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RÉSUMÉ

On a réalisé un modèle thermodynamique et cinétique pour calculer le rejet
des produits de fission de faible volatilité de l'UO2 à de hautes tempéra-
tures dans des conditions oxydantes. On suppose que la volatilisation de
la matrice d'U02 est le processus de réglage de la vitesse. On modélise la
vitesse d'oxydation de l'UO2 par le réglage de la vitesse à l'interface, le
réglage de la migration de l'oxydant en phase gazeuse ou la diffusion de
l'oxygène à l'état solide. On calcule la pression de vapeur de l'UO2 en
équilibre avec le combustible oxydant à partir des données thermodynamiques
et on détermine la vitesse de volatilisation avec un modèle de transport de
masse par convection forcée. On calcule le rejet des produits de fission
de faible volatilité à partir du volume de combustible vaporisé. Les ré-
sultats des calculs avec le modèle sont prudents par rapport aux résultats
des essais dans le cas du rejet des produits de fission de Zr, La, Ce et Nb
de l'UO2 irradié exposé à l'air entre 1 973 et 2 350K. On examine les
conséquences de ce conservatisme quant au réglage possible de la vitesse
par d'autres processus que le transport de masse par convection de l'U02.
On présente des coefficients de surface effectifs (d'après les résultats
des essais) et de vitesse de réaction hétérogène de réglage pour faciliter
la concordance des résultats des calculs avec les résultats des essais.
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ABSTRACT

A thermodynamic and kinetic model has been developed for calculating low-volatility fission-
product releases from UO2 at high temperatures in oxidizing conditions. Volatilization of the
UO2 matrix is assumed to be the rate controlling process. Oxidation kinetics of the UO2 are
modelled by either interfacial rate control, gas phase oxidant transport control, or solid-state
diffusion of oxygen. The vapour pressure of UO3 in equilibrium with the oxidizing fuel is
calculated from thermodynamic data, and volatilization rates are determined using a model
for forced convective mass transport. Low-volatility fission-product releases are calculated
from the volume of vapourized fuel. Model calculations are conservative compared to
experimental data for Zr, La, Ce and Nb fission-product releases from irradiated UO2

exposed to air at 1973-2350 K. The implications of this conservatism are discussed in terms
of possible rate control by processes other than convective mass transport of UO3.
Coefficients for effective surface area (based on experimental data) and for heterogeneous
rate controlling reaction kinetics are introduced to facilitate agreement between calculations
and the experimental data.
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1. INTRODUCTION

One of the principal objectives of research relating to the safety of nuclear reactors is to
reduce the uncertainty in estimating the releases of radioactivity from the reactor core into
containment for any postulated accident scenario. In this paper, a model is presented for the
calculation of low-volatility fission-product releases that may occur when the fuel is exposed
to high-temperature conditions that are oxidizing relative to the UO2.

The fission products that are produced in UO2 during irradiation can be grouped into four
classifications: noble gases (Xe, Kr), volatiles (I, Cs, Br), serni-volatiles (Ru, Sb, Te, Tc,
Mo) and low-volatiles (Zr, La. Ba, Sr, Ce, Eu, Nd, Nb). The low-volatility species are
most stable in the condensed state because they tend to form compounds of high melting
temperature, or else reside in solid-solution inside the UO2. A considerable volume of
experimental data exists for low-volatility fission-product releases in environments that are
reducing, inert, or oxidizing with respect to the UO2 (i.e., the SASCHA program (1)).
Interpretation of this data is generally made by assuming that vapourization mass transfer of
the fission-product species is the rate controlling process (2,3). Such a model implies a
proportionality between the experimental release rates and fission-product vapour pressures,
and is generally valid except in experiments where UO2 is oxidized at high temperatures. In
oxidizing tests, the low-volatile releases are much faster than those predicted by
vapourization mass transfer (4).

In certain postulated accident sequences, the fuel elements can be exposed to air or steam. If
the Zircaloy sheath fails, the oxidizing environment can react with the UO2, and under these
conditions the UO2 will incorporate excess oxygen to form hyperstoichiometric UO2+X or be
converted to higher oxides. At temperatures above about 1800 K, UO2+X is the stable
condensed phase in both air and steam. A significant vapour pressure of UO3 is predicted
for an equilibrium situation. Since the gases in contact with the fuel do not constitute a
closed system, the condensed phase is volatilized at relatively rapid rates due to incongruent
vapourization of the UO:+X matrix. As the matrix is volatilized, the low-volatility fission
products that were previously inside the fuel matrix become concentrated at the surface,
where they can accumulate or else be vapourized or entrained in the flowing gases as
particulates. This process has been described by Alexander (5-7) as "matrix stripping".

2. EXPERIMENTAL

The kinetics of fission-product releases from UO2 were measured in inert and oxidizing
conditions during an in-cell post-irradiation annealing experiment (designated experiment
MCE-1). Eight individual tests were done using irradiated UO2 heated in a mixture of
argon/2% hydrogen to a maximum temperature of between 1975 and 2350 K, followed by
annealing for 25 minutes, then cooling. In some of the tests, the UQ2 was exposed to air for
15 minutes during the annealing period. High rates of UQ volatilization occurred in the



oxidizing tests, and resulted in greater than 50% release of the low-volatility Zr, La, Nb and
Ce fission products. The details of these experiments and the fission-product release
measurements are given in reference (4).

Table 1 summarizes the experimental conditions, measured weight changes and fractional
releases for all eight tests. The release fractions of Cs, I, Ru and Ba are included in Table
1, but details and interpretation of their behaviour are given elsewhere (4). In five tests, the
samples were exposed to air for 15 minutes, while the other samples were annealed in
argon/2 %H2 for the entire duration. In all tests where it was possible to measure post-test
weights, there was a net loss of weight attributed to volatilization of UOj. The air tests at
2273 and 2350 K (tests #4 and #7) resulted in complete volatilization of the UOj specimen.

No phase change of the UO2 is predicted for oxidation in air at these high temperatures.
Table 1 shows the calculated equilibrium ratio of oxygen/uranium for each test as determined
from the oxygen partiai pressure of the exhaust gases leaving the furnace. For trie inert
tests, the calculation assumed that the oxygen partial pressure was controlled by moisture in
the argon/2% H2 mixture.

In test #8 (2350 K), the sample was annealed in argon/2%H:, but during the period at high
temperature, about 100 Pa of oxygen (about 1000 ppm) was detected in the gas exiting from
the furnace. This was the result of oxygen diffusion from the furnace cavity through the
reaction tube into the argon/2%H2 gas stream near the sample. Because of this
contamination, the environment seen by the UO2 was close to a mixture of 2% steam in
argon, and was therefore oxidizing to the fuel and some of the fission products.

All of the important features of the low-volatility fission-product release kinetics from the
MCE-1 experiment can be examined by referring to Figure 1. This plot shows release
kinetics for Zr, La, Nb and Ce in test *4, which reached a maximum temperature of 2270 K.
Also shown is the temperature and oxygen partial pressure during the test. Air was
introduced for 15 minutes during the annealing period, and 100% of the UOj specimen was
volatilized, as no specimen remained when the furnace was opened at the end of the test.

Figure 1 shows that release of Nb, Zr and La was delayed about 500 seconds relative to the
time that air reached the sample. During this 500-second period, the activity from all three
of these fission products showed a small increase (i.e., a small negative release). This
effect may be due to accumulation of fission products at the UO2 surface as the matrix is
vapourized. This effect is very strong for Ce-141.

The Ce-141 behaviour in Figure 1 is complicated, but can be explained in light of its low-
energy gamma-ray (145 keV). Because of the low penetration depth of these gamma-rays
(50% attenuation in 0.27 mm UC^), only the Ce in the shallow surface layer is viewed by the
spectrometer. The overall low count rate for Ce was responsible for a large scatter in the
release data, as evident during the temperature ramp in inert conditions. A large "negative



Table 1: Summary of the MCE-1 Experimental Results

TEST NUMBER

ANNEALING TEMP.(±5 K)

PRE-TEST WElGHT(g)

POST-TEST WEIGHT^)

% WEIGHT CHANGE
EQUILIBRIUM O/U

ATMOSPHERE

ISOTOPE

Cs-137

1-131

Ru-103
Ba-140

U-140

Nb-95

Zr-95

Ce-141

1

1973

0.256

0.206

-19.5

2.227

Air

2

2073

0.261

0.140

-47.3

2.215

Air

3

2173

0.265
*

*

2.202

Air

4

2273

0.298

0.0

-100

2.194

Air

5

2073

0.277

0.268

-3.2
2.007

Ar/2%H,

6

2273

0.330

0.249

-24.5

2.006

Ar/2%H,

7 | 8

2350

0.220

0.0

-100

2.185

Air

2350

0.191

0.018

-90.6

2.063

Ar/2%H/

PERCENTAGE RELEASED AT END OF TEST (±5%)

80

80

100

0

0

0

0

NO

95

95

100

10

10

10

10

NO

100

100

100

15

15

2S

10

NO

100

100

100

60

50

50

35

YES

60

60

0

0

0

0

0

NO

80

80

10

40

0

10

0

NO

100

100

100

90

35

45

30

YES

95

95

90

95

0

55

0

NO

Fuel sample bonded to thoria boat (post-test weight not available)
t Not completely inert because of some oxygen contamination during the high-temperature annealing period

(oxygen partial pressure of 100 Pa or about 1000 ppm O2).
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Figure 1: Kinetics of Zr, La, Nb and Ce releases from a 0.298 g sample of UO2 heated to
2270 K in argon/2% H2, exposed to air for 15 minutes, then cooled in argon/2% H2.
Pyrometer temperature and log(oxygen partial pressure) are shown on the right-hand axes.

release" (220% increase in Ce activity) occurred about the time air was introduced to the
sample; it was also probably due to accumulation of Ce at the surface of the fuel as the
matrix was vapourized. This was followed by an apparent release of Ce from -220% to
about-30%.

It is probable that the releases of Ce, La, Nb and Zr were controlled by the rate of volatil-
ization of the UOj matrix, although in cases where 100% of the UCV, was volatilized it
might be expected that all of the low-volatile species would likewise be released. Fission-
product interactions with the thoria boat and zirconia flow tube in the hot zone of the furnace
can explain the retention of these species. Post-test gamma scanning of the reaction tubes
and boats confirmed that significant quantities of La, Ce, Zr and Nb were fixed to the thoria
boat in all the tests where there was high UO2 volatilization. Thus, these low-volatility



fission products were released from the fuel when the UO2 volatilized, but significant
fractions were retained in the hot zone of the furnace.

3. MODEL DEVELOPMENT

The primary components of a model for predicting the kinetics of low-volatility fission-
product release or "matrix stripping" are thermodynamic and kinetic models for the UO2

volatilization process. In addition, thermodynamic and kinetic sub-models for UO2 oxidation
are necessary, since the oxygen content of the condensed UOj affects the calculated vapour
pressure of UO3 and hence volatilization rates.

3.1 UO-, Volatilization Models

Volatilization of UO2 in oxidizing conditions has been extensively studied, with the objective
of defining thermodynamic properties such as the free energy of formation of the gaseous
reaction products. These thermodynamic properties are essential to calculations of vapour
pressures during accident conditions. Volatilization in oxidizing conditions may be described
by the following reaction:

^ > ) [1]

The equilibrium vapour pressure of UO3 will depend on time during the exposure to
oxidizing conditions. It can be calculated as

exp
RT

*(o
AGtl)(/) = -AG/(UO3{g)) + AG/(UO2) + 1 AGodx

2 -b

The partial molar free energy of oxygen in UO2+X, AG(O2), can be integrated using the data
of Perron (8), while UO2 and UO3 formation energies can be taken from Ackermann (9).
Po2 is the oxygen partial pressure and x(t) is the instantaneous value of the deviation from
stoichiometry, x. When oxidation is complete, x"1 will be the value in equilibrium with the
gas phase.

The maximum theoretical volatilization rate (dm/dt) can be derived from gas kinetics, as first
expressed by Langmuir:



dm, , . Puo^
— (max) = m0 = — - [3]

A is the U02 surface area, MWfUOj) is the molecular weight of UO3l R is the gas constant
and 7*is temperature (K). It has been shown by Cox et al. (10) that measured rates of UQ,
volatilization in steam are about two orders of magnitude lower than the theoretical maximum
rates calculated according to equation [3], and the rates were approximately proportional to
the vapour pressure of UO3. Alexander and Ogden (7) also measured a rate dependence on
gas velocity. These observations suggest that the rate of volatilization is controlled by UO3

transport through a boundary layer at the surface of the UO2. For such a condition, the
volatilization rate can be expressed (in terms of condensed material loss) as:

dm [4]

where km is the mass transfer coefficient, P^iUOj) and P^fUOJ are vapour pressures of UO3

at the surface and in the flowing gas stream. P^fUOJ is assumed to be zero in most cases.
The forced convection mass transfer coefficients can be evaluated as:

it =^iSh [5]
X

where X is a characteristic length which depends on geometrical considerations and DfUOj) is
the diffusion coefficient of UO3 in the gas phase. If the sample is in an extensive fluid (i.e.,
the flow tube is large relative to the sample size), then Yovanovich (11) recommends X as
the square root of specimen surface area and the Sherwood number, 5/7 is

Sh = 2 ^ + (0.15 J7RF +0.35 Re°l566)Sc1/3 [ 6 ]

Re and 5c are the Reynolds and Schmidt numbers.

If the specimen is not in an extensive fluid, then an annular flow geometry should be
considered. In this case, X is the difference between the inside diameter of the flow tube and
the specimen diameter. Sh ~ 5.5 if the diameter of flow tube is twice the specimen
diameter (12).

The diffusion coefficient for UO3 in the gas mixture can be calculated from:

10-3 r-7S 1 1
D,

where v, is the diffusion volume for molecule i, taken or estimated from (13).

[7]



Equations [2, 4-7] can be used to calculate the volatilization rate for a given scenario. This
appioach was outlined in an earlier publication (14). An alternative calculation has also been
developed by Alexander et al. (7). In this latter model, the fuel is treated as an infinite
cylinder of radius a, and UO3 mass transport is limited by diffusion across a film of
thickness b. The overall expression for volatilization rate according to this model is:

dm r rfi,,r'-75 ^1+0.05 I / .

-j7 = Cl Z—r< [8 ]

where C, is 1.16 x 108 g cm2 s' if Tis in kelvin units, Pm is in bars and U^ (free stream
velocity) is cm s"1. The value of Infb/a) for UO, in air was taken by Alexander as 0.331 (7).

The volatilization rates from equation [8] show a different dependence on temperature and
pressure compared to the approach described by equations [4-7]. Equation [8] predicts
proportionality to T1-75 and P7'3 compared to T1-25 and P ' in the other model. As a
comparison, both of the approaches outlined above were linked with models for
oxidation and used in the calculation of volatilization rates.

3.2 High-Temperature Oxidation Models for UCh

When UO2 is exposed to air, steam or mixtures of air and steam, it will oxidize to a
composition that is in equilibrium with the gas phase. Equations [1,2] show the dependence
of UO3 vapour pressure on stoichiometry of the UO2+X. The objective of the oxidation
models is to calculate the stoichiometry of the UO2 during the oxidation transient, before
equilibrium with the gas phase is reached, and to use these results for the volatilization
calculations.

The overall oxidation reaction is composed of many individual processes. These processes
may include oxygen diffusion in the gas, adsorption of oxygen on the oxide surface,
decomposition of steam to produce oxygen, oxygen incorporation into the oxide, and/or
diffusion in the oxide. The slowest process in the overall reaction will be the rate limiting
process and it will control the rate of oxidation. Thus, in order to describe the oxidation
kinetics, it is necessary to determine the appropriate rate limiting process for the given
conditions. Different rate controlling processes dominate the oxidation reaction within
definite ranges of oxygen pressure, temperature and gas composition. These ranges have
been determined from interpretation of experimental data and from theoretical models.



3.2.1 Oxidation in Steam

Oxidation of UO2 in steam can be modelled as an interfacially controlled process. This is
based on a model initially proposed by Carter and Lay (15) for UO2 reactions with CO/CO2.
Their model was adapted by Cox et al. (10) to oxidation in steam. According to this model,
the rate of change of the deviation from stoichiometric composition (i.e. x in UQ,+X), can be
expressed as:

* - SL±(x«-x(t)) 19]
dt V

where a is the surface exchange coefficient, A is the surface area of UO2, V is the UO2

volume, and xrq is the equilibrium deviation from stoichiometry. For a given temperature
and mixture of gases, xfq can be determined knowing the oxygen potential of the gas and
partial molar thermodynamic properties of oxygen in UO 2 T X . The surface exchange
coefficient varies with temperature, T, according to the following Arrhenius relationship
(10):

a = 3 6 . 5 e x p ( - : j 5 Q Q ) (cm-s1) [10]

The expression in equation [10] was derived from data in the temperature range 1000 to
1600°C. Extrapolation to even higher temperatures may be made with some confidence, as
the rate controlling process is not expected to change. The solution to equation [10] can be
used to calculate the oxygen content (i.e., x) of the oxidizing UO,, , as a function of time,
and this can be used in the volatilization calculations in equation [2].

3.2.2 Oxidation in Air to UO
2+X

When UO2+X is the equilibrium composition in air, air/inert or air/steam mixtures (i.e., U3O8

is not formed at the surface), the rate controlling process, given adequate O2 supply, would
be either an interfacial reaction or oxygen diffusion in UO2+S. For the diffusional case, a
parabolic rate constant has been measured for the formation of U4O, (UO2 2S) in air (10).

It should be noted that above 1200°C, equation [11] is an extrapolation of data from lower
temperatures.

According to Kofstad (16), among others, oxygen diffusion in UO2+X is governed by the
concentration of a complex oxygen defect including both interstitials and vacancies. A



simple model for the formation of these defects predicts that, for a given temperature, their
concentration will be proportional to the square root of oxygen partial pressure. Since the
oxygen self-diffusion coefficient, Do, is proportional to the oxygen defect concentration, and
the mobility of oxygen is much greater than uranium, then the parabolic rate constant, kp,
can be described by:

where [Oo] is the concentration of oxygen in UO2, and Po2 and PO2° are the oxygen panial
pressures at the centre and surface of the UO2, respectively. Since Po2 < < Po°, the
parabolic rate constant becomes proportional to Po2°. Thus, this simple analysis predicts that
the parabolic rate constant for formation of UO2+Jt (kp(UO2+x) should be related to the
measured value of kp(UO225) in air (equation [11]) as follows:

0.25
voul

0.209
[13]

Equation [13] predicts very rapid oxidation in the absence of U3O8, and it is thus necessary
to assess whether O2 transport in the gas phase could be rate limiting. The following simple
mode] for the rate of O2 supply to the UO2 surface was invoked to address this question.

dNoA$ AVPO
{Rate of O2 supply) = i °i-i

dt RT

If an imaginary interface between UO2+X and UO2M is assumed to exist, then the rate of
interface motion {k, or linear rate constant) is equal to the flux of oxygen through the
interface divided by the difference in oxygen concentration across the interface.

TGAS

dt [15]
ki =

The concentration of oxygen in UO2+I, [<?O](UO2+X), is a function of stoichiometry and can
be calculated from UO2+X lattice parameters. By combining equations [14] and [15] with
lattice parameter measurements, the following expression for k, is obtained:



k, =

RT

10

312 II" P
°' (OH)

s [16]
(2 +x">)

(5.4707-0.14*'*)3 5.47073

Linear oxidation kinetics will apply until the UO2+X layer thickness has reached a value that
limits the diffusional flux of oxygen to a value less than the flux of oxygen supply from the
gas. The rate of oxygen consumption during parabolic oxidation (diffusion controlled) is:

~dl 2

vo, A t I 7 ]

The time (rto) at which the rate of oxygen supply from the gas is equal to the rate of oxygen
consumption for parabolic kinetics can be determined from equations [15-17]. Oxidation
kinetics would be linear for t < t^ and parabolic subsequently.

3.3 Matrix Stripping Model

The volume of volatilized UO2+X is calculated by integration of the volatilization rate defined
in equation [3].

where p is the density of UO2+X. The integral in equation [18] is solved as a summation over
time increments in which A, T, km and /\UO3) are all assumed to be constant within each
time interval. The fractional release of low-volatility fission products, / , is simply the
volume fraction of volatilized material.

Released fraction s / = AV|CT- [19]
o

It should be emphasized that this model neglects any spatial variations in the concentrations
of fission products within the fuel, and does not consider any accumulation of fission
products on the surface of the receding UO,.

4. COMPARISON OF MATRIX STRIPPING MODEL WITH EXPERIMENTAL DATA

The fractional releases of low-volatility fission products were calculated for all eight of the
MCE-1 tests, using the above models for UO2 oxidation and volatilization. The calculations
included the feedback effects of decreasing sample size on gas velocity and
stoichiometry on UO3 vapour pressure.
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In comparing the calculations with experimental data, it was assumed that the measured
releases of low-volatility fission products should be scaled to the actual fractional
volatilization of the specimen. This assumption implies that the low-volatility fission
products do not become concentrated in the remaining UQ matrix. It is also assumed that
there was no subsequent release of low-volatility fission products which had been retained in
the hot zone of the furnace through interaction with the thoria boat or the zirconia furnace
tube. The validity of these assumptions will be examined in future experiments.

Results of the calculations for test MCE1-4 are shown in Figure 2 (1995°C, 900-second
exposure to air). For comparison purposes, results are shown for the current proposed
model and the model by Alexander (7). In all cases, Alexander's model predicted faster
volatilization rates, by about a factor of six. Figure 2 also compares the results calculated
without an oxidation model. By including the effect of UO2 oxidation, the timing of releases
is delayed.

CO
<
LJ
_J
LJ

cr

LJ

o
LJ
CL

• r O

MATRIX STRIPPING AT 1995°C IN AIR

I
Z
o

WITH OXIDATION MODEL
ALEXANDER (WITH OXID'N)
NO OXIDATION MODEL

TIME (seconds)
7 7/.O

Figure 2: Comparison of oxidation-volatilization model predictions of matrix stripping at
1995°C in air. The sample was 0.29 g (idealized as a cylinder, 2.5 mm diameter by 5 mm
long). Air flow was at 50 STP mL/min inside a 4.6 mm diameter tube.
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A comparison of these calculations with the experimental data for Zr, La and Nb releases in
the MCEl-4 test showed that the calculations were substantially overpredicting the low-
volatility release rates. The calculations in Figure 2 show the time for complete
volatilization was about 60 seconds, compared to the measurement (Figure 1) of about 1400
seconds for the low-volatility fission products to be released. The typical overprediction for
all of the MCE1 tests was in the range of 10 to 20 times. By using the model of Alexander
(7) (equation [8]), the calculated rates were 50 to 100 times higher than experimental data.

5. DISCUSSION OF RESULTS

A sensitivity analysis was performed to clarify the sources of uncertainty in the above models
for oxidation and volatilization. It was found that the majority of the discrepancy between
calculations and experimental data could not be attributed to uncertainties in the mass
transport or thermodynamic calculations. The large overprediction remained even when a
conservative lower limit for the mass transfer model was taken to be purely convective
transport in a stagnant gas. Similarly, conservative variations in thermodynamic data could
not explain the discrepancy.

Figure 3: (a) Surface of specimen from the MCE I-2 test. 1000 seconds in air at 1800cC.
The surface region shows a tunnel-like network of porosity, (b) The porous layer on the
sample from the MCE1-3 test, 1000 seconds in air at 1900CC. The porous layer has a
uniform thickness around the sample.
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A possible explanation for model overprediction was developed based on the microstructures
observed in partially volatilized irradiated UO2 from the MCE1 tests. Figures 3a and 3b
show the appearance of the surface of the fuel after 1000 seconds of exposure to air at 1800
and 1900°C, respectively. A very porous surface layer developed around the specimen. The
porous layer was uniform in thickness and composed of a convoluted network of channels.
Further examinations of both irradiated and unirradiated specimens showed that volatilization
and pore growth had occurred preferentially along some grain boundaries, while other
boundaries did not participate in the reaction.

We hypothesize the formation of this porous structure is the result of preferential
volatilization at the base of each channel. Preferential reaction at localized sites is an
indication that a surface-sensitive process is limiting the overall kinetics of formation of
gaseous UO3 at the UO2+X surface. It appears as if UO3 production is favoured at certain
grain boundaries, probably because of the localized lattice disorder. Thus, the rate limiting
step in the reaction described by equation [1] may be removal of a UO2 molecule from the
lattice. Such a step would be more energetically favourable at grain boundaries.

Figure 4 shows a schematic representation of this postulated process for the formation of the
porous layer. Active volatilization sites are depicted at the bottom of the channels, with UO3

percolating out of the channels to the surface of the fuel. Oxygen must move countercurrent
to the UOj.

If volatilization is predominantly at the base of each channel, then the reacting surface area is
much less than the macroscopic surface area of the specimen. Data from examination of
microstructures (including those in Figure 3) indicates that the ratio of the macroscopic
specimen surface area to the area of the channel openings at the surface was about 2 or 3.
An effective specimen surface area should therefore be used in the model calculations to
account for the localized volatilization (i.e., A in equation [18]). However, this effective
surface area can only explain about one fifth of the observed discrepancy between the model
and experimental data. We hypothesize that the remainder of the discrepancy is due to a
kinetic-limiting heterogeneous reaction step involved in the formation of UO3 gas. This is
reflected in Figure 4 by showing the UO3 partial pressure at the bottom of the channel as
being 'ess than the equilibrium value. A small gradient in UO3 pressure is depicted due to
percolation out of the channels, and the resulting partial pressure at the surface is much less
than the equilibrium value. This means that a reduced UO3 partial pressure exists at the
surface, and this should be reflected in the values of P(UO3)

S used in equations [4] and [18].
By comparing the calculations and experimental data for all of the eight MCE1 tests, it was
found that the low- volatility release rates were overpredicted, on average, by a factor of 15.
If the effective surface area is taken to be 1/3 of the macroscopic surface area, then
agreement between calculations and experimental data will be reached only if a factor of 1/5
is applied to the UO3 vapour pressure at the surface. Figure 5 shows the comparison with
data from the MCE1-4 test, using a factor of 1/3 applied to the surface area A and a factor of
1/5 applied to the UO3 partial pressure in equation [18]. Although a reasonable fit is
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Figure 4: Sketch of the porous layer that develops at the surface of irradiated UOj during
volatilization in air. Active volatilization sites are at the base of each channel. UO,
transport involves percolation through the channels and diffusion across the boundary layer.

achieved in this case, the scaling of UQ, vapour pressure is not currently supported by any
experimental evidence. Further investigation of the rate controlling process is necessary for
future model development.

6. CONCLUSIONS

1. Experiments show that volatilization of UO2 can cause release of low-volatility fission
products.

2. The experiments also show that the low-volatility fission products can be retained in the
hot regions of the furnace after being released from the UOj. For the MCE1 experiment,
fission products were retained by the ThO2 boat and by the ZrO2 reaction tube. This effect
needs further study in order to define the low-volatility fission-product source term.
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Figure 5: Comparison of the measured and calculated kinetics of low-volatility Zr, Nb and
La releases in air at 1995°C (MCE1-4 test). A factor of 1/15 was applied to the calculated
rates from the model to account for a reduced surface area and other rate limiting processes.
The fission-product release kinetics were scaled to 100% to account for retention in the hot
zone during the test.

3. A model has been developed to describe the release of low-volatility fission products
from UO2 in oxidizing conditions. The model includes the effects of oxidation kinetics on
volatilization, and assumes that the fission products are completely released from each
volume of UOj that is vapourized. In its current form, the model overpredicts the fission-
product releases, but this can be rationalized by using an effective surface area and including
a coefficient to account for heterogeneous rate-limiting processes associated with the
development of a porous surface layer that is observed during volatilization of irradiated fuel.

4. Further experiments and examination of microstructures from volatilized UC^ will be
useful in assessing the rate controlling step, and defining the source term for low-volatility
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fission products. A comparison of microstructures from unirradiated and irradiated UO2
should be completed, with attention to the formation of a porous surface layer on both fuels,
since this may impact on the applicability of unirradiated experiments to studies of
volatilization kinetics.
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