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Abstract

The behaviour of fission gas in high burnup fuel during steady-state and transient conditions is of special interest for
safety reasons. Despite this, mechanistic models that reflect the fission gas transport processes and reliably predict the evo-
lution of the remaining fission gas in the high burnup structure (HBS) are largely missing today. We start to address this
problem by developing a one-dimensional, mass balance model and apply it to LWR UO2 fuel at the moderate temper-
atures found in the rim region. We examine the quantity of gas remaining in the HBS fuel matrix at steady state and com-
pare it with experimental values. We find that the current model reproduces the 0.2 wt% observed xenon concentration
under certain conditions, viz. fast grain boundary diffusion and an effective volume diffusion coefficient. A sensitivity anal-
ysis is also conducted for the model parameters, the relative importance for which is not well established a priori.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nuclear fuel has seen intensive development dur-
ing recent years because of the economic potential
of achieving high discharge burnups in nuclear reac-
tors [1]. As a consequence of these burnup increases
the in-pile behaviour of the so-called high burnup
structure (HBS) [2–14] is of great interest. There
are still a number of open questions regarding the
formation and fuel performance of the HBS. In
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved
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particular the fission gas behaviour under transient
conditions is of special interest for safety reasons.
The fission gas transport processes during steady
state irradiation are important in this context as
the location and quantity of the remaining fission
gas in the high burnup structure is necessary as an
input for modeling the fuel performance during
design basis accidents, e.g. reactivity-initiated acci-
dents (RIA) and loss-of-coolant accidents (LOCA)
[2–4]. However, whilst the fission gas behaviour in
fuel for moderate burnups is well characterised
and the main processes are reflected in many models
[15–18], fission gas behaviour in high burnup fuel is
still a matter of research. A few models have been
developed [5,6] and there has been a comprehensive
.
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characterization of the HBS, e.g. the associated
xenon depletion [7–12]. Despite this, mechanistic
models that reflect the fission gas transport pro-
cesses and reliably predict the evolution of the
remaining fission gas in high burnup fuel are scarce.

We have addressed this problem by developing a
one-dimensional, mass balance model. In this paper,
the model is presented and is applied to LWR UO2

fuel at the moderate temperatures found in the rim
region. As a first validation step, we examine the
quantity of gas remaining in the HBS fuel matrix
at steady state and compare it with experimental
values. The model contains several parameters for
which the relative importance is not well established
a priori and so a sensitivity analysis is conducted in
order to clarify this aspect. Throughout this study
the calculated averaged xenon concentration is
used for comparison with the concentration mea-
surements made by electron micro-probe analysis
(EPMA) of high burnup fuel. For the high burnup
structure the measured xenon depletion is typically
�0.2 wt% [8] and it is with respect to this value that
we compare the results from the calculations.

The next section describes the model structure,
assumptions made and the adopted mathematical
formulation. Results are presented and discussed
in Section 3.

2. Fission gas model

Fission gas release models for low to moderate
burnups typically consider three basic processes:
volume diffusion within the fuel matrix including
the precipitation of single atoms into intra-granular
bubbles [19], precipitation and growth (and shrink-
age/destruction) of grain boundary gas bubbles and
inter-linkage of grain boundary bubbles resulting in
release to the pin free volume. Within each of these
processes there are usually several different sub-pro-
cesses acting on different phases of the gas, e.g. irra-
diation induced resolution that affects the shrinkage
of grain boundary gas bubbles. For most fission gas
release models, up to four separate phases are con-
sidered in calculating the distribution of gas within
the normal fuel structure, i.e. gas within the matrix,
gas trapped in intra-granular bubbles, gas trapped
within grain boundary bubbles and grain boundary
gas that is free to diffuse (the last two comprising the
grain boundary phases).

The model presented here includes the first two
processes indicated above with the principal addi-
tion of grain boundary diffusion. In fact, while in
the normal fuel structure at medium burnups grain
boundary diffusion is not significant [20], in the HBS
the increase in the grain boundary density due to the
reduced grain size distribution, the absence of
important grain boundary porosity and the decrease
in the average pore to pore separation enhance
the importance of the grain boundary transport
mechanisms.

The model also includes the effect of irradiation
induced resolution within the two grain boundary
gas phases. The resolution process occurs when a
fission fragment passes near a bubble (intra or
inter-granular). It is well established that if the bub-
ble is small enough the high local temperatures can
completely destroy the bubble. For this reason a sta-
ble population of nm-sized intra-granular bubbles
exists in the normal fuel structure from early on in
the irradiation [19]. However, for larger grain
boundary bubbles this does not occur and instead
a ‘chipping’ model is usually employed in which a
proportion of the gas is removed without complete
bubble destruction [20,21].

We introduce a one-dimensional chain of nodes,
with a nodal separation equal to a grain diameter
(�300 nm), lying between two HBS pores, which
act as perfect gas sinks. At each node there are three
gas phases: gas inside the fuel volume, gas which is
free to move on the grain boundaries and gas which
is trapped in grain boundary bubbles (and is there-
fore immobile). For each of these phases various
transport processes are considered, which move
the gas from one phase to another: lattice diffusion
of the matrix gas, irradiation induced resolution of
grain boundary gas, trapping and grain boundary
diffusion of the free grain boundary gas. These pro-
cesses combine to form the following set of mass
balances for each phase of gas at each node

J so þ J fr
re þ J tr

re � J fr
di � J tr

di ¼ 0; ð1Þ

J fr
di � J fr

re � J fr
tr � J gb

di ¼ 0; ð2Þ
J tr

di � J tr
re þ J fr

tr ¼ 0; ð3Þ

where the J terms are mass fluxes in units of s�1 and
are defined as

Jso production rate of xenon
J fr

re resolution rate from the free gas phase of
the grain boundary to the bulk volume
gas phase

J tr
re resolution rate from the trapped gas phase

of the grain boundary to the bulk volume
gas phase
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J fr
di rate of gas transfer from the grain phase to

the free phase via a diffusive process
J tr

di rate of gas transfer from the grain phase to
the trapped phase via a diffusive process

J fr
tr rate of trapping from the free grain bound-

ary phase to the trapped phase
Jgb

di rate of gas transfer for the free gas phase
via the grain boundary diffusion process

Each of the rate terms, with the exception of the
xenon production rate, is a function of the local gas
concentration. The xenon production rate can be
written as

J so ¼ _F Y XeV v; ð4Þ
where _F is the local fission rate density, YXe is the
stable Xe chain yield and Vv is the volume of the
matrix associated with the node in question (the vol-
ume of a single spherical grain is used here). The
local fission rate density is calculated using a pellet
(radially) averaged fission rate density and a power
peaking factor for the rim zone.

The resolution terms for the trapped and free gas
phases and the rate of trapping of the free phase are
calculated using the formulation of Van Uffelen
[22], i.e.

Jk
re ¼ C�re

_F
_F ref

CkðiÞV k; ð5Þ

J fr
tr ¼ XCfr ið ÞV k; ð6Þ

where Ck(i) is the local gas concentration (m�3) at
node i for either the free or trapped phases, Vk is
the volume associated with the concentration Ck(i)
and C�re is the reference resolution rate coefficient
at the fission rate density _F ref . This reference fission
rate density is usually calculated for a local linear
heat rate of 20 kW/m. The parameter X is the trap-
ping rate coefficient and is a function of several vari-
ables e.g. bubble number density and radius [22].
Finally the diffusive rates for both the volume and
grain boundary diffusion are calculated using Fick’s
law and the respective local concentrations, surface
areas and diffusion coefficients. This applies to both
the bulk and grain boundary diffusion processes.

In addition to these processes there are six prin-
cipal assumptions:

1. The grain boundary bubbles are in a nucleation
phase and do not undergo significant growth.

2. The large HBS pores form perfect sinks for the
diffusing fission gas.
3. The system is studied under steady-state
conditions.

4. The study only considers xenon gas because the
available EPMA measurements primarily refer
to xenon.

5. The volume diffusion coefficient is calculated
using the correlation from Kogai [17].

6. The grain boundary diffusion coefficient is calcu-
lated as a multiple of the volume diffusion coeffi-
cient. A diffusion coefficient ratio a = Dgb/Dv is
thus introduced as in [23] ranging from 102 to
106.

In normal fuel structure, assumption 1 would be
considered unrealistic, however there have been
some observations of nm-sized grain boundary
bubbles in high burnup fuel [12] that would seem
to indicate a lack of growth of grain boundary fis-
sion gas precipitates. In spite of this, we introduce
a bubble growth process that assumes equilibrium
between the bubble pressure and the surface tension
and calculates the radius required to satisfy this
condition as a function of the amount of gas in
the bubble. This allows assessment of the validity
of this assumption in the context of the model. This
condition is considered throughout the solution of
the main equations. It should also be noted that
as a consequence of assumption 3, the flux of gas
to the pores (the primary sinks) must be equal to
the total production of gas in the system to maintain
a mass balance.

The solution to the system of Eqs. (1)–(3) at each
node gives a detailed profile of the gas concentra-
tions between the pores for each of the three fission
gas phases. However the HBS concentrations mea-
sured by EPMA are not this detailed. Consequently,
for the purpose of comparison, the concentrations
are spatially averaged and converted into a weight
percentage with respect to the total UO2–Xe system
as in standard EPMA measurements.

3. Results

3.1. Nominal parameter values

The ‘nominal parameter set’ (or equivalently the
‘base case’) used for the model parameters are listed
in Table 1 along with the corresponding range of
values found in open literature. Some of the nomi-
nal parameter values correspond to specific charac-
terisations of the high burnup structure, e.g. grain
size and pore separation, and as such have been



Table 1
Nominal parameter values (corresponding to an averaged xenon concentration of 0.16 wt%), along with parameter limits from the open
literature and the corresponding impact on gas concentrations

Parameter Nominal value Parameter limits
from open literature

Corresponding xenon
concentration range/wt%

Grain diffusion coefficient, Dgrain 5.3 · 10�22 m2 s�1 10�24–10�20 m2 s�1 46.1–6.7 · 10�3

Bubble number density, Nbl 1012 m�2 1011–1013 m�2 0.16–0.54
Reference resolution rate coefficient, Cr 2 · 10�6 s�1 10�7–10�4 s�1 0.16–2.1
Grain boundary diffusion coefficient, Dgb 2.6 · 10�17 m2 s�1 5.3 · 10�19–5.3 · 10�16 m2 s�1 2.1–0.13
Pore separation 3.0 lm 1.2–4.2 lm 0.13–0.20
Grain radius, Rgrain 0.15 lm 0.05–0.3 lm 0.017–0.73
Pellet average fission rate density, _F 6 · 1018 m�3 s�1 1018–1019 m�3 s�1 0.057–0.23
Power peaking factor 3 1–4 0.085–0.20
Initial bubble radius of curvature, qb 2 nm 1–10 nm 0.16–0.17

Grain boundary width, dgb 0.5 nm – –
Resolution rate coefficient, Cr 9.1 · 10�6 s�1 – –
Trapping rate coefficient, X 6.7 · 10�7 s�1 – –
Stable Xe chain yield 20.4% – –
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set with the appropriate values taken from literature
[7–12]. However, there are other parameters which
are not well known for the high burnup structure
(e.g. nucleating bubble number density). In this case
the values of the normal fuel structure are used.
However for certain parameter values there is con-
siderable uncertainty and consequently we set these
parameters such that the calculated averaged xenon
concentration is close to the measured EPMA con-
centration (�0.2 wt%), while staying within the
parameter ranges specified in the literature. For
instance, while the volume diffusion coefficient has
been measured with various methods, there is still
considerable uncertainty in the data, particularly
for typical temperatures found in the high burnup
structure. Moreover, the variation amongst the
most commonly used correlations is quite large:
for example the Turnbull three-term diffusion coef-
ficient [24] at a temperature of 673 K and mass
rating of 25 W/gU is �10�21 m2 s�1, whilst the cor-
relation derived by Matzke [25] gives �10�25

m2 s�1. Furthermore, the volume diffusion coeffi-
cient correlations were derived from data for low
to intermediate burnups and whilst they include
irradiation enhancement they are not necessarily
appropriate for higher burnups. Recent work by
Hiernaut and Ronchi [26] indicates that the volume
diffusion coefficient has an enthalpy that decreases
with increasing burnup. However this work was per-
formed under annealing conditions and may not
apply to the steady state behaviour of high burnup
fuel.

Another point to note is that for this model to
achieve the �0.2 wt% Xe concentration the volume
diffusion coefficient needs to be reduced by a factor
of 10 in comparison with the correlation. This is
most likely due to the effect of the immobile intra-
granular bubbles within the matrix that attenuates
the diffusion coefficient [19], which is not directly
accounted for in this model. Brémier and Walker
[14] came to a similar conclusion in the Booth
sphere calculation they performed to predict the
observed high burnup structure xenon depletion of
0.2–0.3 wt%.

3.2. Sensitivity to parameter limits

As an initial assessment of the impact of the large
uncertainties in the model parameters, the values of
the averaged xenon concentration at the open-liter-
ature parameter limits have been calculated and are
shown in the last column of Table 1. The calcula-
tions were performed by setting the parameter of
interest to the upper and lower limits while retaining
the nominal values for the remaining parameters.

It is clear from Table 1 that the volume diffusion
coefficient has the largest effect on the averaged
xenon concentrations with �4 orders of magnitude
variation for a volume diffusion coefficient range of
10�24–10�20 m2 s�1. With such a large variation in
concentrations the accuracy of measurements for
the volume diffusion coefficient at low temperatures
is clearly important. However we should note that a
value of �46 wt% is physically unrealistic as it is
stating that the concentration of gas is approxi-
mately half of the UO2–Xe compound by weight.
This is most unlikely to occur and clearly indicates
the invalidity of this specific parameter combination.
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It is interesting to observe that the average xenon
concentration is relatively insensitive to variations
of the HBS geometrical parameters, i.e. pore separa-
tion and grain radius. For the grain radius there is
an increase in concentration with grain size, which
might be of some concern given that the measured
xenon concentration in the HBS zone is generally
found to be constant. However, it should be noted
that a grain radius distribution develops in the
HBS zone [11] and thus the upper and lower limits
should contribute less to the average concentration
than the average grain radius of 0.15 lm. To con-
firm this, a simple Monte Carlo calculation was
performed to reproduce the experimentally
observed high burnup structure grain distribution.
The introduction of a grain distribution was found
to change the averaged xenon concentration by less
than twice the nominal value.

Another point of remark is the variation of the
averaged xenon concentration with the pellet aver-
aged fission rate density. The selected range of
1018–1019 m�3 s�1 corresponds approximately to
pellet average linear heat rates of 2 kW/m and
17 kW/m, respectively. The variation over this
range is relatively small, i.e. less than an order of
magnitude. More importantly, one would expect
to have average linear heat rates of at least
10 kW/m at steady state, which reduces this range
even further.
Fig. 1. Variation of the averaged xenon concentration with the grain b
values. The grey area corresponds to the range of average concentratio
Although the model assumes that bubble growth
kinetics are not an important factor for the aver-
aged xenon concentration the sensitivity with
respect to the initial bubble radius was investigated.
Typically, a nucleating bubble is expected to have a
radius on the order of nanometers. As can be seen
from Table 1, varying the initial bubble radius from
1 to 10 nm, even when considering bubble growth,
does not significantly affect the averaged xenon
concentration.

3.3. Sensitivity from two-parameter variations

The sensitivity of the averaged xenon concentra-
tion has been examined in greater detail for three
parameters: (1) the grain boundary diffusion coeffi-
cient, (2) the resolution rate coefficient and (3) the
bubble number density. To examine the effect of
these parameters, several two-parameter variations
were performed with the remaining model para-
meters fixed at their nominal values in each case.

Fig. 1 shows the effects of the variation of both
the grain boundary diffusion coefficient and the
bubble number density. The averaged xenon con-
centration saturates for high values of the grain
boundary diffusion coefficient, for values greater
than �10�17 m2 s�1 (greater than about 104 in the
diffusion coefficient ratio), since the effective diffu-
sion distance increases with the grain boundary
oundary diffusion coefficient for different bubble number density
ns seen in EPMA measurements of the high burnup structure.



Fig. 2. Variation of the averaged xenon concentration with the resolution rate. The grey area corresponds to the range of average
concentrations seen in EPMA measurements of the high burnup structure.
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diffusion coefficient until the diffusion length is
greater than the typical pore separation. In this
regime, gas transport to the high-burnup pores is
limited only by trapping. Therefore, a large sensitiv-
ity to the bubble number density is observed (if the
bubble number density is increased from 1011 to 4 ·
1013 m�2 then the averaged xenon concentration
markedly increases from �0.1 to �6 wt%). When
the bubble density is reduced below �1012 m�2 there
is an additional saturation effect due to a reduction
in trapping strength yielding a large effective diffu-
sion distance at the grain boundary. At lower diffu-
sion coefficients, i.e. as the grain boundary diffusion
coefficient approaches the volume diffusion coeffi-
cient, there is an expected considerable increase in
the averaged xenon concentration as the grain
boundary gas transport to the pores is greatly slo-
wed down. It should be commented though that
the saturation concentration, i.e. for a diffusion
coefficient ratio above �104, is dependent on the
absolute value of the volume diffusion coefficient.
From Fig. 1 we conclude that for the current model
to achieve the �0.2 wt% averaged xenon concentra-
tion, the nucleating bubble number density needs to
be low and the grain boundary diffusion coefficient
should be high (>104 times the nominal volume dif-
fusion coefficient).
Fig. 2 shows the dependence on both the resolu-
tion rate and the bubble number density. This plot
illustrates two different regimes with respect to the
resolution rate. At high resolution rates the concen-
tration exhibits little variation with bubble number
density and an upward trend while the opposite
behaviour is observed at low resolution rates (bub-
ble number density dependence and a downward
trend with increasing resolution coefficient).

At high resolution rates the free gas available at
the grain boundary is resolved immediately back
into the grains, thus limiting the amount of gas dif-
fusing out of the system via the grain boundary.
This resolution flux acts as an additional source
for the grains, which increases with the value of
the resolution coefficient, yielding the observed
upward trend. Moreover, as little free gas is avail-
able for trapping, the effect of the grain boundary
bubbles is negligible in this regime.

However, at low resolution rates most of the free
gas either leaves the system by grain boundary diffu-
sion or is trapped in the bubbles. The resolution
from the grain boundary bubbles is thus dominant
in this regime and contributes moving part of this
‘immobile’ gas back into the grains thus allowing the
possibility for further gas escape from the system via
grain boundary diffusion. Therefore, in this regime



Fig. 3. Required range of values of volume diffusion coefficient, resolution rate coefficient and bubble number density for producing an
�0.2 wt% averaged xenon concentration (diffusion coefficient ratio fixed at 5 · 104).
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the average xenon concentration shows a downward
trend with increasing resolution rate and a marked
dependence on the bubble number density (the
higher the bubble number density the more gas is
trapped, thus remaining in the system).

Because of the multi-variable nature of the cur-
rent model, different parameter combinations will
lead to different averaged concentrations. Fig. 3
illustrates the range of values of the volume diffu-
sion coefficient, resolution rate coefficient and
bubble number density, over which the model pro-
duces an averaged xenon concentration of
�0.2 wt%. In this figure the diffusion coefficient
ratio has been placed in the saturation regime, i.e.
a = 5 · 104.

As expected, Fig. 3 exhibits most of the features
that have been commented on previously, i.e.

• There is a lower sensitivity to the bubble number
density at high resolution rates; this however
develops strongly when the resolution rate is
reduced.

• The range of the required volume diffusion coef-
ficient (for attaining �0.2 wt%) is well within
the anticipated uncertainty on parameter values.
However, it does mean that an accurate deter-
mination of diffusion coefficients is desirable
for models of gas dynamics in the high burnup
fuel.
4. Conclusions

A steady-state fission gas model has been devel-
oped to examine the gas dynamics in the high bur-
nup structure. A stable solution was achieved for
the set of parameters adopted in other fission gas
models combined with parameter values specific to
the HBS. With the current model it is possible to
reproduce the 0.2 wt% experimentally observed
xenon concentration under certain conditions, viz.
fast grain boundary diffusion and a reduced volume
diffusion coefficient. Our study has shown that the
amount of gas staying in the system depends on
the grain boundary diffusion coefficient only when
the diffusivity ratio, a, is small, becoming otherwise
insensitive to this quantity when a P 104. Within
the grain boundary diffusion saturation regime the
current model exhibits a high sensitivity to three
parameters: the volume diffusion coefficient, the
bubble number density and the resolution rate coef-
ficient. A more detailed examination of the sensitiv-
ity with respect to these parameters has shown that

1. The volume diffusion coefficient significantly
affects the averaged xenon concentration and as
such needs to be specified with a reasonable
degree of accuracy.

2. The bubble number density is only of relevance
to the averaged xenon concentration for densities
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above 1012 m�2 and for resolution rate coeffi-
cients lower than �10�4 s�1.

All of these observations are seen in Fig. 3, which
illustrates the range of necessary combinations of
these parameters for the 0.2 wt% concentration.
From this ‘locus’ plot we infer that at low resolution
rates all these three parameters are of relevance;
however at higher resolution rates the bubble num-
ber density ceases to be an important factor and it is
only the volume diffusion coefficient and the resolu-
tion rate coefficient that need to be specified. Of
particular significance is the relatively small range
of required values for the volume diffusion coeffi-
cient, which makes more accurate measurements
of this quantity and the grain boundary diffusion
coefficient highly desirable at low temperatures.

Further development of the current model into a
time dependent description of the HBS gas evolu-
tion featuring additional mechanisms such as
vacancy diffusion, bubble coarsening and effects of
local stress fields is on-going.
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