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Abstract

During postulated accidents the reactor fuel is estimated to be exposed to a variety of conditions. These conditions
are dynamic and, during the course of an accident, the fuel may experience a wide range of temperatures and conditions
from highly oxidizing to mildly reducing environments. The exposure of the reactor fuel to these environments and
temperatures may affect its stoichiometry and release performance. In this paper a review of the important fission
product release mechanisms is presented. The results of three out-of-pile experimental programs are also summa-

rized. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

During postulated accidents the reactor fuel may
experience a variety of atmospheric conditions. These
conditions are dynamic and, during the course of an
accident, the fuel could be exposed to temperatures
ranging between 600°C and 2400°C and from highly
oxidizing to mildly reducing environments.

The exposure of fuel to these environments and
temperatures will affect its release performance. For
example, the exposure of fuel to oxidizing environ-
ments will increase the oxygen potential of the fuel
after the Zircaloy sheath is totally oxidized. As a result,
the fuel stoichiometry will increase, changing its ther-
mal and material properties. This stoichiometric mod-
ification will also have an effect on the fission product
chemical speciation and consequently, the release
characteristics.
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In reducing environments, due to the low oxygen
concentration in the coolant, the Zircaloy sheath may
extract oxygen from the UQO,. This attack will produce a
reduction in the fuel stoichiometry that will also affect
the fuel thermal-mechanical properties and fission
product speciation.

In the assessment of the source term to containment,
individual release calculations for about 800 fission
product and actinide radionuclides are not practical.
This is due in part to the significant amount of computer
time needed for a full core analysis. Since many isotopes
have similar release characteristics, the concept of fission
product release groups has been used in safety analysis
for more than 20 yr to reduce necessary computation
requirements. In order to develop these fission-product
groupings, an understanding of the dominant release
mechanisms is required.

Several experimental in-pile and out-of-pile re-
search programs are actively studying the fission
product release characteristics for all observable fis-
sion products. These programs provide evidence of
the release characteristics of certain fission products
and help in the integration of release groups. Also,
equilibrium thermodynamic calculations are very
powerful tools in the assessment of the most likely
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chemical speciation and consequently, in the expected
release behaviour.

A review of the important governing fission product
release mechanisms is given in Section 2. Section 3 de-
scribes the test facilities and summarizes the results of
three out-of-pile experimental programs.

2. Fission product release mechanisms
2.1. Diffusion in fuel matrix

The intrinsic mobility will depend on the charge state
of the atomic species that migrates by volume diffusion
through the lattice of the fuel. When fission product
atoms reach a free surface they may form thermody-
namically favoured compounds. The chemical form will
determine the subsequent gas-phase mass transport (i.e.,
vaporization). The mobility in the fuel is also determined
by the solubility of the fission product in the UO, lattice.
In oxide fuels, the chemical state can be typically
grouped as: volatile fission products (Kr, Xe, Br, I);
metallic precipitates (alloys) (Mo, Tc, Ru, Rh, Pd, Ag,
Cd, In, Sn, Sb, Te); ceramic precipitates (oxides) (Rb,
Cs, Ba, Zr, Nb, Mo, Te); and oxides dissolved in the fuel
(Sr, Zr, Nb, Y, La, Ce, Pr, Nd, Pm, Sm) [1]. During
irradiation, the noble gases are distributed dynamically
between a fission-induced solution within the oxide lat-
tice and their precipitation into intragranular and in-
tergranular bubbles.

The release of short-lived fission gases from uranium
dioxide during irradiation has been extensively studied
in a number of experiments with single and polycrys-
talline fuel specimens, [2-5] and with swept assemblies in
which the fuel-to-sheath gap of an intact operating fuel
element was continually purged [6-9]. These experiments
generally demonstrate that diffusion of noble gas atoms
and iodine in UQ,; is the rate-determining mechanism
for release during steady-state operation. At lower fuel
temperatures (<1000°C) diffusion is independent of
temperature (athermal) but is enhanced as a result of the
fission process [4,10]; however, for the short-lived iso-
topes, recoil effects can also become important [11,12].
As shown in these various experiments, the diffusion
coefficients of krypton, xenon and iodine were found to
be similar in magnitude and in their temperature de-
pendent behaviour. Both thermally activated and
athermal diffusion are implicated as the main release
mechanisms in these studies since the release-to-birth
rate (R/B) ratio is observed to vary inversely as the
square root of the decay constant. This type of behav-
iour was predicted over 30 yr ago by Booth using dif-
fusion theory [13-15].

When the fuel rod becomes defective during tran-
sient conditions, an increase in the oxygen-to-uranium

(O/U) ratio results in the direct enhancement of the
diffusional release of fission products from the fuel
matrix [16-20]. Experimental work has indicated that
xenon diffusion occurs as a neutral tri-vacancy in ura-
nium dioxide, [19] in agreement with the theoretical
calculations of Grimes and Catlow [21]. These calcula-
tions also indicate that in hyperstoichiometric fuel
(UO,.,), the most stable solution site is the uranium
vacancy [21]. This finding supports the model of Killeen
and Turnbull for the noble gas diffusion coefficient in
UO,., (for x in the range of 0.005-0.1), where it has
been assumed that the gas atom mobility is influenced
by the presence of the uranium cation vacancies in
which Frenkel and Schottky equilibria govern the iso-
lated point defects [20]. Specifically, since the anion
Frenkel defects predominate in urania, an increase in
the oxygen interstitial concentration results in a reduc-
tion of the oxygen vacancy concentration; however, due
to the secondary Schottky equilibrium, an increased
uranium vacancy concentration results. This model for
the diffusion coefficient is in agreement with annealing
test results in CO/CO,, and with the experimental work
of Lindner and Matzke [16,20]. The model is not in
agreement, however, with the data of Miekeley and
Felix where the diffusivity is not observed to continu-
ously increase with the stoichiometry deviation [17]. The
inconsistencies in the experiments of Lindner and
Matzke versus those of Miekeley and Felix may be re-
lated to their relative antiquity [19]. The model has been
used to describe the in-pile steady-state release of fission
gas from defective fuel rods [22]. This treatment has also
been successful in describing the cesium release kinetics
in out-of-pile experiments conducted at high tempera-
ture in steam (see Section 2.5.4); i.e., a reduced release
from Zircaloy-clad fuel specimens, compared to that
with bare fuel fragments, can be attributed to limited
fuel oxidation, arising from a lower oxygen potential
due to hydrogen production from metal-water reaction
[23,24].

A diffusional release of volatile fission products (e.g.,
Kr, Xe, I, Cs, Te) has been observed in a number of
high-temperature, post-irradiation, annealing experi-
ments with trace-irradiated polycrystalline UO, fuel
samples [25], and high-burnup specimens taken from
commercial spent fuel rods [24,26-34]. In an annealing
experiment with spent fuel that was conducted in a hy-
drogen atmosphere, the measured release kinetics (and
hence diffusivities) of I, Cs and Ba were similar; in a
steam test, where the Zircaloy cladding had been com-
pletely oxidized, similar release kinetics were observed
for 1, Cs, Xe and Te [35]. This behaviour suggests that
under the given conditions these species have similar
solid-state diffusivities in the fuel matrix. Furthermore,
this observation points to an additional mechanism in
the role that the noble gases play in creating a network
of interconnected porosity through which other fission
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products such as Cs, Te and I can escape to the free
surfaces of the fuel [36].

An idealized model originally introduced by Booth
[37] has been used extensively to interpret the diffusive
release of the more volatile fission products in these
post-irradiation annealing experiments. A square-root
behaviour is theoretically predicted for the release frac-
tion as a function of the anneal time. The equivalent-
sphere model has been extended for a non-uniform
distribution that develops in the fuel grains during the
irradiation period when the fuel temperature is suffi-
ciently high to allow for diffusion to occur [38]. The
model has also been generalized to account for a time-
dependent diffusivity that may arise from changing
temperature and fuel stoichiometry conditions
[24,29,34]. Several empirical models, based on a diffu-
sion treatment and annealing test data, have been de-
veloped for source-term analysis [29,34,39-42].
However, in many out-of-pile experiments, the release
kinetics are found to be much more rapid than that
expected from diffusion theory alone; for example, en-
hanced kinetics, observed during temperature ramp-up,
may result from a release of the stored inventory on the
grain boundaries (see Section 2.3) [24,30-32,43]. Fol-
lowing this initial release, a slower diffusional compo-
nent is typically observed. More mechanistic treatments
have also been developed to assess the distribution of
fission products in the fuel, and the amount of their
release, by considering the combined effects of fission
product generation, atomic migration, bubble nucle-
ation and resolution, bubble migration and coalescence,
channel formation on grain faces, interlinking on grain
edges, and microcracking [36,44-47].

Experiments to study the release behaviour of Te, I,
Ru, Mo and Xe in hyperstoichiometric sintered fuel
specimens have been carried out under trace-irradiation
conditions [48]. In this case, significant grain growth
occurred because of the greatly enhanced uranium ion
diffusivity in UO,,,, which supplements intragranular
diffusion as a means of delivering fission products to the
grain boundaries. In contrast, with high-burnup fuel,
grain growth is not an important fission product release
mechanism because of the pinning of the grain bound-
aries by the fission product bubbles [23,24,39,49-52]. On
the other hand, some interpretative analysis suggests
that a grain growth/grain-boundary-sweeping mecha-
nism is responsible for a relatively large intragranular
fission product release in the Horizontal Induction (HI)
series of high-burnup fuel tests (i.e., HI-1, HI-2, HI-3
and HI-4) conducted at the Oak Ridge National Labo-
ratory (ORNL) (see Section 3.1) [45]. However, signifi-
cant grain growth was not observed in more recent tests
with higher-burnup fuel in the ORNL Vertical Induction
(VI) experiments (see Section 3.1) as well as in the Heva/
Vercors experiments at the Commissariat a I’Energie
Atomique (CEA) (see Section 3.2) [29,40,41].

2.2. Fission product vaporization from fuel surfaces

The release kinetics of the volatile or relatively vol-
atile fission products (Xe, Kr, Cs, I, Te, Sb) can be de-
scribed by a rate-limiting process of solid-state diffusion
through the UO, fuel matrix [29,35,42]. However, for
non-volatile fission products (e.g., Sr, Y, Zr, Nb, Mo,
Tc, Ru, Rh, Pd, Ba, La, Ce, Pr, Nd), their escape from
free surfaces into the gas phase may be so difficult that
surface or gas-phase transport processes can control the
overall kinetics [25]. This rate-limiting step is related to
the chemical state of the fission products (i.e., vapour
pressure of the thermodynamically favoured com-
pounds) that are formed at the fuel surface, and to the
mass transfer from the free surface of the fuel to the
bulk, hydrogen-steam, gas flow [35,39,42,53-56]. The
chemical state of the fission products will depend on the
temperature and oxygen potential of the gas environ-
ment. The oxygen potential can change as a result of
hydrogen production from the steam oxidation of
structural materials (Zircaloy) within the damaged core.
The equilibrium chemical composition can be obtained
(where thermodynamic data permit) by a minimization
of the free energy for a multi-component system con-
sisting of a condensed phase (i.e., fuel plus fission
products) and a gas phase (steam, hydrogen and gaseous
fission product species) [42,54-59]. The vapour species
released into the bulk environment may, typically, be
found in either an elemental/compound form, or as an
oxide or hydroxide.

The chemical form of the fission product can signif-
icantly affect its volatility. The oxygen potentials re-
quired for the formation of fission product oxides, for
example, can be obtained from an Ellingham diagram
[1,35,57,60]. Here, the most stable oxides (e.g., CeO, and
LaO) are formed at low oxygen potentials. Also quite
stable are the oxides BaO, SrO and Eu,0j3. On the other
hand, oxides requiring relatively high oxygen potentials
for formation include the species TeO,, Sb,O;, and
RuO,. Consequently, for typical, high-temperature, re-
actor accident conditions (with atmospheric ratios of
H,/H,0 of ten to one-tenth), the La, Ce, Eu, Sr, and Ba
fission products should be in the form of oxides, while
the Ru, Te, and Sb fission products should be found as
metals.

Small releases of Ba, Sr and Eu are therefore ex-
pected in a steam environment from the low-volatility
oxides in the fuel. For example, in the Vertical Induction
(VI) tests at the ORNL (see Section 3.1), small releases
of Eu have been observed in steam (<0.01%) [24,29].
Releases of Ba, Sr and Eu measured in the Severe Fuel
Damage tests in the Power Burst Facility and Three
Mile Island Unit 2 accident were also small (typically 1%
or less) [60]. In contrast, much higher Eu releases (19—
57%) were observed in the VI hydrogen tests, under
similar temperature conditions, where higher-volatility
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metallics may have formed [24,29]. Similarly, in-pile
measurements of fission product releases in the ST-1 and
ST-2 hydrogen experiments at the Sandia National
Laboratories indicate much higher Ba and Sr releases of
several percent and up to 15% for Eu [60,61].

For the refractory metals, Ru and Mo, the oxides
(RuQ4, and MoO,) are much more volatile than the
elements, so that high releases would be expected only
under strongly oxidizing conditions (high oxygen po-
tentials). In the VI-3 test (2700 K in steam) only 5% of
the Ru was released from the fuel [29], while at 1600 K
almost 100% of the Ru was released in experiments
conducted in air at the Chalk River Laboratories (CRL)
(see Section 3.3) following significant oxidation of bare
fuel samples [62]. The observed Ru releases are consis-
tent with thermodynamic arguments [42,63].

2.3. Fission product release during temperature ramps

In-pile power-ramp tests have produced greater gas
(Xe and Kr) release than expected from a pure diffusion
mechanism. The gas release rates are also higher than
those measured during steady-state irradiations [64]. To
assess the fuel behaviour and fission power release dur-
ing power ramps and accident conditions, in which the
fuel is subjected to fast temperature excursions, several
experiments have been performed out-of-pile, in direct
electric heating tests [65], with central line heating rates
between 6°C/s and 76°C/s. It was concluded for heating
rates higher than 50°C/s that the most probable mech-
anism of release was grain boundary separation. Signi-
ficant releases from the grains were required to supply
the grain boundaries with the required fission product
inventories to match the observed releases. A compari-
son of the calculated versus observed results of the
grain-boundary separation and transient gas release
behaviour in the direct electrical heating tests is pre-
sented in the analysis of Ref. [44].

The results of Une and Kashibe [43,66,67], using an
induction furnace, also point to a higher saturated grain
boundary inventory (by a factor 2-4) in order to match
the experimental results. During the heating phase of
each experiment, a Kr burst was detected followed by a
slower diffusional process. They interpreted their ob-
served release as controlled by grain boundary bubble
interconnection and tunnel formation. However, using
fractographic techniques, they determined that up to
heating rates of 10°C/s, no grain boundary separation
was observed. This observation is in agreement with the
results of Rest and Gehl [65]. Small et al. [68,69] have
also studied the release during ramps between 1°C/s and
50°C/s, which indicates maximum release rates around
10°Cls.

A physical mechanism is needed to account for en-
hanced releases during temperature ramps. Phenome-
nological approaches can be adopted [70] until a more

complete mechanistic model is available. This extra
grain boundary inventory may be released by the stan-
dard grain boundary bubble interconnection for heating
rates up to 10°C/s, or by grain boundary separation at
higher heating rates. As most of the measurements were
performed on Kr, no clear role has been attributed to
other volatile fission products (Cs, I, Rb, Br). Also, no
experimental information has been obtained about the
release behaviour during temperature ramps on non-
stoichiometric fuel.

2.4. Matrix stripping (fuel volatilization)

Alexander [71] has observed that in oxidizing envi-
ronments at temperatures of 2100 K or higher, the
volatilization of diverse species like Mo, Y, La and Ba
exhibited the same activation energy for release. Neither
the nature of the species nor the nature of the solid state
in the UO, matrix showed a significant effect. Cox et al.
[51] also reported significant weight loss of UO, in CRL
experiments with steam after a certain period of time.
Similar results were obtained in experiments at the
Commissariat a I’Energie Atomique (CEA) [24]. The
weight loss is observed to increase with increasing tem-
perature. These two observations indicate a volatiliza-
tion of uranium mass which, in turn, will result in a
release of fission products from the fuel matrix.

If the Zircaloy sheath is severely oxidized, the oxi-
dizing environment can react with UO, and, under these
conditions, the UO, will incorporate excess oxygen to
form hyperstoichiometric UO,,, or be converted to a
higher oxide. At temperatures above 1800 K, UO,,, is
the stable condensed phase in both air and steam. A
significant vapour pressure of uranium bearing species is
predicted at equilibrium. Since the gases in contact with
the fuel do not constitute a closed system, the condensed
phase is vaporized at a relatively rapid rate. As the
matrix is volatilized, the remaining noble gases (Xe, Kr)
and volatiles (Cs, I, Br, Rb) will be released from the
volatilized fuel volume. The low volatility fission prod-
ucts that were previously inside the fuel matrix become
concentrated at the fuel surface, where they will accu-
mulate until they are vaporized (see Section 2.2) [42] or
else entrained in the flowing gases as particulates. This
mechanism of fission product release, which results from
fuel volatilization, has been termed ‘matrix stripping’
[42,51,71-74].

UO; or UO,(OH), were identified as the most likely
uranium-bearing species in the volatilization process.
However, at high temperature and atmospheric pressure
steam, UO; is the dominant uranium-bearing vapour,
i.e., the partial pressure of UO,(OH), is only important
at relatively low temperatures and for accident scenarios
involving high steam pressures [75]. In the calculation of
the UO; partial pressure, the effect of fuel burnup is
much less significant than the uncertainty in the the-
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rmochemical data for the free energy of formation of
UOs(g) [76-81]. For example, following a literature re-
view of urania thermochemistry, the predicted equilib-
rium pressure of UO; over pure UO,,, in a gas with a
known oxygen potential cannot be estimated to better
than one order of magnitude at 2000 K [75].

The process of fuel volatilization in steam has been
modelled for incorporation into severe accident codes
[42,76,82,83]. The vaporization rate is significantly
overpredicted using the Hertz-Langmuir formalism for
evaporation into a vacuum [72,76,83]. However, models
based on conventional boundary-layer mass transfer
have proven successful [42,82]. On the other hand,
ceramographic examination of both irradiated and un-
irradiated samples exposed to air at high temperature
showed that volatilization and pore growth occurs
preferentially along some grain boundaries, while other
boundaries do not participate as readily in the reaction
[74]. This preferential reaction at localized sites indicates
that perhaps a surface chemical reaction, rather than gas
phase mass transfer, may be the rate-controlling process.

For the case of high-volatility fission products, in
which the release process is controlled by diffusion
through the fuel grains, the volatilization will decrease
the time required for these fission products to reach the
open surfaces. An instantaneous release of the volatile
fission products contained in the volatilized UO, volume
is supported by the observations.

In the case of the low-volatile fission products, for
which the controlling process is vaporization from open
surfaces (see Section 2.2), the volatilization process will
increase the concentration of these fission products in
the open surfaces. However, the effect of this increased
concentration of low-volatile fission products on the
uranium volatilization rate has not yet been determined.

2.5. Effects of zircaloy cladding

2.5.1. UO,/zircaloy interaction

Uranium and zirconium can form an alloy. The
melting point of the alloy varies with its composition,
and can be as low as ~1150°C. This alloy can be formed
through reduction of the UO, (to UO,_, + U) by Zir-
caloy which is still in the solid phase.

With contact between Zircaloy and UQ,, a series of
metallographic structures will develop [84-86], i.e.,
outward from the fuel pellet surface one observes: (i) a
mixture of Zr,(U) and (U,Zr); (ii) a layer of (U,Zr); (iii)
a layer of Zr,(O); and (iv) the remaining of the Zircaloy
sheath. It has been shown that the presence of a CAN-
LUB layer can inhibit the chemical attack of UO, by the
Zircaloy [86]. In this process, some fuel ‘liquefaction’
may result in the fuel element, well below the melting
point of UO,. The occurrence of this liquefied material
can contribute to an enhanced fission product release as
a consequence of the fuel reduction. Liquefaction has

been observed, for example, primarily along the grain
boundaries during the ORNL HI-4 test (see Section 3.1)
[87]. It is unclear if the concentration of fission products
is a major contributor to this feature.

2.5.2. U0, dissolution by molten zircaloy

If fuel heatup in an accident is sufficient to produce
molten Zircaloy, the Zircaloy can act to reduce the UO,,
producing a liquid (U,Zr)O + (U,Zr)O,_, mixture. The
(U,Zr)O is a liquid at temperatures (~1150°C) which are
significantly below the melting point of UO,. This dis-
solution and liquefaction of the UO, matrix will result in
large fission product release of all isotopes which either
have a large partial pressure or which can form volatile
compounds in the prevailing environment.

Many experiments have been carried out using un-
irradiated UO, to investigate this phenomenon. Hofm-
ann et al. [84,88] and Nikolopoulos et al. [89] give the
results of crucible experiments in argon for temperatures
in the range 1800-2000°C. In these experiments, the
chemical attack of the UO, was sufficient to disintegrate
the crucibles. This large-scale chemical attack of the
UO, by the Zircaloy required intimate contact between
the fuel and the molten cladding for a period of > 100 s.
This requirement is due to the fact that O-poor Zircaloy
does not wet the UO,. Therefore, the molten Zircaloy
must be oxidized by the UO, before it can wet the UO,,
penetrate along cracks and over the entire available
surface area and significantly affect the UO, morphol-
ogy. Oxidation of the Zircaloy by the UO, occurs as
quickly as oxidation of Zircaloy by steam, since the rate-
limiting step is diffusion of the oxygen in the Zircaloy.

Kim et al. [90] report the results of experiments
similar to those described above. These experiments
confirm that the chemical attack of UO, by Zircaloy acts
along exposed surfaces and cracks so that the wetting
behaviour of the molten Zircaloy is important. The in-
teraction therefore develops in layers for simple geom-
etries, and the layer growth can be described using
parabolic rate kinetics. These experiments also confirm
the expected result that, while O-rich Zircaloy wets the
UO,, more completely, the dissolution rate is reduced
due to the fact that the molten Zircaloy already contains
some O and so the reaction with O from the UQ; is less
energetically favourable.

Rosinger et al. [91] and Hayward et al. [92-95] report
experiments which are intended to more closely repre-
sent CANDU fuel. These experiments examine dissolu-
tion of unirradiated UO, by molten Zircaloy for
temperatures of 1970-2500°C. These experiments indi-
cate that, if heatup is slow enough (i.e., the Zircaloy
oxidation is sufficient to allow it to wet the fuel element),
the molten Zircaloy will not drip off of the fuel element
and will then reduce the UO,. The reduction of the UO,
will dissolve a percentage of the fuel element which de-
pends on the temperature of the melt and the initial
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oxygen content of the Zircaloy. These experiments in-
dicate that O-free Zircaloy will dissolve ~60% more UO,
than Zr,(O) if it is able to wet the fuel.

Several models have been proposed to describe the
experimental results of the various groups [96-100], al-
though these models have been unable to resolve the
inconsistencies in the different data. In particular, Hay-
ward and George [92-95] observed a cessation of the
UQO, dissolution process during an initial saturation
stage, whereas other groups experienced a continuation
of dissolution in a second precipitation stage with a
continuous increase of the ceramic phase portion in the
refrozen melt [88,90]. However, a more general treat-
ment, suggests that the different dissolution kinetics can
be attributed to the relatively small dimensions of the
crucibles used in the experiments of Hayward and
George, and the different UO,/Zircaloy mass ratios
[101]. The theoretical description of the precipitation
stage considered: (i) dissolution of the UO, crucible by
the liquid phase; (ii) formation and growth of the ce-
ramic (U, Zr)O,_, precipitates; and (iii) diffusional
transport of oxygen from the solid oxide to the liquid.
Since the last process is particularly important as diffu-
sion in the solid phases determine the kinetics of the
other two processes, an improved measurement of the
chemical diffusion coefficient of oxygen in UO,_, has
been made to firmly establish the concentration driving
force [102].

Indications of dissolution of UO, by molten Zircaloy
in fission product release experiments have been limited
to experiments in reducing environments. This is due to
the fact that, in oxidizing environments, experiments
which have heated up to temperatures sufficient to melt
Zircaloy in an oxidizing environment have heavily oxi-
dized the Zircaloy cladding before reaching these high
temperatures. ZrO, does not reduce UO,. Only in ex-
periments in which Zr or Zr,(O) is present in significant
quantities at the time of melting does significant UO,
dissolution take place.

The ST-1 [103,104] and VI-4 [105] experiments were
both LWR fuel experiments in which fuel was heated to
2400-2500 K in a Hj-rich gas flow. These experiments
showed evidence of attack of UO, by molten Zircaloy
and formation of the low melting point (U, Zr) eutectic.
The attack was sufficient that macroscopic dissolution of
the UO, matrix occurred. These processes occur at such
high temperatures, however, that any additional fission
product release is swamped by the already high release
rate associated with high temperatures for volatile fis-
sion products and noble gases [24]. Release of non-
volatiles did not seem to be affected, except in the case of
Eu, which had its release enhanced, and Sb and Te,
which were released in much lower amounts than would
be expected in an oxidizing environment in which mol-
ten Zircaloy-UQO, interaction does not take place. The
reduced release of Sb and Te is not directly related to

attack of the UO, by molten Zircaloy, but to the pres-
ence of metallic Zircaloy to react with (see Sec-
tion 2.5.3). The enhanced release of Eu is attributed to
the reducing chemical environment (see Section 2.2) and
not to the attack of the UO, by molten Zircaloy.

A theoretical treatment based on bubble rise in a
viscous liquid has been developed to account for the fuel
dissolution effects on fission product release [24,36].

2.5.3. Zircaloy trapping effects

As fission product vapours are released from the fuel
matrix and reach the fuel-to-clad gap, some of these
species will chemically react with the inner surface of the
Zircaloy cladding. For instance, chemical trapping of
antimony, barium and tellurium have been observed in
several annealing experiments [29,35,40,60,106]. For in-
stance, tellurium and barium have been identified in the
cladding material of the HEVA-6 fuel specimen fol-
lowing a post-test examination using a gamma-ray
tomography technique [35,107]. The releases of anti-
mony and tellurium are particularly dependent on the
Zircaloy oxidation state, where releases of these species
do not occur until the Zircaloy cladding is nearly com-
pletely oxidized. A number of experiments have also
been performed to determine the chemical form of the
tellurium during reaction with the Zircaloy cladding
prior to and following Zircaloy oxidation [108—111].

In the Zircaloy oxidation experiments of de Boer and
Cordfunke [111], a thin band of tin was found segre-
gated in the zirconium oxide layer due to the lower solid
solubility of tin in the oxide compared to the metal. This
band was found to move towards the inner surface of
the cladding with the advancing metal/oxide interface as
the oxide layer became more stoichiometric. From ad-
ditional tellurium/Zircaloy reaction experiments [111],
after complete clad oxidation, a release of tellurium is
observed to occur due to the production of elemental
tellurium and zirconium oxide from reaction of zirco-
nium telluride with oxygen. However, due to the tin
segregation process, there is an enhancement for the
formation of tin telluride (SnTe), where a thermody-
namic analysis indicates that SnTe will form provided
that the oxygen potential is below the equilibrium value
for the formation of SnO, and tellurium [111]. In fact,
for typical reactor accident conditions, SnTe will be the
predominant compound of tellurium release from Zir-
caloy clad fuel as observed, for example, by Collins et al.
[106] Only at high oxygen pressures that are above the
equilibrium value of Sn/SnO, will tellurium be released
in its elemental form.

2.5.4. Gap transport, oxygen potential and hydrogen
absorption effects

During a high-temperature reactor transient, with a
continuous diffusive release of fission gas from the fuel
matrix into the fuel-to-clad gap, and a possible reduced
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primary coolant pressure due to coolant blowdown, a
pressure differential may result between the gap and the
primary coolant in a defective rod [112,113]. This pres-
sure differential can lead to an important bulk-convec-
tive flow which will enhance the fission-product vapour
transport in the gap. In this case, for the short-lived
isotopes, significant decay will no longer occur during
transport in the gap [112,113].

For fuel oxidation to occur, steam must diffuse into
the breached rod against any counter-current flow of
non-condensable fission gases, and out-flowing hydro-
gen that is produced from the internal reaction of the in-
coming steam with the Zircaloy cladding or urania [114—
116]. As such, it is important to determine the local
hydrogen-to-steam molar ratio (i.e., oxygen potential)
along the gap as this ratio directly affects the fuel oxi-
dation state. The fuel oxidation state, in turn, signifi-
cantly influences the rate of fission-product diffusion in
the fuel matrix and the subsequent release into the gap
(see Section 2.1). The oxygen potential in the gap will
also affect the chemical form of the fission product,
which will dictate the amount of vaporization of low-
volatile products from the fuel surface (see Section 2.2).
For instance, the fission product release kinetics were
observed to differ in CRL annealing experiments con-
ducted at high temperature in steam with bare fuel
fragments versus mini-elements (i.e., short-length Zir-
caloy-clad fuel specimens) (see Section 3.3) [117]. While
the Zircaloy clad is oxidizing, the oxygen potential in the
bulk atmosphere will be significantly reduced due to
hydrogen production from the Zircaloy/steam reaction,
leading to a decreased volatile (cesium) release [23,24].
Even after the Zircaloy sheath has been completely ox-
idized, the release kinetics are reduced due to limited
transport in the gap and a lower oxygen potential as a
result of inhibited steam penetration into the gap of the
mini-elements.

Parabolic kinetics have generally been used to model
the Zircaloy oxidation process for estimation of the
oxygen potential in the bulk atmosphere [76]. This
simple parabolic approach may not be satisfactory since:
(1) the parabolic kinetic theory is only strictly valid for a
semi-infinite medium; (ii) their may be a rate limitation
due to gas-phase mass transport of steam from the bulk
gas to the gas/oxide surface; (iii) the oxide scale may in
fact shrink due to dissolution in the remaining metal
(leading to exposure of the bare metal to a hydrogen-
rich gas); and (iv) without an outer protective oxide
layer, hydrogen absorption by the metal can take place
[115,118-121]. The last three processes will occur in
steam-starved conditions (i.e., steam-hydrogen mix-
tures). The limitations of the parabolic model can be
removed by treating the Zircaloy corrosion process as a
moving-boundary diffusion phenomenon [118-121].
When the oxide scale disappears due to steam starvation
of the gas, hydrogen can rapidly saturate the metal, re-

sulting in a removal of hydrogen from the bulk gas flow.
The dissolved hydrogen may influence the subsequent
oxidation kinetics of the metal. In addition, hydrogen
uptake in the cladding will release heat, i.e., at a total
system pressure of 1 atm, H, dissolution in the metal will
only augment the heat release by ~5% whereas, at 50
atm, this effect is much more pronounced where the heat
release is about ~1/3 that due to steam corrosion [118].
This additional heat will of course enhance any tem-
perature-dependent fission product release processes.

2.6. UO, melting

At sufficiently high temperatures, UO, melts. Stoic-
hiometric UO, melts congruently at a unique tempera-
ture [122], but hypo- or hyper-stoichiometric UO, does
not and has separate solidus and liquidus temperatures.
Latta and Fryxell [123] have determined the solidus and
liquidus lines for UQO,,, experimentally. Non-stoic-
hiometric UO,; has solidus and liquidus lines which are
lower in temperature than the congruent melting point
of U0, and a monotectic forms at an O/U ratio of
~1.65, with a melting point of ~2425°C. Their experi-
mental data extends to UO, 3, which allows reasonable
extrapolation to UQO;,s. The solidus/liquidus lines are as
shown in Fig. 1, along with the high temperature U-O
phase diagram.

The solidus and liquidus lines are also affected by the
presence of fission products which are produced in the
UO, as burnup increases. These fission products can be
grouped into three broad classes. In the first, the fission
products are insoluble in either solid or liquid UO,.
Since these fission products do not interact with the UO,
in any way, they do not affect the melting point. Ex-
amples of these fission products are Cs, I, Kr and Xe, as
they all behave as gases diffusing through the fuel ma-
trix, as well as noble metals such as Mo, Rh, Ru, etc.,
which are present in power reactor fuel as metallic pre-
cipitates which do not interact with the fuel matrix.

The second class of fission products are materials,
such as Sr and Ba, which are soluble in the liquid phase
and are hence able to form eutectic alloys. Adamson
[124] assessed this impact on melting temperatures using
data from Koizumi et al. [125] and Boyle et al. [126]. The
estimated decrease in UO, melting temperature is <5 K
at 225 MWh/kgU and ~12 K at 700 MWh/kgU. Hence
it can be concluded that there is no significant impact on
the fuel melting temperature due to the influence of
eutectic-forming fission products. However, the presence
of these fission products does complicate the assessment
of UO, melting by metallographic examination, since
they can cause features such as rounded grains, which
can be misinterpreted as indications of the onset of
melting.

The third class of fission product which can affect the
melting behaviour of UO, includes the actinide oxides,
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Fig. 1. High temperature O-U phase diagram showing measurements of solidus and liquidus lines by Latta and Fryxell.

rare earth oxides and Zr. The element in this class which
is produced in the greatest quantities in CANDU fuel is
Pu. The impact of Pu on the solidus and liquidus lines
can be assessed [127] using the assumption of an ideal
solution. Using this, in conjunction with experimental
data, the effect on the solidus and liquidus lines can be
estimated. This effect results in a decrease in the melting
temperature of <5 K for CANDU fuel at a burnup of
700 MWh/kgU.

Assessment of the impact of fission products pro-
duced as a function of burnup indicates that they have a
much smaller effect than changes in stoichiometry. The
effect at a burnup of 700 MWh/kgU is <17 K. At more
usual burnups for CANDU fuel, the impact is <3 K.

When the UO, melts, fission product release is very
similar to the case of UO,/Zircaloy interaction (see
Section 2.5.1) or UO, dissolution by molten Zircaloy
(see Section 2.5.2). Any fission products which are vol-
atile or whose chemistry is such that, in the prevailing
environment, they can form a volatile compound, will be
released. Other fission products will be released based
upon their vapour pressure at that temperature.

2.7. Fuel frothing

In Section 2.5, various processes were described
which ‘liquefy’ the UQO, that is, they result in a signifi-

cant disruption of the UO, matrix. This will lead to a
release of fission gases and volatile fission products,
which are retained in the fuel matrix at the time of
‘liquefaction’.

The pressure of fission gases and highly volatile fis-
sion products in the intact fuel matrix can be very high.
If the matrix is suddenly disrupted, these fission prod-
ucts can form large bubbles since the restraint of the
UO, matrix is no longer available to restrict the fission
product volume. This process results in a large increase
in the volume of the fuel, a phenomenon which is re-
ferred to as either ‘fuel frothing’ or ‘fuel foaming’ [128].

Fuel frothing has been observed in experiments with
irradiated fuel in which the fuel has been liquefied either
by melting or by dissolution of UO, by molten Zircaloy.
The amount of UQ, affected by the UO,/Zircaloy solid
state interaction (see Section 2.5.1) is sufficiently small
that fuel frothing does not occur. Dissolution of UO, by
molten Zircaloy (see Section 2.5.2) has been observed in
significant quantities in tests in a reducing environment,
such as ST-1 [103,104] and VI-4 [105], since these tests
had significant amounts of non-oxidized Zircaloy
available to wet the UO, at temperatures above the
Zircaloy melting point. Most experiments which heat up
to such high temperatures in an oxidizing environment
do not result in fuel frothing [129], since these tests are of
long duration and the Zircaloy is fully oxidized by the
time the melting temperature is reached.
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An exception to this general trend is BTF-107 [130].
In this test, a flow blockage occurred which resulted in
rapid temperature escalation for the fuel sheath to
temperatures well in excess of the Zircaloy melting
point. The escalation was sufficiently rapid that the
Zircaloy was not fully oxidized before reaching the
melting temperature. Therefore, molten metallic Zirca-
loy was available to wet the UO, and reduce it to UO,_,.
Post-test examination of the fuel shows that the molten
Zircaloy wetted the UO, along all exposed surfaces,
including the cracks, and formed the molten (U, Zr)O
eutectic phase. Large-scale dissolution of the UO, ma-
trix appears to have occurred, resulting in fuel frothing.

Because of the smaller fission gas production in the
relatively low burnup CANDU-type fuel used in BTF-
107, the amount of fuel frothing was less in BTF-107
than in ST-1 and VI-4. The volume expansion in BTF-
107 can be estimated at ~10%, as compared to 50-100%
in the higher burnup LWR experiments. As would be
expected in CANDU fuel, this is due to the lower gas
quantity generated in the fuel matrix during irradiation.

Fuel frothing is a mechanism whereby a small
amount of highly volatile fission products can be re-
tained in the fuel, trapped in the bubbles. At these high
temperatures, most of the volatile fission products would
be released even in an oxidizing or inert environment, so
the dissolution of the fuel matrix does not have as large
an effect on fission product release as would initially be
expected. However, the volume increase associated with
fuel frothing could have an impact on the accessibility of
coolant to the fuel, which could result in more severe
temperature transients than would be the case if frothing
did not occur. These higher temperatures could also
have a feedback effect on fission product releases.
Therefore, it is important that this process be considered
in accident scenarios in which it is possible for Zircaloy
to exceed its melting temperature of 1760°C. A theo-
retical analysis of the UO, foaming potential was de-
veloped based on an assessment of the time
characteristics for bubble growth, surface escape, film
thinning and bubble coalescence, i.c., this analysis sug-
gests that the foams are relatively unstable and tend to
collapse with a release of the volatilized fission products
from the molten fuel debris [128].

3. Experimental database

There are three main programs which have con-
ducted out-reactor tests on fission product release at: the
Oak Ridge National Laboratories (ORNL) in the US,
the Centre d’Etudes Nucléaire de Grenoble (CENG) in
France, and the Chalk River Laboratories (CRL) of
Atomic Energy of Canada Limited (AECL). The ex-
perimental apparatus and approach to fission product
measurement has varied at the three sites. The following

is a brief description of the results of the three programs
with comments on the usefulness of the data.

3.1. ORNL experiments

The major recent ORNL tests are in the HI and VI
series [26,29] Conditions for these tests and important
test results are summarized in Tables 1 and 2. Both test
series used highly-irradiated Zircaloy-clad UO, fuel
samples that were 15-20 cm long (100-200 g). In these
tests, fuel specimens have been heated under atmo-
spheric-pressure conditions at temperatures up to 1700—
2700 K using induction furnaces; times at test temper-
atures were varied from 2-60 min. Major differences in
the VI and HI tests were that: (i) the VI tests had the test
sample oriented vertically (all other ORNL tests had
horizontally oriented samples); (ii) the fuel burnups in
the VI tests were for the most part higher than those
used in the HI tests; and (iii) VI test temperatures (2300—
2700 K) were higher than HI test temperatures (1675—
2275 K). The VI-3, VI-5 and VI-6 tests were performed
at maximum test temperatures of approximately 2700 K;
the test atmosphere (steam in VI-3, hydrogen in VI-5,
hydrogen followed by steam in VI-6, air and steam in
VI-7) was varied so that the influence of atmosphere on
high-temperature fission product release could be eval-
uated.

Measurements made in the HI and VI tests included:
(i) test sample temperature versus time by optical
pyrometry; (ii) thermal gradient tube measurements
downstream of the fuel sample, to collect condensing
vapours; (iii) a package of graduated filters and im-
pregnated charcoal cartridges to collect particulates and
volatile iodine species; (iv) a charcoal cold trap to collect
and measure fission gases; and (v) radiation detector
measurements to monitor fuel location and to provide
on-line measurements of cesium species in the thermal
gradient tubes and Kr-85 in the gas traps. In addition,
all test components were sampled and analyzed (by
gamma-ray spectrometry, neutron activation analysis,
spark-source mass spectrometry, and emission spec-
trometry) after each test.

Some of the key findings include confirmation of the
similar release rates for noble gases, Cs and I. A differ-
ence in transport behaviour was noted for Cs in steam
relative to hydrogen. Reactive vapour forms of Cs pre-
dominate in hydrogen conditions and transportable
aerosols were noted in steam conditions. The releases of
Te and Sb appear to occur from the UO, as for a volatile
fission product, but these elements are retained by me-
tallic Zircaloy, so their release is delayed until cladding
oxidation is nearly complete (see Section 2.5.3). Both Eu
and Sb showed a sensitivity to the oxygen potential at
high temperatures [29]. Sb release rates were observed to
increase in steam conditions relative to hydrogen at
higher temperatures while hydrogen-rich conditions
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Table 1
ORNL HI-series test conditions and results

Test characteristic Test number

HI-1 HI-2 HI-3 HI-4 HI-5 HI-6
Specimen source, reactor * HBR HBR HBR PB Oco Mont
Specimen length (mm) 203 203 203 203 152 152
Specimen mass ° (g) 168 166 167 306 133 170
Fuel burnup (GWd/Mg U) 28.1 28.1 25.2 10.1 38.3 40.3
In-pile gas release 0.3 0.3 0.3 10.2 4.1 2.0
Steam flow rate (g/h) 0.81 0.76 0.31 0.29 0.03 1.7°¢
Test heatup rate (K/s) 1.2 1.3 2.1 2.3 1.1 2.3
Test temperature (K) 1675 2000 2275 2200 2025 2250
Effective time at test
temperature ¢ (min) 33.8 22.5 21.3 21.6 21.5 2.5
UO, grain size (um)
Pre-test 2.8 2.8 2.8 6.6 9.2 —
Post-test 3.4 39 43 6.6 8.9
Fuel-cladding interaction None Minor Yes Yes Minor Yes
Fission Product Release
(% of inventory)
Kr-85 © 3.13 51.8 59.3 313 19.9 31.6
1-129 2.04 53.0 354 24.7 224 24.7
Cs- 137 1.75 50.5 58.8 31.7 20.3 33.1
Ag-110m’ ~0.3 2.9 0.02 >0.09 18.0 6.0
Sb-125 ¢ 0.02 1.55 >0.001 0.01 0.33 0.06
Te (elemental) " ~0.25 ~0.5 ~0.3 <0.4 - -
Ba ~0.008 - - <0.4 ~0.08 —
Sr <0.002 - <0.005 — —
Eu-154 - - - <0.6 ~0.02 -
Mo - ~59 - — — —
Sn (clad) - - ~1.7 ~1.1 ~0.5 -
Zr (clad) ~0.006 ~0.002 ~0.0001 ~0.0016 — —
La ~0.023 - <0.0002 - — —

4 Reactors: HBR = H.B. Robinson 2, PB =Peach Bottom 2, Oco = Oconee 1, Mont = Monticello.

b Total of UO, and Zircaloy.

¢ Average value over test time (rate varied from 0.2 to 2.4 g/min during test).

4 Includes estimates for heatup and cooldown effects.

¢ Includes Kr-85 released during reactor operation.

T Ag-110 m data for tests HI-2 through HI-4 are probably low.
¢ Sb-125 data are probably low for all tests.

" Determined by chemical analysis.

caused higher releases of Eu compared with steam en-
vironments [41].

There was limited on-line measurement of fission
product release rates (only Cs-137 and Kr-85) in these
experiments. Since a segmented furnace tube was used in
the tests (to allow for rapid heating), there was not good
containment of the test environment. There is evidence
of oxidation of the graphite susceptor in some of the
tests [24]. In most of the tests the samples were at tem-
perature for a relatively short period of time (about 20
min), i.e., this time may not have been long enough to
see oxidative releases (especially in the tests at lower
temperature).

3.2. CEN-grenoble experiments

Fission-product and structural material releases from
PWR fuel specimens have been studied in out-reactor
experiments by the French CEA at Grenoble
[24,35,40,107,131]. The HEVA program was conducted
between 1983 and 1989, and consisted of 8 tests in the
temperature range 1800-2370 K. An induction furnace
was used to heat Zircaloy-clad specimens of PWR fuel,
and gamma spectrometry was used to measure the fis-
sion product releases from the fuel and transport to
different locations in the apparatus. In most of the tests,
aerosols were collected in a heated cascade impactor and
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Table 2

Conditions and results for ORNL Vl-series fission product release tests

Parameter Test number
VI-1 VI-2 VI-3 VIi-4 VI-5 VI-6 VI-7
Fuel specimen Oconee BR3 BR3 BR3 BR3 BR3 Monticello
Burnup (GWd/MgU) 40 44 44 47 42 42 40
In-pile Kr release (%) 0.7 ~2 ~2 ~5 ~2 ~2 ~2

Test conditions

Test temperature (K) 2020,2300 # 2300

Time at temperature (min) 20,20 60 20,50
Atmosphere Steam Steam Steam

Fractional release (%)

Cs-137 63 67 100
Kr-85 57 31 100
1-129 37 33 b
Sb-125 33 68 99
Eu-154 0 0 ~0.01
Ru-106 0 0 5.0
Te (elemental) — — 99
Sr (elemental) — — 3

Ba (elemental) — 19 30
Sn (clad) - 94 76
Mo (elemental) 43 86 77
Ce-144 - — <0.2

2000,2700 ¢ 2440

2000,2720 ¢ 2310 2025,2310 @
20 20,20 60 20,20
Steam Hydorgen Hydrogen, Air, steam
steam °©
96 100 80 71
85 100 75 69
71 74 67 b
6.4 18 64 52
19 57 14 0.04
0 0 0 b
- 82 63 -
- 34 6 1
27 76 33 4
0.63 - - -
6.9 2.3 12.6
_ 2.0 — _

2 Test was conducted in two phases at two different temperatures.

b Analysis incomplete.

¢ Test VI-6 was heated at 2300 K in hydrogen, then switched to a steam atmosphere.

in filters. Control rod materials were used in the last two
tests (HEVA-07 with Ag-In—Cd exclusively and HEVA-
08 with both control rods and fuel). Mixtures of steam/
H, and pure H, have been used as the environments for
the HEVA tests. Table 3 summarizes the HEVA test
conditions and fission product release results.

The VERCORS program is an ongoing extension of
the HEVA tests using a modified apparatus with aug-
mented instrumentation. To-date, six tests have been
completed in this program, up to a maximum tempera-
ture of 2350°C. Extensive post-test gamma scanning
(including gamma tomography) has been done after the
VERCORS tests. Most of the more recent tests in the
HEVA-VERCORS program have used spent PWR fuel
that was re-irradiated in the SILOE research reactor,
after a period of decay following discharge from a power
reactor. This permits the detection of short-lived fission
products such as I, Te, Mo, Ba and La. Test conditions
and results from the VERCORS test series are shown in
Table 4.

The post-test gamma scanning done in these experi-
ments enable a complete fission product mass balance to
be conducted. However, there have been similar prob-
lems to the ones at ORNL in the control of the envi-

ronment where there is no on-line measurement of the
atmosphere (i.e., oxygen potential) during the tests.

3.3. CRL experiments

Six different types of furnaces have been used in ex-
periments at CRL, depending on the temperature range
and size of specimen to be heated. For all experiments,
monitoring and control of the gas environment have
been a priority; in particular, control of the oxygen
potential to which the fuel is exposed. One of the key
features of the AECL program has been on-line mea-
surement of the oxygen potential in the gas stream,
which allows for the fuel oxidation kinetics to be cal-
culated [132]. Another key feature of these tests has been
a direct measurement of the fission-product release rates,
using a gamma-ray spectrometer which views the heated
specimen through a collimated aperture [133]. A second
spectrometer is used to monitor activity in the exhaust
gas swept out of the furnace [134].

The fuel specimens include UO, fragments (0.2-1.5 g
each) that were extracted from irradiated fuel elements
after discharge and subsequent cutting. These tests have
provided information on fission-product release from
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Table 3
Conditions and results for CEA grenoble HEVA tests

Parameter Test number
HEVA 01 HEVA 02 HEVA 03 HEVA 04 HEVA 05 HEVA 06 HEVA 07 HEVA 08
Fuel specimen
Fuel type CAP/2 CAP/2 BR3 Fessenheim Fessenheim Fessenheim Fessenheim
1/2 1/2 1/2 1/2

Burnup (MWd/kgU) 194 194 27.7 36.7 36.7 36.7 36.7

Test conditions

Test temperature 1900 2140 2070 2270 2070 2370 2070 2070

plateau (K)

Time at temperature 900 900 1800 420 5760 1800 1800 600

plateau (s)

Flow rate (mg/s)

H, 0 0 0.5 0.5 0.5 0.2 0.5 0.5

H,0 100 30 37 30 30 0 25 25

Fractional release (%)

Cs-137 ~2 68 38 44 66 30 — 15

I-131 — — - 43 62 30 - 12

Xe-135 — — — ~42 ~65 15 — —

Te-132 - — — 52 54 11 - 5 (detection
limit)

Sb-125 1 41 20 18 - 0 (Sb-127) — 15 (detection
limit)

Mo-99 — — - 21 55 ~4 - 16 (detection
limit)

Eu-154 - ~15 <3 - - ~5 - -

Ce-144 - 9 (detection <3.2 - - 0 (Ce-143) — -

limit)
Ru-106 - 5 (detection <1.5 - - 0 (Ru-103) — -
limit)
Ba-140 — — — 5.6 — 27 — 6 (detection

limit)

bare UO, without any Zircaloy barrier. The role of
Zircaloy on fission-product release has been investigated
using fragments of UO, enclosed in Zircaloy foil bags,
and short segments of Zircaloy-clad fuel elements with
end caps fitted onto one or both ends of these samples to
exclude the surrounding atmosphere from direct contact
with the UO,.

Experiments have been done on UQO, fragments in
steam, air and inert environments to temperatures up to
2350 K [135,136]. In total over 150 tests have been
conducted on fragments of irradiated fuel [137]. About
40 tests have been conducted with Zircaloy-clad fuel
segments to temperatures up to 2200 K. It has been
shown that the presence of the Zircaloy sheath can either
inhibit or delay the release of volatile fission products,
compared to tests under the same conditions using bare
UO,. The delay is primarily associated with the time
required to oxidize the Zircaloy cladding, after which the
UO, begins to oxidize and cause enhanced release rates.

Table 5 summarizes the test conditions and key results
from a selected number of CRL tests. In more recent
experiments with Zircaloy-clad segments, in addition to
release from the fuel, deposition and transport of fission
products have been studied. It is planned to do experi-
ments in hydrogen-rich environments in the future.

Since the oxygen potential of the environment is
known in the CRL tests, it has been possible to develop
models for steam and air oxidation of UO, [24,73,74].
Enhanced release of Xe, Kr, Cs, and I have been ob-
served during oxidation. Significant release of fission
products such as Ru and Nb have been observed only in
oxidizing environments and after the UO, has oxidized
to an equilibrium state [62]. As well, the volatilization of
the fuel matrix in oxidizing conditions has been mod-
elled and identified as an important release mechanism
for low-volatile fission products (e.g., Zr, La, Ba, Ce, Pr,
Eu) in highly oxidizing environments or small fragments
[42,135,137].
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Table 4
Conditions and results for CEA grenoble VERCORS tests *

Parameter Test number
VERCORS 01 VERCORS 02 VERCORS 03 VERCORS 04 VERCORS 05 VERCORS 06
Fuel specimen
Burnup (MWd/kgU) 429 38.3 38.3 38.3 38.3 54.8
Reirradiation Yes Yes Yes Yes Yes Yes
Test conditions
Test temperature plateau (K) 2130 2150 2570 2570 2570 2620
Time at temperature plateau 17 13 15 30 30 30
(min)
Flow rate (g/min)
H, 0.003 0.003-0.027 0.03 0.012 0.03-0 0.03
H,O 0.15 0.15-1.5 1.5 0 1.5 1.5
Heat rate (K/s) 1 1 1 1 1 1
Fractional release (%)
Xenon 33 23 77 86
Todine 30 23 70 87
Cesium 42 30 70 93
Tellurium 4 18 76 100
Antimony 2 7 69 97
Molybdenum 15 42 47
Barium 4 13 66
Rhodium 0.52 45
Yttrium 17
Strontium 0 <8
Europium 9 <5
Ruthenium 0.36 7
Cerium 0 3
Neptunium 0.006 0.016 0.4 6
Lanthanum <4 0
Zirconium 0 0

2 Taken from Ref. [40]

4. Concluding remarks

A review of important fission product release mech-
anisms has been presented. These mechanisms include:
(i) diffusion in stoichiometric and non-stoichiometric
fuel; (ii) fission product vaporization from fuel surfaces;
(iii) releases during temperature ramps; (iv) matrix
stripping; and (v) influence of the Zircaloy cladding (i.e.,
fuel dissolution by molten Zircaloy, chemical trapping,
oxygen potential effects and gap transport). For exam-
ple, these mechanisms have been observed in a number
of experimental results of the out-of-pile annealing ex-
periments performed with spent fuel at the ORNL
(USA), CEA-Grenoble (France) and CRL (Canada).

In particular, enhanced releases have been observed
from bare fuel fragments in the CRL tests due to fuel
oxidation effects. The CRL experiments have shown that

hydrogen production from the Zircaloy steam reaction
will significantly reduce the oxygen potential and volatile
release. Even with the presence of an oxidized Zircaloy
cladding, a further reduction of the oxygen potential in
the fuel-to-clad gap can result as steam must diffuse
against a counter-current flow of non-condensible fission
gas and any hydrogen that is produced from urania
oxidation. A significant difference in the release behav-
iour was not observed, however, between the hydrogen
and ‘steam’ tests at the ORNL and CEA since the ox-
ygen potential was reduced due to significant steam
bypass at both facilities. In these latter experiments,
additional hydrogen was liberated from a steam reaction
with the graphite susceptor of the furnace assembly. The
various annealing experiments further demonstrated
that the release of low-volatile fission products will be
dictated by the local environmental conditions (i.e.,
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Table 5
Conditions and results for selected CRL tests
Parameter Test name

MCEI-1 MCEI1-6 MCEI1-7 MCE2-13 MCE2-19 HCE2-BM3 HCE2-CM4 UCEI2-8
Fuel specimen Fragment * Fragment Fragment Fragment Fragment Segment® Segment Segment
Burnup (MWh/kgU) 257 257 257 457 457 544 457 370
Test conditions
Test temperature (K) 1973 2273 2350 2080 2300 1775 1625 1675
Time at temperature (min) 13 37 17 17 10 110 140 200
Heating rate (K/s) 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.9
Atmosphere Air Ar/2%H2  Air Steam Steam Steam Air Steam
Releases (%)
Cs-137 80 80 100 92 100 75 75 96
I-131 80 80 100 NA NA NA NA NA
Nb-95 0 10 45 25 47 <2 3 <1
Zr-95 0 0 30 <2 <2 <2 <1 <1
Ru-103 100 1.0 100 NA NA NA NA NA
Ru-106 NA ® NA NA 42 80 <2 20 <1
Ba-140 0 40 90 NA NA NA NA NA
La-140 0 0 35 NA NA NA NA NA
Ce-144 NA NA NA <5 20 <2 <2 <2

2 Bare fragment of UO,.
b Isotope was not present in fuel at time of test.
¢ Zircaloy sheathed segment of a fuel element (2-5 cm long).

oxygen potential) which will directly influence their
chemical form and hence the partial pressure of the fis-
sion product at the free surfaces of the fuel. Chemical
reaction of some fission product vapours (e.g., tellurium)
with the unoxidized Zircaloy cladding can also modify
their release kinetics.

Direct electrical heating and out-of-pile experiments
have indicated that the temperature ramp rate during a
temperature transient can enhance the release behav-
iour. The mechanisms for such release include acceler-
ated bubble interconnection and, with higher ramp rates
(~50°C/s), a separation of the grain boundaries.

In both the CRL and CEA fuel oxidation experi-
ments in steam, significant fuel volatilization occurred
above about 1800 K where the principal form of the
uranium bearing species is UO;. Any volatile fission
products originally present in this volatilized uranium
mass will be released in this matrix stripping process.

Contact of the fuel with the Zircaloy cladding can
result in fuel liquefaction at temperatures significantly
below the UO, melting temperature. With the presence
of molten Zircaloy, dissolution of the fuel can further
result. Although fuel collapse has been observed in
several ORNL VI hydrogen tests following clad melt
and relocation, fuel dissolution did not result in a sig-
nificantly enhanced fission product release. This obser-
vation follows since most of the release has already
occurred by the time of dissolution, and any subsequent

release of volatile fission gases from the dissolved fuel
may be retarded by bubble dynamics in the liquid melt.
In fact, the retarding influence of the bubble dynamics
can lead to fuel frothing, where a resulting volume in-
crease can impact the accessibility of coolant to the fuel.
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