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ABSTRACT

A simplified semi-empirical model
predicting fission gas release from U02+X
fuel to the fuel rod plenum as a function of
stoichiometry excess (x) is developed to
apply to the fuel of a defective LWR fiel
rod in operation. The effect of fuel oxidation
in enhancing gas difi%sion is included as a
parabolic dependence of the stoichiometry
excess. The increase of fission gas release in
a defective BWR fuel rod is at the most 3
times higher than in an intact fiel rod
because of small extent of UOZ oxidation.
The major enhancement contributor in
fission gas release of U02+X fiel is the
increased difisivity due to stoichiometry
excess rather than the higher temperature
caused by degraded fuel thermal
conductivity.

I. INTRODUCTION

Operation of a defective LWR fiel rod
causes secondary fhel rod degradation. U02
oxidation is one of the degradation
processes. Although the rate is low, it is
evident that U02 fuel oxidizes in steam
environment in the gap and probably some
oxidizing radiolysis products of steam.]~
Conversion of U02 to U02+Xhas significant
effects on fiel performance. First, fuel
thermal conductivity decreases,3 which
results in higher fiel temperatures and the
increased fiel temperature results in more
fission gas release. Second, as x increases,
the intragramdar gas diffusion by a uranium-
vacancy mechanism becomes more

facilitated!~
release.

This also increases fission gas

In addition to direct fhel oxidation, several
other mechanisms also cause fiel O/U ratio
increase. First, U02 fhel is oxidized with
increasing burnup, in particular for Pu
fission, since the fission products consume
less oxygen than is liberated by fission of U
and PU.7Second, the local O/U ratio of fuel
can be increased by an oxygen migration
mechanism under temperature gradients.
Oxygen migrates up the temperature
gradient both axially and radially for
hyperstoichiometric oxide, oxygen moves
down the temperature gradient for
hypostoichiometric oxide, and no oxygen
redistribution occurs for stoichiometric
fuel.g

Fission products
three categories:
volatile elements
volatile elements

(FP) are classified into
noble gases (Xc, Kr),
(I, Cs, Te) and not-so-
(Ru, BZL Me). Exce~t

noble gases, FP volatility depends on
chemical state of the element (mainly on the
oxygen potential of the medium). The
present work focuses on the gas-phase FP
(Xc, Kr) release from fbel to the fhel rod
free volume.

Since Booth 9treated fission gas release as a
classical diffbsion process and provided a
solution for an idealized situation four
decades ago, extensive studies have been
accumulated on this subject. However,
almost none of them deviated from the
Booth model, although many criticized the



model as being overly simplified. The main
attraction of the Booth model is contained in
its simplicity. Therefore, many authors that
studied this subject modified the diffhsion
coel%cient (D) to fit their specific situation
rather than made a radical departure from
the Booth model. As a resul~ D is still
treated as a function of temperature of the
difiising medium only.

A number of studies on enhanced fission gas
release from a U02+X fiel have been
reported.6>10-17The effect of Iiel oxidation
(or equivalently, increase in O/U ratio) on
fission gas release has been studied both
theoretically and experimentally. Among
experimental results, in-pile data are found
only from Ref. 10. Because fuel oxidation
always increases fuel temperatures, the
effect of fiel oxidation on fission gas release
should include contributions from fuel
oxidation itself and relevant temperature
increase simultaneously. However, the
majority of works have focused on the
generation of diffusion coefficients not the
practical release data from a fuel during
operation. This is mainly because these
works were related to ex-pile experiments.

No explicit correlation of O/U-ratio
dependence of fission gas release exists that
predicts the amount of fission gas release of
a defective rod during in-reactor operation.
Fission gas release from the gap of a
defective rod to coolant is not included in
this study. The purpose of the present study
is twofold. One is to review the existing data
in the literature dealing with the fission gas
release enhancement due to stoichiometry
excess. The other is to present a simplified
semi-empirical model correlating fission gas
release to stoichiometry excess of fiel in
conjunction with fiel oxidation in a
defective LWR rod.

II. FISSION GAS RELEASE
MODELS FROM U02+X

Lindner and Matzke (L&M) 12were among
the first to study the effect of stoichiometry

on fission gas release. They found that
fission gas release from U02+Xis higher than
from U02. For example, at 1400 “C fission
gas diffusivity (D) at O/U =2.12 is
approximately 40 times higher than
diffkivity at OiU = 2.00. The activation
energy is approximately constant over the
stoichiometry range of O/U = 2.0 – 2.12,
although the fission gas diffusion coefficient
increases linearly with the oxygen content.
Miekeley and Felix (M&F) 13 studied the
release of fission Xe from UOZ in the
composition range from O/’U=l.934 to
2.250. They reported results contradictory to
the observations of L&M, namely, that
neither a correlation between D and O/U
ratio nor a correlation between the initial
increase of apparent D with anneaiing time
and the increase of O/U ratio exists.
Furthermore, they showed that the
enhancement of D in U02+Xremains to a
considerable extent after reduction to
U02.000 thus indicating that the mere
presence of excess oxygen is not essential
for the enhancement.

This apparent discrepancy between L&M
and M&F can ~deexplained by using the data
from Shiba. He measured fission Xe
release from pre-irradiated specimens by
annealing in an inert atmosphere. He found
that release increases with OAJ ratio fi-om
0KJ=2.00 to 2.20 then it sharply decreases
from O/U=2.20 to 2.25 showing minimums
at 0KJ=2.00 and 2.25, which corresponds to
U02 and UA09,respectively. He claimed that
stoichiometric oxides (i.e., U02 and UA09)
release less fission gas during annealing
because those materials contain less gas.
The lower amount of retained gas results
from fewer defects in stoichiometric oxides
due to its less susceptibility to fission
fragment darnage compared to
hyperstoichiometric fbel. He pointed out
that, because defects in the difising
medium trap fission gases, more defects in
the fiel correspond to more gas retention.
Therefore, the fission gas releases more
easily in stoichiometric oxide than
hyperstoichiometric one. Inasmuch as the
total amount of fission gas generation would



be equal in both types of oxide, this means
that the stoichiometric oxide releases more
fission gases during irradiation.

Shiba *4also presented Xe fractional release
from pre-irradiated UOW.Xsamples during
annealing (Fig. 11 of Ref. 14). The annealing
method is a gradual heatup of the sample in
an inert gas environment for 6 hours until
the temperature reaches 1273 K.

Based on Shiba’s data, an empirical
correlation of Iiactional Xe release as a
function of stoichiometry excess (x) is
obtained:

F = 0.007+ 0.6x– 1.1x2 (1)

where F is the fractional Xc-gas release and
x is the stoichiometry excess. Eq.(1) is the
best fit of Shiba’s data in the range of O S x
< 0.2. Eq.(1) suggests that the amount of
fission gas release from a
hyperstoichiometric fiel has a parabolic
dependence on x. F in Eq.(1) is plotted in
Fig. 1 as a fimction of x. It is notable that this
correlation is applicable only in the range of
x horn 0.0 to 0.2. It has been reported 2 that
the maximum fuel oxidation of a defected
LWR fhel rod is restricted to as low as O/tJ
ratio of 2.006. Therefore, Eq.(1) is
applicable to analyses of fission gas release
from defected fuel rods. However, Eq.(1) or
Fig. 1 has a limitation to predict gas release
in a real situation because it does not include
a temperature dependence term.
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Fig.1 Dependence of Xe gas release on
stoichiometry excess during annealing

Une, Amayq Imamura and Korei 10
discussed the synergistic effect of fuel
oxidation and fuel temperature on fission
gas release based on a survey of in-reactor
data and calculated an enhancement factor in
fission gas diffusivity. As described in the
introduction, fuel oxidation promotes more
fission gas release as well as increases the
fiel temperature if the l%el remains at
constant linear power, which causes
additional fission gas release. As a
numerical example, for an O/M ratio
increase of 0.03, fiel center temperature
rises about 150 K at 1373 K. The combined
effect of O/M ratio increase and relevant
temperature increase results in two orders of
magnitude enhancement of fission gas
difisivity at the fuel center.

In the following subsections, the existing
models for fission gas release from U02+X
are reviewed.

11.A.Cubicciotti Model

Cubicciotti 15>’6analytically studied fission
gas release of oxidizing U02 in steam and
that of stoichiometric U02 in an inert gas
atmosphere.

For an oxidizing fiel, he utilized the UOZ
oxidation model given in Ref. 18 to calculate
fractional fission gas release, assuming that
the rate of transport of fission gas through
the fiel was equal to the rate of fhel
oxidation by steam.

(2)
where

F = fractional release of fission gas
~L= M2

L = H (for height) or R (for radius)
of a fiel pellet
t = time (s)



D = D. = oxygen chemical difision
coefilcient in UOZ+X.

In addition, he utilized the oxygen chemical
difision coefficient (D,) given in Ref. 18.

DC(m2/s)= 9.9x10-3exp(-28,600/T) (3)

where T is in Kelvin.

The fractional gas release calculated from
this model is independent of the extent of
fuel oxidation. The release rate depends only
on the oxygen chemical difision coefficient
at a given time and temperature, which is
generated by the concentration gradient.
Oxygen atom concentration is the highest in
the fiel center where oxidation is the fmtest
with the assumption that steam access to the
fuel center is allowed (see model proposed
in Ref. 2). The extra oxygen atoms diffuse
outward to the fuel surface. This
phenomenon is implemented into the
temperature term of Eq.(3).

Eq.(2) was originally obtained by Jain 19
who solved the fractional release from a
cylinder of a homogeneous diffiwing
medium. Therefore, Eq.(2) is the equivalent
expression for cylinders as is seen in the
Booth model that models spheres? namely,

where a is the Booth sphere radius. If D. in
Eq.(3) is for ‘effective’ diffbsion of fission
gas in an LWR I%el pellet application of
Eq.(2) to fission gas release from the fhel
pellet is valid.

For undefeated fiel, Cubicciotti proposed to
use the grain growth model given by Malen
20as the fractional gas release rate. The gas
release depends on the grain boundary
sweeping of growing grains.

()
–312

F = 1- l+% (4)
o

and

k= 1.46x 10-8exp(-32,100/T) (5)
where

k= constant for grain growth (m2/s)
t = time (s)
&= initial grain diameter (m)
T = temperature (K).

The fractional fission gas release from an
isothermally heated fhel for several
temperatures during oxidation is calculated
applying Cubicciotti’s model. Because a real
pellet always has a temperature distribution
during operation, this result is unrealistic to
the defective fiel rod condition.
Furthermore, the Cubicciotti model contains
restrictions that make it inapplicable to a
situation of fission gas release of a defective
I%elrod: (1) it does not include the effect of
the extent of fhel oxidation and (2) it does
not contain the effect of irradiation. Based
on the Cubicciotti model, a comparison of
fractional gas release from isothermally
heated fiels with and without oxidation is
made in Fig.2. At 1300 K, the fractional gas
release (not the difision coefficient) of fuel
during oxidation is “about two orders of
magnitude higher than that of non-oxidizing
fiel.

However, because the Cubicciotti model is
basically a phenomenological one applicable
only to a specified condition that the model
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Fig.2 Fractional gas releasefrom an
isothermally heated fuel pellet with
and without fuel oxidation
(pellet heigh&10 mm, radius=6.4mm)



was fitted, there is no way of extrapolating
this model to the realistic condition
prevailing in a defective rod. In other words,
temperature distribution, various fuel
oxidation states, irradiation effects, the
existence of oxidizing radiolysis products
and different chemical composition of the
fiel cannot be considered.

11.B.Killeen and Turnbull model

A mechanistic model to predict fission gas
release from a hyperstoichiometric fuel was
provided by Killeen and Tumbull (K&T)~l
who studied the gas diffhsion coefficients
under irradiation conditions. A composite
expression for the diffision coefficient was
proposed that incorporated the intrinsic
diffusion term for high temperature regimes
by Davies and Long,22 an irradiation-
induced athermal diffhsion term for low
temperature regimes by Matzke,23 and a
fission-induced vacancy difision term for
intermediate temperature regimes by
Sharp?4 Thus, the diffision coefficient D~
takes the following form:

where DDU (m*/s) = 7.6 x 10-10exp(-3.5 x

104/T), D~ (m2/s) = A@and Ds (mZ/s) =
h2j.V with A = augmentation factor from
Matzke?3 $= fission rate, h = atomic jump
distance, j, = vacancy jump rate and V =
irradiation-induced vacancy concentration,
which is given in Ref.24. Including the
details explained above, DTbecomes:

D, (m’ /s) = 7.6x 10-’0exp(-3.5 x 104/T)

+2x 10-40~ + h2jvV (6)

where ~ in fissions/m3-s
h= lf)-lom

j,= 1013exp(2.78x104/T).

From Ref.24, V is given by:

v.
a=hl + ZVo

2Z [l+jv(a$iY’ZVo)’~-l]

(7)

where a,= fixed sink strength, 1015m“2
h = atomic jump distance, 1010m
K = damage rate, 2X105
Z = number of sites around a point
defect where recombination is
inevitable, 100.
V. = thermodynamic concentration
of vacancies, exp(2.78xl 04~.

In case of the recombination-dominant
conditions, Eq.(7) reduces to:

V = (K I j, 2)”2 (8)

Killeen and Tumbull b added the effect of
non-stoichiometry on gas atom difision to
Eq.(6). The salient point is that the increased
number of oxygen interstitial due to U02
oxidation reduces oxygen vacancies and
simultaneously increases uranium vacancies.
The last term of Eq.(6) was modified to add
the effect of increase in the uranium vacancy
concentration as:

h2jv V + h2jv(V+ Vu)

where VU is the concentration of the
oxidation-induced vacancies of uranium.
Thus the diffhsion coefllcient that contains
irradiation and oxidation effects is:

Dw,(m2 /s)= 7.6x 1o-’”exp(–3.5 x 104/T)

+2x10-W4 +h2jv(V+V@) (9)

Lidiard 4 provided an expression for Vu
when stoichiometry changes:

vu= :[++:+;(,+:)”] (10)

where x is the stoichiometry excess, G is the
Frenkel energy for the oxygen lattice,

/



G = exp(-3.58 x 104/T) and S is the

Schottky energy, S = exp(-7.41 x 104/ T).

The authors of Ref.6 showed that the model
agrees better with the data of Ref.12 than
those of Ref. 13. Considering the difference
of experimental details, the model fits the
experimental data reasonably well.
However, this model is not convenient to
use mainly because of the complexity of
expressions for V and Vu in Eqs.(7) and
(10), respectively. In addition, it contains
too many empirical constants and
parameters for practical application.

Mansouri and Olander (M&O) 17simplified
the diffusion coefllcient of K&T eliminating
all parameters except the temperature and
stoichiometry excess terms by refitting K&T
data. Their diffusion coefficient is as simple
as:

Dmo (m’ /s)= 9 x lo-’exp(. y) x’

(11)

However, DM&o goes to zero when x
approaches to zero, which does not have any
physical meaning. Therefore, the applicable
range for x was restricted to 0.005< x <0.12
by the authors. As Mansouri indicated,
because the stoichiometry excess term x is
multiplied directly to the temperature term,
predictions made by Eq.(11) will not
intrinsically fit independent experimental
data (e.g., L&M) at low x values near the
low boundary of the model, x=O.005. From
the standpoint 2that the fuel oxidation in the
defective rod is very small (x < 0.008), the
M&O model is not applicable for the most
interesting range of x in the defective I%el
rods.

III. Simplified Model of Fission
Gas Release from U02+X

The gas release models discussed in the
previous section have limitations applying to
the defective rod situations. Therefore, a

new simple model has been developed for
this work and is described in this section.

The difision coefficient for the high
temperature (>1473 K) regime used in Refs.
6 and 21 was that originally provided by
Davies and Long,22 and this best represents
the situation of the present work. Thus, the
diffusion coefficient for high temperature
regimes is expressed as follows:

D~W(m2/s)= 7.6x 10’0exp(-3.5 x 10’ / T)
(12)

In order to include the effect of
hyperstoichiometry, it is proposed here to
multiply DDU with a parabolic term of the
stoichiometry excess (x). As discussed

from Shiba~4 -
earlier in E .(l), the analysis of the data

unplies that the fission gas
release has a parabolic dependence on x.
Thus, the difisivity @ces the form:

D (m’ /s)= 7.6x 10-’0exp(-35x 104/T)(l+

+crJx+clx2) (13)

where co and c1 are constants, and x is the
stoichiometry excess. The constant term in
the parentheses is restricted to 1 in order not
to obtain zero intrinsic diffhsion for x = O,in
other words, when the fiel does not oxidize.
The constants co and c1 are determined by
fitting Eq.(13) to the existing data for ex-pile
gas release obtained from Ref. 6. The
resulting diffusion coefficient is:

D(m2/s) =7.6x 10’0exp(-35x 104/T)(l+

493x+32,182x2) (14)

The validity of Eq.(14) is examined in Fig.3
by comparing to L&M 12and M&F 13data.
It agrees fairly well with L&M data at high
temperature regimes but underestimates at
lower temperature regimes. Eq.(14)
generally underpredicts the L&M data. This
is attributed to the difference in sample
preparation used for the two different sets of
experiments. The samples of L&M were
powder while the K&T samples that Eq.(14)
is based on were pellet fragments. Due to
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Fig.3 Comparison of Eq.(14) with
experimental data

the additional resistance from the grain
boundaries to the flee surface, K&T data is
lower than that of L&M. Furthermore, K&T
measured Kr but L&M data is for Xe. Since
Kr diffuses slower than Xe, lower D from
Eq.(14) than data from L&M is acceptable.
Comparison of the current difisivity with
M&F data point (for Xe) shows that both are
very close.

For a numerical example, the enhancement
in diffusion coefficient at 1300 K between
x=O.O and 0.025 is about two orders of
magnitude. This is in accord with the result
reported by the authors of Ref. 10. They
found that the combined effects of a 150 K
temperature increase at -1373 K due to
reduction in thermal conductivity of the
hyperstoichiometric fuel and enhancement
of diftisivity due to stoichiometry excess
(x=O.03) results in two orders of magnitude
increase in diffusivity.

To include the effect of fission on the
difl%sion coefficient, a linear dependence of
fission density is added to Eq.(14). The
enhancement of diffusion coeftlcient by
irradiation is due to an increase in the
number of vacancies. This effect is
negligible at high temperature because of
annealing of vacancies. However, at
temperatures lower than 873 ~ it is more
dominant than non-stoichiometry effect?’

Using D~ obtained from Ref.23, the
difision coefficient of fuel under irradiation
is:

D=(m’ /s)= 7.6x 10”’0exp(-35 x 104/T)(l +

493x+32,182x2)+2 X 10a~
(15)

where D~ff is the effective diffision
coefllcient. Eq.(15) is plotted in Fig.4 for
several x values and the fission density of
1019 fissions/m3-s. It is noticeable that
fission induced vacancy effect is dominant
at low temperatures. As T in Eq,( 15)

becomes very small, Dw (m’ /s)=

2 x 104+. It is also shown in Fig.4 that the
contribution of fission density virtually
determines the difision coefficient below
873 K. Since fiel operational temperatures
are above -873 K, however, there is always
intrinsic difision contribution in the fission
gas diffusion.
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Fig.4 Diffbsion coefficient of fission
gas k U02+Xfor fission density of

1019fissions/m3-s (Eq.(15))

Once the diffusion coeftlcient is obtained,
the accumulated time dependent fission gas
release from a fuel pellet homogeneously
heated is achieved by using Booth’s
diffision model 9 with Booth sphere radius
the same as the grain size, namely

/



(),.@.d”. ‘D.’ (16)
7r a2 a2

where
F = accumulated fractional release
of fission gas
D.ff= effective gas difl%sion
coefficient in UOZ+X
t = time
a = grain size.

Eq.(16) plotted for x values in Fig.5 using
a=l O pm, shows the dependence of fission
gas release on stoichiometry excess. The
difference of fractional release at 1300 K
between x=O and 0.1 is about a factor of 12
at time of 278 hours. This result agrees with
L&M 12 data that showed 40 times
enhancement due to x=O.12 at 1672 K. Fig.6
compares Eq.( 16) and Cubicciotti’s results.15
For Eq.(16), the grain size is assumed 10pm
and for Cubicciotti model a pellet of height
= 10 mm, radius = 6.4 mm and the grain
diameter = 10 ym is assumed. The
prediction for fission gas release during
oxidation from Cubicciotti model is higher
than the prediction by Eq.(16) for x=O.1. If
x=O.3 at time of 278 hours and 1300 K, the

0.5

1
X=o.1

—— X=O.02
-——. X=O.005
——. X=o.o

O 50 100 150 200 250 300
Time @r)

Fig.5 Fractional fission gas release
at 1300 K

prediction matches the high release rate
obtained from
release rate of

Cubicciotti.15 The high
the Cubicciotti model is

originated from the high diffusion
coefilcient. He assumed that the fission gas
diffbsivity is the same as oxygen diffhsivity
during fuel oxidation.

In addition, the applicable range of Eq.(16)

Ezd
.- Oxidation

~=”
/“
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& /
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————.—-——.
h

Non:oxidation

o 100 200 300 400

Time (k-)

Fig.6 Comparison of fractional
gas release at 1300 K

set approximately at x=O.2 is justified for
the reason 2 that the fuel oxidation in a
defective fiel rod is limited at the most to
x=O.01. Therefore, the high extent of fiel
oxidation to match Cubicciotti model is not
needed for the purpose of the current model.

For the fuel without oxidation, Cubicciotti
model under-predicts than Eq.(16). This is
partly because D.ff in Eq.(16) includes added
fission induced diffusivity.

IV. Numerical Example

The distribution of stoichiometry excess (x)
in a defective rod shows a maximum at the
fiel center and gradually decreases to a
negligible level at the fbel surface (Fig.4 of
Ref.2). The maximum stoichiometry excess
is 0.006 for a defective BWR rod.2

The x-dependent thermal conductivity is
formulated based on the data in Ref.3 as:
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k(W/m-K)=[(0.02 +3.5x)+

2.5x10-4 -1.3 X10-3X)T ~’

where k is the thermal conductivity, x

(17)

is the
stoichiometry excess and T is temperature in

K.
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Fig.7 Effect of stoichiometry excess on
(a) fiel temperature and (b) local
fractional gas release for BWR fuel
at 30 kW/m and fission density of
1019fissions/m3-s

The changes in temperature distribution and
corresponding local fractional gas release
according to fuel oxidation are calculated at
time of 278 hours after fuel oxidation
reached equilibrium and shown in Fig.7. The
equilibrium fiel oxidation profile presented
in Ref.2 was used for the analysis. The
centerline temperature increase
incorporating reduced thermal conductivity
because of the increase in the stoichiometry
excess (Ax) of 0.006 from the
stoichiometric fiel is -40 K if the reactor
power remains constant. Considering only
the effect of this temperature rise, the
fractional release at the fuel centerline
increases by 33 % relative to the
stoichiometric fiel. However, the combined
effect of temperature and stoichiometry
results in a factor of three higher at the fiel
centerline and A x=O.006. This suggests that
the effect of temperature increase due to the
degradation of fiel thermal conductivity
during fuel oxidation is minor on in-pile
enhanced fission gas release and the major
contribution is provided by diffusivity
increase due to the vacancy mechanism
caused by the stoichiometry excess.

V. Conclusions

Predicting the amount of fission gas release
from UOZ+Xfuel to the fuel-to-cladding gap
of a defective LWR fuel rod during
operation requires a model describing the
dependence of gas release on the extent of
fuel oxidation. A new semi-empirical model
has been developed by modifiing existing
semi-empirical models in the literature. The
contribution of fbel oxidation in enhancing
gas diffusion is included as a parabolic
dependence of the stoichiometry excess. The
new model closely predicts the available
data although the experimental data for
fission gas release from UOZ+Xare currently
limited.

The increase of fission gas release in a
defective BWR fiel rod is at the most 3
times higher than in an intact fuel rod. This
is mainly because the extent of fuel



oxidation in a defective rod is small. The Acknowledgements
major enhancement contributor in fission
gas release of UOZ+Xfuel is the increased This work was supported by the U.S.
diffusivity due to stoichiometry excess Department of Energy, Materials/Chemistry,
rather than the higher temperature caused by Materials Characterization, under Contract
degraded fuel thermal conductivity. W-3 1-109-ENG-38.
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