuclear
species, longer decay and transformation chains, and a larger degree of branching. Other
models within SOURCE IST 2.0P11 were left unchanged deliberately.

2 Computer program configuration

SC11E consists of three components: the program executable, the thermochemical database
and the physics database. The databases are text files that should not be altered by users.
For this exercise, the executable and the physics database were unaltered from the work
previously reported [15, 16]. The thermochemical database is the RMC thermodynamic
model of irradiated uranium dioxide fuel used previously [8-10], with the exception of the
deletion of the solid compound caesium trizirconate (Cs,Zr307(s)). The other aspect of
configuration of the test cases is the configuration of the input files for the test cases. These
were based on the 18 SOURCE 2.0 validation cases distributed on behalf of OPG on the
CD-ROM for the release of the production version, SOURCE IST 2.0P11, 2008 January.
The validation cases were set up so that the same input files were used for all comparisons.
Two cases have been revised from those on the distribution CD-ROM.
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2.1  Discussion of caesium trizirconate

In previous work [15, 16], the presence of solid caesium trizirconate, Cs,Zr3;0+(s), resulted in
lower releases of ***Cs and **’Cs than experimentally observed in one test case. Two papers
[25, 26] reported the existence of caesium trizirconate synthesized in impure form from
CsNOj3 and ZrO, at 1000 C. These two papers contained no thermodynamic data for the
compound. The thermodynamic data in the RMC model are referenced to the computer
program VICTORIA and to unpublished work at Sandia National Laboratory [27, 28]. No
experimental thermodynamic data have been located for Cs,Zr30+(s).

In work by Mishra [29], synthesis of Cs,ZrO3 by the sol-gel process from nitrate solution
with ignition at 400 C with excess citric acid and annealing at 600 C lead to the presence of
ZrO; in their product which was attributed to vaporization of Cs,0(g) and CsOH(g) during
ignition. Under these conditions, there was no evidence in the X-ray diffraction pattern of the
rich X-ray diffraction pattern reported by Plyushchev and Grizik [25, 26]. Based on the lack
of reliable thermodynamic data and of clear evidence for the existence of this compound, it
was deleted from the database for this work.

3 Benchmarking of nuclide release fractions

In the following figures, the SOURCE IST 2.0P11 results are plotted in solid symbols and
labelled P11 in the legend. The earlier SC11 results are plotted with open squares (labelled
SC11), and the latest results are plotted as crosses (labelled SC11E). The diagonal line
represents ideal agreement between the calculated release fraction and the experimental
release fraction. Only four figures are presented: ***Cs and **'Cs to demonstrate the
improvement achieved in this latest work, **°La to demonstrate that the results are the same
as for SC11, and ®Kr to demonstrate that modelling fission-product chemistry has no impact
on noble gas releases, which are the same for the test cases using in all three computer
programs configurations (P11, SC11 and SC11E).

3.1 Benchmarking **Cs and **Cs

The results for *¥*Cs and for *¥'Cs are plotted in Figure 1 and Figure 2, respectively. The new
results for SC11E reproduce the older SC11 results except in one case. This is the lowest
temperature air case (maximum temperature 1313 K). In previous work [15, 16], the reduced
releases compared to P11 were reported to be due to the existence of Cs,Zr307 (s) in the
calculated equilibrium composition. The new release fraction (from SC11E) is higher than
that from SC11, but lower than that from SOURCE IST 2.0P11 (labelled P11)).

In the SOURCE IST 2.0P11 results there is no caesium remaining on the fuel surface. Inthe
SC11 results, the condensed phase on the fuel surface is Cs,Zr3;07 (S), caesium trizirconate.
In the SC11E results, the predicted condensed phase on the fuel surface is Cs,U;02; (),
caesium heptauranate. The molar quantity of caesium in the condensed phase is smaller in
the SC11E case than in the SC11 case. The remaining caesium is accounted for by increased
releases of caesium from the fuel. This result are consistent with the hypothesis that caesium
trizirconate should not exist under these conditions. However, it could also be argued that the
thermodynamic data for caesium trizirconate are inaccurate and that it should exist but in
smaller quantities than originally calculated from the data used in the SC11 calculation.
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Figure 1: Comparison of Calculated and Experimental Release Fractions of ***Cs
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Figure 2: Comparison of Calculated and Experimental Release Fractions of *¥'Cs
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3.2 Benchmarking La

It is prudent to demonstrate that the previously-observed improvement in **°La release
fractions is also demonstrated by these newer results. With the large degree of interaction
among actinide and fission-product elements, it is possible that a change in one compound
could have an impact indirectly on another, apparently unrelated, chemical element. The
release fractions for **°La are plotted in Figure 3. As can be seen the results labelled SC11E
match those labelled SC11 and are unaltered by the deletion of caesium trizirconate from the
thermochemical database. The change from SOURCE IST 2.0P11 was attributed [15, 16] to
the model of the uranium dioxide fluorite phase with dissolved fission products [8]. Because
lanthanum oxide is soluble in uranium dioxide, the calculated equilibrium composition has a
much lower total vapour pressure of lanthanum-containing species than earlier
thermodynamic calculations. The results are also closer to experiments measurements than
code results that do not consider fuel thermochemistry.
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Figure 3: Comparison of Calculated and Experimental Release Fractions of **’La
3.3 Benchmarking ®*Kr

The calculated release fractions for ®Kr are unaltered by deleting caesium trizirconate from

the thermochemical database (see Figure 4). Krypton is represented in the RMC

model [7-10] as an equivalent molar quantity of xenon. Xenon (like krypton) is an inert gas
and does not interact with chemical elements in the fuel. Thus, it is expected that changes to
the chemical database would not affect the release fractions for ®°Kr.
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Figure 4: Comparison of Calculated and Experimental Release Fractions of ®Kr

3.4  Other nuclides

Final release fractions of %zr, ®*Nb, *®Ru, *®Ru, 2°Sh, 311, 1¥Xe, 1*Xe, 1*Ba, **'Ce, 1*Pr
and "*Eu were also unaffected by the deletion of caesium trizirconate from the
thermochemical database. Data for these nuclides were previously published [15].

3.5 Benchmarking summary

The removal of caesium trizirconate from the database has improved the agreement between
calculated and experimental release fractions for one case. In this low-temperature air test
(maximum temperature 1313 K, 1040°C), the improvement in the release fractions of ***Cs
and **'Cs is the direct result of the removal of a compound that would have stabilized more
caesium in the condensed phase. Releases of **'Cs show a similar change. Final release
fractions of 85Kr, QSZr, 95Nb, 103Ru, 106Ru’ 125Sb, 131|, 133Xe, 135Xe, 14053., 14°La, 144Ce, 144p,
and "*Eu were also unaffected by the deletion of caesium trizirconate from the
thermochemical database.

4 Implications

The implications of this work confirm the conclusions of earlier work [15, 16]. It is now
tractable to include a Gibbs energy minimize into a computer program for calculating fission-
product release fractions. The presence of lanthanum oxide as in solution with uranium
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dioxide is an important mechanism for improving the accuracy of predictions of lanthanum
release from fuel.

While removing caesium trizirconate from the thermodynamic database for irradiated
uranium-dioxide fuel has resulted improved agreement with the experimental release
fractions, the thermodynamics of the caesium oxide (Cs,O)/zirconium oxide (ZrO,) remains
ill-defined.

5 Conclusions
The general conclusions of previous work remain valid.

1. Itis tractable to include an internal Gibbs energy minimizer in a computer program to
calculate fission-product release fractions.

2. The model of the fluorite phase (uranium dioxide plus fission products, usually as oxides)
contributes to improved accuracy of lanthanide release fractions.

Conclusions of this specific exercise can be drawn.

3. Only one test case was affected by the deletion of Cs,Zr;07 (s) from the thermochemical
database for this work: a test reaching 1313 K in air (the lowest temperature test in air).

4. The removal of caesium trizirconate results in increased releases of caesium when a solid
compound that keeps caesium in the condensed phase is deleted. This is the desired
effect. At the relatively low temperature of this test, some caesium is predicted to remain
in a solid phase on the fuel surface in the form of caesium heptauranante, Cs,U7O3; (s).

5. No deleterious side-effects of deleting caesium trizirconate were observed in this
exercise.
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