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ABSTRACT
In certain severe accident scenarios, low-volatility fission products can appear to
contribute significantly to dose, if treated with undue conservatism. Hence a survey was
performed, to see if factors that may mitigate release of strontium and ruthenium could be
incorporated into safety analyses, to cover parameters such as location in the fuel matrix
under normal operating conditions, release from fuel, transport and deposition in the
primary heat transport system and chemistry. In addition chemical equilibrium
calculations were performed to investigate the volatility of strontium and ruthenium in the
presence of uranium and important fission products.
Strontium is very soluble in the UO2 fuel, up to 12 atom %, and hence release is
improbable, particularly under oxidizing conditions until volatilization of the fuel matrix
itself occurs. Ruthenium, however, can be released at low temperatures, but only under
oxidizing conditions. These may occur during a fuel-handling accident or as a result of
an end-fitting failure. Under these conditions, the primary heat transport system cannot
be credited for retention. The volatile form of ruthenium, RuO4(g), is thermally unstable
above 381 K and decomposes to RuO2(s) and O2(g) upon contact with surfaces, a factor
that is likely to minimize the release of ruthenium into the environment.
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ATTÉNUATION DE LA LIBERATION DE STRONTIUM ET DE RUTHENIUM DANS LE CIRCUIT
DE CALOPORTAGE PRIMAIRE DES RÉACTEURS CANDUMD
par
Joanna McFarlane

RESUME
Dans certains scénarios d'accident grave, des produits de fission de faible volatilité peuvent sembler
contribuer considérablement à la dose, s'ils sont traités de façon trop prudente. Pour cette raison, une étude
a été effectuée afin de déterminer si des facteurs qui peuvent atténuer la libération de strontium et de
ruthénium pourraient être incorporés dans les analyses de sûreté pour tenir compte de paramètres comme
l'emplacement dans la matrice de combustible dans les conditions normales d'exploitation, la libération du
combustible, le transport et le dépôt dans le circuit primaire et la chimie. En outre, les calculs d'équilibre
chimique ont été effectués pour étudier la volatilité du strontium et du ruthénium en présence d'uranium et
de produits de fission importants.
Le strontium est très soluble dans le combustible d'UO2, jusqu'à 12 atomes % et, par conséquent, sa
libération est improbable, en particulier dans des conditions oxydantes jusqu'à ce que la volatilisation de la
matrice de combustible elle-même se produise. Le ruthénium, cependant, peut être libéré à basses
températures, mais seulement dans des conditions oxydantes. Ces dernières peuvent se présenter au cours
d'un accident de manutention du combustible ou à la suite de la défaillance d'un prolongement de canal.
Dans ces conditions, on ne peut pas compter sur le circuit primaire pour la rétention. La forme volatile de
ruthénium, RuO4(g), est thermiquement instable au-dessus de 381 K et se décompose en RuO2(s) et O2(g)
au contact des surfaces, facteur qui réduit vraisemblablement au minimum la libération de ruthénium dans
l'environnement.
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1.

INTRODUCTION

Fission products normally considered in accident analysis are those that are volatile and
that pose a radiobiological hazard if released: the noble gases (xenon and krypton) and
iodine (e.g., Anderson 1992). Other, less-volatile fission products (such as cesium,
strontium, tellurium and ruthenium) have been excluded from dose calculations, because
it was assumed that they would contribute little to the overall dose. In the interest of
public safety, accident methodologies are continuously upgraded as we gain confidence in
our understanding of fission-product behaviour. For a complete analysis of the
consequences of an accident, the less-volatile fission products eventually will have to be
included. However, because of their close association with the fuel and complex
chemistry, these radionuclides cannot be treated in the same manner as the volatile fission
products (particularly the noble gases). Such an approach would give an unrealistic
description of the behaviour of the less-volatile fission products in the fuel and primary
heat transport system (PHTS). This report reviews the chemical and physical properties
of strontium and ruthenium, to understand their release and transport behaviour in an
accident. This review can be used in the development of a best-estimate approach to
accident analysis, to ensure that the release of strontium and ruthenium is accounted for
properly.
In this review the current literature on strontium, barium and ruthenium release to
containment is summarized. The examination of fission-product release begins with the
inventory in the fuel under normal operating conditions, including that which has
segregated to the fuel-cladding gap or to grain boundaries. The report then reviews the
many experimental studies, in-core and in-cell, that have been performed on irradiated
fuel, in the study of release, transport and deposition. Finally, the high-temperature
chemistry of strontium and ruthenium is discussed, including an assessment of the
thermodynamic stability of phases present in the fuel and in aqueous systems (the latter
occurring in containment).
The report has been divided into two separate parts, the first with a focus on strontium,
and the second on ruthenium. Because of the different behaviour of these two elements,
there is no attempt to compare one to the other. However, the discussion of each element
is structured similarly, describing speciation and location in the fuel, followed by what is
known about release. The kinetics of ruthenium release have been studied in detail, and
this information is also summarized in the report. For instance, a study of the reaction
kinetics of the formation of RUO4 (the volatile form of ruthenium at low and intermediate
temperatures), previously done at AECL, is included in the analysis (e.g., Garisto et al.
1990).
Chemical equilibrium calculations have been performed to predict strontium and
ruthenium speciation in dry atmosphere conditions relevant to a loss-of-coolant accident
(LOCA) with loss-of-emergency-core-coolant (LOECC). These calculations include
many of the fission products of interest, as well as uranium from the fuel and tin from the
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Zircaloy cladding. These calculations are compared to earlier ones on the rutheniumoxygen system.
Finally, this report will address the physical phenomena which are particularly important
to the source terms for strontium and ruthenium. Evidence will be provided to support
the use of mitigation factors in release calculations, leading to lower calculated dose rates
for strontium and ruthenium relative to those for the noble gases. However, the use of
mitigating factors in the safety analysis will maintain a conservative approach, because it
is based on current, published chemical information. Readers interested in what
phenomena may mitigate the release of strontium and ruthenium, will find that
information in Section 6.

2.

KEY PHYSICO-CHEMICAL PHENOMENON GOVERNING FISSION
PRODUCT RELEASE

The fission-product inventory most readily released during an accident would originate in
the fuel-cladding gap. The chemical form and abundances of the fission products in the
gap depend on the irradiation history of the fuel: the linear power or fuel temperature, the
number of power ramps that the fuel has undergone, the oxygen potential that is
determined to a large extent by burnup, and the availability of other fission products for
compound formation. Typical operating conditions in a CANDU® reactor that may affect
fission-product chemistry are listed in Table 1. In CANDU reactors, centreline
temperatures can be high enough to allow diffusion of insoluble fission products through
the fuel to inter- and intra-granular voids as well as grain boundaries. Fission gas bubbles
that form outside the grain can interlink and transport by thermal migration along the
grain boundaries and cracks to the fuel-cladding gap. Studies examining the gap and
grain boundary inventories of fission products give information on the starting point of an
accident scenario (e.g., Stroes-Gascoyne 1996).
Release of fission products from within the grains depends to a great extent on the fuel
behaviour in an accident. Under oxidizing conditions (air or steam), the rate of oxidation
of the fuel will delay the release of less oxidizable fission products. Under inert or
reducing conditions, it is the interaction of UO2 with Zry or UO2 melting that can
dominate the release of entrained fission products. Less-volatile fission products like
strontium and ruthenium do not diffuse as rapidly through the matrix as do noble gases
under normal operating conditions. Hence, much of the inventory of these fission is
located within the grains and release is dependent on changes to the UO2 itself.
Much of the knowledge of fission-product behaviour comes from tests where irradiated
fuel is heated until the fission products are observed to escape. These experiments are
sometimes set up in-core, but more often in-cell where specific physical variables (such
as temperature, atmosphere, heating rate, pressure and prior-irradiation history) can be
' CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL).
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more easily controlled. Some of the studies giving data on the release behaviour of
strontium and ruthenium are discussed in this report. The release behaviour of
ruthenium, in particular, has been studied in detail in hot-cell experiments at the Chalk
River Laboratories (CRL) (e.g., Liu et al. 1993, Dickson et al. 1996a), and the data on
volatility has been combined with other observations to give release correlations that can
be used in accident analyses.
The source term to containment depends on the chemical and physical behaviour of the
fission products as they are transported away from the fuel, in the channel and PHTS and
through the break, as well as their initial release from fuel. For accidents that occur in
containment, such as for fuel-handling events or end-fitting failure, the transport of
fission products from failed fuel will depend on the amount of steam or water in the
vicinity of the accident, the size of the fuel fragments, and the surface area of containment
structures and pools (allowing trapping processes such as surface adsorption or
dissolution in water).

3.

STRONTIUM

3.1

LOCATION IN FUEL UNDER NORMAL OPERATING CONDITIONS

Strontium and barium, both being alkaline-earth elements, are often grouped in
discussion of fission product chemistry (Iglesias et al. 1995). Hence although this
discussion is focussed on strontium in particular, reference to the behaviour of barium
will be included for purposes of comparison. Both strontium and barium have high
fission yields, as shown in Table 2.
The chemical state of fission-product strontium and barium in irradiated fuel is dependent
on their solubilities (Hocking et al. 1994), which in turn are dependent on the burnup,
temperature and oxygen potential of the fuel. Both strontium and barium will form
oxides at oxygen potentials lower than that leading to the formation of U02.oooStrontium is very soluble in UO2 fuel and will be dissolved as SrO in the fuel matrix (up
to 12 atom % at 1773 K, Kleykamp 1993). Barium, however, is less soluble than
strontium and forms multi-component oxide precipitates, a small amount of which can be
dissolved in the fuel but are primarily found in grain boundaries and intergranular
bubbles. These phases, which have the perovskite (CaTiO3) crystal structure type, occur
when barium (along with plutonium and tellurium) associates with Cs2(U, Pu)O4 uranate
phases to give (Bai.x.ySrxCsy)(U, Pu, Zr, Mo, RE or rare earth)O3 (Kleykamp, 1985).
Small amounts of strontium can be associated with the perovskite phases, depending on
the local oxygen potential. Another minor strontium compound that has been noted is
(Bai_x,Srx)TeO3 in the fuel-cladding gap of fast breeder reactor (FBR) fuel. Strontium
iodides and bromides may also be formed.
As part of their discussion of fission-gas bubble formation and transport, Rest and
Cronenberg (1987) considered the chemical speciation of fission products located in these

-4-

bubbles in the fuel matrix. Chemical equilibrium calculations were performed, assuming
that slightly hyperstoichiometric oxide fuel (2 atom % burnup) was operating at 1500 K.
Under these conditions, fission-gas bubbles were formed in voids that comprised 10% of
the volume of the matrix. The sequence of reactions that was used in the model are
shown in Table 3, with the dominant reactions in bold face. Although the perovskite
phase could not be explicitly included in the calculation, because of the lack of
thermochemical data on this phase, partitioning of barium into ternary phases is quite
apparent (i.e., BaUO4 (35%), BaMoO4 (4%) and BaZrO4 (2%) versus the soluble BaO
(59%)). Most of the strontium was found to exist as SrO (96%), as opposed to ternary
phases (the most abundant being SrMoO4 (4%)). Rest and Cronenberg (1987) go on to
discuss release behaviour in their paper, which will be included in the synopsis of
strontium release experiments, Section 3.2.1.
In tests at CRL, to simulate the effect of burnup in fuel behaviour experiments, lowactivity SIMFUEL is often used instead of irradiated fuel to facilitate handling of the
samples. In characterizing 6 atom % burnup SIMFUEL (95.3 volume % UO2),
segregated BaSrZrO3-perovskite phases (0.3 volume %) were observed as very fine
precipitates (0.1 um diameter) at grain boundaries (Lucuta et al. 1991). These perovskite
particles consisted of combinations of a number of distinct chemical phases, with
strontium, molybdenum and uranium substituting for barium and zirconium. The oxygen
potential at which the SIMFUEL was made was maintained at -540 to -500 kJ/mol,
corresponding to the state of low-burnup fuel.
The solubility of fission products in fuel is dependent on temperature and oxygen
potential, as mentioned earlier (examples of some measurements have been given in
Table 4). In addition, the most soluble fission products do not impose a large distortion
on the crystal structure of the matrix. For instance, (U, Sr)O2 has a fluorite (CaF2)
structure, contracted slightly from that of pure UO2 (Kleykamp 1985). In general, the
fraction of barium (and strontium to a lesser extent) in solution decreases with a decrease
in oxygen potential. In the annealing experiment cited in Table 4, SrO was found to
combine with UO2 to give Ui-ySryC>2.oo- In contrast, much of the BaO formed a separate
BaUO3 phase.
Gap and grain boundary inventories have been studied in the context of geological
disposal of spent fuel using leaching tests (Stroes-Gascoyne 1996). These have shown
that the fraction of strontium that remains in the matrix under leaching conditions is
greater than 90%, and the combined gap and grain boundary inventory ranges between
1.2 and 4% (Johnson et al. 1994). These experiments yielded no evidence for an effect of
fission-gas release, operating linear power density or burnup, on strontium transport to
the gap. It has been hypothesized that the 90Sr isotope that locates at grain boundaries in
irradiated fuel originates from mobile precursors (90Br (1.6 s) => 90Kr(32.3s) =$•
90
Rb(153s) => 90Sr(29y)), and does not result from the diffusion of strontium itself
through the fuel matrix (Garisto et al. 1989). The cumulative fission yields from 235U and
239
Pu for these four isotopes are: 1.42, 6.04, 6.50 and 8.03 respectively. Because the halflives of the precursors to strontium are short-lived, this phenomenon would be more
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temperatures, rather than at the periphery of the pellet.
3.2

RELEASE AND MITIGATION

3.2.1

Release

Although there appears to be a consensus on the distribution of strontium and barium in
irradiated fuel, the picture becomes less clear when release under accident conditions is
discussed. Data from various experiments were collected under completely different
conditions, and these effects must be sorted out before generalized observations can be
made. For this reason, relevant experiments are summarized in Table 5, which will be
referred to throughout this discussion.
The phenomena that control the rate of release of the fission product from the fuel are
dependent on a number of factors, including the solubility of the fission product, the
diffusivity during normal operation and under accident conditions, the changes in the fuel
matrix in the course of the accident, and the chemical speciation of the fission products.
Some experiments suggest that the release of strontium and barium is controlled by
transport through the fuel, and the results of others indicate that it is the vapour pressure
of the fission-product compound formed in the fuel that controls its volatility. In general,
there are few data on strontium release directly, because 90Sr is not a gamma emitter, and
many of these tests were performed using gamma spectrometry (e.g., for barium by using
direct observation of l40Ba or its daughter 140La). Information on strontium release is
often inferred from post-test beta counting analyses of aqueous solutions, either
condensed coolant (from the blowdown), post-heating rewet, or rinses.
A number of experiments have given data on the release of alkaline-earth fission
products, particularly barium, from fuel at high temperatures. Some of these tests, done
in H2, steam, air and inert atmospheres, are summarized in Table 5. The results of tests A
and B (Table 5) done at the Lawrence Berkeley and Argonne Laboratories respectively,
show substantial release of barium. Because the release of barium and xenon were very
similar in the hydrogen tests at 2023 K and the diffusivities of barium and xenon were
very similar in the UO2 matrix, it was hypothesized that the process was diffusioncontrolled (Prussin et al. 1984).
Rest and Cronenberg (1987) compared FASTGRASS calculations of strontium and
barium release to those measured by Parker and Barton (1983), Table 5 test B, this
experiment being one of the few quantifying strontium release from fuel. The tests
showed that substantial amounts of strontium (33% of inventory) and barium (60 to 70%
of inventory) were released in an inert atmosphere at 2253 K. At temperatures below
1883 K, the release of strontium was less than 10% of the release of barium. Rest and
Cronenberg (1987) suggested that at low burnups most of the barium and strontium exists
as isolated atoms in the fuel, and release during an accident occurs by grain growth-grain
boundary sweeping between 1673 and 2253 K. Under these conditions, the inventory of
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total, and the abundances of the species predicted by the thermochemical calculations
discussed in Section 3.1 are relatively low. Support for the hypothesis of release being
controlled by atomic diffusion comes from Parker (1987). The rates of diffusion of
barium and strontium will likely be quite similar; their ionic radii being similar:
r(Ba+2) = 0.136 nm, r(Sr+2) = 0.116 nm (Jacob and Varghese 1995).
Although volatility control by diffusion is a simple explanation for temperaturedependent behaviour; the physical description of release from the fuel is likely more
complex for strontium in particular. Although barium and strontium may diffuse through
the matrix as isolated atoms, transport between the grains, through tunnels, and
volatilization from the surface should be considered in terms of the vaporization of
barium or strontium compounds. As discussed in Section 3.1, the chemical form of
strontium and barium in irradiated fuel is likely to be as an oxide, either an SrO moiety
dissolved in the matrix, or in a stable secondary phase formed outside the grain. The
composition of the vapour above these oxide phases is complex, as discussed later in
Section 3.3. The question of whether volatility is controlled by diffusion or the partial
pressure of the oxide, is dependent on temperature, solubility and vapour pressure of the
oxide above the UO2 matrix.
Several fission product release tests have been done at AECL - CRL, both the in-reactor
blowdown test facility (BTF) series and hot cell experiments. Fission product release was
monitored using gamma spectrometry, with instruments focussed directly on the fuel and
(in the case of the integrated experiment) in the blowdown loop. In the hot cell tests
(summarized by Z. Liu, D.S. Cox, R.S. Dickson and P.H. Elder, unpublished data, 1993;
Z. Liu, R.S. Dickson and P.H. Elder, unpublished data, 1996), denoted D through H in
Table 5, little barium release was observed below the melting point of BaO, 2196 K. The
experimentally determined activation energies of the release rates of barium in air and in
inert (2%H2/argon) atmospheres suggest that the barium is in an oxide form in the fuel
and that the chemical speciation of barium in the gas phase is also an oxide. The results
of these tests suggest that under conditions where barium oxide has a substantial vapour
pressure (i.e., above its melting point), evaporation from the surface of the fuel is not the
rate-determining step in barium volatility. The total amount of barium released is higher
in the presence of air, perhaps arising from accelerated volatilization of the fuel matrix
itself, which leads to release of barium atoms from within the grains.
The in-reactor BTF-104 experiment also gave information on strontium and barium
release (P.H. Elder, T.J. Kunkel, Z. Liu, R.T. Peplinskie, N.A. Keller, D.S. Cox,
D.H. Rose, J.D. Chen, E.L. Bialas, unpublished data, 1995). In this test, I in Table 5,
water from the collection tank at the end of the blowdown line was analyzed, as well as
rinses from the main blowdown line and sampling loops. The measured quantities were
compared to the radionuclide inventory in the fuel as calculated by WIMS/ORIGEN
(Wilkin and Carlson, unpublished data, 1995). The fractions of strontium and barium
measured in the tank was determined as (1.20 ± 0.08) x 10"6 and (3.7 ± 0.2) x 10'3
respectively. A retention of 90% was observed for cesium and iodine in the blowdown
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line. If a similar reduction was observed for the strontium and barium, this would mean
that the fractional releases were about 1 x 10~5 and 4 x 10 2 respectively.
A series of hot-cell tests using irradiated PWR and BWR fuel was performed at Oakridge
National Laboratories, the results of which have been summarized by Lorenz and
Osborne (1995). The tests involved heating the fuel in steam, H2, H2/steam or air/steam
to temperatures in excess of 2700 K. The releases of barium and strontium were
observed in a number of the tests, the results for which are presented in Table 5 A. It
should be noted that in all of the tests, the release of strontium was substantially lower
than that of barium, by at least a factor of 2. The test which gave the highest release of
strontium, 33.7%, involved heating the fuel to 2720 K in H2. Releases in steam peaked at
2.7% at 2704 K, and were less than 0.01% at 2200 K. Similar trends, although
substantially higher releases were seen for barium.
The understanding of barium volatility is complicated by the fact that in high-burnup fuel,
much of the barium will not be retained in the matrix, but will exist in a segregated
mixed-oxide phase located primarily outside the grain. There are no detailed studies of
the composition of the vapour in equilibrium with this perovskite phase. It is unlikely
that the oxide will vaporize intact, and fragments containing the element barium would
probably be similar to those observed above BaO(c) in a Knudsen cell (i.e., Koitabashi
1994). However, the relative ratio of BaO(g) to elemental barium or oxygen would be
different from that above BaO(c), and in addition, these moieties would be combined
with fragments containing other fission products.
Although diffusion appears to explain the release of barium from the fuel under most
conditions, this may not be the case for strontium. Because it is soluble in the fuel
matrix, the thermodynamic activity of strontium oxide will be low, leading to a low
partial pressure. The experiments that seemed to suggest diffusional control were
performed in inert or H2 atmospheres (Parker and Barton 1983, Lorenz and Osborne
1995, respectively). Comparable tests under oxidizing conditions showed much lower
rates of release. Strontium oxide, being particularly stable under oxidizing conditions,
will be much less volatile than an isolated atom located on the grain boundary, and the
rate-determining step for release of strontium will be evaporation from the surface even at
temperatures above the melting point of SrO. Hence assuming a release rate for
strontium comparable to that of barium in an accident analysis will be an overestimate of
strontium volatility particularly in oxidizing conditions, i.e., a conservative approach.
3.2.2

Aerosol Transport

Unlike the noble gases and other volatile fission products, conditions in the PHTS are
likely to allow the condensation of less-volatile barium and strontium compounds into
aerosols, perhaps in combination with the fuel. Hence, transport of the alkaline-earth
fission products in the primary circuit, particularly under conditions where there is singlephase steam, will be in aerosol form.
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FALCON facility [e.g., Shepard et al. 1995]. In these tests, simulant fuel samples were
heated in an induction furnace, into which could be introduced a carrier gas and aqueous
solutions. The PHTS was represented as piping, starting with a TGT section located
closest to the fuel. Barium and strontium were introduced as monoxides into the sample,
along with Csl, CsOH, Te, MoO, and UO2. Tests done without boric acid include FAL18 (5% H2/95% H2O) and FAL-20 (5% H2/ 95% He). The pattern of deposition showed a
relatively uniform coating over several centimetres, and the deposition velocity of the
strontium and barium compounds was determined as in the range of 10"3 to 10 2 m-s"1.
Both of these results indicate that the alkaline-earth compounds were transported as
aerosol particles.
Other experimental evidence pointed to the association of strontium with UO2 aerosols
that were produced at 2573 K (Vanbegin et al. 1996). The release of strontium under
these conditions was measured as 4.0%. The aerosols were then exposed to different
atmospheres, air or water vapour, which had an effect on the chemical speciation of
strontium in the aerosol. Contact with air allowed the strontium to form a uranate on the
surface of the fuel which reduced its volatility further. It is interesting to note that when
cesium was included with the Sr-UO2 sample, the release of strontium was increased to
35%. Although this was not discussed in the paper, perhaps this could be attributed to the
formation of a volatile mixed cesium-strontium-oxygen phase.
3.2.3

Retention

There is much experimental evidence for retention mechanisms being important in an
accident scenario. In this section, the experimental evidence for strontium retention will
be reviewed.
If temperatures get very hot, the structure of the fuel matrix will collapse, either from
dissolution of the fuel in molten cladding material or from melting of the fuel itself
(possible above 2650 K), Test C (Table 5). However, under conditions of such severe
fuel damage and concomitant release of most other fission products, less than 1% of the
barium or strontium has been observed to be released. The alkaline-earth fission products
react with the oxygen in the melt to form non-volatile oxides or uranates (Rest and
Cronenberg 1987).
Direct evidence for strontium retention in the melt comes from the Three Mile Island
accident. Because of the nature of the event, key parameters such as peak temperatures
are unknown, and this limits the comparison of the results to CANDU accident scenarios.
The redox conditions suggested by the melt indicate that in this accident, the ratio of
H2/H2O was less than 1 during time of peak temperatures (Hobbins et al. 1987). Analysis
of the debris from various locations after the accident was compared to the computed
inventory at the time of the accident (Akers et al 1987). Although estimates vary,
between 87 (Petti et al. 1989) and 93% (Hobbins et al. 1987) of the strontium expected in
the upper core debris bed was actually found. The concentration in the lower plenum was
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al. 1989). The strontium was retained in the melt as SrO, the oxygen potential being kept
at -150 kJmole O2 by iron oxides originating from structural materials surrounding the
core. Some strontium did escape the core and was discovered as insoluble particulates
(also containing iodine, cesium, ruthenium and antimony) on filters and in the drain tank.
Strontium activity in the coolant water increased over 30 d, contributions from leaching
giving up to 1% of the core inventory.
Evidence for retention also appears in the data from laboratory-scale experiments. For
instance, in some of the CRL hot-cell tests, there was evidence of cladding interference in
barium release (Z. Liu, D.S. Cox, R.S. Dickson and P.H. Elder, unpublished data, 1993;
R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk, D.S. Cox and P.H. Elder,
unpublished data, 1996). In particular, comparison of tests D through F and tests G and H
in Table 5 show that the release of barium is mitigated by the presence of the Zircaloy-4
cladding on the fuel. With the cladding intact, Test G, barium release was between 1.8
and 12 %, and in Test H, the upper bound for barium release was 0.2%, at temperatures
up to 1973 K in steam, air or argon/H2- In clad fuel, barium release was so low that these
numbers were often obtained indirectly, i.e., by doing post-test gamma scans of the
samples, furnace tubes and deposition apparatus (R.S. Dickson, Z. Liu, P.H. Elder,
D.S. Cox, N.A. Keller, W.H. Hocking, A.M. Duclos, R.D. Barrand, D.D. Semeniuk,
T.J. Kunkel, R.F. O'Connor and G.W. Wood, unpublished data, 1996). No attempt was
made to explain the effect of the cladding in these tests, or to suggest whether the
phenomenon was physical (e.g., adsorption, gap transport) or chemical (i.e., reaction
between barium and the cladding) in origin. This topic is briefly touched on again in
Section 3.3.
Deposition studies were conducted along with some of the hot-cell release tests
(R.S. Dickson, Z. Liu, P.H. Elder, D.S. Cox, N.A. Keller, W.H. Hocking, A.M. Duclos,
R.D. Barrand, D.D. Semeniuk, T.J. Kunkel, R.F. O'Connor and G.W. Wood, unpublished
data, 1996). Most of the barium that was released did not leave the vicinity of the fuel
sample, and hence remained in the field-of-view of the direct-viewing gamma
spectrometer. Although good news in terms of mitigation, this retention contributed to
the uncertainty of the measurement of the fraction of barium released in the tests. Once
the heating part of the test was complete, the furnace tubes and deposition apparatus were
scanned, and were subjected to revaporization or rewet procedures (heating to 973 K in
air or washing in water (at 298 or 373 K)). No 90Sr was observed in the wash water,
indicating that it was completely retained either in the fuel or on the surfaces of the
apparatus. The wash waters were not analyzed for barium because its inventory could be
accounted for by gamma spectrometry.
The solubility of the strontium in association with the UO2 aerosols was investigated by
Vanbegin et al. (1996). As discussed earlier, the aerosols were exposed to a variety of
atmospheric conditions at different temperatures. It was discovered that the retention of
the strontium in the UO2 increased if the maturation step took place in air, as opposed to
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at 30% after being exposed at 973 K and above 40% after being exposed at 1173 K.
The tests discussed in this section give evidence that for a particular accident scenario,
there are many sinks for strontium and barium released from the grains. Under oxidizing
conditions, fuel (whether intact or melted) appears to retain strontium. Barium is retained
in the UO2 melt, but has been observed coming from bare UO2 pellets in air at 2173 K.
Under more reducing or inert conditions, the alkaline-earth compounds are more volatile.
However, Zircaloy cladding appears to trap these compounds, and there is evidence for
retention on structural materials as well. The effect of dissolution into water, such as
coolant or rewet water, is not clear. In the TMI incident, the strontium activity in the
coolant water increased over 30 d to about 1% of core inventory. (Strontium was also
associated with insoluble particulates collected on filters and in the drain tank.)
Although, dissolution was apparent in TMI and in some tests conducted in France
(Vanbegin et al. 1996), leaching was not seen in the CRL experiments. However, the
solubility of strontium appears to depend not only on temperature and contact time, but
also on the chemical speciation of the strontium in the fuel, which includes the effect of
other fission products.
3.3

CHEMISTRY

From the preceding discussion, it is apparent that the chemical speciation of strontium
and barium in the fuel and in the gas phase will be important factors affecting release
during a nuclear reactor accident. Hence the chemistry of key alkaline-earth compounds
is discussed in this section, along with references to suitable databases for detailed
chemical modelling.
Because alkaline earths are likely to form binary or ternary oxides in irradiated fuel, the
discussion here will focus on the physical and chemical properties of these compounds.
The chemistry of strontium, which is highly soluble in UO2, is more likely to be
dominated by the monoxide, rather than by ternary oxides. Some physical properties of
SrO are presented in Table 6 (Chekhovskoj et al. 1988). In fuel, the solidus temperature
(onset of melting) of dissolved SrO is lowered about 75° (Kleykamp 1985; Bartram et al.
1964, 1970; and Beals et al. 1969). High-temperature mass-spectrometric data collected
by Samojlova and Kazenas (1994) on the vaporization of strontium oxide at high
temperatures (1905 to 1996 K) suggest that dissociation occurs in the gas phase to give
the following constituent species: Sr(g), O2(g), O(g) and SrO(g). Ternary strontium
compounds, such as strontium uranates, may contribute to the retention of strontium, in
oxidized or liquefied fuel. The thermochemistry and crystallography of these compounds
has been studied (Tagawa et al. 1977, Takahashi et al. 1993), yielding information that
can be used in thermodynamic modelling of such species.
In contrast to strontium, barium has a lower solubility in fuel and will more readily
migrate to the grain boundaries and the gap. In such locations barium can form ternary
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Table 7. Barium-strontium mixed-oxide phases are also possible, e.g., Kleykamp (1985)
reported Bai_xSrxO with x = 0.9. These multi-component oxide phases interact with other
fission products and form eutectics with the UO2. For instance, the perovskite phase
(discussed in Section 3.1) can dissolve MoO2, a phenomenon that is dependent on the
local oxygen potential of the fuel (Kleykamp 1985).
Mo(s) + C>2(fuel) = MoO2 (mixed-oxide phase)

(1)

Analysis for molybdenum in oxide secondary phases can be used to quantify oxygen
potential, O/M ratios, and burnup (Matzke 1995).
Because of the importance of the ternary oxides in fission product-fuel behaviour, many
have been studied in Knudsen cell experiments, to give data that can be used in
thermodynamic modelling. Some of these studies have been referred to in Table 7.
Besides providing thermodynamic quantities such as heats of vaporization and Gibbs free
energies of formation, mass-spectrometric experiments give the speciation of barium in
the gas phase above the mixed-oxide condensed phase. For instance, Matsui (1995)
observed incongruent vaporization of BaCeC>3(s):
BaCeO3(s) = BaO(g) + CeO2(s) .

(2)

The vaporization of BaUC>3 between 1770 and 1920 K, was also found to be incongruent,
with BaO(g), Ba(g) and UO2(g) as the important chemical species in the vapour phase
(Yamawaki et al. 1996).
The Knudsen-cell studies of alkaline-earth oxides were complicated by the fact that these
compounds are reduced by tantalum; hence molybdenum or tungsten must be used as cell
materials (Dyke et al. 1987). Typically, even with these precautions some reaction
between the oxides and the cell material still occurs. The study of BaCeCh mentioned
above was performed in a molybdenum cell, lined with rhenium in a tungsten holder.
Other details, such as ionization energies and bond energies that are useful for a study of
strontium and barium compounds in a mass spectrometer are included as Table 8.
As in the case of strontium oxide, barium oxide can vaporize dissociatively, and
fragmentation up to 60% has been observed in mass spectrometric experiments
(Koitabashi 1994). The extent to which dissociation occurs is cause for some dispute.
Some studies, e.g., that by Koitabashi (1994), suggest that BaO(g) is the most abundant
gas-phase species in equilibrium with the solid oxide. Other studies, e.g., Jacobson
(1989), show that the alkaline-earth oxide dissociates to the metal atom and atomic and
molecular oxygen, with the metal-oxide vapour concentration being a factor of 10 times
lower. Tabulated thermodynamic values for SrO and BaO in the gas phase are available
from 1170 to 2200 K and from 1180 to 2650 K respectively (Cordfunke et al. 1994).
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the time of the accident and water in the PHTS or containment. Alkaline-earth metal
oxides are very hygroscopic and will absorb water to form hydroxides (Chekhovskoi and
Irgashov 1990). In addition, alkaline-earth oxides can react with oxygen to form
peroxides (Jacob and Varghese 1995). However, both the hydroxides and peroxides
(e.g., BaC>2) decompose above 1000 K.
Reactions with the Zircaloy cladding may also influence the chemistry of the fission
product released during an accident. The observation that Zircaloy reduces the release of
barium was discussed in Section 3.2.2. The alkaline-earth oxides, SrO and BaO, are not
very soluble in ZrO2. However, interaction with the cladding can produce a mixture of
the stable alkaline-earth zirconates and ZrC>2. An example of a reaction set that was used
to explain the interaction of SrO and zirconium is shown below (Leviskii et al. 1973).
1.5SrO + 0.5Zr = 0.5SrZrO3 + Sr(c, g) .
SrO + H2 = Sr(g) + H2O(g) .
Sr(c) = Sr(g) .

(3)
(4)
(5)

Phase diagrams of the BaO-ZrO2 and SrO-ZrO2 systems show deviations from ideality
indicating that chemical reactions may be occurring. The chemical reaction between
zirconia and the alkaline earth oxides reduces their volatility (Cenerino et al. 1992). The
pseudo-binary phase diagrams show liquid phases only at very high temperatures, above
2480 K for BaO-ZrO2, and above 2488 K for SrO-ZrO2. The activity coefficients of both
SrO and BaO calculated at 3000 K in ZrO2 were less than one across the range of
composition, suggesting that the partial pressure of the alkaline-earth oxides above the
mixture would be lower than that of the pure oxide. Formation of a mixed-oxide phase
with zirconium may explain the mitigation of barium release observed in UO2 samples
enclosed in Zircaloy cladding.
3.4

SUMMARY

The most important factor influencing the behaviour of strontium in a reactor accident is
its solubility in the fuel matrix, up to 12 atom % (Kleykamp 1985). Segregation to the
grain boundaries and gap has been shown to account for 4% of the total inventory or less,
by both thermochemical calculation (Rest and Cronenberg 1987) and by leaching
experiments (Stroes-Gascoyne 1996). Under conditions of normal operation, much less
strontium will diffuse to the gap and grain boundaries than barium.
Because it is a beta-emitter, 90Sr release is not convenient to measure in real-time heating
experiments. Post-test beta analyses have been performed to look for strontium, but most
release information on alkaline-earth elements is for barium. Under accident conditions,
at temperatures above the melting point of BaO, the release of barium from the fuel
appears to be diffusion-controlled (e.g., Prussin et al. 1984). However, this may not be
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1987). Because it is soluble in the fuel matrix, the thermodynamic activity of strontium
oxide will be low, leading to a low partial pressure. Hence in the case of strontium, it is
likely that the rate-determining step for release is evaporation from the surface even at
temperatures above the melting point of SrO.
Certain accident scenarios are conducive to a high degree of strontium retention. If fuel
melting occurs, then the strontium will remain dissolved in the melt. Strontium oxide has
a high melting point, 2703 K (Weast 1968), and is likely to be retained on PHTS or
containment surfaces under dry conditions. However, SrO can be hydrolyzed to Sr(OH)2,
which is water soluble and, if wet conditions occur, it will be incorporated into water
flow, pools, or wet aerosols. Obviously, this would also occur if strontium is released as
Sr(OH)2, as would be the case in steam atmospheres. At very low oxygen potentials,
when the primary component in the atmosphere is H2, SrO can be reduced to elemental
strontium (melting point 1042 K, Cotton and Wilkinson 1980). As Sr, strontium is
expected to have a significant vapour pressure at temperatures as low as 800 K,
depending on gas phase concentration.

4.

RUTHENIUM

4.1

LOCATION IN FUEL UNDER NORMAL OPERATING CONDITIONS

Ruthenium is an abundant fission product, comprising about 8% of the fission product
inventory of spent fuel (Garisto 1987). A 18.9-kg fuel bundle contains about 0.11 mol of
ruthenium after a burnup of 180 MWh/kg U. Most of the ruthenium is in the form of
inactive isotopes, 85%. The main isotopes of concern to reactor safety are 106Ru and
103
Ru, which constitute 10 and 5% of the ruthenium inventory respectively. In release
experiments, ruthenium is detected using the gamma emission of IO3Ru (ti/2 of 39.4 d) or
106
Rh (ti/2 of 29.9 s) (Prussin et al. 1984). Ruthenium-106 (tU2 of 369 d) decays to 106Rh
(Manzel et al. 1984). Ruthenium-106 can also be detected directly using beta emission
(Kleykamp 1985).
The solubility of ruthenium in irradiated fuel is very low. As an example, in an X-ray
microanalysis for ruthenium in Uo.7Puo.3O2 irradiated to 10% burnup and annealed at
2400 K, the concentration was below the detection limit of 0.01% (Kleykamp 1993).
Hence ruthenium collects in metallic precipitates located in voids in the fuel grains or at
the grain boundaries. The particle composition depends on fission yield, initial O/M ratio
or oxygen potential, burnup and temperature gradients in fuel, but generally consists of
molybdenum and the four noble metal fission products (technetium, ruthenium, rhodium
and palladium). At the oxygen potential of UO2.000 the metals are not oxidized. The alloy
is a hexagonal phase that remains homogeneous over a broad range of composition, but
normally has molybdenum and ruthenium as the main components of an overall pseudobinary composition of Mo-(Tc, Ru)07(Rh, Pd)0.3 (Kleykamp 1985).
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SIMFUEL (95.3 volume % UO2) (Lucuta et al. 1991), comprising 3.9 volume % of the
sample. (The average composition of the particles was molybdenum, 33 atom %;
ruthenium, 43 atom %; rhodium, 3 atom %; and palladium, 21 atom %.) The structure of
the alloy was found to be more complex than cited by Kleykamp above, with 92% taking
on a ruthenium-hexagonal structure and 8 % being a palladium-cubic structure. In
addition, particles of M00.7RU0.3 were found to comprise 0.2 volume %. Lucuta et al.
(1991) depict the phase relationships between molybdenum, ruthenium and palladium
pictorially. The differences observed in noble metal particle morphology in SIMFUEL as
opposed to irradiated fuel likely depends on some of the factors listed in the last
paragraph, or the fact that these inclusions were created under dissimilar conditions (one
by irradiation and one by heat treatment). However, processes of ruthenium oxidation
and release, are not expected to be greatly affected by the different crystal structures of
the metal particles.
Oxidation of components of the alloy may occur during irradiation, as well as under
accident conditions. The order of oxidation of the metals is as follows:
Mo>Tc>Ru>Rh>Pd (Kleykamp 1985). Once oxidized, the normally highly refractory
metals can combine with other fission products (such as with cesium to form CS2RUO4,
Ball et al. 1993) and migrate in the fuel down temperature gradients to cracks and the gap.
Radial transport of molybdenum and ruthenium as MOO3 and RUO3 has been observed in
fast breeder reactor mixed-oxide fuel, when run at a power rating of 50 k W m 1 to 5.3
atom % burnup (Kleykamp 1985). This result must be applied to the current analysis
with caution because this burnup is far beyond that experienced by CANDU fuel; hence
the formation of ternary ruthenium compounds is less likely.
In summary, the speciation of ruthenium in the fuel can be considered independent of the
matrix itself, except that the latter determines the overall oxygen potential of the system.
A couple of exceptions to this generalization are worth noting. At very high
temperatures, above 2273 K, liquid eutectics can form between fuel, metallic precipitates
and fission product oxides (Kleykamp 1985). In addition, under reducing conditions,
ruthenium can react with hypostochiometric urania to produce RUU3 (Olander 1982).
4.2

RELEASE AND MITIGATION

4.2.1

Release Experiments

Many studies have investigated the release of ruthenium from irradiated fuel. Not only is
106
Ru radiotoxic (Cains et al. 1992), but volatile forms of ruthenium, e.g., RUO3 and
RUO4, are chemically toxic (Iglesias et al. 1988). To help to clarify the overall objective
of the experiments, they have been listed in Table 9, which parallels Table 5 for what was
done for strontium/barium tests. The test designation (A to O) in the rest of this section
refers to Table 9. In addition, experiments with a focus on release kinetics will be
discussed in the next section. As mentioned earlier, ruthenium release is often monitored
by gamma spectrometry.
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As is the case for all fission products, experiments looking at ruthenium release were
conducted to determine whether the release is controlled by diffusion or set by the vapour
pressure of the fission-product compound (Reynolds et al. 1986). In this context,
diffusional control means that the rate of release is dominated by the diffusion of isolated
fission-product atoms through the UO2 matrix.
The mechanism underlying the release of fission products can be understood by
comparing the rate of release of the radionuclides of interest. Often comparisons are
made to the release of the inert gases such as xenon. If the release profiles are similar
(i.e., rate and threshold temperature) yet the expected chemical speciation is much
different, then diffusional control is implied. However, if the release profiles are
different, then the experimental results are inconclusive. An example of the latter is Test
A. Using microsampling followed by gamma spectrometry, ruthenium was observed to
migrate in irradiated PWR fuel at 1743 K and not at 1403 K (Manzel et al. 1984).
Another isotope monitored, 144Ce, did not show any movement. The authors gave no
explanation for the difference, but it may have arisen from differences in accommodation
of the fission product in the UO2 lattice. These results are of interest because a
temperature of 1743 K is well within the operating range for CANDU fuel.
Similar profiles for release of ruthenium and xenon from trace-irradiated unclad UO2
were observed by Prussin et al. (1984) in Test B. (Test conditions were a flow of
H2/IOO ppm H2O at 1 atm for 4 h and a sample temperature of 2023 K). The measured
release of ruthenium was 58%, compared with 52% for 133Xe (Prussin et al. 1984). This
test not only showed that the rate of diffusion of ruthenium and xenon through the UO2
matrix are similar, but also suggested that the volatilization process is diffusioncontrolled.
The same group (Prussin and Olander 1995) studied the diffusion of ruthenium and other
fission products in more detail in annealed trace-irradiated fuel in Test C. Analysis was
performed using gamma spectroscopy before and after annealing. The diffusion of
ruthenium was comparable to that of molybdenum and iodine at 1473 and 1973 K.
The real cause for concern with ruthenium, however, is its potential for release at
temperatures much lower than those that were discussed in the preceding paragraphs.
Here, the release of ruthenium is strongly dependent on the amount of oxygen available to
the system because under oxidizing conditions, the chemistry of the ruthenium, i.e.,
formation of RUO4, becomes important. Test D conducted under reducing conditions
gave a very low fraction (3xl0 4 ) of ruthenium released (Parker 1987). However, a huge
increase in diffusion was observed in Test C (Prussin and Olander 1995) when UO2 was
oxidized to UO 22 : by a factor of 106 at 1473 K, and by 10 to 100 times at 1973 K.
Similar findings have been reported in CRL release experiments, Tests E and G to P.
When irradiated fuel was heated in air, some release of ruthenium was observed at
temperatures as low as 573 K. In general, however, the data showed that ruthenium was
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along with xenon, cesium and iodine, was completely volatilized from the fuel. Using the
results of these tests, Hunt (1987) suggested that ruthenium was transported from the fuel
between 1023 and 1373 K as RuO2, and RuO from 1373 to 1873 K. Tests on light-water
reactor fuel, also done at CRL, showed a release of ruthenium at 1923 K in air (Z. Liu,
R.S. Dickson and P.H. Elder, unpublished data, 1996).
Release tests at CRL were also performed in steam and in an inert atmosphere (2%
H2/argon). In steam, no release was observed below 1623 K, and most ruthenium came
out at 1873 K. In the BTF-104 in-reactor experiment, Test P in the table, most of the
ruthenium was retained in the fuel, about 70%, when exposed to steam at 1823 K. The
timing of release was also noted in many of these experiments. For instance, a 3000-s
delay was observed before ruthenium was released at 1673 K from bare fuel. The total
release amounted to 3% in this case. An incubation period was also observed before
ruthenium release from clad fuel, of between 1900 and 4000 s in length. In general, the
releases in steam appeared to be independent of the fuel type (e.g., CANDU or LWR) or
the radial location in the fuel from which the fragment was taken. In an inert atmosphere,
no release of ruthenium was observed until temperatures reached 1873 to 2173 K, and
then only up to a maximum of 10%.
The experiments done at CRL can be divided into those that were performed on bare fuel
samples and those that included Zircaloy cladding (Z. Liu, D.S. Cox, R.S. Dickson and
P.H. Elder, unpublished data, 1993; R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk,
D.S. Cox and P.H. Elder, unpublished data, 1996, respectively). In both bare and clad
samples, the release of ruthenium was greater in air than in steam, which in turn was
much faster than in an inert atmosphere. The main difference in the release profiles from
fuel in contact with Zircaloy cladding, as opposed to bare UO2, was that the incubation
period before ruthenium release was longer and that the release occurred at higher
temperatures. This was caused by the fact that the ruthenium was not oxidized into a
volatile form until the fuel matrix itself was oxidized, in air: to \J3Og below 1823 K and
to UO2+X above 1823 K (Hunt et al. 1991), and in steam to UO2+X above 1320 K (Iglesias
et al. 1990). Hence both the oxidation of the UO2, a step necessary in the oxidative
release of ruthenium, and the volatility of ruthenium as an oxide were found to depend on
oxygen potential and temperature. In addition, oxidation of the UO2 did not occur until
the Zircaloy cladding was converted to ZrO2.
Release from fuel in air at relatively low temperatures was observed by Williamson and
Beetham (1990), Test F Table 9. In their experiments, a sample of fuel from an advanced
gas-cooled reactor (burnup 447 MW-h/kg U) was heated in a flow of argon/5 % H2 to 523
K. At this point the gas was switched to air (250 cm3min~1) and heating continued to
1273 K. Volatile species were collected on a chemically inert thermal-gradient tube
(TGT), which was analyzed after the test. The fraction of ruthenium released was varied
from 0.00416 to 0.871 between 573 and 873 K. The authors attributed the release to
rapid oxidation of UO2 to U3O8 above 523 K, and transport of ruthenium as RUO4
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Thermodvnamic Calculations

Ruthenium chemistry under reactor accident conditions (temperature and pressure) has
been modelled using a thermodynamic formulation, to see which species are volatile
(Garisto 1987, Garisto et al. 1990). The code used minimizes the total Gibbs energy of
the system employing a stoichiometric formulation, along with conservation of elemental
abundance. The ruthenium species included in the calculation were Ru(c), RuC>2(s),
Ru(g), RuO(g), RuO2(g), RuO3(g), and RuO4(g). For the purposes of the calculation, a
release of 1% of the inventory in a fuel bundle, or close to 0.01 mole ruthenium was
considered. The coolant volume of a CANDU fuel channel was taken as 20.5 L, and the
maximum pressure in the PHTS during an accident was assumed to be 1.2 MPa (Garisto
1988). The partial pressure of the species in the gas phase, p, is calculated using

where/is the mole fraction in the gas phase, PT is the total pressure, NRu is the number of
moles of ruthenium in the calculation, and Nj is the total number of moles of gas.
The results of the thermodynamic calculation show that in 1.2 MPa steam, most
ruthenium is the metal, with only a fraction of 0.002 of the ruthenium present in the gas
phase at 1800 K as RuO2(g) and RuC>3(g). The partial pressures of ruthenium species
remain the same if the calculation includes 10" mole ruthenium; however, the vapour
phase mass fraction is higher, or 20% at 1800 K. Lowering the pressure to 0.1 MPa
reduces the vapour mass fraction by a factor of 2. Under more reducing conditions, the
volatility of ruthenium decreases, e.g., with 50% steam/H2 and a system containing
10"4 mole Ru, the vapour phase mole fraction is less than 10"5, with the volatile species
being RuOH(g), RuO(g), and RuC>2(g). To represent the vapour phase mole fraction in
terms of pressure, for instance, 0.01 moles of ruthenium at 2000 K in 50% steam/H2 at
0.1 MPa will have a partial pressure of 10"3 Pa.
The volatility of ruthenium becomes significant at low temperatures only when air is
introduced into the calculation, for instance with 50% steam-air at 0.1 MPa. Below 1200
K, the main form of ruthenium is the solid RuO2(s). Even in air, ruthenium dioxide
decomposes above 1630 K:
RuO2(s)=>Ru(s) + O2(g) .

(7)

A sample speciation plot prepared by Garisto (1988) is presented in Figure 1, for 10"4
moles of ruthenium released into 0.15 moles of steam. Below 1300 K, RuO4 is the most
stable gas-phase species, but is at most about 3% of total inventory of released ruthenium.
Above 1350 K, the vapour phase dominates, the most important gas-phase species being
RUO3. The vapour form of the dioxide, RuO2, predominates in the gas phase above
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figure in this report), the vapour mass fraction reaches a maximum of 10% between 1650
and 1700 K.
The results of the Garisto calculations show that the volatility of ruthenium is highly
dependent on the partial pressure of oxygen. Garisto et al. (1990) were also interested in
the effect of other noble metals, and considered the oxidation of a rutheniummolybdenum alloy. Their results showed that pure steam is oxidizing for molybdenum
and reducing for ruthenium; hence in an accident the molybdenum would be transported
from the alloy before the ruthenium becomes volatile.
In summary, ruthenium volatility at low temperatures appears to be a concern when air
can come into contact with defected fuel, such as in a fuel handling accident or in an endfitting failure event. Under H2-steam or pure steam conditions that may occur in a
channel event, ruthenium volatility should not be an issue except at very high
temperatures.
4.2.3

Release Kinetics

Because ruthenium, an otherwise refractory metal, was observed to be volatile under
oxidizing conditions, the kinetics of ruthenium release have been investigated in order to
explain the underlying physical phenomena.
A summary of ruthenium release rates measured in tests at AECL - CRL and elsewhere
are listed in Table 10.
The rates of release are dependent on oxygen potential and temperature. If no oxygen
was present, then there was negligible ruthenium release. The release rate in air was
found to be much more rapid than in steam (at 1873 K the oxygen partial pressure in
steam is 2 orders of magnitude lower than in air), and even faster than the release rate of
iodine or cesium once the oxidized forms of fuel are present (U3O8 or above 1550°C,
UC>2+x)- The phenomena governing the rate of release of ruthenium in an oxidizing
atmosphere are discussed below.
Ruthenium release rates were calculated from the derivative of 103Ru signal with time
(Hunt et al. 1991), Test M Table 9. Analysis of those results by Iglesias et al. (1988)
suggested that at between 573 and 1473 K, the rate of ruthenium release is directly
proportional to the calculated vapour pressure of RuxOy, and can be derived from
thermodynamically calculated values. Between 1473 and 1873 K the measured release
rate dropped, and the depression of ruthenium release was attributed to the consumption
of oxygen for the oxidation of UO2+X to U3O8. A delay period that began from the
addition of air to the gas flowing over the sample and the onset of ruthenium release,
measured at 1110 and 1880 K, was attributed to the oxidation of the fuel to UO2+X. The
delay was not the same at the two temperatures, being on the order of several thousand
seconds at the lower temperature and less than 500 s at 1880 K.
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Iglesias et al. (1990) performed a kinetics study using a range of CANDU fuel fragments
(0.1 to 0.6 g each), with burnups of 257, 492, 512 and 522 MW-h/kg U. Releases were
monitored by gamma spectrometry as the samples were heated at a rate of 0.1 Ks"1. Tests
were performed in steam (with an argon carrier gas) and air. As described earlier, the
release rates were obtained from the derivative of ruthenium signal with time. With
steam, an initial and average rate could be determined; however, in air only an initial
release rate was recorded because the apparent release slowed down as ruthenium became
depleted in the fuel. In both cases an incubation time was observed while waiting for the
UO2 to oxidize to UO2+X or U3O8. The results for air and steam are presented in Table 9,
Tests N and O.
For air, the initial release rate appeared to be independent of temperature between 1373
and 1973 K, or 6 ± 4%-min"1. Garisto et al. (1990) calculated an Arrhenius plot based on
a phenomenological model to compare to releases seen in these air tests, taking into
account the UO2 oxidation. He expected a discontinuity at 1690 K corresponding to the
breakdown of R.UO2, and also a correlation between the release rate and the dependence
of vapour pressure on temperature. Quantitative agreement with the data is poor.
The releases in steam were 2 orders of magnitude lower than in air. With their analysis
based on chemical equilibrium calculations, Garisto et al. (1990) said that temperature
dependence of ruthenium release in steam parallels the partial pressure of the ruthenium
species. The trend in the computed and measured data is similar, but the calculations
consistently give numbers that are lower than the measured results.
The kinetics of ruthenium release were compared with those of cesium release, which is
temperature dependent. Cesium release was found to be faster than ruthenium in steam
and slower than ruthenium in air. The conclusion derived from this study was that
ruthenium diffusion is not only controlled by temperature (as is cesium), but also by
oxygen potential. We recalculated the results from these ruthenium release studies and
plotted the release rates as a function of oxygen potential rather than temperature. The
data for release in air showed no trend (Figure 2) perhaps because only initial rates were
measured. However, the data for averaged release into steam showed a linear dependence
on RTlnPo2, Figure 3, which was fit by a linear regression (8).
Release Rate(% / min) = 0.843 + 0.00509 x RT[ln Po2 (Bar)](kJ I mol)

(8)

This correlation corroborates the suggestion that the rate of release in steam is directly
related to the oxygen potential of the system. This phenomenon was also observed by
Prussin and Olander (1995), who saw the effective diffusion coefficient of ruthenium
increase by 6 orders of magnitude at 1473 K as the fuel was oxidized from UO2 to UO2.20An increase in diffusion coefficient is expected for all fission product species as the
accommodation of excess oxygen in the UO2+X lattice increases the number of vacancies.
However, because the effect of oxygen on ruthenium diffusion is greater than that of
other fission products (i.e., cesium), Prussin and Olander attributed the enhancement to
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the formation of RUO4 in the fuel. The effect of oxidizing the fuel was less important as
temperatures were increased, ruthenium showing only a marginal increase in volatility at
1973 K.
Other kinetics studies (Test A, Table 10) have been performed by Williamson and
Beetham (1990) looking at ruthenium releases in air. Volatilized ruthenium was
collected on a thermal gradient tube, which was sectioned and sampled for gamma
activity after a run. These tests were done at lower temperatures than those at CRL, down
to 573 K. The authors fit the percentage of 106Ru released (at 673 K) to
4.91xl0"5t(l-e-000147t) %-min"1

(9)

where t is in min. The authors found that releases at 773 K show a similar time
dependence. At 873 K, there is little dependence on time, suggesting that the overall
release is limited by ruthenium inventory. This is the same argument used in the
discussion of the CRL data, and the use of initial release rates for tests performed in an air
atmosphere.
The air tests done on bare UO2 fragments (Tests Dl-3 Table 10, Z. Liu, D.S. Cox,
R.S. Dickson and P.H. Elder, unpublished data, 1993) and on clad fragments (Test E,
Table 10, R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk, D.S. Cox and P.H. Elder,
unpublished data, 1996) were combined with the Williamson and Beetham tests by
Dickson to give release rates from 1123 K (all time independent):
(T < 1123 K) R = 3.6 x 105 e(-19000Ar) fraction-min"1 .

(10)

(1123 K < T < 1723 K) R = 29 e(-8100/T) fraction-min"1 .

(11)

(T > 1723 K) R = 2.2 x 10"' fraction-min"1 .

(12)

Many of the release experiments quote fits to the experimental data, expressed in the
form of Arrhenius equations, as shown above in Equations (10-12) and in Table 10. This
description allows comparison between different experiments under different temperature
regimes but does not assist in understanding the physical process governing release. A
model proposed by Garisto et al. (1990) is based on an assumption of an equilibrium
being established between condensed-phase ruthenium in the fuel and volatile ruthenium
in a boundary layer adjacent to the fuel. The boundary layer is assumed to exist under
conditions of laminar flow in the channel. The release rate, k, is expressed as
k = kmSPeq

•

(13)

where km is a mass transfer coefficient, S is the surface area of the failed fuel, and Peq is
the total pressure of all ruthenium species in the boundary layer. The CRL release data
could be fit to
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k(%-h'x in steam) = 1.24 ± 0.6 x l05p0

.

(14)

where po is the partial pressure of all volatile ruthenium species in a steam atmosphere.
To achieve a good fit, Garisto et al. had to invoke an effective surface area, assuming that
ruthenium volatilizes primarily from the top of large grains of fuel. Although the
correctness of this physical representation can be disputed, this work is a noble attempt to
provide a mechanistic model of ruthenium volatility.
4.2.4

Retention

Because the release of ruthenium is so dependent on the oxygen potential of the system, it
is an ideal candidate for chemical deposition in the PHTS and containment. In some
experiments involving ruthenium release from fuel, the deposition of ruthenium has been
studied directly.
One series of tests looking at retention was performed in conjunction with release tests
performed at CRL (R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk, D.S. Cox and
P.H. Elder, unpublished data 1996), which have been discussed earlier. After the release
tests in which the fuel was heated above 2000 K in steam, in air or under inert conditions,
the furnace tubes and deposition apparatus were gamma scanned. The results showed
that while very little ruthenium was found in the region about the sample, much of it was
deposited throughout the apparatus (30 to 60% in the steam tests and 85% in the air test).
Capture in the furnace tube was attributed to migration of the fuel itself, and not as the
result of deposition of released ruthenium. In a mixture of air and steam, deposition was
noted on carbon steel, Zr-2.5% Nb, and stainless steel-401. In air only, there was
deposition on Zr-2.5% Nb, and in pure steam there was deposition on stainless steel-401
and 403 and Inconel-600. Coupons were held at temperatures ranging from 433 to 873 K.
Overall, in the CRL deposition experiment, the trapping of ruthenium was very effective.
However, at the higher surface temperatures (closer to 873 K), the ability of the coupons
to retain the ruthenium exhibited some chemical selectivity. For instance, some metals
retained ruthenium better than others. Earlier tests, also done at CRL, have indicated the
possibility of heterogeneous reactions between vapour phase ruthenium oxides and
stainless steel surfaces (Hunt et al. 1987).
The deposited fission products were also subjected to reheating or rewet conditions
(R.S. Dickson, Z. Liu, P.H. Elder, D.S. Cox, N.A. Keller, W.H. Hocking, A.M. Duclos,
R.D. Barrand, D.D. Semeniuk, TJ. Kunkel, R.F. O'Connor and G.W. Wood, unpublished
data, 1996), i.e., heating to 973 K in air or washing in water (at 298 K or boiling). More
than 50% of the ruthenium was retained by the surface under any of these conditions. If
the initial deposition occurred at temperatures above 473 K, then more than 85% of the
deposited ruthenium remained in place. Similar retention was observed for ruthenium
retained in a gold TGT incorporated into a release test. The tube trapped more than 70%
of the ruthenium, with most of the plate out in the tube occurring from 498 to 643 K
(Williamson and Beetham 1990).
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In the Three Mile Island accident, analysts have had difficulty in accounting for the
ruthenium inventory. Very little (0.5%) was found outside the reactor core, yet much of
the ruthenium escaped from the fuel (Akers et al. 1987). Only 6 to 7% of the ruthenium
inventory was found in the lower plenum (molten ceramic), and 49 to 55% in the upper
plenum debris (Petti et al. 1989). The conditions of the accident were not expected to
produce volatile ruthenium oxides (Hobbins et al. 1987). The discrepancy was explained
by suggesting that the ruthenium must have been retained in the melt of structural metals
(iron, nickel and chromium), in which the oxygen potential was kept at -150 kJ/mole O2
by the formation of iron oxides in equilibrium. (This value is higher than would be
expected for molten fuel in a channel impacted by a LOCA-LOECC.) Water-insoluble
particulates of ruthenium (also containing iodine, cesium, strontium, and antimony) were
found in the drain tank and were collected on filters.
Some ruthenium trapping information comes from reprocessing facilities, which have to
handle ruthenium oxides and nitrogen oxides. The question of ruthenium-nitrogen oxide
chemistry may be of importance in trapping in containment, when HNO3 or NOX are
formed from the radiolysis of air. Certainly the presence of NOX affects the chemical
speciation of airborne ruthenium oxides, likely allowing the formation of a nitrosyl
ruthenium compound. The structure of the nitrosyl-ruthenium complex is unknown but
perhaps is similar to RuNO(NO3)x in a mixture of RuO4 and NO2-N2O4. The effect of
nitrogen oxides is complex, giving an enhanced trapping under some circumstances and
reduced retention under others. Some examples follow.
Igarashi et al. (1992) studied the effect of nitrogen-oxide concentration on the adsorption
of ruthenium in a laboratory-scale test. Ruthenium tetraoxide was generated by the
oxidation of Ru(III) with Ce(IV). The flask with the mixture was purged with air, and
passed through a glass fiber filter to remove the aerosol component (which can be up to
8% at 1373 K). Nitrogen oxides could be added at this stage. The gas flow was then
scrubbed with steam, and the condensates were removed and analyzed. The gas was then
passed through an HCl-ethanol solution to trap the remainder of the ruthenium. This last
fraction was termed the "gas"-phase portion. Ruthenium was analyzed using ICP
spectrometry. The mole ratio between the fractions in the gas phase and condensates was
measured as 3.72 at 289 K, and was reduced to 0.003 in the presence of 1.63 x 10'4 mole
fraction NO. A similar effect was observed for NO2. Analysis of the condensates yielded
the composition Ru(NO)(NO2)2(OH)-2H2O. In this instance, nitrogen oxides helped to
trap ruthenium compounds.
The presence of nitrogen oxides was found to have an effect on the trapping of ruthenium
both on adsorbents (e.g., silica gel) or catalysts (e.g., ferric-oxide/chromium oxide at
573 K) (Klein et al. 1983a, b). In both cases, deposition corresponds to formation of nonvolatile oxides from RuO4(g). For silica gel (operating in steam above the dewpoint e.g., at 373 K), water reduces its capacity for trapping ruthenium, but NOX increases the
retention. In addition, ruthenium tetroxide could be desorbed (up to 75%) with no NOX
present, but only to 5% with NOX there.
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In contrast, rather than having a mitigating effect as seen in the silica gel, NOX was found
to diminish the retention of ruthenium on an iron-chromium catalyst. Trapping by the
catalyst (at 573 K) involves the catalytic formation of non-volatile oxides. The
deposition of RUO4 increased the further removal of ruthenium (termed the
decontamination factor or DF). The presence of NOX lowered the DF by a factor of 10.
The results of this study suggest that if nitrosyl-ruthenium oxides are formed, they are
easily adsorbed, but are more stable than RUO4.
4.3

CHEMISTRY

The melting and boiling points of pure ruthenium metal are very high, with reported
values in the ranges 2523 to 2583 K and 4173 to 4400 K, respectively (Garisto 1988);
hence its vapour pressure is very low, e.g., lO 11 MPa at 1873 K (Jehn 1984) making it an
unlikely candidate for gas-phase transport in an accident. The melting points of Mo-TcRu-Rh-Pd phases are also very high, between 2073 and 2273 K, depending on Pd content
(Kleykamp 1985). Therefore, the oxidation behaviour, and then the stability of the oxides
formed in the gas phase, are key to the chemistry of ruthenium release during a reactor
accident.
Much of the information on oxidation comes from studies of pure ruthenium, and these
will be discussed here. However, the vapour pressures over noble metal alloys have been
calculated using a regular solution model (Matsui and Naito 1989). The authors predicted
the ability to selectively oxidize the constituents of the alloys by choosing the appropriate
oxygen partial pressure at a certain temperature. For instance, in a vacuum, palladium
and rhodium can be distilled from the alloy. Under oxidative conditions, release of
molybdenum and ruthenium can be controlled externally. The authors have plotted the
vapour pressures of various ruthenium species as a function of oxygen potential at 1000
and 1500 K. The key species in air have been taken from the graph and are listed in
Table 11. Under these conditions, the ruthenium in the condensed phase is oxidized to
RuO2(s).
The thermodynamics of ruthenium oxides have been reviewed many times (e.g., Garisto
1988). In ruthenium powders that have grain sizes 0.5 to 0.7 (im diameter, rapid
formation of a RuO2 oxide film becomes possible in air at temperatures as low as 673 to
773 K. Once a significant fraction of the surface is covered (0.7), the rate of oxidation is
limited by diffusion of oxygen through RuO2(s), which has an activation energy of
160 kJ-mol"1. The rate of oxidation has found to be inversely dependent on particle size
(or proportional to surface area). However, a quantitative formulation of that dependence
has not been derived.
The further oxidation to higher oxides is hindered by the layer of RuC>2(s), which can
persist to 1173 K (Williamson and Beetham 1990). However, at 1073 to 1173 K,
ruthenium metal can oxidize in air directly to RUO4 (Cranstoun and Pyke 1979), a
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compound that melts at room temperature (298.5 K) and has a high vapour pressure at
low temperatures (measured between 273.4 and 363.8 K by Nikol'skii 1963). At 1273 to
1473 K, RuO3 is formed (Garisto 1988).
RuO2(s) + l/2O2 (g) = RuO3(g), RuO4(g) .

(15)

Other known solid oxides of ruthenium are RU4O9 (melting point 713 K) and Ru2Os
(melting point 533 K) (Hunt et al. 1987).
The stability of ruthenium compounds in the gas phase is well known. Thermodynamic
values for ruthenium oxides, such as AfH°(298 K) and AfS°(298 K) are available in the
literature (Eichler et al. 1992, Jehn 1984). Deposition and transport processes have been
studied in chromatographic-type experiments using a TGT , or columns filled with quartz
filings (Eichler et al. 1992). Ruthenium tetroxide, RuO4, thermally decomposes to RuO2
at temperatures above 381 to 393 K on time scales of tens of seconds (Cains et al. 1992).
At higher temperatures, ~ 450 K, an explosive reduction of the tetraoxide will occur
(Cotton and Wilkinson 1980). Ruthenium tetraoxide will also decompose slowly in light.
Three deposition reactions are written below; however, it is not always possible to say
whether Reaction (16) or (17) is more important under a given set of conditions.
RuO3(g) => RuO2(s) + l/2O2 (g) with air as carrier gas .

(16)

RuC»4(g) => RuO2(s) + O2(g) with oxygen as carrier gas .

(17)

RuO4(g) => RuO3(s) + l/2O2(g) .

(18)

In turn, RuO2 can decompose to volatile RuO above 1273 K in air, or to metallic
ruthenium above 1173 K in an inert atmosphere. In air, the following reaction occurs
above 1690 K (Iglesias et al. 1988).
RuO2(s) = Ru(s) + O2 .

(19)

Ruthenium trioxide is one species that can exist in either the gas or condensed state,
RuO3(s)=> RuO3(g) .

(20)

Which deposition and decomposition processes are important obviously depends on
temperature, but also on gas flow rate and oxygen potential (Garisto 1988). In general,
data suggest that transport of ruthenium in the vapour phase is as RuO4 or RuO3, and
never as Ru or RuO2 except at very high temperatures. In addition, there is never any
deposition as RuO4(s).
As mentioned in the previous section, the interactions of ruthenium with nitrogen oxides
have generated much interest. Nitrogen oxides (i.e., NO, HNO 2 , HNO3) will enhance the
decomposition of RuO4, by
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RuO4(g) + 2 NO(g) => RuO2(s) + 2 NO2(g) .

(21)

Hence ruthenium volatility is very low in presence of NO (Halaszovich et al. 1986). In
addition, ruthenium can be deposited as a nitrosyl-ruthenium oxide complex in the
presence of NOX. On a chemically inert substrate, such as silica gel, these complexes
lower the vapour pressure of RUO4. However, iron surfaces have been found to catalyze
(electrochemically) the oxidation of Ru(NO)nitro/nitrato complexes to regenerate RUO4.
This revolatilization process is possible at 413 K. The rate maximizes at 653 K, and
levels off at 773 K.
Some measurements have been made on ternary ruthenate compounds, particularly
involving cesium, that may affect fission-product speciation. (Although these compounds
are unlikely to be as important as ruthenium oxides in accident release and transport.)
Thermodynamic properties of gas-phase species may be derived from structural data
obtained using vibrational spectroscopic techniques. Matrix-isolation infrared (IR)
spectroscopy is one such method and has been used to measure IR frequencies of
Cs2RuO4 (Ball et al. 1993) and of CsRuO3 (Ogden et al. 1994). The enthalpy of
formation of Cs2RuO4(s) (melting point of 1211.8 K) was obtained using solution
calorimetry (Ball et al. 1993). Other experimental methods that have been applied are
differential scanning calorimetry, drop calorimetry (450 to 800 K) and low temperature
heat capacity (5 to 350 K) measurements to give heat capacity and entropy data
(Cordfunke et al. 1992).
As far as fission-product releases are concerned, obviously vapour pressure data is
important. The vapour pressure of Cs2RuO4 in oxygen was measured between 1015 and
1134 K by the transpiration method (Cordfunke et al. 1992). The expression for pressure
as a function of temperature is
ln(p/Pa) = -(8307.7 ± 139.4) (T/K)"1 + (8.292 ± 0.128) .

(22)

From this measurement the standard heat of sublimation and of formation of Cs2Ru04
were derived, AsubHm°(298 K) = 249.7±1.5 kJmol 1 and
AfH°m(298 K) = -714.9±5.5 kJmol 1 respectively.
4.4

SUMMARY

The release of ruthenium from UO2 fuel under reactor accident conditions has received
much attention, especially in comparison to other "semi-volatile" fission products. Under
normal operating conditions, ruthenium migrates through the fuel during irradiation and
combines with other second transition-series fission products to form metallic particles.
The composition of the particles depends on burnup, initial O/U ratio, oxygen potential,
and temperature gradients; but molybdenum and ruthenium are the most abundant.
Oxidized ruthenium can combine with other fission products and migrate as a ternary
compound, but as the order of oxidation of the metals in the metal alloy is
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operating conditions.
Many experiments have examined the volatility of ruthenium under a variety of
atmospheric conditions. Studies on CANDU fuel, both clad and unclad, have looked at
the effect of particle size and burnup (e.g., Z. Liu, D.S. Cox, R.S. Dickson and
P.H. Elder, unpublished data, 1993). Briefly, ruthenium release under inert conditions
was found to be very low, a modest amount (10% of inventory) coming out at
temperatures above 1873 to 2173 K. As the oxygen potential was increased, so did the
release rate. Release in steam was observed above 1623 K, but in air was observed as
low as 1000 K (Releases at 573 K have been reported by Williamson and Beetham
(1990)). Kinetic information has been obtained by differentiating release versus time
curves, and this can be used as a to predict release rates for accident analysis under
specified temperature and atmospheric conditions (Dickson, R.S., Z. Liu, R.D. Barrand,
D.D. Semeniuk, D.S. Cox and P.H. Elder, unpublished data, 1996). In addition, a delay
of ruthenium release was observed and was attributed to the time of the oxidation of the
cladding (if present) and the fuel.
The experimental studies have been supported by efforts in thermochemical modelling.
Thermodynamic equilibrium calculations have identified RUO4 as the volatile species in
air and steam-air below 1300 K (e.g., Garisto 1988). Volatile ruthenium above that
temperature consists of the lower oxides, R u d and RUO3. Analysis of the temperature
dependence of the release rate, including the data from a number of international studies
(e.g., Iglesias et al. 1990), suggests that it is governed by the partial pressures of the
ruthenium species. A simple mechanistic model was proposed that extended this
concept, saying that the volatility was dependent on the establishment of an equilibrium
between ruthenium in the condensed phase and volatile ruthenium in a boundary layer of
air (Garisto et al. 1990). If an effective surface area was used, the results of the
calculation could be made to fit the data. This model assumed that prior oxidation of
UO2 had occurred.
Although ruthenium volatility is certain under oxidizing conditions, it is likely that
retention on PHTS and containment surfaces will mitigate much of the exposure outside
the plant. In-cell deposition experiments have showed a high degree of retention on metal
coupons, especially at temperatures between 400 and 900 K (e.g., R.S. Dickson, Z. Liu,
P.H. Elder, D.S. Cox, N.A. Keller, W.H. Hocking, A.M. Duclos, R.D. Barrand,
D.D. Semeniuk, T.J. Kunkel, R.F. O'Connor and G.W. Wood, unpublished data, 1996).
When the coupons were washed after the test, retention was maintained at 50%. In
addition, at TMI ruthenium appeared to be trapped by metallic structural components
(e.g., Hobbins et al. 1987). Ruthenium oxides are not water soluble, with the exception
of RUO4; however, if reaction with nitrogen oxides is possible, the resulting nitrosyl
ruthenium complex can be dissolved in water (e.g., Igarashi et al. 1992). The interaction
of NOX with ruthenium may influence behaviour in containment.
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5.

CHEMICAL EQUILIBRIUM CALCULATIONS

Chemical equilibrium calculations give the speciation of fission products as governed by
their thermodynamic stabilities, as a function of temperature, pressure and oxygen
potential. When discussing the output of these calculations, an underlying assumption is
that there is sufficient time to achieve thermodynamic equilibrium. For the fuel channel
this is likely the case, because although residence times are less than 1 s, at temperatures
of 1000 K, steady state in fission-product speciation is expected to be achieved in 0.01 to
0.1 s (Wren 1983). Hence equilibrium compositions were calculated using the
CHMWRK code, developed by Garisto at AECL (e.g., Garisto 1992). This program uses
a modified Villars-Cruise-Smith algorithm to minimize the overall chemical potential of
the system. Constraints on the calculation include conservation of elemental abundances,
temperature, and total pressure or volume. Heterogeneous chemistry, or the interaction of
the vapour phase with inert surfaces, was not included in the calculation.
5.1

INPUT VARIABLES

A sample input file is included as Appendix A. The input for the calculation of
thermodynamic equilibrium includes the temperature, or series of temperatures (K), a flag
to indicate whether or not the calculation is for a constant pressure or constant volume,
the system pressure or volume, the number of moles of inert gas, the number of elements,
the number of species, and then a list of the physical data for each chemical species. The
data required for each chemical species is the free energy of formation at 298.15 K,
A/G29815, the standard entropy of the species at 298.15 K, S%gs 15 and the temperature
dependence of the free-energy function of the species, 0(7"), defined as a 6 parameter fit
Equation (23).
0(7") =
where JC = T(K) x 104 .

(23)

A sample output file is included as Appendix B. For each temperature, the standard
chemical potential of the species is calculated and is displayed along with the input data.
The number of iterations is also displayed, an indication of how well the calculation
converged. Finally, the species abundances are provided, in moles and in mole fraction,
together with oxygen potential.
As discussed, calculations have been performed previously on the ruthenium-oxygen
system (Garisto 1992). Here, calculations on the strontium and ruthenium system were
combined into one, to assess the impact of the prominent fission products on strontium
and ruthenium speciation. Two cases are presented, one using elemental abundances as
found in used fuel (Tait et al. 1989), and the second using best-estimate concentrations
that would be released from the PHTS into containment (Mulpuru, unpublished data
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concentrations in steam, calculated for a representative LOCA-LOECI event, are much
lower than the first set. In addition, the volatile fission products (i.e., iodine, cesium and
tellurium) are proportionately larger components of the aerosols than they are of the
fission-product inventory in the fuel.
Controversy surrounds the fractional release of molybdenum under oxidizing conditions;
hence it was included in these calculations. Because it was not explicitly included in the
earlier steam concentration estimates, it was assumed that the release rate of molybdenum
was similar to that of urania. Zircaloy was not included in either set of calculations
because we assume that the zirconium is completely oxidized to ZrC>2 and the tin additive
has been released from solution in the alloy. Earlier experiments looking at aerosols from
clad fuel suggest that zirconium transport is much less than that of tin or even the UO2
itself (Mulpuru and Rondeau 1989, Mulpuru et al. 1993). It should be noted that the solid
solution model of UO2+X, available in the CHMWRK database, was not used in these
calculations.
For both cases, the temperature range was set from 400 to 2200 K, the pressure was set at
1.2 MPa, and the fuel channel volume to 0.0205 m3 to agree with earlier work by Garisto
(1988). This corresponds to 3 mol gas at 1000 K, assuming ideal gas behaviour. The set
of ruthenium-oxygen chemical species included in the calculations was the same as
before. Four different atmospheric conditions were examined to give a representative
sampling of oxygen potential: pure steam, 50% H2/50% steam, 50% air/50% steam, and
pure air. The components of the gas mixtures are listed in Table 14.
5.2

RESULTS FOR STRONTIUM

The major components of the strontium system, as calculated using CHMWRK, are
presented in Table 15. Calculations were done for both sets of concentrations, irradiated
fuel inventories (normal text in the table), and concentrations in containment aerosols
(italic text in the table). The species at each temperature are listed in reverse order of
abundance, a distribution that spans about 4 orders of magnitude in each case. As can be
seen in the table, strontium is not greatly volatile below 1800 K under most conditions.
Volatile strontium is shown at 1000 K under reducing conditions (50% H2/5O% H2O) and
at low concentration (Sr-steam ratio), but a condensed phase dominates even under these
conditions until 1400 K. The volatility of strontium in steam and steam-air is very
similar, showing the gas phase dominating at 1800 K and above for low concentration
(5.4 x 10"5 g-m"3), and of lesser importance even at 2200 K for the higher concentration
(214 g-m"3) of strontium. In this case the speciation is identical between these two cases.
In air, even at 2200 K, strontium is volatile only at low concentration.
Molybdenum affected the condensed phase speciation of strontium, with the formation of
SrMoO4; however, this did not affect the volatility of strontium itself, as indicated by the
partial pressures of volatile strontium species. The condensed phase showed a
progression through SrMoO4(s) + Sr(OH)2(c) => SrMoO4(s)+ SrUO4(s) =*SrUO4(s) as
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SrO(c) and Sr(OH)2(c) were prominent. This distinction is artificial, because in a real
situation strontium is likely to be dissolved in the fuel matrix, but we lack thermodynamic
data to describe this solution. Because of the high degree of thermodynamic stability of
strontium in the fuel, the approximations to the condensed phase used here are less stable
than the condensed strontium phases. This ensures that the results of these calculations
overpredict the volatility of strontium.
The volatile forms of strontium are Sr(OH)2 for the most part, along with SrOH and SrO.
The volatility of strontium in the low concentration case is presented in Figure 4, for the 4
different atmospheres. Although the vapour-phase mass fraction is high in this case, the
amount of fission-product strontium included in the calculation was very low. As the
concentration is increased, the vapour-phase mass fraction is reduced.
5.3

RESULTS FOR RUTHENIUM

The major components of the ruthenium system, as calculated using CHMWRK, are
presented in Table 16. The species at each temperature are listed in reverse order of
abundance, a distribution that spans about 4 orders of magnitude in each case. As can be
seen in the table, ruthenium volatility shows a strong dependence on oxygen potential and
concentration in the gas phase, as shown in earlier calculations performed by Garisto
(1992) using a two-component (i.e., ruthenium-oxygen) system. As for strontium, the
calculations performed here included several fission products and uranium, using
concentrations from ORIGEN and best estimates for aerosols in containment, termed the
"high" and "low" concentrations respectively. Vapour-phase mass fractions are plotted as
a function of temperature and gas composition in Figure 5.
Under low oxygen potentials (-444 kJ-mole'1 at 400 K to -219 kJ-mole"1 at 2200 K),
ruthenium is very involatile, when concentrations are used from ORIGEN calculations.
Even under 50% steam-50% air and dry air conditions the fraction in the condensed phase
is larger than that in the gas phase, under conditions of high ruthenium concentration.
However, the concentration of ruthenium released in an accident is likely better
approximated by the estimates of aerosol concentration. In this case volatile ruthenium
dominates at temperatures as low as 600 K, in the form of RuO4(g). As temperatures
increase, other volatile forms of ruthenium become important, RuO3(g), RuO2(g), and
some RuO(g). In steam, ruthenium is not volatile until 1200 K, and the gas-phase
RuO2(g) and RuO3(g) species dominate about 1400 K. Behaviour in 50% H2/50% H2O is
similar except that the temperatures involved are 1400 and 1800 K respectively.
The most important condensed forms of ruthenium are Ru(s) and RuO2(s). Ruthenium
ternary and intermetallic compounds are not included in the CHMWRK database, with
the exception of RuTe2(s), which appeared in the dry air calculation at low temperatures.
This gives the perhaps erroneous impression that ruthenium does not interact with other
fission products once it is released from the noble metal particles. Molybdenum will not
affect ruthenium speciation directly, although an indirect effect on oxygen potential of the
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system is a possibility, particularly in the fuel (a closed system before breach of the
cladding).
5.4

COMPARISON WITH EARLIER CALCULATIONS

Chemical thermodynamic calculations on the less-volatile fission product compounds
have been done at AECL and at Electric Power Research Institute (EPRI). Results from
the current calculations are compared to these reported studies.
Ruthenium volatility was calculated here, in the presence of fuel, tin and other important
fission products, a difference with previous studies which looked at the speciation of the
ruthenium-oxygen system in isolation. Again, the critical parameter governing ruthenium
volatility was found to be oxygen potential, in agreement with earlier runs (Garisto 1992).
However, it is difficult to compare these calculations quantitatively to the earlier ones
because the effect of adding the additional elements also changed the oxygen potential of
the system (particularly in the case of the "high" concentrations from ORIGEN).
Qualitatively, the chemical species that were found to dominate ruthenium volatility
remain unchanged in the two sets of calculations. This is because intermetallic or ternary
ruthenium compounds were not included in the calculation (with the exception of RuTe2).
This deficiency is not expected to change the volatility of ruthenium significantly. At low
temperatures, ruthenium volatility is dominated by RuO^g), lower oxides becoming
important above 1000 K. The fraction of ruthenium in the gas phase is plotted in Figure
5, for the low-concentration case, for all four atmospheres under consideration.
Calculation of strontium and barium volatility was performed using a free energy
minimization routine (Cubicciotti 1988). Concentrations of fission products (Sr, Ba, Y,
La, Ce, Pr, Nd) were taken from ORIGEN calculations. Calculations were done at 17 and
0.3 MPa, but the author provides an equation giving the temperature and pressure
dependence of the calculated vapour pressures of the fission products, and so these were
scaled to 1.2 MPa (50% H2/50% H2O) to allow a direct comparison to the calculations
done here. The vapour pressures from both sets of calculations are presented in Figure 6,
those of Cubicciotti as lines and the current results as discrete symbols. As can be seen
on the figure, the volatility of strontium is very similar up to 1400 K, above which the
current results show a greater volatility. The results for barium, however, are quite
different, with the Cubicciotti data giving a much greater vapour pressure for barium than
the CHMWRK results. The CHMWRK results also show that barium is less volatile than
strontium, a surprising conclusion.

6.

MITIGATION FACTORS

In this section are identified the areas of strontium and ruthenium chemistry that will
mitigate release if addressed in accident analysis. Suggested factors by which the release
fraction might be reduced are presented in Table 17. While considerable data exist on the
release of barium and ruthenium from the fuel, areas such as retention in the PHTS and
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before quantifying mitigation in these areas. Recommendations of topics that may
improve our understanding of less-volatile behaviour in the PHTS and containment are
included in Section 7.
6.1

STRONTIUM

A key area for strontium mitigation is the small amount of free as opposed to bound
inventory. A conservative estimate is that the inventory at the gap or grain boundary
maximizes at 4%, based on leaching experiments (Stroes-Gascoyne 1996). (Data do not
exist currently on the ratio of gap-to-grain boundary inventory.) Under conditions (such
as LOCA with ECC), where it is primarily the gap and grain boundary that escapes the
failed fuel element, data such as the 4% place an upper bound on the total amount
released. The gap and grain boundary inventory can also be important when considering
the timing of releases.
Expected releases of strontium and barium under various accident conditions are
presented in Table 17. Under oxidizing conditions the fuel will eventually become
oxidized itself. Strontium is likely to remain in solution in the fuel, as SrO under normal
operating conditions, and perhaps as a uranate (e.g., SrUC>4) after being oxidized. This
will be the case even under temperature extremes leading to fuel melting. Only the
strontium available for reaction with steam at the gap or accessible grain boundaries will
be volatile. The release rate of strontium at very high temperatures will depend on the
partial pressure of SrO, which will likely volatilize incongruently. Strontium oxide
dissolved in UO2 is expected to melt at about 2725 K.
Under reducing conditions (e.g., 50% H2/H2O), the stability of species such as Sr(OH)2
are increased, which have a significant vapour pressure at 1000 K. However, under these
conditions, the fuel will not oxidize and should retain its grain structure until another
means of failure becomes possible, such as through UO2-Zircaloy interactions. Below the
Zircaloy melting temperature, 2033 K or above depending on the extent of oxidation,
only the gap and grain boundary inventory is accessible. Above that temperature,
assuming fuel failure, the release of strontium will depend on the vapour pressure of
Sr(OH)2.
If released from the fuel itself, the strontium may behave the same as fission-product
barium, by being trapped by the Zircaloy cladding. For barium, release in steam was
reduced by at least a factor of 9 to 24 times, when the UO2 was clad in Zircaloy as
opposed to release from bare fuel.
Strontium oxide, being hygroscopic, would likely rapidly be incorporated in PHTS water
in the feeder, or if discharged from the break in steam, be absorbed into condensing
aerosols in containment.
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6.2

RUTHENIUM

Unlike strontium, ruthenium is not very soluble in the UO2 matrix and will migrate to
voids and grain boundaries where it can combine with other noble metal fission products
to form a refractory alloy. Once in the noble metal particle, the ruthenium component is
thermodynamically stable, and a negligible amount will oxidize and migrate to the gap
under normal operating conditions.
In an accident scenario, the chemical speciation of ruthenium is highly dependent on
oxygen potential as well as temperature. A summary of the release behaviour of
ruthenium is presented in Table 17. Under reducing or inert conditions, when the matrix
is unoxidized, the ruthenium release should be negligible. Under oxidizing conditions,
such as steam-air or even air, ruthenium release will occur once the cladding and the fuel
has been oxidized. Hence one mitigating factor is that of delayed release, of up to several
thousand seconds (Z. Liu, R.S. Dickson and P.H. Elder, unpublished data, 1996), which
may be very important under certain accident scenarios where intervention is possible
after a specified time (e.g., fuel-handling accidents).
Ruthenium transport after release is as an oxide, either RUO4 at low temperatures or lower
oxides as the temperature increases. These oxides readily decompose upon contact with
surfaces, to RuC>2(s) and oxygen. In a dry fuel-handling scenario, where complete fuel
oxidation is possible, the ruthenium will be released as a volatile oxide. Experimental
evidence shows that ruthenium is strongly retained on metal surfaces, from 30 to 85%,
and once in place does not wash off easily (over 50% was retained even under the most
strenuous rewet conditions). Evaluation of a mitigation factor for retention in
containment must take into account the kinetics of heterogeneous chemical reactions
involving ruthenium as well as the transport of ruthenium in containment and through a
breach.
Ruthenium metal and RuC>2(s) are not water soluble; as indicated by the difficulty in
removing deposited ruthenium using aqueous washes. If released from fuel (which would
occur at very high temperatures) they would be transported as dry particulates or in the
vapour phase. Ruthenium tetroxide; however, is water soluble. If RUO4 does not
decompose upon contact with a surface, it is likely to become solvated either in PHTS
water or in condensing aerosols in containment. In addition, if ruthenium oxides are
exposed to nitrogen oxides, then nitrosyl ruthenium compounds may form that also are
water soluble. A study of the effect of nitrosyl-ruthenium compounds on the trapping of
ruthenium in the containment sump or on containment surfaces is planned for the near
future.

7.

RECOMMENDATIONS

Although our understanding of strontium and ruthenium release behaviour is considerable
(particularly the latter), there are areas that need further study. These are issues that have
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become apparent during this review of the literature, and need more study so their
importance to behaviour in a reactor accident can be appraised.
1.

This survey of ruthenium behaviour has shown that there is considerable potential
to credit hold-up of ruthenium in containment when calculating release fractions.
However, this mitigation factor cannot be quantified unless more study is done
looking specifically at the physical and chemical processes affecting ruthenium in
containment. These processes will be accident specific, because in some
scenarios ruthenium will be released from oxidized fuel as gaseous R.UO4, and in
others ruthenium will be transported as particulates entrained in water droplets in
containment.
The heterogenous chemical kinetics is also an important area that needs to be
looked at before retention in containment can be quantified. The influence of
HNO3 and NOX may be important as seen in work from the reprocessing of fuel.
Calculations should be performed on the expected extent of NOX formation in the
vicinity of failed fuel (such as might be expected as a result of an end-fitting
failure scenario). In addition, the relevant chemical reactions between the
nitrogen oxides and ruthenium oxides should be compiled, along with rate
constants (either measured or estimated). These reactions may compete
favourably with the heterogeneous decomposition of RuCU, and may play an
important role in mitigating ruthenium transport from the region close to the
failed fuel. Mitigation factors arising either from the kinetics of ruthenium
interaction with NOX, or the solubility of nitrosyl-ruthenium complexes in water
could be derived.
Retention in the containment building; however, means contamination of
containment surfaces by ruthenium compounds. This topic merits consideration,
both in regards to damage to equipment and the ability to clean the surfaces after
an accident.

2.

The release of the alkaline earth compounds could be signficant under reducing
conditions. In a scenario involving H2, mitigation of release may be provided by
looking at the retention of hydroxides and hydrides on structural materials. The
dissolution of barium and strontium species released in H2/H2O in water, primary
or emergency core coolant, also needs review of the relevant literature and
calculation of mitigation factors.

3.

This review has revealed some deficiencies in the chemical thermodynamic
database used by the CHMWRK program.
(i) The database for strontium and barium should be reviewed, particularly
because of the differences in the results from the CHMWRK and Cubicciotti
(1988) analyses. In addition, the hydrides of strontium and barium must be
included in the database for an evaluation of volatility under atmospheric
conditions approaching pure H2.
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(ii) The thermodynamic functions used in the database for ruthenium telluride will
be reviewed in a database validation procedure, because its presence has not been
discussed in earlier publications.
(iii) An association between tellurium and another noble metal, palladium as
PdTe, is thought to occur in hyperstoichiometric fuel achieved after a long
burnup. This compound is not currently included in the CHMWRK database, and
should be incorporated.
(iv) Ternary ruthenium compounds such as CS2RUO4 and CsRuC^ are not included
in the database. Although their role is expected to be minor, under oxidizing
conditions they may represent a significant portion of released ruthenium as well
as cesium. As the data now exist in the literature, it should be included in the
database.

8.

CONCLUSIONS

Depending on the accident scenario, it is apparent that a best-estimate approach in
looking at the behaviour of strontium and ruthenium will give significant mitigation of
release over the most conservative methodology. Under reducing or inert conditions
ruthenium release will be very low; however, significant strontium release is possible.
Under oxidizing conditions, particularly when air is present, ruthenium can be released at
low temperatures as RUO4, after a delay in which the cladding and fuel are oxidized.
Strontium is highly soluble in the UO2 matrix and will not be released under oxidizing
conditions, even under conditions leading to fuel melting.
The information presented in this report is intended to provide technical information
regarding the release and retention of "semi-volatile" fission products. Some work has
been proposed for the near future, such as a review of the thermodynamic database used
in chemical equilibrium calculations, and an investigation of the behaviour of ruthenium
in containment. Many chemical issues play a role in the behaviour of fission products in
an accident, and only a dialogue between the analysts familiar with each accident scenario
and researchers familiar with strontium and ruthenium chemistry will allow the key
phenomena to be highlighted.
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TABLE1
CANDU FUEL UNDER NORMAL OPERATING CONDITIONS

Physical Parameter
Centreline temperature

Range
1073 < Tc < 1973 K

Linear power (kW-m1)

20 to 55

Average bumup
(MW-h/kg U)
Oxygen potential
(kJ-mol1)
Stoichiometry after average
burnup (UO2+I)
Fission gas released to gap
Fission-product inventory in
gap and grain boundaries

144 to 288
-379 to -358
(481 to 642 K)
0.0005 < x < 0.001

Reference
Johnson and Shoesmith
(1988)
Johnson and Shoesmith
(1988)
Johnson and Shoesmith
(1988)
Elder, P., private
communication 1994
Matzke (1995)

dependent on power history Floyd etal. (1992)
usually < 1%
8.1 ± 1.0 % of I, Cs, Se and Johnson etal. (1994)
Sn
(assuming average
irradiation history of Bruce
fuel)

TABLE 2
FISSION YIELDS OF SELECTED ELEMENTS

Element
Molybdenum
Cesium
Strontium
Barium
Iodine
B refers to atomic % bumup
(Rest and Cronenberg 1987)

Fission Yield a
0.2346B
0.1882B
0.0926B
0.0682B
0.0110B
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TABLE3
REACTIONS OF STRONTIUM AND BARIUM IN FUEL
Ba(s)+1/2O2 = BaO(c)
BaO(c) = BaO(g)
BaO(c) + UO2(c) + l/2O 2 = BaUO4(c)
Ba + Zr + 3/202 - BaZrO3
BaO + M0+ 3/202 - BaMoO4
Sr(s) + l/2O 2 - SrO(c)
SrO(c) - SrO(g)
Sr+Mo+2O2= SrMoO4
SrO+UO2+l/2O2= SrUO4

TABLE 4
SOLUBILrrY OF STRONTIUM AND BARIUM IN IRRADIATED FUEL

Fission Product

Temperature
(K)

Strontium
Barium

1773
2273

Oxygen
Potential
(kJ-mol1)
-460
-200

Solubility
(atom %)

Reference

12
0.58

Kleykamp 1993
Kleykamp 1993
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TABLE5
STRONTIUM/BARIUM RELEASE EXPERIMENTS

ID

Fraction Released

A

42% barium

B

60 to 70% barium
33 % strontium

C

<1% barium or
strontium
for barium,

D

for barium,

Experimental
Conditions
2023 K
H 2 /100ppmH 2 O
0.1 MPa
4h
2253 K
inert
5.5 h
2923 K
fuel liquefaction
2273 K
argon/2% H2
bare UO2
1873 K
steam
bare UO2
2173 K

1.2xl07-exp(-47000/T)

air

fraction/min
1.8 to 12% barium
released

bare UO2
steam (to 2113 K)
air (to 2103 K)
inert (to 2103 K)
sheathed fragments
steam, air,
2%H2/argon to
1973 K
clad UO2
steam
1823 K

6

8.5xlO -exp(-47OOO/T)

E

F

G

H

fraction/min
no barium release

<0.2% barium
released

Reference
Prussinetal. (1984)

Parker and Barton
(1983)
Cronenberg and
Osetek (1987)

a
a
a
b

c

1 x 10"5 strontium
d
and 4% barium
released
a - Z. Liu, D.S. Cox, R.S. Dickson and P.H. Elder, unpublished data, 1993
b - R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk, D.S. Cox and P.H. Elder,
unpublished data, 1996
c - Z. Liu, R.S. Dickson and P.H. Elder, unpublished data, 1996
d - P.H. Elder, T J . Kunkel, Z. Liu, R.T. Peplinskie, N.A. Keller, D.S. Cox, D.H. Rose,
J.D. Chen, E.L. Bialas, unpublished data, 1995.
I
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SUMMARY OF ORNL HI AND VI RELEASE DATA

Test Number

Atmosphere

HI-1
HI-4
HI-5
VI-2
VI-3
VI-4
VI-5
VI-6
VI-7

steam
limited steam
limited steam
steam
steam
H2
H2
H2/steam
air/steam

Maximum
Temperature
(K)
1675
2200
2025
2302
2704
2445
2720
2314
2300

Barium
% Released

Strontium
% Released

0.008
<0.04
0.08
18.94
29.7
26.8
75.7
32.4
4.1

<0.002
<0.005

TABLE 6
PHYSICAL PROPERTIES OF STRONTIUM OXIDE

melting point
melting enthalpy
melting entropy
heat capacity, Cp(liquid)

2805 K
-80.95 kJ-mol
-28 J-mol'-K"1
73.12 J-mol'-K"1
(2805-2950 K)

2.7
33.7
5.82
1.2
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TERNARY BARIUM OXIDE PHASES

Chemical Compound
Ba!.xSrxO
BaUO3

BaUO4
BaZrO3

Ba 2 Zr0 4
BaCeO3
BaMoO3
BaMo0 4
BaThO3
BaPuO3

Notes
Ba/Sr - 9
melts at 2673 to 2723 K
eutectic with fuel 2273 to
2373 K
Knudsen-cell data
Knudsen-cell data
melts at 2903,2978 K
eutectic with fuel 2573 K
Knudsen-cell data
AfG°(298 K)
Knudsen-cell data
AfG°(298 K)
Knudsen-cell data
AfG°(298 K)
Knudsen-cell data
Knudsen-cell data
Knudsen-cell data
Knudsen-cell data

Reference
Kleykamp(1985)
Kleykamp(1985)
Matsui (1995)
Yamawaki et al. (1996)
Matsui (1995)
Kleykamp(1985)
Matsui (1995)
Matsui (1995)
Matsui (1995)
Matsui
Matsui
Matsui
Matsui

(1995)
(1995)
(1995)
(1995)
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TABLE8
BOND ENERGIES AND IQNIZATION ENERGIES OF ALKALINE-EARTH
COMPOUNDS

Compounds

BaO

SrO

Ionization Energy0
or Appearance Potential
6.46 ± 0.07 eVa
1700 to 1900 K
6.91 eV1
11.03eV(Ba + ) d
5.21 eV(Ba + from Ba)
6.60±0.05eV

Bond Dissociation Energyc
5.62 ± 0.01 eV
5.82 eV*1
4.37 10.08 eV (BaO+)
AVH = 4.1110.01 eV
4.2710.09 eV
3.3610.14 eV(SrO + )

9.2 ±0.5 eV
6.2±0.5 eV
9.410.5 eV
6.410.5 eV
9.8 10.5 eV
8.5 10.5 eV
10.110.5 eV
8.5 10.5 eV
2eV
SrO + H2O
1900 and 2150 K
b
chemi-electron
+
2eV
Ba(OH)2 .
BaO+ H2O
1900 and 2150 K
chemi-electron
Measured using photoelectron spectroscopy
b
Electron transfer from excited M(0H) 2 to ground state of ion M(0H) 2 +
c
Source is Dyke et al. 1987, unless indicated otherwise.
d
Source is Koitabashi 1994.
SrMoO4
SrMoO3
SrWO4
SrWO3
BaMo0 4
BaMo0 3
BaWO4
BaWO3
Sr(OH)2+.
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TABLE9
RUTHENIUM RELEASE EXPERIMENTS

ID
A

B

Fraction Released
from centre, but not
quantified
0.58

C

diffusion

D

0.0003

E
F

1
0.00416 to 0.871

G

10%

H

3%

I
J

minimum temperature
for release
no release

K

4%

L
M

70%
need U3O8 or
UO 2 « (above 1823K)

N

Experimental Conditions
1743 K

Reference
Manzeletal. (1984)

2023 K
H 2 /100ppm c H 2 O
0.1 MPa, 4 h
1473 K, 1973 K

Prussinetal. (1984)

core-melt, reducing
conditions
air, 1373 K
air
573 to 873 K
T > 2173 K in Ar/2%H2,
bareUO 2
1673 K in steam, 3000 s,
bare UO2
973 K in air,
bare UO2
2103 K, inert, sheathed
UO2
2023 to 2112 K,
in steam
sheathed UO2
2076 K in air
520 MW-h/kg U
gamma spectroscopy
oxygen sensor
air, after 6000 s
bare UO2

Prussin and Olander
(1995)
Parker (1987)
Hunt etal. (1987)
Williamson and
Beetham (1990)

a
a
a
b
b

b
Hunt etal. (1991)

100% above 1573 K
Iglesiasetal. (1990)
95% at 1410 K
20% at 1113 K
<10%atl963K
steam/argon,
Iglesiasetal. (1990)
0
<5% at 1773 and 1682
after 6000 s
K
bare UO2
P
-30%
steam, 1823 K
d
a - Z. Liu, D.S. Cox, R.S. Dickson and P.H. Elder, unpublished data, 1993
b - R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk, D.S. Cox and P.H. Elder, unpublished data, 1996
c
- 100PaH 2 O
d - d - P.H. Elder, T.J. Kunkel, Z. Liu, R.T. Peplinskie, N.A. Keller, D.S. Cox, D.H. Rose, J.D. Chen, E.L.
Bialas, unpublished data, 1995.
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RUTHENIUM RELEASE RATES

ID
A

Rate (t in min)
4.91 x 10"st

Temperature
400K

Reference
Williamson and
Beetham (1990)

( 1 , e -0.00147 t )

LlxlO'V^^mm1

above 2173 K
a
inert (Ar/2%H2)
C
^xlO'e^^min 1
above 1773 K
a
steam
Dl
S^xlOV^^min1
below 1123Kinair
a
(-«i^T)
-i
D2
1123tol723Kinair
a
1
1
2.2 x 10" min"
D3
above 1723 Kin air
a
2076 K
E
b
2%-min"1
a - Z. Liu, D.S. Cox, R.S. Dickson and P.H. Elder, unpublished data, 1993
b - R.S. Dickson, Z. Liu, R.D. Barrand, D.D. Semeniuk, D.S. Cox and P.H. Elder,
unpublished data, 1996
B

29e

min

TABLE 11
IMPORTANT RUTHENIUM SPECIES ABOVE NOBLE METAL ALLOYS IN AIR
1000K
RuO4
RuO3
RuO
Note: Listed in order of abundance.

1500 K
RuO3
RuO4
RuO
Ru
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nSSION PRODUCT ABUNDANCES FROM ORIGEN CALCULATIONS
Number of Moles8

Element

Iodine
0.0091
Cesium
0.088
Tellurium
0.0095
Ruthenium
0.115
Barium
0.045
Strontium
0.050
b
Tin
0.29
80
Uranium
Molybdenum
0.135
Notes:
*• Abundances calculated assuming 100% failure of 1 bundle in the channel.
b
The source of tin is oxidized cladding.

TABLE 13
FISSION PRODUCT ABUNDANCES IN PHTS AEROSOLS

Element
Iodine
Cesium
Tellurium
Ruthenium
Barium
Strontium

Tin

#molesa
5.3 x 10-5
4.5 x 10"4
1.1 x 10"4
4.9 x 10"12
5.1 x 10'8
1.3 x 10-*
4.3 x 10 5
6.0 x 10"6
2.1 x 10'9

Uranium
Molybdenum6
Notes:
a
Moles were computed based on a 0.0205 m3 coolant volume, equivalent to the flow
volume of one channel.
b
Molybdenum was not included in the original estimate; hence the release was derived
assuming the same fractional release rate as for uranium.
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TABLE 14
GAS COMPOSITION

Components

steam

50% H250% steam

inert"

o2

H2O
H2
CO2

3 mol

1.5 mol
1.5 mol

50% steam50% air
1.2 mol
0.32 mol
1.5 mol

dry air
2.37 mol
0.63 mol

0.0005 mol
0.00099 mol
"Note: The chemically inert component is assumed to be N2, which cannot be modeled in
the current methodology.
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TABLE 15A
MAJOR STRONTIUM SPECIES FROM CHMWRK CALCULATIONS
USING ABUNDANCES FROM ORIGEN CALCULATIONS

Temperature
(K)

1000

50% H250% steam
SrMoO4(s)
Sr(OH)2(c)
SrMoO4(s)
Sr(OH)2(c)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)

1200

SrMoO4(s)

1400

SrMo04(s)

1800

SrMoO4(s)
Sr(OH)2

2200

SrUO4(s)
Sr(OH)2
SrOH
Sr

400
600
800

Note:
Vapour-phase species are in bold font.

steam
SrMo04(s)
Sr(OH)2(c)
SrMoO4(s)
Sr(OH)2(c)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
Sr(OH)2
SrMoO4(s)
SrUO4(s)
Sr(OH)2
SrOH

50% steam50% air
SrMoO4(s)
Sr(OH)2(c)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
Sr(OH)2
SrMoO4(s)
SrUO4(s)
Sr(OH)2
SrOH

dry air
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrMoO4(s)
STVO4(S)

SrMoO4(s)
SrUO4(s)
SrMoO4(s)
SrUO4(s)
SrUO4(s)
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TABLE 15B
MAJOR STRONTIUM SPECIES FROM CHMWRK CALCULATIONS
USING ESTIMATES OF AEROSOL CONCENTRATIONS

Temperature
(K)

400
600
800
1000
1200
1400
1800
2200

50% H250% steam
Sr(OH)2(c)
Sr(OH)2(c)
Sr(OH)2(c)
SrUO4(s)
Sr(OH) 2
SrUO4(s)
Sr(OH)2
Sr(OH)2
SrOH
Sr(OH)2
SrOH
Sr(OH)2
SrOH
Sr

Note:
Vapour-phase species are in bold font.

steam
Sr(OH)2(c)
Sr(OH)2(c)
Sr(OH)2(c)
SrUO4(s)

50% steam50% air
Sr(OH)2(c)
Sr(OH)2(c)
Sr(OH)2(c)
SrUO4(s)

dry air
SrO(c)
SrO(c)
SrO(c)
SrO(c)

SrUO4(s)

SrUO4(s)

SrO(c)

SrUO4(s)
Sr(OH)2
Sr(OH)2

SrUO4(s)
Sr(OH)2
Sr(OH)2

SrO(c)

Sr(OH)2
SrOH
SrO

Sr(OH)2
SrOH
SrO

SrUO4(s)
SrO
Sr
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MAJOR RUTHENIUM SPECIES FROM CHMWRK CALCULATIONS
USING ABUNDANCES FROM ORIGEN CALCULATIONS

steam

400

50% H250% steam
Ru(c)

Ru(c)

50% steam50% air
Ru(c)

600

Ru(c)

Ru(c)

Ru(c)

800

Ru(c)

Ru(c)

Ru(c)

1000

Ru(c)

Ru(c)

Ru(c)

1200

Ru(c)

Ru(c)

Ru(c)

1400
1800
2200

Ru(c)
Ru(c)
Ru(c)

Ru(c)
Ru(c)
Ru(c)

Ru(c)
Ru(c)
Ru(c)
RuO2
RuO

Temperature
(K)

Note:
Vapour-phase species are in bold font.

dry air
Ru(c)
RuTe2(s)
Ru(c)
RuTe2(s)
Ru(c)
RuTe2(s)
Ru(c)
RuTe2(s)
Ru(c)
RuTe2(s)
Ru(c)
Ru(c)
Ru(c)
RuO2
RuO
RuO3
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MAJOR RUTHENIUM SPECIES FROM CHMWRK CALCULATIONS
USING ESTIMATES OF AEROSOL CONCENTRATIONS

Temperature
(K)

50% H250% steam
Ru(c)

steam

1000

Ru(c)
Ru(c)
Ru(c)

Ru(c)
Ru(c)
Ru(c)

1200

Ru(c)

1400

Ru(c)
RuO
RuO2
RuO
RuO2
Ru
RuO
RuO2
Ru

Ru(c)
RuO2
RuO3
RuO2
RuO3

400
600
800

1800

2200

Note:
Vapour-phase species are in bold font.

Ru(c)

RuO2
RuO3
RuO4
RuO2
RuO3
RuO

50% steam50% air
RuO2(s)
RuO4
RuO4
RuO4
RuO4
RuO3
RuO4
RuO3
RuO2
RuO3
RuO4
RuO2
RuO3
RuO2
RuO4
RuO2
RuO3
RuO4

dry air
RuO2(s)
RuO4
RuO4
RuO4
RuO4
RuO3
RuO4
RuO3
RuO4
RuO3
RuO2
RuO3
RuO2
RuO4
RuO2
RuO3
RuO4

-56-

TABLE 17
SUMMARY OF STRONTIUM AND RUTHENIUM RELEASE AND TRANSPORT
BEHAVIOUR UNDER VARIOUS ACCIDENT CONDITIONS
Release Conditions
Inert
(release rate controlled
by grain growth/grain
boundary sweeping)
Air oxidation of UO2

Strontium Release
-startsat 1673 K(10%
of barium release)
- 33% at 2253 K
- <0.01% between 1675
and 2200 K
- 1.2% at 2300 Kin
air/steam

Barium Release
- melting point of BaO is
2196 K (little release at
lower temperatures)
- 60 to 70% at 2253 K
-<12%at2103K
- 4 . 1 % at 2300 K

- 1 x 10"5 at 1823 K
- < 0.01% at 2200 K
- 2.7% at 2704 K

- 4% at 1823 K but none
seen at 1873 K
-12% at 2113 K

UO2-Zr reduction (H2)

-33.7% at 2720 K

UO2 melting
PHTS Conditions

-<l%at2923K
- aerosol transport

- 42% at 2023 K
- 75.7% at 2720 K
-<l%at2923K
- aerosol transport

Interaction with Zry
cladding

- Likely similar to
barium (see at right)

Rewet

- 30 to 40% of retained
Sr was re-dissolved

- only 0.2% release
(1973 K, in steam, award H^Ar)
- likely similar to
strontium (see at left)

Atmosphere

- possible
revolatilization as Sr in
H2 above 800 K
- low vapour pressure in
dry conditions
- water soluble in wet
conditions

- possible
revolatilization as Ba in
H2 above 800 K
- low vapour pressure in
dry conditions
- water soluble in wet
conditions

Steam oxidation of UO2

Containment
Mitigation Factors

Ruthenium Release
-2103 K - n o release
- 10%inAr/H 2 at2173
K
- delay of 3000 to 6000

s
- minimum temperature
from 573 to 973 K
-20% at 1113 K
-95% at 1410 K
-100% above 1373 to
1573 K
- 70% at 2076 K
- delay of 3000 to 6000

s
- 3 % at 1673 K
- 4% 2023
to 2112 K
- 5 % at 1773, 1682K
-30% at 1823 K
- 58% at 2023 K
- 3 x 10"4
- vapour transport as
RuO4 (oxidizing
conditions only)
- Must be oxidized.
along with the fuel,
before release observed.
- RuO4 soluble however
50 to 70% retained upon
rewet
- 30 to 60% retained in
steam
- 85% retained in air
- decomposes on
surfaces to RuO2(s)
- RuO4 soluble in water
-role of NO,?
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FIGURE 1: Speciation of Ruthenium as a Function of Temperature. Reproduced from
Garisto (1988), for 10*4 moles of ruthenium released into a 50% steam-air atmosphere
(0.15 moles steam) at 0.1 MPa pressure.
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FIGURE 2: Release Rate of Ruthenium (%-min1) in Air as a Function of Oxygen
Potential (kJ-mol1). The data are taken from Garisto et al. (1990) and recalculated to
give oxygen potential.
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FIGURE 3: Release Rate of Ruthenium (%-min"1) in Steam as a Function of Oxygen
Potential (kJ-mol1). The data are taken from Garisto et al. (1990) and recalculated to
give oxygen potential. The straight line is the best linear least-squares fit.
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FIGURE 4: Vapour-Phase Mass Fraction of Strontium as a Function of Temperature (K).
Concentrations of fission products and fuel are best estimates in PHTS aerosols. Channel
conditions are 1.2 MPa and as noted on the graph.
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FIGURE 5: Vapour-Phase Mass Fraction of Ruthenium as a Function of Temperature
(K). Concentrations of fission products and fuel are best estimates in PHTS aerosols.
Channel conditions are 1.2 MPa and as noted on the graph.
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FIGURE 6: Plot of Calculated Vapour Pressure (Pa) as a Function of Temperature (K).
The lines are vapour pressures provided by Cubicciotti (1988), the solid one for barium
and the dotted one for strontium. The data points are from CHMWRK calculations, the
triangles for strontium and the circles for barium. Calculations were done assuming 1.2
MPa of 50% H2/50% H2O.

-63APPENDIX A: SAMPLE CHMWRK INPUT FILE
Strontium and Ruthenium Behaviour in PHTS, 20/01/97
008 1 3
400 600 800 1000 1200 1400 1800 2200
12
13119 0 0 04 05
0.000
0.00

H O ITeCsRuZrSnMo USrBa C
0
00010000000000000000000000 01 I
231.741.E-21
1 298.15 3300
161.06 213.913 20.7861 0.00057409 0.58187 0.054855 0.0 0.0
02
000200000000000 000000 000 011
0.00 l.E-21
1 298.15 3300
205.15 283.671 32.9583-O.OO3558
1.21880 12.6506 0.0 0.0
H
010000000000000 0000000000 011
203.28
l.E-21
1 100 20000
114.71 166.943 20.7862 0.0 0.6197 0.0 0.0 0.0
H2
02000000000000000000000000 01 1
0.00
l.E-21
1 298.15 3300
130.68 196.494 26.1773 0.0011784
0.7223 19.6924 0.0 0.0
OH
01010000000000000000000000 01 1
34.62
l.E-21
1 298.15 3300
22H183.74 250.852 26.7887 0.0007701 0.7616 19.4659 0.0 0.0
H2O
02010000000000000000000000 01 1 -228.58
3.E3
1 298.15 3000
188.84 249.157 25.5061 0.0014392
0.7443 91.787-44.183 0.0
I
00000100000000000 00000000 011
70.17
5.3e-2
1 298.15 3300
180.79 231.480 20.0508 0.0005226
0.5684 3.0953 0.0 0.0
12
000002000 0000 00000000000 011
19.32
l.E-21
1 298.15.3300
260.69 350.228 35.6187 0.0008066
1.02359 11.4997 0.0 0.0
10
000101000 0000 00000000000 011
106.45
l.E-21
1 298.15 3300
239.63 336.235 40.9851-0.006279
1.6208 2.2844
0.00.0
HI
010001000 0000 0000000 0000011
1.70
l.E-21
1 298.15 3200
206.59 268.513 25.6154 0.0000856
0.79372 45.7924-29.0226
0.0
Cs(C) 000000000100000000 000000 010
0.00
l.E-21
2 298.15 301.59
85.23 70.310 4.922 0.0
0.5536
457.625 0.0 0.0
301.59 2000
85.23 218.64546.727 -0.001815 1.1454 -204.325 407.483 0.0
Cs
00000000010000000000 00000 011
49.56 4.5E-1
1
298.15 3300
175.60 233.698 23.1280-0.0010152 0.73951-18.0450 23.5350 0.0
Cs2
0)000000002 00000000 000000 011
75.35 l.E-21
1
298.15 3300
284.68 434.411 59.1580-0.0073845 2.11547-157.827 151.9145 0.0
CsO
000100000100 0000000000000 011
19.48 l.E-21
2
298.15 1500
248.51 377.478 52.4553 -0.0047312 1.8438 -39.2301 -82.446 286.890
1500 6000

-64248.51 329.227 22.9802 0.078033 -1.804343.7973 -16.335 -0.160
Cs2O
0001000002000000000 000000 01 1 -158.09 l.E-21
2
298.15 1500_
324.13 464.363 56.7254-0.0013003 1.7906 15.7978-41.076 55.052
1500 6000
324.13 468.365 58.1984-0.0019308 1.85820.0047-0.002 0.0002
CsOH(C)
01010000010000 0000000000 010 -372.00 l.E-21
3
298.15 499
104.22 237.387 57.8256 0.0 1.90496 203.495 0.0 0.0
499 616
104.22 298.193 72.676 0.0 1.5997
0.0 0.0
0.0
616 2000
104.22 332.920 85.027 0.0 1.58164 0.0 0.0 0.0
CsOH
0101000001 00000000 000000 01 1 -257.49 l.E-21
1
298.15 3300
254.79 382.500 51.8962-0.0016055 1.6665 16.76310.0 0.0
(CsOH)2
0202000002000000000 000000 01 1 -604.64 l.E-21
1
298.15 3300
381.00 657.718 112.1439-0.0029106 3.5626 33.4832 0.0 0.0
CsI(C)0000010001 0000 0000000000 010 -342.08
l.E-21
2
298.15 904
123.00 209.079 36.7347 0.0032473
1.02524 165.048 0.00.0
904 2000
123.00 313.084 71.00.0
0.45365 0.0 0.00.0
Csl
000001000100000000 000000 011 -193.65 l.E-21
1
298.15 3300
275.28 367.732 36.9475 0.0 1.1066 7.40380.0
0.0
Cs2I20000020002 00000000 000000 01 1 -507.47
l.E-21
1
298.15 3300
431.40 639.782 82.9680-0.0 2.47610.4863 0.0 0.0
CsH
0100000001000000000 000000 011
96.69
l.E-21
2
298.15 1500
215.18 281.385 28.660-0.0007084
0.9742
93.1789-218.362 294.225
1500 6000
215.18 320.067 49.1517-0.061555
3.3774-22.6758 15.699-5.942
Cs2O(C)
000100000200000 0000 00000 0 1 0 -308.79 l.E-21
2
298.15 768

146.90 302.825 66.024 0.0 2.1172 167.305 0.0
768 2000

0.0

146.90 407.790 100.0 0.0 1.73978
0.0 0.0
0.0
Cs2O2(C) 00020000020000 0000 000000 01 0 -381.68
l.E-21
2
298.15 867
180.00 378.205 83.469 0.0 2.66053 193.375 0.0 0.0
867 2000
180.00 510.144 134.0 0.0 3.388 0.0 0.0 0.0
Cs2O20002000002 000000000000000 01 1 -236.75
l.E-21
2
298.15 1500
340.95 519.519 74.1098-0.0024113 2.44215 92.5231-233.426 306.303
1500 6000
340.95 543.491 83.0971-0.0068252 2.87977 0.1181-0.073 0.024
CO
00010000000000000000000001 01 1 -137.17
l.E-21
1
298.15 3300
197.66 260.874 26.2051 -0.0002383 0.83001 43.3982 -29.6322 0.0
CO2
00020000000000000000000001 01 1 -394.37
l.e-21
1
298.15 3300

-65213.79 311.929 43.4914-0.0064727 1.7809 74.81545-51.5475 0.0
CH4
04000000000000000000000001 01 1
1
298.15 3300
186.37 223.222 23.99966 -0.0057887 1.34055 307.4452 -185.118 0.0
Mo(C)0000000 000000 00100000000 01 0
2
298.15 2896
28.56 85.114 23.5641 -6.581E-04 0.77463 34.4340-56.6283 130.9267
2896 3000
28.56 121.04242.64 0.00 -0.35284 0.0 0.0 0.0
Mo
0000000000000 000100000000 011
1
298.15 3500
181.95 242.044 23.9485-0.0014140 0.78432-23.8617 30.3934 0.0
MoO
00010000000000 00100000000 011
1
298.15 3500

244.76 333.584 35.5901
0.0
1.0729 7.0191
MoO2(S)
00020000000 00000100000000 010-533.67
1 298.15 2000
46.46 195.793 64.273-0.0060372 2.40137 90.1355 0.0 0.0
MoO2
000200000000 0000100000000 011
1
298.15 3500
273.91 403.166 54.9622 -0.0076957 2.15185 9.9138 0.0 0.0
MoO3(C)
00030000000000 00100000000 010-667.92
2
298.15 1074
77.76 258.033 77.731-0.0053026 2.80861152.270 0.0 0.0
1074 1500

77.76 396.414 126.56 0.0 1.3544 0.0 0.0 0.0
MoO3
000300000000000 0100000000 01 1 -346.58
1 298.15 3500
276.51 460.454 78.3444-0.010843 3.067020.2071-14.6742 0.0
MO2O6000600000000000 0200000000 01 1 -1040.40
1
298.15 3500
405.60 810.245 172.455-0.024045 6.764744.7142-33.1409 0.0
MO3O90009000O0000000 0300000000 01 1-1722.10
1
298.15 3000
549.70 1196.884 273.9958 -0.037713 10.6475 20.0857 0.0 0.0
Mo4O12
001200000000000 0400000000 011-2362.10
1
298.15 3000
671.21 1543.914 367.5484-0.044813 13.94817 33.1205 0.0 0.0
H2MoO4
0204000000000 000100000000 01 1 -786.44
1
298.15 3500
355.35 678.306 138.7814 -0.022586 5.6330 34.3753 0.0 0.0
Mo2
00000000 00000000200000000 011
1
298.15 3000
244.19 336.334 37.3097-0.0013596 1.20432 1.7332 0.0 0.0
Mo5O15
00150000000000 005 0000000 011-2982.77
1
298.15 3000
788.50 1862.278 445.7397 -0.032644 15.68883 84.10384 0.0 0.0
Cs2MoO4(C)000400000200000 0100000000001 0 -1406.88
3
298.15 841

248.35 508.577 116.404
841 1230

0.0

-50.53

0.001.E-21

611.87

323.22

2.1E-6

l.E-21

0.0 0.0
l.E-21
-26.99

l.E-21

l.E-21

l.E-21
1 .E-21

l.E-21

l.E-21

l.E-21

857.63

l.E-21

l.E-21

3.95159 541.106 0.0 0.0

248.35 532.137 122.295
0.0
3.59191485.245 0.0 0.0
1230 1500
248.35 773.606 210.150
0.0
3.87889 0.0 0.0 0.0
Cs2MoO4
000400000200000 0100000000 011-1149.64

l.E-21

l.E-21

l.E-21

-661
298.15 3000
419.056 780.309 151.0970 -0.015226 5.54004 32.350 -26.7427 0.0
Te(C)00000001000000000 00000000 01 0
0.00
2
298.15 723
49.221 115.757 26.5444
0.0
0.79629 0.0 0.0 0.0
723 1300
49.221 153.379 34.322 0.0-0.44613 0.0 0.0 0.0
Te
000000010 00000000 0000000 011
1
298.15 3000
182.71230.081 18.7006
0.0010538 0.50066 11.4719 0.0 0.0
Te2
0000000200 000000 00000000 011
1
298.15 3000
258.93 366.261 45.3733 -0.006780 1.78118 -2.0254 0.0 0.0
H2Te
0200000100000 000000000000 011
1
298.15 3000
228.46 330.585 44.8262-0.0090077 1.9272 27.9014 0.0 0.0
TeO2(C)
0002000100000 000000000000 010-266.00
2
298.15 1004
69.88 218.155 63.4307 -0.004127 2.2644 108.538 0.0 0.0
1004 2000
69.88 312.602 106.560
0.0 3.2281 55.5925 0.0 0.0
TeO2
0002000100000 000000000000 011
1
298.15 2000
272.90 407.208 56.2665 -0.0062585 2.09383 5.3361 0.0 0.0
TeO
000100010000 00 0000000000 011
1
298.15 1900
235.53 335.163 39.2872
0.001072 1.11088-2.96558 0.0 0.0
Te2O2000200020O00 0000 00000000 01 1 -80.77
1
298.15 1900
327.30 526.237 81.7973-0.0055957 2.8197 3.9611 0.0 0.0
TeO(OH)2 020300010000 0000 00000000 01 1 -383.80
1
298.15 1500
332.59 581.795 106.530-0.01493 4.1860 46.8451 0.0 0.0
TeO
0000020100000000000 000000 011
1
298.15 2600
345.67 491.199 58.1989-0.00063596 1.77777 0.0 0.0 0.0
TeOI20001020100000000000 000000 01 1 -68.84
1
298.15 1500
373.40 576.667 82.6831-O.O0417336 2.739O9O.0 0.0 0.O
Cs2Te(C) 0000000102000000000000000 0 1 0 -351.80
2
298.15 1083
185.10 356.351 71.0132
0.0 2.2244 120.523 0.0 0.0
1083 2000
185.10 432.326 101.00 0.0 2.6288 0.0 0.0 0.0
Cs2TeOOOOOOO1020OO0 000000 0000 01 1 -118.00
1
298.15 3000

359.396 343.362 0.0 0.0
0.0 513.844 -635.241 0.0
Cs2Te3(C) 0000000302000000000000000 0 1 0 -611.00
3
298.15 1050
222.00 180.00 0.0 0.0 0.0 1420.0 0.0 0.0 0.0
1050 1250
222.00 -45.399 0.0 0.0
0.0 6200.0-2.51 E4 0.0
1250 2000
222.00 338.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cs2TeO3(C)00030001020000000000 0000 010 -905.70

l.E-21

169.65

1.1E-1

115.33

l.E-21

85.22

l.E-21

l.E-21

-60.32

67.03

l.E-21

l.E-21

1 .E-21

l.E-21

35.44

l.E-21

l.E-21

l.E-21

l.E-21

l.E-21

l.E-21

-672
298.15 1084
232.00 484.353 109.948
1084 1085

0.0 3.6347 401.1110.0 0.0

232.00 681.912 180.0 0.0 3.8050 0.0 0.0 0.0
Cs2TeO4(C)000400010200000000000 0000 01 0-1001.10
l.E-21
2
298.15 920
233.00 466.648 108.746
0.0 3.8327 664.150 0.0 0.0
920 921
233.00 742.326 200.0 0.0 4.1227 0.0 0.0 0.0
Cs2Te2O5(C000500020200000000000 0000 010-1210.60
1 .E-21
2
298.15 713
302.00 772.101 199.227-0.010884 6.9423 306.239 0.0 0.0
713 714
302.00 908.174 239.0 0.0 6.1335 0.0 0.0 0.0
Cs2Te4O9(C00090004020000000 00000000 01 0 -1782.70
1 .E-21
2
298.15 823
442.00 1018.422 254.678 0.0 8.5401 1065.215 0.0 0.0
823 824
442.00 1481.280 430.0 0.0 13.6966 0.0 0.0 0.0
Sn(CXXXXXX)0000000 010000000000 01 0 0.00
l.E-21
2
298.15 505.12
51.18 142.649 34.297-0.0012305
1.01683-149.785 846.567 0.0
505.12 4700

51.18 131.192 25.184 0.004094-0.1836910.525-2.717 0.0
Sn
000000000000 0010000000000 011
266.22
1 298.15 3300

4.3E-2

168.49 256.836 40.0047-0.013583
2.03344-24.89010.0
0.0
Sn2
000000000000 0020000000000 011
367.01
l.E-21
1
298.15 3300
260.78 398.466 59.0967-0.011896
2.51379-34.3852 0.0
0.0
SnO(C)0001000000 00001000000 000001 0 -251.91
l.E-21
2
298.15 1250
57.17 163.035 43.74 0.0 1.36438 67.8 0.0 0.0
1250 3200
57.17 222.935 63.0 0.0-0.05750
0.0 0.0
0.0
SnO
00010000000000 10000000000 011
1.46 l.E-21
1
298.15 3300
232.11 321.111 36.7566 -0.0029796 1.29332 2.9972 0.0 0.0
SnO2(C)
00020000000000 10000000000 010-515.82
l.E-21
2
298.15 1903
49.01 225.375 76.04-0.011119 3.04573 36.82
0.0 0.0
1903 4400
49.01 262.512 92.0 0.0 2.29266 0.0 0.0 0.0
SnO2
000200000 0000010000000000 011
41.80
l.E-21
1
298.15 3300
251.61398.309 61.2792-0.006660
2.26539
2.336810.0 0.0
SnTe(C)0000000100000 01000000 000001 0
-60.69
l.E-21
2
298.15 1079

104.40 224.417 48.957 2.257E-05 1.5032 50.705 0.0 0.0
1079 2000
104.40 283.800 63.5 0.0-0.81651
0.0 0.0
0.0
SnTe
00000001000000 1000000000 011
112.18
1
298.15 2000
264.14 356.960 37.0364
0.0 1.10958 2.3643 0.0 0.0
UO2
00020000000000000001000000 011-471.06

l.E-21

6.E-3

-681
298.15 3000
270.32 362.599 41.3361-0.000685618 1.43639 189.74O-155.9415 0.0
UO3
00030000000000000001000000 011-722.61
1
298.15 3000
323.07 391.394 32.5289
0.0084862 0.75079 385.80-325.58410.0
Cs2UO4(S) 00040000020000000001000000 01 0 -1805.57 l.E-21
1
298.15 1100
219.66 620.296 164.883 -0.0076425 5.50431 85.115 0.0 0.0
Cs2U2O7(S)00070000020000000002000000 01 0-3019.08 l.E-21
1
298.15 840
327.75 855.569 221.532 -0.0056702 7.32009 376.579 0.0 0.0
Cs2U4O12(S00120000020000000004000000 01 0-5253.57 l.E-21
2
298.15 898 alpha
526.43 1539.11 423.726 -0.027188 14.7769 359.703 0.0 0.0
898 1000
beta
526.43 1259.43 317.620
0.0 10.46811123.20 0.0 0.0
UO
00010000000000000001000000 01 1
14.92
1
298.15 3000
248.97 369.993 57.673 -0.024726 3.25710 4.67905 0.0 0.0
UO2(OH)2 02040000000000000001000000 01 1-1123.36 l.E-21
1 1350 1650
406.0 726.902 138.26 0.0 4.9129
0.0 0.0
0.0
UO3(S)00030000000000000001000000 01 0 -1145.74
l.E-21
1
298.15 800
96.11 308.997 88.701 -5.0452E-3
3.04745 72.448 0.0 0.0
UO2(C)00020000000000000001000000 01 0 -1031.83
l.E-21
2
298.15 3123

l.E-21

l.E-21

77.03 314.352 96.525 -0.011527 3.5394 -142.575 283.27 0.0
3123 3300
77.03 338.922 131.0 0.0 3.0816 0.0 0.0 0.0
U3O8(S)
00080000000000000003000000 010-3369.48
1
298.15 1300
282.55 951.832 279.267 -0.021558 9.8946 137.40 0.0 0.0
U4O9(S)
00090000000000000004000000 01 0 -4276.50
3
298.15 348
334.10 1098.984 319.163-0.01980
11.0650 248.455 0.0 0.0
348 1400
334.10 1106.438 319.163-0.01980
10.80556 248.455 0.0
1400 1600
334.10 1114.938 319.163 -0.01980 9.61556 248.455 0.0 0.0
Ru(C)000000000001000000000 0000 01 0
0.00
2
298.15 2607

l.E-21

1 .E-21

0.0

l.E-21

28.61 87.209 23.9463 0.0 0.74183 20.7568 25.4354 0.0
2607 3700
28.61 127.516 51.40 0.0 1.7167 0.0 0.0 0.0
Ru
000000000001000000 0000000 01 1
602.52
4.9E-9
1
298.15 4000
186.50 245.528 24.3853 -0.0013587
0.83182 8.7294 0.0 0.0
RuO4
00040000000100 0000000 000001 1 -142.431.E-21
1
298.15 3000
289.07 533.081104.5344-0.017038
4.2372
8.10210.0 0.0
RuO3
000300000001000000 00 0000 011
-35.05
l.E-21
1
298.15 3000
291.55 478.189 79.9319-O.O12998 3.2361 7.2974 0.0 0.0
RuO2
000200000001000000 00 0000 01 1
118.73
l.E-21

-691
298.15 3000
283.98 415.829 56.1703-0.0O85122
2.2332
4.6256 0.0 0.0
RuO
00010000000100 000000 0000 011
338.90
l.E-21
1
298.15 3800
242.15 331.944 37.2561-0.0037087
1.3491
0.0
0.00.0
RuO2(S)
00020000000100 00000000000 01 0 -253.071.E-21
1
298.15 1200
52.20 227.623 76.5419 -0.012109 3.14332 55.1055 0.0 0.0
RuTe2(S) 00000002000100000000000000 01 0 -126.10
l.E-21
1
298.15 1500
89.50 264.547 70.913 0.0 2.16107 52.645 0.0
0.0
Sr(C)C)O0C>OC)OOOO0OOOOOOOOO010OOO 01 0
0.00
l.E-21
3
298.15 820

55.70112.730 23.8164 3.596E-05 0.750429 47.2470 0.0 0.0
820 1050
55.70122.171 26.3607 0.0 0.68341 20.9116 0.0 0.0
1050 1200
55.70150.067 39.463 0.0 1.085519
0.0 0.0 0.0
Sr
00000000000000000000010000 01 1
2
298.15 1000

128.72

1.3E-5

164.64216.87020.7857 0.0 0.6197 0.0062 -0.029 0.069
1000 4000
164.64332.83580.8527 -0.102753 6.4148 -280.5598 283.903 -111.588
SrO(CX>001000000000000000001000001 0 -559.86
l.E-21
2
298.15 2930

55.52168.689 47.409-0.0024655 1.62601
2930 3000

54.52-25.233 0.0

55.52226.386 84.0 0.0 1.91929 0.0 0.0 0.0
SrO
00010000000000000000010000 01 1
2
298.15 1000

230.05301.15630.5479 -0.000707 1.02687
1000 6000

-23.10

l.E-21

94.6212 -318.390 591.460

230.0537.250 -122.597 0.343377 -16.3205 615.339 -446.825 154.813
SrOH
01010000000000000000010000 011-191.20
1
298.15 3000
248.77 373.785 51.2837-0.0024820
1.71028 18.7919 0.0
Sr<OH)20202000000000000000O010000 01 1 -565.28
l.E-21
1
298.15 3000
308.63 518.114 86.3118-0.0047850
2.92214 36.25910.0
Sr(OH)2(C)02020000000000000000010000010 -875.49
l.E-21
2
298.15 795
95.0 267.040 78.9922-4.806E-03
2.99122 352.860 0.0
795 1000
95.0 459.942 153.0 0.0 4.72319
0.0 0.0
0.0
Sri
0()C)CK)1C)0000000000000010000 01 1 -53.18
1
298.15 3500
272.01364.685 36.9919
0.0 1.107114.53485
0.00.0
SrI2(C)0O0002OO0OOO0OO0OOO0010OO001 0 -560.70
l.E-21
2
298.15 811
159.10 333.042 72.531 -0.0010183
2.33762 120.145 0.0 0.0
8115300
159.10 433.631110.0 0.0 2.59102
0.00.0
0.0
SrI2
00000200000000000000010000 011-325.53
1
298.15 3500
341.64497.47962.0818 0.0 1.85498 0.72851 0.0 0.0

l.E-21
0.0

0.0

0.0

l.E-21

l.E-21

-70Sr2
00000000000000000000020000 011 260.16
1 298.15 3000

l.E-21

278.58 337.572 21.00293 0.00561398 0.25304 -0.55914 0.0 0.0
SrUO4(S) 00040000000000000001010000 01 0-1881.97 l.E-21
1
298.15 2000

153.20 390.565 102.7703 0.0 3.37665 345.197 107.4583 0.0
SrMoO4(S) 00040000000000000100010000 01 0 -1428.18 l.E-21
1
298.15 2000
128.90 360.236 98.9342
2.465E-04
3.19463 294.108 0.0 0.0
Ba(C)00000000000000000000000100 01 0
0.00
l.E-21
2
298.15 1000
62.50161.233 42.888 -0.0070585 1.7684818.325 0.0 0.0
1000 2500
62.50179.921 45.105 0.0 0.73831-21.5450.0
0.0
Ba
00000000000000000000000100 011 146.87
5.1E-5
2
298.15 2050
170.25216.51718.1011 0.0015730 0.4520712.9326 0.0 0.0
2050 4000
170.25240.09780.7437 -1.05421 22.2750 -14.4449 0.0 0.0
BaO(C)00010000000000000000000100 01 0 -520.25
l.E-21
2
298.15 2290
72.0
187.370
48.117-0.001948 1.61467 57.635-34.717
0.0
2290 2500
72.0
251.116
84.0 0.0
1.72626 0.0 0.0 0.0
BaO
00010000000000000000000100 011-148.69
l.E-21
2
298.15 2500
235.46317.69633.9839 -0.0012082
1.12029 32.9985 -70.742 81.923
2500 6000
235.46442.10397.7521 -0.1088947
7.2025 -276.0701 276.381 -111.827
BaOH
01010000000000000000000100 01 1 -237.56
l.E-21
1
298.15 3000
255.76 380.103 50.7880 -0.0017864 1.65327 20.82107 0.0 0.0
Ba(OH)2
02020000000000000000000100 011-566.31
l.E-21
1
298.15 3000
318.87 518.817 81.9450 -0.0017330 2.62241 64.54780 -29.4941 0.0
Ba(OH)2(C)02020000000000000000000100010 -853.42 l.E-21
2
298.15 681.5

107.28 104.096 24.3516
681.5 1000

0.0 1.67967 1086.275 0.0 0.0

107.28 461.926 138.0 0.0 3.13940
0.0 0.0
0.0
Bal
00000100000000000000000100 011 -65.02
1
298.15 3500
278.60377.95139.6301 -0.00098668 1.2340-14.9994 31.5295 0.0
BaI2(C)00000200000000000000000100 01 0 -597.69
l.E-21
2
298.15 984
165.20339.07171.569 -0.0000133 2.2234199.765 0.0 0.0
984 2500
165.20440.272 113.0 0.0 2.68397 0.0 0.0 0.0
BaI2
00000200000000000000000100 011-337.51
1
298.15 3500
363.16 508.772 57.9963
0.0 1.73220 0.541686 0.0 0.0 0.0
Ba2
00000000000000000000000200 011 298.04
1
298.15 3000
291.24
349.628 20.980 0.0051109 0.28547 -0.4930 0.0 0.0
Ba2O
00010000000000000000000200 011-259.47
l.E-21

l.E-21

l.E-21

l.E-21

-71 1298.15 3000
289.53 439.223 61.8182 -0.0050925 2.18097 1.25039 0.0
0.0
Ba2O2
00020000000000000000000200 011-297.51
l.E-21
1 298.15 3000
318.45 520.716 82.8679 -O.OO535O1 2.82728 0.63695 0.0
0.0
BaMoO4(S) 00040000000000000100000100 01 0-1437.75 l.E-21
1 298.15 2000
145.00 359.342 91.9766 0.0039268
2.79474 355.334 0.0 0.0
BaMoO4
00040000000000000100000100 011-930.73
l.E-21
1 298.15 3000
369.64 677.859 130.1796 -0.0171494 5.01387 6.54003 0.0 0.0
BaUO4(S) 00040000000000000001000100 01 0 -1882.17 l.E-21
1 298.15 1700
153.97 522.022 153.7812-0.0138888 5.55745 45.8940 0.0 0.0
BaUO3(S) (XX)30000000000000001000100 01 0-1642.0
l.E-21
1 298.15 2500
142.00 494.692 144.642 -0.013475
5.15407 -84.94 248.553 0.0

-72APPENDIX B: SAMPLE CHMWRK OUTPUT FILE
Strontium and Ruthenium Behaviour in PHTS, 20/01/97
Using Origen calculations, 100% release from one bundle
Steam
All elements included except Zr
Run by Joanna McFarlane
11 ELEMENTS
116 SPECIES
44 PURE PHASE SPECIES
72 GASES
0 LIQUID PHASE SPECIES
OPRESSURE
1.2000D+01 BAR
TEMPERATURE
400.000 DEC K.
MOLES INERT GAS 0.0000D+O0
6.00000000D+00
OELEMENTAL ABUNDANCES
H

oI
Te
Cs
Ru
Sn
Mo
U
Sr
Ba
Input file does not have standard text file format
SPECIES FORMULA VECTOR
UO2
H2O
Sn
Mo
Ru
Cs
Sr
Ba
Te
I
02
Cs(C)
Cs2
CsO
Cs20
CsOH(C)
CsOH
(CsOH)2
CsI(C)
Csl
Cs2I2
CsH
Cs20(C)
Cs2O2(C)
Cs2O2
BaUO3(S)
BaU04(S)
BaMoO4
Mo(C)
H2

02000000100 1
21000000000 1
00000010000 1
00000001000 1
00000100000 1
00001000000 1
00000000010 1
00000000001 1
00010000000 1
00100000000 1
02000000000 1
00001000000 1
00002000000 1
01001000000 1
01 002000000 1
1 1001000000 1 0
1 1001000000 1 1
22002000000 1 1
00101000000 1 0
00101000000 1 1
00202000000 1 1
10001000000 1 1
01 002000000 1 0
02002000000 1 0
02002000000 1 1
03000000101 1 0
04000000101 1 0
04000001001 1 1
00000001000 1 0
20000000000 1 1

1
1
1
1
1
1
1
1
1
1
1
0
1
1
1

1.63OOOOOOD+O2
9.10000000D-03
9.50000000D-03
8.8OOOOOOOD-O2
1.20000000D-01
2.90000000D-01
1.30000000D-01
8.00000000D4O1
5.OOO0OO00D-02
4.50000000D-02
STAN. CHEM. POT. INITIAL AMT
(KJ/MOLE)
(MOLES)
-4.994090D+02
8.000D+O1
-2.483420D+02
3.000D+O0
2.4S6890D+02
2.9OOD-O1
5.930090D+02 1.300D-01
5.831930D+02 1.200D-01
3.134700D+01 8.8OOD-O2
1.116250D+02 5.000D-02
1.292090D+O2 4.500D-02
1.507170D+02 9.500D-03
5.143300D+01 9.100D-03
-2.1368OOD+O1
1.000D-21
-9.875OOOD+OO
1.000D-21
4.575200D+01 1.000D-21
-6.461000D+O0
1.000D-21
-1.919670D+02
1.000D-21
-3.837330D+O2
.000D-21
-2.842370D+02
LOOOD-21
-6.451750D+02
.OOOD-21
-3.554460D4O2
l.OOOD-21
-2.222800D+O2
I .OOOD-21
-5.527040D4O2
l.OOOD-21
7.427000D+01
l.OOOD-21
-3.249610D+O2
l.OOOD-21
-4.015230D+O2
l.OOOD-21
-2.726400D+02
l.OOOD-21
-1.658277D+03
l.OOOD-21
-1.8999O8D+O3 ] .OOOD-21
-9.700080D+O2 1 .OOOD-21
-3.29OOOOD+OO ] .OOOD-21
-1.376300D+O1 I .OOOD-21

-73MoO
MoO2(S)
MoO2
MoO3(C)
MoO3
Mo2O6
Mo3O9
Mo4O12
H2M0O4

Mo2
M05O15
Cs2Mo04(C)
Cs2Mo04
Te(C)
IO
Te2
H2Te
TeO2(C)
TeO2
TeO
Te2O2
TeO(OH)2
TeI2
TeOI2
Cs2Te(C)
Cs2Te
Cs2Te3(C)
Cs2TeO3(C)
Cs2TeO4(C)
Cs2Te2O5(C
Cs2Te4O9(C
Sn(C)
H
Sn2
SnO(C)
SnO
SnO2(C)
SnO2
SnTe(C)
SnTe

0
UO3
Cs2UO4(S)
Cs2U2O7(S)
Cs2U4O12(S
UO
UO2(OH)2
UO3(S)
UO2(C)
U3O8(S)
U4O9(S)
Ru(C)
OH
RuO4
RuO3

01000001000 1 1
02000001000 1 0
0 2 0 0 0 0 0 1 000 1 1
0 3 0 0 0 0 0 1 000 1 0
03000001000 1 1
06000002000 1 1
09000003000 1 1
012000004000 1 1
24000001000 1 1
00000002000 1 1
015 0 0 0 0 0 5 0 0 0 1 1
04002001000 1 0
04002001000 1 1
00010000000 1 0
01100000000 1 1
00020000000 1 1
20010000000 1 1
02010000000 1 0
02010000000 1 1
01010000000 1 1
02020000000 1 1
23010000000 1 1
00210000000 1 1
012 1 0 0 0 0 0 0 0 1 1
00012000000 1 0
00012000000 1 1
00032000000 1 0
03012000000 1 0
04012000000 1 0
05022000000 1 0
09042000000 1 0
00000010000 1 0
10000000000 1 1
00000020000 1 1
01000010000 1 0
01000010000 1 1
02000010000 1 0
02000010000 1 1
00010010000 1 0
00010010000 1 1
01000000000 1 1
0 3 0 0 0 0 0 0 1 00 1 1
04002000100 1 0
07002000200 1 0
012 0 0 2 0 0 0 4 0 0 1 0
01000000100 1 1
24000000100 1 1
03000000100 1 0
02000000100 1 0
08000000300 1 0
09000000400 1 0
00000100000 1 0
11000000000 1 1
04000100000 1 1
03000100000 1 1

2.977450D+02
-5.39326OD+O2
-5.5576OOD+O1
-6.770630D+02
-3.757200D+02
-1.O83853D+O3
-1.781545D+03
-2.435115D+03
-8.243600D+02
8.322O9OD+O2
-3.068750D+03
-1.434562D+03
-1.194371D+03
-5.413000D+00
8.149800D+01
8.8362OOD+O1
6.1351OOD+O1
-2.741050D+02
-8.8851O0D+O1
4.2443O0D+O1
-1.152230D+02
-4.190700D+02
-6.620012D-01
-1.080660D+02
-3.718920D+02
-1.56O050D+O2
-6.3953OOD+O2
-9.314710D+02
-1.027227D+03
-1.244486D+03
-1.832820D+03
-5.647000D+00
1.912700D+02
3.398520D+02
-2.584890D+02
-2.561100D+01
-5.217190D+O2
-6.823200D+O1
-7.214400D+O1
8.470200D+01
2.149950D+O2
-7.565550D+02
-1.83O395D+O3
-3.O56163D+O3
-5.313417D+O3
-1.105400D+01
-1.164184D+O3
-1.156848D-K)3
-1.040735D-KB
-3.402155D+O3
-4.315605D+03
-3.2880O0D+O0
1.543400D+01
-1.731250D+O2
-6.571 lOOD+01

1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
l.OOOD-21
1.000D-21
l.OOOD-21
1.000D-21
l.OOOD-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
l.OOOD-21
l.OOOD-21
1.000D-21
l.OOOD-21
l.OOOD-21
1.000D-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
1.000D-21
l.OOOD-21
l.OOOD-21
l.OOOD-21
1.000D-21
1.000D-21
l.OOOD-21
l.OOOD-21
1.000D-21
l.OOOD-21
1.000D-21

-74RuO2
02000100000 1 1
RuO
0 10 0 0 1 0 0 0 0 0 1 1
RuO2(S)
02000100000 1 0
00020100000 1 0
RuTe2(S)
Sr(C)
00000000010 1 0
HI
10100000000 1 1
SrO(C)
0 1 000000010 1 0
SiO
01000000010 1 1
SrOH
11000000010 1 1
Sr(OH)2
22000000010 1 1
Sr(OH)2(C)
22000000010 1 0
Sri
0010000001 0 1 1
00200000010 1 0
SrI2(C)
SrI2
00200000010 1 1
Sr2
00000000020 1 1
SrUO4(S)
SrMo04(S)
04000001010 1 0
00000000001 1 0
Ba(C)
12
00200000000 1 1
01000000001 1 0
BaO(C)
BaO
01000000001 1 1
BaOH
1 1000000001 1 1
22000000001 1 1
Ba(OH)2
Ba(OH)2(C)
22000000001 1 0
Bal
00100000001 1 1
BaI2(C)
00200000001 1 0
BaI2
00200000001 1 1
Ba2
00000000002 1 1
Ba2O
01000000002 1 1
Ba2O2
02000000002 1 1
BaMoO4(S)
04000001001 1 0

8.911200D+01
3.137250D+02
-2.592910D+02
-1.363830D+02
-6.089000D+O0
-1.980100D+01
-5.6624OOD+O2
-4.7058O0D+O1
-2.172950D+O2
-5.979820D+02
-8.866310D+02
-8.146800D+01
-5.78137OD+O2
-3.612890D+02
2.313080D+02
04000000110 10
-1.443173D+03
-6.851000D+O0
-7.807001D+O0
-5.283370D+02
-1.73195OD+O2
-2.64373OD+O2
-6.O00620D+O2
-8.658960D+O2
-9.3983OOD+O1
-6.157420D+02
-3.754000D+02
2.679110D+02
-2.89798OD+O2
-3.31O99OD+O2
-1.454444D+03

1.000D-21
1.0O0D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
-1.899555D+O3
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21
1.000D-21

1.000D-21

OELEMENTS BELOW HAD ABUNDANCES .LT. 1.0D-9 AND WERE ELIMINATED FROM THE CALCULA
Zr C
OSPECIES LISTED BELOW CONTAIN ONE OF THE ELIMINATED ELEMENTS
CH4
CO2 CO
ITERATIONS = 37 BASIS DETERMINATIONS - 20
OPRESSURE
1.2000D+01 BAR
TEMPERATURE
400.000 DEG. K.
OSPECIES
EQUILIBRIUM MOLES
1 UO2(C)
8.0000000D+01
1.8974333D+O0
2 H2O
1.1012833D+O0
3 H2
4 SnO2(C)
2.9000000D-01
5 Ru(C)
1.2000000D-01
6 SrMoO4(S) 4.8716667D-02
7 BaMoO4(S) 4.5000000D-02
8 Cs2MoO4(C)3.6283333D-02
9.1O0OOO0D-03
9 CsI(C)
10 Cs2Te3(C) 3.1666667D-03
11 Sr(OH)2(C) 1.2833333D-03
1.0192679D-18
12 Csl
13 HI
2.220O5O3D-19

MOLE FRACTION
OR MOLALITY
l.OOOOOOOD+00
6.3274845D-01
3.6725155D-01
l.OOOOOOOD+00
l.OOOOOOOD+00
l.OOOOOOOD+00
l.OOOOOOOD+00
l.OOOOOOOD+00
l.OOOOOOOD+00
l.OOOOOOOD+00
l.OOOOOOOD+00
3.3990138D-19
7.4033345D-20

DG/RT REACTION

9.2783D-11
5.6815D-11

-7514
15
16
17
18
19
20
21
22
23
24
25
26
27

H2Te
CsOH
Cs2I2
H
I
H2MoO4
SnTe
Te
(CsOH)2
Cs
Cs2MoO4
Te2
OH
SnO

9.2407638D-21
1.5372380D-21
5.5054626D-22
6.9861433D-27
4.1766402D-28
1.8712871D-29
5.4114029D-30
2.8116158D-31
9.8111222D-32
8.8918669D-32
1.0775614D-32
2.1093074D-33
2.5677791D-34
1.0227143D-35

3.0815728D-21
5.1263194D-22
1.8359396D-22
2.3297110D-27
1.3928092D-28
6.2402932D-30
1.8045729D-30
9.3760636D-32
3.2717737D-32
2.9652241D-32
3.5934086D-33
7.0340336D-34
8.5629268D-35
3.4105065D-36

-3.0927D-06
9.2825D-11
9.2768D-11
4.6395D-11
4.6384D-11
-9.2825D-11
6.1831D-11
6.1860D-11
9.2768D-11
1.3915D-10
9.2768D-11
3.0928D-06
4.6394D-11
9.2768D-11

Mo(C) [ 2.90D+01] MoO3(C)
[ 3.64D+01] MoO2(S) [
7.83D+O0] Cs2UO4(C)
Cs2O2(C)
[ 1.41D+02] Te(C)
[
2.2OD+O1] TeO2(C) [8.12D+O1] SnTe(C)
Cs2TeO3(C)[
7.49D+O1] Cs2TeO4(C) [ 1.16D+O2] Cs2Te2O5(C [
1.44D+02] Cs2Te4
Sn(C) [ 1.52D+O1] BaUO4(S)[
8.99D+O0] SnO(C) [9.16D+00] Ba(C)
Cs2O(C) f
9.37D+01] CsOH(C)
[
1.66D+01 ] Cs2U2O7(S) [ 3.83D+O1] Cs2U4O
UO3(S)[ 3.51D+O1] U3O8(S)
[ 5.58D+O1] U4O9(S) [
2.41 D+01] RuO2(S)
RuTe2(S)[
7.26D+O0] SrO(C)
[
2.37D+O1] Sr(C)
[ 1.22D+02] SrI2(C)
SrUO4(S)
[ 5.71D+OO] BaUO3(S) [
1.17D+01] BaO(C) [ 3.85D+O1] Cs(C)
9.62D4O0]
BaI2(C)[ 3.46D+01] Cs2Te(C) [
3.32D+O1] Ba(OH)2(C) [
OPHASE SPECIES LESS THAN l.E-35 MOLES
MoO
SnO2
Mo2
Mo5O15
02
Sn2
BaMoO4
MoO2
Cs20
0
UO3IO
CsO
UO
TeO2
TeO
UO2(OH)2
Mo UO2
Ru
Cs2O
RuO2
RuO
RuO4
RuO3
Te2O2
TeO(OH)2
SrOH
Sr(0H)2
Ba
Ba2O
TeI2
SrO
TeOI2
Sri
CsH
SrI2
Sr2
Cs2Te
Mo03
Sr
12
M02O6
BaOH
Ba(OH)2
BaO
Mo3O9
Bal
M04O12
BaI2
Ba2
Cs2 Ba2O2
Sn
TOTAL GASEOUS MOLES - 0.2999D+01
TOTAL VOLUME = 0.83108D+O1 L
RT l n ( P ( O 2 ) ) = - 4 4 4 . 1 7 k J / m o l e
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