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a b s t r a c t

The description of intra-granular fission gas behaviour is a fundamental part of any model for the pre-
diction of fission gas release and swelling in nuclear fuel. In this work we present a model describing the
evolution of intra-granular fission gas bubbles in terms of bubble number density and average size,
coupled to gas release to grain boundaries. The model considers the fundamental processes of single gas
atom diffusion, gas bubble nucleation, re-solution and gas atom trapping at bubbles. The model is
derived from a detailed cluster dynamics formulation, yet it consists of only three differential equations
in its final form; hence, it can be efficiently applied in engineering fuel performance codes while
retaining a physical basis. We discuss improvements relative to previous single-size models for intra-
granular bubble evolution. We validate the model against experimental data, both in terms of bubble
number density and average bubble radius. Lastly, we perform an uncertainty and sensitivity analysis by
propagating the uncertainties in the parameters to model results.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Given the fundamental role played by fission gas swelling and
release in the thermo-mechanical behaviour of nuclear fuel rods
during irradiation [1,2], models of fission gas behaviour (FGB) must
be included in fuel performance codes. Bubbles nucleate in fuel
grains due to the low solubility of the fission gas and evolve
through trapping of dissolved gas atoms and the counteracting
process of irradiation-induced bubble re-solution. Gas diffusion to
grain boundaries is mainly due to dissolved atoms, with nucleation,
B.V. This is an open access article
trapping and re-solution determining the coupling between bubble
evolution and gas atom diffusion [1e6]. Intra-granular gas diffusion
to grain boundaries provides the source term for the inter-granular
processes, ultimately leading to grain-boundary gaseous swelling
and fission gas release [2,6e8]. Intra-granular bubbles not only
affect the gas diffusion rate to grain boundaries but also contribute
to fuel swelling, although intra-granular gaseous swelling becomes
significant compared to grain-boundary swelling only at high
burnup or during transients to high temperatures [9,10].

Therefore, models are needed to describe the evolution of the
intra-granular bubble population. In particular, to estimate the
bubble effects in intra-granular diffusion and the intra-granular
swelling, the bubble number density and average bubble size
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need to be calculated [4,11e13].
The traditional approach adopted in engineering-scale fuel

performance codes describes the evolution of intra-granular fission
gas bubbles by relying on empirical correlations. These correlations
estimate the mean bubble size and number density as a function of
macroscopic parameters, e.g. the local temperature [6,14]. Indeed,
the inherent simplicity of the correlation-based approach entails
the advantage of a small computational burden. However, the
application of these correlations is limited to their interpolation
range, hence to conditions for which experimental data are avail-
able. Furthermore, physically based models can be applied to
different materials by adapting the fundamental parameters, while
empirical correlations are material-specific. Finally, as fundamental
parameters can be derived using lower-length scale modelling,
physically based engineeringmodels have the additional advantage
of allowing for scale bridging in multiscale modelling approaches
[15].

A complete and accurate description of the bubble population
evolution can be accomplished by employing cluster dynamics
approaches (e.g., [16e19]). Cluster dynamics models calculate the
entire bubble (atom cluster) size distribution and the distribution
evolution over time by solving coupled rate equations for the
number densities of clusters of different sizes. Clearly, these
advanced modelling approaches are computationally intensive and
cannot be used directly for fuel performance code applications [4].
On the other hand, advanced modelling can be used to inform
engineering-scale models with improved parameters.

Representing the bubble size distribution as only the mean size
and the total number density (single-size models) allows for a
compromise between simplicity and accuracy, surpassing the
inherent physical limitations of the correlation-based approaches
and, at the same time, avoiding the high computational cost of
cluster dynamics [4].

The present authors developed an efficient physically based
model of fission gas release and swelling in UO2 [20e22]. This
model constitutes the basis for the calculation of fission gas
swelling and release in the fuel performance codes TRANSURANUS
[11] and BISON [12]. The emphasis of such development has been
on modelling of grain-face FGB, while intra-granular behaviour has
been modelled in a rather simplistic way and making use of
empirical values for the characteristics of the intra-granular bubble
population [20,23]. Introducing a more suitable treatment of the
intra-granular FGB in this model was identified as an important
future development.

In this work, we tackle this task by developing a new model of
intra-granular fission gas behaviour that computes the coupled
intra-granular bubble evolution and gas atom diffusion on a
physical basis. The goal is to compute the evolution during irradi-
ation of intra-granular bubble mean size and number density, the
associated intra-granular swelling, and the coupled gas release rate
to grain boundaries. A requirement is that the model consists of a
reduced number of equations and parameters and can be used in
engineering codes directly. Thus, we derive a single-size model
from a detailed cluster dynamics description through successive
simplifications. These simplifications are corroborated by experi-
mental observations of small intra-granular bubbles, rather than
obtained through cluster dynamics simulations. A multiscale
approach with comparisons to detailed cluster dynamics simula-
tions in order to assess and potentially improve the assumptions of
this engineering-scale model is of interest in perspective, although
it is beyond the scope of the present work.

To the best of our knowledge, the most recent and significant
work on single-size models for intra-granular bubble evolution is
the paper of Olander and Wongsawaeng [4]. They reviewed the
mechanisms of bubble nucleation, growth and re-solution and
derived single-size formulations by applying in the first place the
assumption of all bubbles having the same size. While this
approach captures the main physical mechanisms, it has important
limitations [4]. For instance, the single-size assumption implies
that bubbles nucleated at a given time grow instantaneously to the
mean size and that bubble destruction only occurs at the mean size,
which introduces a bias in the bubble size calculation. Capturing
such effects requires consideration of a non-uniform bubble size
distribution. In the presentwork, we aim to obtain an improvement
of this state of the art for single-size models. We start from a
detailed cluster dynamics physical representation and derive a
formulation for the evolution of the bubble mean size and number
density that preserves fundamental size-distribution effects.
Moreover, we consider the effect of gas diffusion to grain bound-
aries coupled to bubble evolution.

In Section 2, we introduce the physical processes that govern the
evolution of intra-granular bubbles, i.e., nucleation, re-solution and
trapping. In Section 3, we derive a new single-size model suited for
oxide fuels starting from the cluster dynamics equations. We vali-
date the model against experimental data (Section 4) and com-
plement the validation with an uncertainty and sensitivity analysis
(Section 5). Conclusions are drawn in Section 6.

2. Physical processes

Three fundamental processes control the evolution of small
intra-granular bubbles in nuclear fuel, i.e., bubble nucleation, gas
atom trapping at the bubbles, and irradiation-induced gas atom re-
solution from bubbles back into the lattice. Nucleation can be
considered as driven by either diffusion [24,25], or by irradiation
[6], while re-solution is (primarily) irradiation-driven [14,26], and
trapping is (mainly) diffusion-driven [27]. For an extensive over-
view of the modelling of these processes, we recommend the work
of Olander and Wongsawaeng [4].

We adopt here the terminology of Olander and Wongsawaeng
[4] for the different possible mechanisms of nucleation and re-
solution, i.e., heterogeneous and homogeneous. Heterogeneous
nucleation and re-solution refer to the nuclei of the new bubbles
being created as a direct consequence of the interaction of fission
fragments with the lattice and the bubbles being destructed en-bloc
by passing fission fragments, respectively. The homogeneous
mechanisms refer to bubbles being nucleated by diffusion-driven
interactions of dissolved gas atoms and re-solution occurring
gradually by ejection of individual atoms. There are several exper-
imental results and theoretical considerations on the heteroge-
neous/homogeneous nature of nucleation, re-solution and trapping
in oxide fuel. Each of these processes is modelled by introducing a
specific rate of event occurrence. Here, we denote the nucleation
rate as n, the re-solution rate as a, and the trapping rate as b.

Focusing first on nucleation, several TEM observations show
intra-granular bubbles lying in straight lines [4,9,28]. Turnbull's
early conclusion was that bubbles were nucleated heterogeneously
along the track of fission fragments, with nucleation being driven
directly by irradiation [29]. Nevertheless, several further observa-
tions did not show aligned bubbles, thus hindering the generality of
such conclusion [4], [30]. Additionally, the typical thickness of TEM
samples is lower than the range of fission fragments, therefore only
portions of actual fission tracks are observed [4]. The other nucle-
ation mechanism, which competes with the heterogeneous mech-
anism, is the homogeneous, diffusion-controlled production of
dimers (diatomic fission gas clusters) [24,25]. Presumably, both
these mechanisms are active and competing in the fuel grains, but
major experimental and theoretical works agree on the dominance
of the heterogeneous mechanism [29e31]. Then, in this work we
assume that the heterogeneous nucleation mechanism is dominant
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in oxide fuels. The expression for the nucleation rate is thus

n ¼ 2hF (1)

where n (nucleated bubbles m�3 s�1) is the nucleation rate, h

(nucleated bubbles per fission fragment) is a number generally
considered in the range 5e25 based on experimental observations
[29,30], F is the fission rate density (fissions m�3 s�1), and the factor
2 accounts for the number of fission fragments per fission. The use
of this expression for the nucleation rate underlies the assumption
of bubbles being formed in the wake of fission fragments (with the
creation of vacancy clusters that are rapidly filled by gas atoms).
Clearly, this is a simplified representation of the nucleation mech-
anism, consistent with the overall modelling approach.

As for re-solution, we also assume a dominating heterogeneous
mechanism. The re-solution rate is expressed as proportional to the
fission rate density [6,14,29],

a ¼ 2pmff
�
Rþ Rff

�2
F (2)

where a (re-solved bubbles bubble�1 s�1) is the re-solution rate, mff
(m) and Rff (m) are the average length and radius of a fission spike
(the subscript ff corresponds to fission fragment), respectively, and
R (m) is the radius of the gas bubble. The assumption of heteroge-
neous re-solution of small intra-granular bubbles is supported by
the molecular dynamics work performed by Govers et al. [32]. They
investigated both the homogeneous re-solution mechanism (as
originally described by Nelson [33]) and the heterogeneous mech-
anism (originally proposed by Turnbull [29] and in agreement with
other contemporary work [34,35]). Their analysis demonstrated
that the heterogeneous re-solution mechanism is more effective in
re-solving fission gas bubbles compared to the homogeneous
mechanism. However, they showed that for a wide variety of
bubble radii and gas densities, no clear dependence of the re-
solution rate on the bubble size emerges [32]. Other combined
Monte Carlo and molecular dynamics approaches indicated the
predominance of the homogeneous re-solution mechanism
[36e38]. Further molecular dynamics work could shed further light
on the mechanisms of re-solution and enable a more accurate
consideration of the re-solution rate, which in perspective can be
incorporated in the present model by replacing Eq. (2).

As for the trapping rate, following the formulation derived by
Ham [27], we write

b ¼ 4pDðRþ RatÞc1 (3)

where b (trapped atoms bubble�1 s�1) is the trapping rate, D (m2

s�1) is the diffusion coefficient of single gas atoms, R (m) is the
radius of a bubble, Rat (m) is the radius of a single gas atom in the
lattice, and c1 (atoms m�3) is the concentration of single gas atoms.
These three rate equations (Eqs. (1)e(3)) are used in the present
intra-granular gas behaviour model for computing the bubble
nucleation, re-solution and gas atom trapping rates.

3. Model derivation

We present here a model to describe the intra-granular gas
behaviour. This results from the combination of the intra-granular
bubble population evolution, through the physical processes
described in Section 2, and the gas diffusion towards grain
boundaries.

Following the assumptions of Clement and Wood [39] and Fell
and Murphy [40], we limit our scope to clusters made of only gas
atoms and neglect vacancy absorption at the clusters. This
assumption is in line with the observation that because of the small
size of intra-granular bubbles, the surface-tension force is large
enough to keep the gas density near that of solid xenon [4]. Several
experimental observations of over-pressurized intra-granular
bubbles corroborate this assumption [9,14,29,30,41]. The assump-
tion of single-species (i.e., atoms-only) cluster dynamics implies
that the gas atoms are considered to completely occupy available
vacancies.

Consistent with this approach, and in line with [4], we adopt the
assumption of the gas density in the bubbles being constant. It
follows that the radius of a bubble containing n gas atoms is
calculated as

Rn ¼ Bn1=3 (4)

where B ¼ ð3U=4pÞ1=3 with U being the atomic volume. Olander
and Wongsawaeng [4] adopted a value of ~7$103 kgm�3 for the gas
density in bubbles with radii of 0.5e2 nm, based on extrapolation
of the gas density data for larger bubbles from Refs. [44,45].
However, this value corresponds to an atomic volume of
~3$10�29m3, which is lower than the volume of the Schottky
defect. Moreover, the interpolation of the data from Refs. [44,45],
rather suggests a density value around 5$103 kgm�3. In this work,
we consider an atomic volume in the bubbles ofU ¼ 4.09$10�29m3,
i.e., equal to the volume of the Schottky defect [46]. Choosing the
atomic volume as equal to the volume of the Schottky defect is
consistent with the assumption that the gas atoms in the bubbles
completely occupy available vacancies. Furthermore, this value for
the atomic volume corresponds to a gas density of ~5.4$103 kgm�3,
which is consistent with the available experimental evidence, as
discussed above.

Clearly, the hypothesis of constant gas density in the bubbles is
not meant to be fully representative of the underlying physics, and
a more detailed approach would involve the use of an equation of
state. Confirming this modelling assumption by performing two-
species (gas atoms and vacancies) cluster dynamics analyses is of
interest in perspective.

In the cluster dynamics model, a cluster is defined by its size
(the number of gas atoms contained within the cluster) and the
number density for each species of clusters is governed by a partial
differential equation. We write the master equations of cluster
dynamics considering that (a) the processes of cluster evolution
occur at the rates described in Section 2, and (b) the nucleation and
re-solution processes are heterogeneous. For the sake of clarity,
Fig. 1 depicts the processes of cluster evolution for the first three
cluster sizes (single atoms, dimers and trimers). The master equa-
tions of the cluster dynamics model are

8>>>>>>>>>>><
>>>>>>>>>>>:

vc1
vt

¼ þyF þ DV2c1 � 2n�
X∞
n¼2

bncn þ
X∞
n¼2

nancn

vc2
vt

¼ þn� ðb2 þ a2Þc2
«

vcn
vt

¼ þbn�1cn�1 � ðbn þ anÞcn

(5)

where c1 (atoms m�3) is the concentration of single gas atoms, and
c2, c3, …, cn (clusters m�3) are the number densities of clusters of
atomic size 2, 3, …, n, respectively. Other than the fission yield y
(atoms fiss�1), the other quantities in Eqs. (5) have been defined in
Section 2.

We include the diffusion term only for single gas atoms,
assuming that larger clusters (bubbles) are immobile [26,30]. On
the same basis, we neglect interactions between clusters (bubble
coalescence). The assumption of immobile bubbles may be not



Fig. 1. Sketch of the mechanisms of cluster dynamics. Nucleation is assumed to create
only dimers (n¼ 2). Heterogeneous re-solution destroys entire bubbles, transferring n
atoms from the bubble to the single gas atoms bin. We consider production (from
fission reactions) and diffusion to affect only single gas atoms.
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valid at high temperatures above 1500e1800 �C [9,14,42,43]. Note
that we assume that bubbles nucleate as dimers. If nucleation is
heterogeneous, it is possible that the size of the nucleated bubbles
depends upon the concentration of dissolved gas [4], hence this is
an arbitrary assumption.

The simultaneous solution of Eqs. (5) provides the complete
cluster size distribution. Nevertheless, Eqs. (5) define a system of a
large number (thousands) of coupled differential equations whose
solution is impractical for direct application to engineering codes,
both in terms of computational cost and memory requirement,
even with the application of grouping schemes [4,40]. In order to
reduce the dimension of the cluster dynamics system, we introduce
two broader cluster categories, i.e., clusters of size n¼ 1 (single
atoms) and clusters of size n> 1 (bubbles). We define the number
density of bubbles, N (bubbles m�3), and the total concentration of
gas in bubbles, m (atoms m�3), as

N ¼
X∞
n¼2

cn (6)

m ¼
X∞
n¼2

ncn (7)

Combining Eqs. (6) and (7) with the cluster dynamics master
equations (Eqs. (5)), we obtain a system of three partial differential
equations

vN
vt

¼ þn�
X∞
n¼2

ancn

vm
vt

¼ þ2nþ
X∞
n¼2

bncn �
X∞
n¼2

nancn

vc1
vt

¼ þyF þ DV2c1 � 2n�
X∞
n¼2

bncn þ
X∞
n¼2

nancn

(8)

The series in Eq. (8) can be approximated by applying the Taylor
expansion of an¼ a(n) and bn¼ b(n) in conjunction with the defi-
nitions given in Eqs. (6) and (7). For the re-solution rate defined by
Eq. (2) and making use of the assumption defined by Eq. (4), we
obtain

an ¼ an þ
�
dan
dn

�
n
ðn� nÞ þ oðn� nÞ

zan

 
1þ 2

3
Bnn�2=3 � Bn1=3

Bn1=3 þ Rff

!
¼ an4n;nzan

(9)

For the trapping rate defined by Eq. (3), considering that it is
proportional to the bubble radius and again making use of the
assumption defined by Eq. (4), we obtain

bn ¼ bn þ
�
dbn
dn

�
n
ðn� nÞ þ oðn� nÞzbn

�
2
3
þ 1
3
n
n

�
¼ bnjn;nzbn (10)

The final approximate equalities in Eqs. (9) and (10) are based on
the coefficients 4n;n and jn;n being close to unity for a size distri-
bution that peaks near the average value. This kind of size distri-
bution is typical of experimental observations of intra-granular
bubbles [29,30]. It is of interest in perspective to confirm or refine
this assumption based on comparison to detailed cluster dynamics
simulations considering the full-size distribution of intra-granular
bubbles, although this is out of the scope of the present work. It
is worth noting that it is possible to refine the approximation in our
model by including more terms in the Taylor expansions.

With the approximations of Eqs. (9) and (10) and the definitions
given in Eqs. (6) and (7), Eq. (8) become

vN
vt

¼ þn� anN

vm
vt

¼ þ2nþ bnN � anm

vc1
vt

¼ þyF þ DV2c1 � 2n� bnN þ anm

(11)

We close the system by defining the average number of atoms in
a bubble and the average bubble radius, respectively, as

n ¼ m=N
Rn ¼ Bn1=3

(12)

For spherical bubbles, the swelling component due to intra-
granular bubbles is at last

�
DV
V

�
ig
¼ 4

3
pR3nN (13)

Note that the total intra-granular swelling is given by the sum of
the contributions due to bubbles and dissolved fission products. Eq.
(13) only accounts for swelling due to fission gas bubbles. As atoms
are transferred from the solution to the bubbles, the matrix
swelling due to dissolved fission gas decreases correspondingly.
Also, the matrix swelling due to other fission products is opera-
tional [24].

The final formulation of the model, Eqs. (11)e(13), leads to a
number of considerations. The bubble number density, N, varies
according to the rate of nucleation of new bubbles and the re-
solution rate, with the latter corresponding to the bubble
destruction rate in the heterogeneous interpretation. Note that the
derivation from the equations of cluster dynamics leads to the same
rate equation for the total bubble number density in the hetero-
geneous model of Olander and Wongsawaeng [4]. Rather than by
starting from the detailed physical description of cluster dynamics,
the model in Ref. [4] was derived by applying in the first place the
assumption of all bubbles having the same size and, consistently, of



Table 1
List of model parameters.

Symbol Definition Value u.o.m. Reference

h Number of bubbles nucleated per fission fragment 25 bubbles ff�1 [6]
mff Range of a fission fragment in UO2 6 mm [4,6]
Rff Radius of influence of a fission fragment track 1 nm [4,6]
D Diffusion coefficient of fission gas in UO2 m2 s�1 [28]

D1 þ D2 þ D3

D1 ¼ 7:6$10�10exp
�� 4:86$10�19=kT

	
D2 ¼ 4$1:41$10�25

ffiffiffi
F

p
exp

�� 1:91$10�19=kT
	

D3 ¼ 2$10�40F
Rat Radius of a gas atom in the lattice 0.2 nm Estimate, [4]
U Atomic gas volume in bubbles 4.09$10�2 nm3 [46]
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the re-solution and trapping rate being the same for all bubbles.
The calculation of the average number of atoms in a bubble, n,
differs from the heterogeneous model of Olander and Wongsa-
waeng [4] in that it naturally includes the effects of nucleation and
re-solution through the equations for m and N , Eq. (11). In
particular, nucleation and re-solution affect the average bubble size
because in general bubbles are created/destructed at sizes different
from the mean. These effects can be considered only if a size dis-
tribution of bubbles is considered and cannot be naturally included
through a pure single-size derivation. Our model based on the
detailed cluster dynamics approach introduces these important
bubble-distribution related effects in a formulation that in its final
form only includes equations for the average quantities. In Ref. [4],
this problem is circumvented by introducing the effects of nucle-
ation and re-solution on the average bubble size a posteriori
through consideration of the average bubble lifetime.

Furthermore, the present model overcomes the assumption in
Ref. [4] of gas diffusion to grain boundaries being neglected. Eqs.
(11)e(13) describe intra-granular gas behaviour in terms of bubble
evolution coupled to gas diffusion. We solve the set of coupled
differential equations to calculate both intra-granular bubble
swelling and fission gas release to grain boundaries. The diffusion
equation is solved numerically using a recently developed algo-
rithm [47].

The new model is a description of intra-granular bubble evo-
lution coupled to diffusion that depends on a reduced number of
equations and parameters, and can be applied directly to engi-
neering codes. The procedure applied to derive the formulation
drastically reduces model complexity relative to the reference
cluster dynamics model, while retaining important physical details
that are associated with the presence of a non-uniform bubble size
distribution and are therefore inherent in the cluster dynamics
model, but not fully compatible with traditional single-size
approaches.
4. Model comparisons to experimental data

In this section, we perform initial comparisons of the present
model to experimental data. The reference values for each model
parameter are collected in Table 1. All the calculations are per-
formed with the model implemented as a stand-alone computer
code.

The available experimental databases for intra-granular bubble
size and number density as a function of well-defined irradiation
conditions and also considered for experimental comparisons by
Olander and Wongsawaeng [4] include the data from Baker [30]
and Kashibe et al. [9]. In this work we excluded the data from
Kashibe et al., [9], because they involved a significant coarsening of
the bubbles occurring at high burnup. Modelling intra-granular
bubble coarsening requires considering additional bubble growth
mechanisms to those governing the evolution of smaller bubbles.
Such mechanisms are not yet fully understood, but plausibly
involve significant vacancy absorption at the bubbles and/or bubble
coalescence [9,48,49], which the present model does not represent.
The extension of the model to bubble coarsening is out of the scope
of this work, however, it is of interest in perspective.

The data from Baker [30] consist of nine measurements of
average bubble size and bubble number density. These measure-
ments were performed on samples irradiated at various tempera-
tures (from 1273 to 2073 K) up to a burnup of 23 GWd t�1. In our
simulations, to reproduce fuel irradiation up to this burnup we
assume a typical fission rate density F¼ 1$1019 fiss m�3 s�1 kept
constant for an irradiation time of 5500 h.

Fig. 2 shows the results of our model in comparison with the
experimental data. Results are provided both in terms of average
bubble radius and bubble number density. We introduce a non-
dimensional validation metric, q, defined as the logarithm of the
ratio between a simulation result yi and the corresponding exper-
imental data xi, i.e.

q ¼ Log
�
yi
xi

�
(14)

This validation metric is zero for yi¼ xi, whereas values of
q¼±1, 2, …correspond to one, two, …order of magnitude differ-
ence between simulation results and experimental data. The
simulation results (obtained with the model parameters listed in
Table 1), the experimental data and the relative values for the
validation metric are collected in Tables 2 and 3 for the bubble
radius and number density, respectively. Overall, a good agreement
between the simulation results and the experimental data is
observed. The average values of q over the entire database
are �0.06 and �0.11 for the bubble radius and number density,
respectively.
5. Uncertainty and sensitivity analysis

We performed an uncertainty analysis of the model to the
nucleation rate (Eq. (1)), the re-solution rate (Eq. (2)), and the
trapping rate (Eq. (3)). The purpose of this uncertainty analysis is to
provide an indication of the propagation of uncertainties from the
fundamental model parameters to the model results. We choose to
limit the uncertainty analysis to the three rates described in Section
2. We randomly sampled scaling factors for the model parameters
within ranges representative of the uncertainties associated with
these rates (see Eqs (1)e(3)). In particular, for the nucleation rate
we use scaling factors in the range ½0:2; 1�. This range is justified by
several experimental observations reporting 5 to 25 bubbles per
fission track [29,30]. As for the re-solution rate, we use scaling



Fig. 2. Comparison between the present model results and the data from Baker [30]. Each full symbol represents a simulation obtained with the reference model parameters
compared to the corresponding experimental value. The vertical error bars span the maximum and minimum results obtained in the 2000 simulations performed for each
experimental case. The horizontal error bars represent the experimental uncertainties, i.e., 30% for the bubble number density and 50% for the bubble radius [9,30]. The distance
from the 45� dashed black line is a graphical measure of accuracy. The dashed grey lines correspond to deviations of a factor of 2 from measured data.

Table 2
Intra-granular bubble radius (nm) simulation results compared to Baker data [30]. The results of Olander and Wongsawaeng's model, taken from Ref. [4], are reported for
additional comparison.

Temperature (K) Exp. [30] Olander and Wongsawaeng [4] Present model Validation metrica

Heterogeneous Homogeneous

1273 0.55 0.4 1.0 0.515 �0.03
1373 0.60 e e 0.607 0.005
1473 0.65 e e 0.681 0.02
1573 0.70 e e 0.733 0.02
1673 0.80 e e 0.763 �0.02
1773 0.88 e e 0.776 �0.05
1873 0.98 1.6 5.1 0.782 �0.096
1973 1.10 e e 0.784 �0.15
2073 1.25 e e 0.785 �0.20

a The validation metric adopted in this work is defined as Log(calculated value/experimental value) (Eq. (14)). For brevity, we report only the values of this metric for the
results of the present model.

Table 3
Intra-granular bubble number density (1023 bubbles m�3) simulation results compared to Baker data [30]. The results of Olander and Wongsawaeng's model, taken from
Ref. [4], are reported for additional comparison.

Temperature (K) Exp. [30] Olander and Wongsawaeng [4] Present model Validation metrica

Heterogeneous Homogeneous

1273 8.7 7 3 5.78 �0.18
1373 7.8 e e 5.14 �0.18
1473 7.0 e e 4.69 �0.17
1573 6.4 e e 4.42 �0.16
1673 5.7 e e 4.27 �0.13
1773 5.3 e e 4.20 �0.10
1873 4.8 2 0.03 4.18 �0.06
1973 4.4 e e 4.17 �0.02
2073 3.8 e e 4.17 0.04

a The validation metric adopted in this work is defined as Log(calculated value/experimental value) (Eq. (14)). For brevity, we report only the values of this metric for the
results of the present model.

1 This range is lower than the range ½0:1; 10� used by Pastore et al. for their
uncertainty analysis work [21]. Nevertheless, the wider range proposed by Pastore
et al. is meant to account also for the difference in the parameters according to
different interpretations of the process, i.e., heterogeneous and homogenous re-
solution [21], whereas in this work we consider one mechanism only and assume
pure heterogeneous re-solution (Section 2). Under this assumption, reducing the
uncertainty from a factor of ten to a factor of two is deemed appropriate.
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factors in the range½0:5; 2�1. The range we use for the trapping rate
scaling factors is ½0:2; 5�. This range mainly reflects the experi-
mental uncertainty on the diffusion coefficient [28,43]. For each
one of the nine experimental data points from Baker [30] we per-
formed 2000 simulations with random sampling of the scaling
factors, i.e., we adopted a Monte Carlo approach. Fig. 2 summarizes
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the results of this uncertainty analysis, showing the range of vari-
ation of the model results associated with the variation of the
model parameters, for both the bubble number density and the
bubble radius. We also include the experimental uncertainty
associated with the data. Note that the resulting uncertainty asso-
ciated with the predicted bubble radius is comparable to the
experimental one (Fig. 2). The accurate calculation of the bubble
radius is of particular relevance because the bubble radius affects
the intra-granular bubble swelling with a power of three, compared
to a power of one for the bubble number density (Eq. (13)).

In order to investigate the sensitivities of the model to each of
the uncertain parameters used in the uncertainty analysis (nucle-
ation, re-solution, and trapping rates), we performed a sensitivity
analysis. We considered the same variation range for the parame-
ters as in the uncertainty analysis above, and the intra-granular
bubble swelling as the figure of merit for the sensitivity analysis.
The results are collected in Fig. 3, in terms of Pearson coefficients
and normalized sensitivity coefficients as a function of the tem-
perature. Both the Pearson coefficients and the normalized sensi-
tivity coefficients are monotonically varying with temperature, and
no strong dependence of the relative importance of the parameters
on the temperature is observed. The results indicate that the
trapping rate is the dominant parameter over the entire tempera-
ture range considered (with respect to the intra-granular bubble
swelling). Because the uncertainty range used for the trapping rate
mainly reflects the uncertainties in the gas atom diffusion coeffi-
cient, (Eq. (3)), such a result confirms the importance of the un-
certainty in this model parameter.
6. Conclusions

In this work, we developed a model for the description of the
intra-granular behaviour of fission gas in oxide fuel. In particular,
themodel computes the evolution of intra-granular bubble number
density and size coupled to intra-granular gas atom diffusion to
grain boundaries. The developed model finds its foundations in
cluster dynamics but provides a single-size representation of the
bubble distribution. As opposed to previous single-size models for
intra-granular bubble evolution, our derivation from the detailed
cluster dynamics description leads to consideration of important
effects related to the presence of a non-uniform bubble size
Fig. 3. Results of the sensitivity analysis performed on the re-solution, trapping and nucleati
shown in terms of Pearson coefficients (left) and normalized sensitivity coefficients (right),
the considered temperature range.
distribution. This advantage comes at no cost in terms of additional
model complexity since the final formulation includes only three
coupled differential equations for the bubble mean size, number
density, and the concentration of dissolved gas. Therefore, this
model can be efficiently used in fuel performance codes. To sum-
marize, the main outcomes of the work are:

� The derivation of a new physically based single-size model
starting from the detailed equations of cluster dynamics.

� The validation as a stand-alone code against experimental
measurements in a wide temperature range shows a good pre-
dictive capability, both in terms of bubble number density and
average bubble radius.

� The uncertainty analysis performed with respect to the model
parameters (nucleation rate, re-solution rate, and trapping rate)
complements the validation, quantifying the impact of the un-
certainties in the model parameters on the model results.

� The sensitivity analysis highlights the importance of the trap-
ping rate (hence, of the gas atom diffusion coefficient) over the
other parameters in the temperature range of interest for the
experiments considered.

Being largely based on theory rather than empirical relations,
the new model provides a basis for future developments and for
scale bridging in a potential multiscale modelling approach. In this
respect, using detailed cluster dynamics calculations as well as
atomistic calculations to inform the present engineering-scale
model with improved parameters is of interest. Such future work
may also include two-species (atoms, vacancies) cluster dynamics
calculations to obtain improved information on the gas density in
intra-granular bubbles.

The new model can also be applied to fuel materials other than
UO2 by adapting the model parameters. Potential future applica-
tions includemixed oxide (MOX) fuels. Also, because themodel can
be informed by fundamental parameters extracted at the lower-
length scale with advanced modelling techniques, it is potentially
transferable to new fuel materials for which experimental data are
unavailable. Moreover, with an analogous derivation a model can
be obtained that considers homogeneous nucleation/re-solution
mechanisms. This may add generality to the developed approach
as potentially applicable to fuel types characterized by a different
on rates, using the intra-granular bubble swelling as the figure of merit. The results are
as a function of temperature. The trapping rate is the dominant model parameter over
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nature of the nucleation/re-solution mechanisms.
Finally, the model does not consider yet the rapid growth of a

second population of larger bubbles (tens to hundreds of nm)
observed at high burnup or during transients to high temperatures,
known as intra-granular bubble coarsening. Model extension to
bubble coarsening is of interest in perspective.
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