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1. INTRODUCTION

In order to improve the fuel performance codes,
calculations at lower scale can be applied to derive
improved modelling of material properties. Several examples
have been published recently. Molecular dynamics
computations were applied for extracting the thermal
expansion and thermal conductivity of un-irradiated UO2

fuel and implementing the correlation in the FRAPCON
code [1]. A similar molecular dynamics analysis was
carried out to simulate the interaction of a He or Xe filled
bubble with a fission fragment [2], or empirical potential
simulations were applied  in order to predict swelling due
to soluble solid fission in a fuel performance code [3].
This has led to an improved assessment of the resolution
process coefficient, which remains up until now a fitting
parameter in several fission gas release models of fuel
performance codes. First principles-based predictions of
the migration energies for point defects in UN by means
of the VASP DFT code were introduced in the thermal
creep model of the TRANSURANUS fuel performance
code [4]. In the current paper, a new model for the intra-
granular fission gas behaviour is proposed that draws on
both molecular dynamics calculations for resolution and
finite element simulations for the simultaneous evolution

of gas atoms and bubbles in the grains.
The fission gases xenon and krypton are unceasingly

generated in irradiated nuclear fuel, which is a sintered
compact of granular uranium dioxide in current commercial
LWRs. As a consequence of their low solubility in UO2,
the fission gases tend either to precipitate into bubbles or
to be released to the free volume in the rod. Gaseous bubble
formation contributes to swelling, hence to a potential
strong mechanical interaction with the metallic cladding
tube. On the other hand, the released gas brings about a
pressure rise and thermal conductivity degradation of the
rod filling gas. Both fission gas swelling and release
therefore affect the thermo-mechanical performance of
the fuel rod and may eventually lead to cladding failure,
especially at high burn-up and during power transients
[5]. Hence, the description of fission gas behaviour is an
essential aspect of fuel rod analysis.

The model describing the intra-granular behaviour of
fission gases is an important component of any fuel
performance code. All gas atoms are generated within the
grains where gas bubbles are formed. At the same time,
gas diffuses to the grain boundaries leading to the formation
and growth of inter-granular bubbles and the related
inter-granular swelling. Inter-granular bubbles eventually
interlink and form paths for fission gas release (FGR).

A formulation is proposed for modelling the process of intra-granular diffusion of fission gas during irradiation of UO2

under both normal operating conditions and power transients. The concept represents a simple extension of the formulation
of Speight, including an estimation of the contribution of bubble motion to fission gas diffusion. The resulting equation is
formally identical to the diffusion equation adopted in most models that are based on the formulation of Speight, therefore
retaining the advantages in terms of simplicity of the mathematical-numerical treatment and allowing application in integral
fuel performance codes. The development of the new model proposed here relies on results obtained by means of molecular
dynamics simulations as well as finite element computations. The formulation is proposed for incorporation in the
TRANSURANUS fuel performance code.
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Most of the gas remains in the bulk of the material under
normal operating conditions in a LWR, and the model for
intra-granular behaviour is called many times in a fuel
performance code. Moreover, during transient conditions,
when the tunnel network along the grain boundaries is
assumed to remain open, the migration of the gas in the
grains is rate-limiting for FGR. It is therefore essential to
have a model that is simple enough to compute the fractional
release from and gaseous swelling in the grains in an efficient
manner to an accuracy that is better than or equivalent to
the experimental scatter. The degree of simplicity of the
model in a fuel performance code is largely justified by the
uncertainties pertaining to some of the parameters like
diffusion coefficients (at least a factor of 10) [5-7].

Diffusion models used in fuel rod analysis (e.g., [5, 8, 9])
make use of an effective gas atom diffusion coefficient that
is generally based on the formulation of Speight [10]. This
concept implies a level of simplicity of the mathematical-
numerical treatment that allows application to integral fuel
performance codes [8]. It is known that the application of
the effective diffusion coefficient during high temperature
and transient conditions leads to a systematic underestimation
of the release fraction (e.g., [8, 11]). This has been
overcome by introducing artificially thermal resolution
of gas [7, 12], or by increasing the empirical diffusion
coefficient during transients [13], or by adding an additional
empirical release term from the grains [14, 15].

In this work, an extension of the formulation of Speight
[10] is proposed, which includes an estimation of the
contribution of bubble motion to fission gas diffusion,
while retaining the advantages in terms of simplicity of
the mathematical-numerical treatment, thus offering great
advantages for implementation in fuel performance codes.
Bubble movement can provide an explanation for the
sudden increase of the effective diffusion coefficient during
transients, although there is an alternative explanation [16]
based on the intersection of growing bubbles with the grain
boundaries, which is consistent with the sudden increase
of the release fraction from the grains as proposed by
Verwerft [17] and implemented in the COSMOS code
[14, 15].

The structure of the paper is as follows. In the next
section, the original model of Speight [10] is outlined, along
with the necessary assumptions and the corresponding
equations for the new model. The formulation for the
irradiation induced resolution term is inferred from the
recent molecular dynamics studies. The section also
provides a preliminary assessment of the implications in
diffusion calculations through an analytical study of the
resulting effective diffusion coefficient. The subsequent
section contains a validation and a sensitivity study of the
model, considering both the effects of model simplifications
as well as the effects of uncertainties on model parameters.
For the validation of the new model, detailed finite element
calculations have been carried out by means of the
COMSOL Multiphysics software [18] (hereafter called

COMSOL). The final section summarises the main
findings of the multi-scale approach for the fission gas
behaviour that will be applied in the TRANSURANUS
fuel performance code.

2. A NEW MODEL FOR INTRA-GRANULAR
BEHAVIOUR OF FISSION GAS

2.1 The Basic Model of Speight
The formulation of Speight [10] describes intra-granular

diffusion of fission gas during irradiation of UO2 assuming
that (i) gas atoms diffuse through the UO2 lattice with a
single atom diffusion coefficient Ds, (ii) gas bubbles are
immobile, (iii) gas atoms are absorbed into bubbles at a
rate g (trapping parameter), (iv) gas atoms are knocked
back from bubbles into the lattice at a rate b (irradiation-
induced resolution parameter), and (v) bubbles are
effectively saturated (quasi-stationary approach). The
parameters g and b are taken to be spatially independent
within the grain and slowly varying in time [10, 19]. Under
the above assumptions, the intra-granular gas diffusion in
presence of trapping and irradiation-induced resolution
may be evaluated by solving a single diffusion equation,
instead of a diffusion equation coupled with an equation for
the gas balance in the bubbles. According to the formulation
of Speight, the time evolution of the concentration of gas
generated uniformly at a rate β within a spherical grain
may be determined by the rate equation:

where Ct is the local total concentration of gas within the
grain (single atoms + bubbles). The major advantage of
Eq.(1) is that it is formally identical to the diffusion
equation previously derived by Booth [20] for the case of
diffusion of single gas atoms in absence of bubbles. In the
formulation of Speight, trapping and irradiation-induced
resolution are taken into account by replacing the single
atom diffusion coefficient Ds by an effective single atom
diffusion coefficient [10]:

With respect to the Booth model, the apparent diffusion
rate under irradiation is therefore described by a reduced
(effective) single atom diffusion coefficient, since only a
fraction b/(b+g) of the gas – namely, the fraction existing
as single atoms – contributes to diffusion, while the
remaining fraction g/(b+g) is trapped into immobile
bubbles. However, the formulation of Speight has a
tendency to under-predict FGR under high temperature
and power transient conditions [8, 11].

The different symbols and notations used in this paper
are summarised in Table 1.

478 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.43  NO.6  DECEMBER 2011

UFFELEN et al.,  Multiscale Modelling for the Fission Gas Behaviour in the TRANSURANUS Code

(1)

(2)



479NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.43  NO.6  DECEMBER 2011

UFFELEN et al.,  Multiscale Modelling for the Fission Gas Behaviour in the TRANSURANUS Code

2.2 Extending the Model of Speight
The effective diffusion coefficient of Speight is based

on the assumption that the atoms are mobile only during
the fraction of the time that they are available for diffusion
in the lattice, which is given by the ratio of the rates of

resolution and trapping as indicated in Eq.(2). As a logical
extension of Speight's model, it is proposed here to consider
the mobility of the gas while it is being kept in the bubbles,
i.e. to consider the contribution of bubble mobility to the
gas transfer to grain boundaries. The resulting effective

Table 1. Nomenclature

Symbol Definition Units
Typical/adopted

value

b

Cb

Cs

Ct

Db

Deff

Ds

Ds,eff

Dv

F

g

k

lf

m

Nb

q'

–
Nb

P

Qv

–
Rb

R

t

T

Z0

β

γ

σh

ω

Ωfg

[s-1]

[(at.)·m-3]

[(at.)·m-3]

[(at.)·m-3]

[m2·s-1]

[m2·s-1]

[m2·s-1]

[m2·s-1]

[m2·s-1]

[(fiss.)·m-3·s-1]

[s-1]

[eV·K-1]

[m]

[(at.)·(bub.)-1]

[(bub.)·m-3]

[kW·m-1]

[(bub.)·m-3]

[Pa]

[eV]

[m]

[W/g]

[s]

[K]

[m]

[(at.)·m-3·s-1]

[J/m2]

[Pa]

[m3]

[m3]

3·10-4 [21-23]

–

–

–

–

–

–

–

–

1019

–

8.62·10-5

6·10-6 [5]

–

1023-1024

–

1023-1024

–

3.03

> 0.5·10-9

–

–

–

10-9 [5]

2.5·1018

1

–

8.5·10-29

3·10-29 [21]

Irradiation-induced resolution parameter for intra-granular bubbles

Local concentration of gas residing in bubbles

Local concentration of gas existing as single atoms

Local concentration of gas (Ct=Cs+Cb)

Bubble diffusion coefficient

Effective diffusion coefficient

Single atom diffusion coefficient

Effective single atom diffusion coefficient

Volume self-diffusion coefficient in UO2

Fission rate density

Trapping parameter

Boltzmann constant

Length of a fission fragment track

Number of gas atoms per bubble

Local concentration of bubbles

Linear power

Mean concentration of bubbles within a grain

Gas pressure in the bubbles

Migration energy of vacancies in UO2

Mean radius of bubbles within a grain

Rod power

Time

Temperature

Radius of influence of a fission fragment track

Fission gas generation rate

Surface tension of bubbles

Hydrostatic stress

Van der Waals’ volume of a gas atom

Volume occupied by a gas atom inside a bubble



diffusion coefficient for the total gas in the grains becomes
therefore the moderated sum of the single gas atoms
diffusion coefficient and the bubble diffusion coefficient,
whereby the moderation corresponds to the fraction of the
time that the gas atom spends in the respective phase:

where the trapping rate is based on the assumptions that
it is diffusion controlled and that the trapping density is
very dilute [5, 22]:

where Rb and Nb denote the average radius and number
density of the intra-granular bubbles. The resolution rate is
originally based on the heterogeneous model for resolution:

where F represents the local fission rate density and Z0 is
the radius of influence for bubble destruction around the
fission fragment track. However, recent molecular dynamics
simulations of resolution from a Xe filled bubble in a grain
of UO2 indicated that the process is almost independent
from the intra-granular bubble size [16]. Eq.(5) is therefore
reduced to [23]

2.2.1Considering Bubble Motion in Stationary
Conditions

Bubble motion has been experimentally observed
[24-27] and is expected to play a relevant role in gas
diffusion under high temperature [19, 28-30] and power
transient conditions [28, 30], even though the bubble
diffusion coefficient is subject to large uncertainties like
the gas atoms diffusion coefficient. Assuming that the
driving force of bubble diffusion is the bubble concentration
gradient – hence, that bubbles move by Brownian motion
(b.m.) [31-34] – the second Fick's law may be applied
giving the following rate equation:

where Nb(r,t)  is the local concentration of bubbles and Db

is the bubble diffusion coefficient. If the number of gas
atoms per bubble is denoted by m, the local concentration
of gas residing in bubbles, Cb(r,t), is:

and the time variation of Cb(r,t)  may be expressed as:

Following the quasi-stationary approach of Speight

intra-granular bubbles are considered to be saturated, giving
∂m/∂t=0, and Eqs. (7) and (9) may be rearranged to yield:

where

when we apply the modified equation of van der Waals
as equation of state of the gas, with ω representing the van
der Waals' volume of the gas atom, P the gas pressure, T
the absolute temperature and k Boltzmann's constant. The
gas pressure is in mechanical equilibrium with the surface
tension (γ) and the surrounding hydrostatic stress (σh):

Given the small size of the intra-granular bubbles, the
hydrostatic stress is neglected in comparison with the
surface tension force.

Assuming further that m is spatially independent
within the grain, Eq.(7) may be written as:

As a result, the time evolution of the gas concentrations
may be described by the following partial differential
equations:

where Cs(r,t) is the local concentration of gas existing as
single atoms dissolved dynamically in the lattice, and βs

and βb are the source terms representing the effects – both
resulting from the fission events – of gas atom generation
and bubble nucleation, respectively. The source term of
bubbles in Eq.(15) relies on the heterogeneous nucleation
model [21].

So far it has been assumed that all intra-granular
bubbles have one constant number of gas atoms m. Adding
equations (14) and (15) yields:

where
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(3)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(4)

(5)

(6)

(7)



We now introduce the quasi-stationary approximation
of Speight for the intra-granular bubbles:

This assumption is consistent with our hypothesis that
m is constant and uniform in the bubbles. This reduces
the set of equations (14) and (15) to an equivalent set of
equations (16) and (18). The quasi-stationary equation
for bubbles leads to the following relations:

Introducing these relations in Eq.(16), leads to

This equation can be brought in a form identical to
Eq.(1) when introducing the assumption of Speight et al.,
namely that the ratio g/b is uniform and equal to the
average value in the grain, but with an effective diffusion
coefficient given by Eq.(3): 

It should be underlined that the smearing out of the
trapping probability across the spherical grains in solving
the partial differential equations above is inconsistent
with the idea of considering bubble diffusion towards the
boundary where they are released as induced by a bubble
concentration gradient. Nevertheless, this approximation
has a negligible impact on the outcome when considering
the uncertainties pertaining to other model parameters, not
the least being the diffusion coefficient, which is subject
to uncertainties about one order of magnitude, as shown
in the next section. This negligible impact is outweighed
by the major advantage that consist of offering a simple
and powerful solution that enables to accounts for the
mobility of gas while being trapped in bubbles.

In order to evaluate the effective diffusion coefficient,
analytical descriptions are needed of the four parameters
appearing in the right-hand side of Eq.(21). In this work,
the three-term formulation for the single atom diffusion
coefficient Ds proposed by Turnbull et al. [35, 36] and
used by many authors (e.g., [5, 11, 22, 39]) is adopted:

where D1 represents high temperature intrinsic diffusion

by means of thermally activated vacancies, and D2 and
D3 represent the effect of irradiation enhancement. The
first two terms are calculated as:

where R corresponds to the rod power (W/g). The purely
rating dependent term D3 is not taken into account, since
it has no visible effect on the diffusion of stable gas atoms
[7, 23]. 

Assuming that the bubble motion during irradiation is
controlled by the volume diffusion mechanism [24, 33,
37, 38], the bubble diffusion coefficient takes the form:

To describe the volume self-diffusion coefficient, Dv,
the following correlation proposed by Evans [39] and
based on the bubble diffusivity results of Gulden [24] is
adopted:

2.2.2 Considering Non-stationary Precipitation in
Bubbles

During power variations, the balance of gas in the
intra-granular bubbles will evolve according to Eq.(15),
affecting in turn the average trapping rate applied in the
effective diffusion coefficient of Eq.(3). The radial average
trapping rate is directly related to the radial average gas
concentration in the bubbles, –

Cb(t). The variation of this
average concentration is to a first approximation not
affected by diffusion, which operates mostly at the outer
surface of the grains, but rather by the following balance
equation: 

which is a non-homogeneous ordinary differential equation
that is solved numerically by means of the Runge-Kutta
method with adaptive step-size control and enables us to
account for the effect of diffusion-limited precipitation and
irradiation induced re-solution on the balance of gas in the
intra-granular bubbles during the ramp. The model of
Speight is therefore extended to include the effect of
bubble motion during ramps in the effective diffusion
coefficient of Eq.(3), and by accounting for the evolving
concentration of trapped gas via Eq.(27). The coupled set
of Eq.(14) and Eq.(15) is therefore replaced by Eq.(21)
and Eq.(27).
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(25)

(18)

(19)

(20)

(27)
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3. ASSESSMENT AND DISCUSSION OF THE
EXTENDED MODEL

The main objective of the new model is to predict the
cumulative fraction of released fission gas from spherical
grains for a fuel performance code. Its assessment therefore
relies on analysing the effect of model assumptions and
parameter changes on the predicted FGR in a sphere.

The first important test considers the consequence of
introducing the assumption of Speight, i.e. a radial average
value of g/b in Eq.(20), in order to obtain the simplified
diffusion Eq.(21), with the effective diffusion coefficient.
To this end, numerical solutions of Eqs.(14) and (15) have
been derived by means of finite elements in COMSOL
and compared against the approximation of Eqs.(21) and
(27) under different conditions. The main irradiation
conditions to be considered are the temperature and the
corresponding fission rate densitya. In order to cover the
most representative conditions (while avoiding fuel
restructuring), the temperatures T = 1300 K and 1900 K
have been considered. The corresponding power density
was taken to be 0.4 W/mm3 and 1 W/mm3. This test is
similar to the first simplified test in the FUMEX-I
benchmark exercise of the IAEA [40]. The results are
summarised in Figure 1 and Figure 2 at 1300 K and 1900
K, respectively. In the same figures, the results have been
plotted when taking into consideration the uncertainties
pertaining to the diffusion coefficients by means of a
multiplication by a factor 5.

First of all, the figures point out the obvious effect of
the increasing irradiation temperature and the associated
variations of the gas diffusion coefficient on the increased
predicted fraction release values from a sphere. More
importantly, however, the figures also reveal that the error
on the predicted fraction of fission gas release by means
of the extended Speight model, which assumes that g/b is
uniform in the sphere, is much smaller than the effect
caused by the accepted uncertainties on the diffusion
coefficient. This justifies the simplification of the extended
Speight model and its implementation in a fuel performance
code.

In Figure 3 and Figure 4, the effect of various physical
phenomena is analysed separately on the predicted release
fraction from the sphere. More precisely, a comparison is
made of the FGR fraction 

a) when considering single gas atom diffusion alone
(i.e., disregarding the presence of bubbles and the
associated trapping), 

b) when considering the model of Speight with saturated
and stationary bubbles that uphold a fraction of the
migrating gas, 

c) when considering the extended model of Speight
wherein saturated traps are allowed to move towards
the boundary of the spherical grain, 

d) and finally when solving the two equations of the
extended model of Speight with uniformly nucleated
bubbles that move towards the grain boundary. 
At low temperature (Figure 3), when the diffusion

Fig. 1. Cumulative Fraction of Released Fission Gases from a Spherical Grain as a Function of Time (h), Computed by Means of the Set
of Equations Governing the Gas Atoms and Bubbles in COMSOL (Full Lines) and by Means of the Extended Model of Speight (Dashed

Lines), for Various Values of the Diffusion Coefficients at 1300 K. For Db Equation (25) is Applied.

aThe effect of the ratio of the nucleation rates βs/βb on the fractional release curves under the considered conditions was proven to
be negligible.



coefficients as well as the trapping rate of bubbles are
small, the FGR is similar for all models except for the
one where only gas atoms diffusion is considered. In the
latter model, larger amounts of gas atoms can diffuse
towards the outer surface, and the single gas atom diffusion
coefficient is far more larger in comparison with the bubble
diffusion coefficient at 1300 K. At high temperatures
(Figure 4), the mobility of bubbles plays a role and explains
why the original Speight model, wherein bubbles are
immobile, entails smaller FGR values when compared to
the extended version that does consider bubble movement.
It should be pointed out that the extended model of Speight
presented in this paper does not consider the formation of

intra-granular bubbles of several 100 nm, which could be
caused for example by coalescence, and the associated
reduction of the global trapping probability. However,
the total bubble number density decrease is considered
due to the total gas release, hence the reduction of the
overall trapping reduction by bubbles during ramps is
indirectly accounted for.

Figure 3 and Figure 4 also reveal a transition in the
controlling mechanism for FGR: from gas atom diffusion
at the beginning to bubble diffusion in the cases under
consideration, especially at higher temperature (Figure
4). This transition is caused by the fact that the number
of, hence the importance of the bubbles increases with
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Fig. 2. Cumulative Fraction of Released Fission Gases from a Spherical Grain as a Function of Time (h), Computed by Means of the Set
of Equations Governing the Gas Atoms and Bubbles in COMSOL (Full Lines) and by Means of the Extended Model of Speight (Dashed

Lines) for Various Values of the Diffusion Coefficients at 1900 K. For Db Equation (25) is Applied.

Fig. 3. Cumulative Fraction of Released Fission Gases at 1300 K as a Function of Time (h), Computed by Means of the Set of Two
Partial Differential Equations Governing the Gas Atoms and Bubbles, the Extended Model of Speight, the Original Model of Speight,

and a Model Considering Single Gas Atoms Diffusion without Bubbles (g = 0). For Db Equation (25) is Applied.



irradiation time and therefore the fraction of time that gas
atoms spent in the bubbles, which is given by the ratio
g/(b+g).

It should be pointed out that diffusion can also be
considered to represent the scenario [16, 17] according to
which FGR is controlled by bubble intersection with the
adjacent grain boundary. Subsequent to the intersection
and associated venting of the gas to the grain boundaries,
new bubbles can be generated in the neighbourhood of
the grain face and/or existing ones will grow until they
intersect again. Such a sudden contribution to release is
consistent with the empirical bulk contribution proposed
in the COSMOS code [14, 15] during power increases.
They considered an instantaneous empirical additional
release fraction from the bulk of the grains when certain
local temperature and burn-up conditions were fulfilled.
Nevertheless, the intersection process of the bubbles is
difficult to model properly in a fuel performance code. It
seems therefore reasonable to consider simulating this
process by means of an equivalent diffusion of bubbles
towards the grain face as presented above. Indeed, after
the intersection of some bubbles occurred, time is required
to reproduce and/or grow bubbles in the area adjacent to
the grain boundaries. The bubble growth required to cause
renewed intersection with the grain boundary is also
(vacancy) diffusion controlled as accounted for via
Eq.(27). 

The second important test considered here consists of
assessing the effect of a power ramp and power cycling.
It is based on the AGR/Halden Ramp Test Programme
from the IFPE database [41, 42], although one should
bear in mind that only one equivalent spherical grain is
considered in the model presented here. The test series
involved the base-irradiation in a commercial reactor up

to burn-ups of around 21 GWd/tU and a subsequent ramp
test of Advanced Gas cooled Reactor (AGR) UO2 fuel
rods in the Halden Reactor. The ramp is schematically
presented in Figure 5. In fact, three different types of
ramps have been analysed: the parameters of a slow and
a fast ramp are summarised in Table 2, whereas the
parameters of a power cycling test are summarised in
Table 3.

As shown in Figure 6 the extended Speight model
underestimates the FGR during the ramp, when compared
to the solution of Eqs.(14) and (15) by means of COMSOL.
This is essentially because the strong bubble concentration
near the grain face at high temperature is properly accounted
for in the COMSOL model, whereas the extended Speight
model only considers the total gas concentration gradient
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Fig. 4. Cumulative Fraction of Released Fission Gases at 1900 K as a Function of Time (h), Computed by Means of the Set of Two
Partial Differential Equations Governing the Gas Atoms and Bubbles, the Extended Model of Speight, the Original Model of Speight,

and a Model Considering Single Gas Atoms Diffusion without Bubbles (g = 0). For Db Equation (25) is Applied.

Fig. 5. Schematic of the Irradiation Tests of the AGR/Halden
Ramp Test Programme [41, 42]



and applies the radially averaged trapping rate. The total
gas concentration gradient is therefore smaller than the
gradient of the gas concentration in bubbles when the
bubble diffusion coefficient is high. However, the results
in Figure 6 also point out that even during the ramp
under consideration, the error introduced in the predicted
FGR fractions by the approximations in the extended
Speight model is still smaller than the effects caused by
the uncertainties pertaining to the diffusion coefficients. 

The predicted FGR fractions during a power ramp of
short duration in Figure 7 also reveal that the approximation
of the extended model is justified for FGR predictions in
a spherical grain. It can also be concluded that the release
caused by diffusion of gas atoms and bubbles during the

short ramp is very modest according to both models, even
when multiplying the diffusion coefficient by a factor of 5. 

Finally, the effect of power cycling on the predicted
FGR fraction by means of the extended Speight model is
shown in Figure 8, and confirms our findings. More
precisely, it reveals that at operating temperatures below
about 1900K, the approximations in the extended Speight
model provide good predictions for FGR in a spherical
grain, when taken into account uncertainties caused by the
physical parameters such as the diffusion coefficients.
Above this temperature, the smearing out of the trapping
rate or bubble concentration in the grains causes errors
on predicted FGR fractions during power variations that
become of the same order of magnitude as those caused by
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Fig. 6. Predicted FGR in a Single Grain Submitted to the Ramp Test Corresponding to Rod nr. 4000 of the AGR/Halden Ramp Test
Programme [41, 42], by Means of COMSOL (Blue Color) and the Extended Speight model (Red Color), Applying References values of
the Diffusion Coefficients (Full Lines), as well as Diffusion Coefficients Multiplied by a Factor 5 (Broken Lines). The Figure on the Left-

Hand Side shows the Entire Irradiation Time, whereas the Right-hand Side Zooms in on the Ramp.

Table 2. Details of Single Power Ramps from the AGR/Halden Ramp Test Programme Considered

Rod
identifier

Power 1
[kW/m] τ1 τ2a [min]

Power 2
[kW/m]

τ2b [min] τ2c [s] Power 3
[kW/m]

τ3 [min] τ4

4000

4064

14.0

20.0

12d

15wk

1.52

47.0

40.0

43.0

30.0

0.0

100

–

14.0

SCRAM

99.0

–

SCRAM

–

Table 3. Details of the Power Cycle from the AGR/HAlden Ramp Test Programme Considered

Rod identifier Power 1 [kW/m] Time 1 Ramp up
Power up
[kW/m] Ramp down

Power down
[kW/m]

4159 18.0 7d 30min

115 – 4h cycles

26.0 for 1h 30min 18.0 for 2h



uncertainties on the physical parameters. Nevertheless, it
should be pointed out that at those temperature levels other
physical phenomena must be taken in account, such as
grain growth, which is prone to very large uncertainties
as well. Furthermore, when applying the extended Speight
model in a fuel performance code, it must be born in mind
that also the behaviour of the fission gas at the grain
boundaries is subject to uncertainties during power ramps,
for example when grain boundary cracking occurs [14, 43].

4. CONCLUSIONS AND PERSPECTIVES

Multi-scale modelling becomes more and more
important and supports the conventional fuel performance
codes and experiments by improving material properties

and models. Also the TRANSURANUS code benefits
from such an approach. The radial redistribution of
actinides in mixed oxide fuels [44] and the solid fission
product swelling model [3] have been published recently.
In the current paper, a new mesco-scopic model for the
intra-granular fission gas behaviour in UO2 is proposed
that constitutes an extension of the formulation of Speight.
It draws on both molecular dynamics calculations for
resolution and finite element simulations for the
simultaneous evolution of gas atoms and bubbles in the
grains. The proposed concept allows taking into account
in an approximate manner the contribution of bubble
motion to the apparent gas diffusion and the precipitation
kinetics of gas in bubbles during ramps, while retaining
the advantages of the formulation of Speight in terms of
simplicity of the mathematical-numerical treatment. An
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Fig. 7. Predicted FGR in a Single Grain Submitted to the Ramp Test Corresponding to Rod nr. 4064 of the AGR/Halden Ramp Test
Programme [41, 42], by Means of COMSOL (Blue Color) and the Extended Speight model (Red Color), Applying References Values of
the Diffusion Coefficients (Full Lines), as well as Diffusion Coefficients Multiplied by a Factor 5 (Broken Lines). The Figure on the Left-

Hand Side shows the Entire Irradiation Time, whereas the Right-hand Side Zooms in on the Ramp.

Fig. 8. Predicted FGR in a Single Grain Submitted to the First Ten Cycles of the Power Cycling Test Corresponding to Rod nr. 4059 of
the AGR/Halden Ramp Test Programme Programme [41, 42], by Means of COMSOL (Blue Color) and the Extended Speight Model
(Red Color), Applying References Values of the Diffusion Coefficients (Full Lines), as well as Diffusion Coefficients Multiplied by a

Factor 5 (Broken Lines). The Figure on the Left-hand Side shows the Entire Irradiation Time, whereas the Right-hand Side Zooms in on
the First Cycles.



analytical study of the resulting effective diffusion
coefficient indicates that the contribution of bubble motion
is negligible during normal LWR operation conditions,
hence there is also no need to introduce an empirical
threshold to trigger the additional release contribution
like in other empirical approaches for ramp release. The
proposed formulation could lead to improvements in the
simulation of fission gas behaviour during high temperature
conditions, at least when the temperatures do not exceed
those where grain growth becomes important. The
formulation is therefore proposed for incorporation in the
TRANSURANUS fuel performance code [45] and
verification against experimental data, e.g. from the IFPE
(International Fuel Performance Experiments) [42]
database and in the frame of the FUMEX-III benchmark
organised by the IAEA.

Current multi-scale developments for the TRANSURANUS
code mainly focus on fast reactor fuels, being considered in
the frame of the Generation IV type of reactors. First
principle and finite element calculations are underway to
assess for example mechanical (e.g., elastic constants) as
well as heat transport properties (e.g., heat capacity), or in
order to assess the solid fission product swelling contribution
in nitride fuels. 
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