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We study the coupled thermal transport, oxygen diffusion, and thermal expansion of a typical nuclear
fuel element consisting of UO2+x fuel and stainless-steel cladding. Models of thermal, mechanical and
chemical properties of the materials are used in a series of finite-element simulations to study the effect
of the coupled phenomena on the temperature profile, oxygen distribution and radial deformation of the
fuel element. The simulations include steady-state and time-dependent regimes in a variety of initial-
and boundary value conditions that include sudden changes in the power density, variable oxygen con-
tent in the atmosphere, and variable temperature of the coolant. The study reveals the difference in the
characteristic times associated with these phenomena and the importance of performing coupled
simulations.
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1. Introduction

Understanding the evolving properties of nuclear fuels and pre-
dicting the behavior of nuclear fuel elements (ceramic fuel pellets
or metallic fuel rods) are major challenges for fuel manufacturing,
performance, and storage. For example, sintering of ceramic fuel
pellets requires a strict control of composition, thermal treatment,
pressure, and atmosphere [1]. Similar issues impact the casting of
metallic fuel rods [2] and the manufacturing of pebble fuels. The
large number of control parameters and the uncertainty associated
with them leads often to challenging problems that can be ad-
dressed by a close integration of experimental, theoretical, and
computational work [3].

Once in the reactor, the fuels and structural materials (pressure
vessels, pipes, ducts, etc.) are subjected to severe radiation envi-
ronments that change their thermo-mechanical properties [4].
For instance, ceramic fuels exhibit radial and angular cracks and
the severity of such structural damages increases with burn-up
[5]. Among the main causes responsible for the deterioration of
structural damage leading to a decrease in thermal conductivity
are fission product migration and gas bubbles accumulation.

When multi-component systems experience significant tem-
perature gradients, the constituents are thermally driven apart
by Fickian diffusion mechanisms. Simultaneously, gradients in
the concentration of constituent components build up and drive
ll rights reserved.
the diffusion through a distinct mechanism known as the Soret ef-
fect [6,7]. As a result, the microstructural properties evolve with
position and time, sometimes producing severe changes in mea-
surable macroscopic properties, such as thermal conductivity
[8,9], or thermal expansion coefficients. This intricate scenario
was confirmed by recent simulations of heat transport coupled
with oxygen diffusion in typical UO2 fuel elements [10,11] as well
as in CANDU reactors [12–14].

Recent reviews of fuel performance codes [15,16] demonstrate
that extrapolating materials properties to high burn-up values is
a challenging task. Predicting the thermal, mechanical and chemi-
cal phenomena in the fuel element is even more challenging. In
this study we demonstrate that coupling heat transport, oxygen
diffusion, and thermal expansion in a fuel pellet can provide in-
sight into the main mechanisms that cause fuel damage. This is a
complex computational task that involves a detailed knowledge
of UO2 thermochemistry [4,17,18].
2. Computational set up

We focus on studying a simple schematic model aimed at eluci-
dating general aspects of fuel behavior linked to the transport of
the oxygen in the fuel element. The simulation domain consists
of a cylindrical UO2+x fuel pellet and steel cladding separated by
a helium gap, as depicted in Fig. 1. In this ‘‘typical” fuel element,
the pellet radius is Rfuel = 4.3 mm, the helium gap width is
0.03 mm, and the cladding thickness is 0.5 mm. In this fuel element
we solve for the coupled equations describing thermal expansion
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Fig. 1. Geometry of the fuel element (urania pellet, helium gap and steel cladding)
for the simulations presented in this paper. While our simulation capability is ready
to handle multidimensional effects, the simulations presented in this paper are
essentially one-dimensional simulations.
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of the fuel pellet and steel cladding, heat transport, and oxygen dif-
fusion. The domain shown in Fig. 1, is azimuthally symmetric, and
therefore all simulations reported here are effectively one-dimen-
sional (all gradients occur in the radial direction only). Neverthe-
less, we set up the simulations in a three-dimensional domain as
a preview of future studies which will include multidimensional
effects. Assuming that the heat generated by fission reactions in
the fuel is uniformly distributed, a constant, volumetric source
term, Q, is added to the heat transfer equation:

qCp
@T
@t
¼ r � ðk � rTÞ þ Q ; ð1Þ

where q, CP and k are the density, specific heat at constant pressure
and thermal conductivity, respectively. The models of the thermal
conductivity, k(T, x), and the heat capacity, CP(T, x), include depen-
dence on the deviation from stoichiometry, x, in UO2+x.

Eq. (1) is coupled with the equation describing the diffusion of
oxygen in the fuel pellet:

n
2
@x
@t
¼ �r � J; ð2Þ

Here, n is the concentration of oxygen sites and the oxygen flux J is
given by [19,20]

J ¼ � n
2

DðT; xÞ � rxþ x
FðT; xÞ

Q

RT2rT
� �

; ð3Þ

where D(T, x) is the oxygen diffusivity in the fuel, F(T, x) is the ther-
modynamic factor, Q* is the heat of transport of oxygen, and R is the
universal gas constant. In the parenthesis of Eq. (3), the first term is
associated with the conventional Fickian diffusion, whereas the sec-
ond term represents the Soret effect which accounts for the oxygen
diffusion driven by the temperature gradient [6,7].

The predictive power of these simulations depends on the accu-
racy of solving self-consistently the system of coupled Eqs. (1)–(3)
for temperature, non-stoichiometry, and thermal expansion pro-
files, and the uncertainty associated with the models of UO2+x

properties (i.e. the specific heat CP(T, x), the thermodynamic factor
of oxygen F(T, x), the thermal expansion coefficient k(T, x) and the
oxygen diffusivity in urania, D(T, x). Developing models of these
properties as functions of temperature and oxygen content, proves
to be a challenging task, because in a nuclear reactor environment
strong irradiation induces complex defect species, microstructural
changes, and the properties evolve with time.

In this work, the properties of the materials in the fuel element
were obtained from previously published correlations or from
analysis of previously published data, and are summarized in Table
1. A few comments regarding our choice of parameters for UO2+x

are in order: (i) First, we note that the expression for the heat of
transport of oxygen, Q*, was obtained by fitting experimental data
from Ref. [19] for mixed fuels instead of UO2+x. However, in the ab-
sence of data for UO2+x, this should be acceptable because Q* de-
pends only weekly on the plutonium content, as seen from
Fig. 1in Ref. [19]. (ii) Second, we note that the temperature-depen-
dence of the density and thermal expansion of UO2+x in Table 1 do
not include an explicit composition dependence [21,22] in accor-
dance with the work of Martin [22], which suggests that there is
little difference for these properties between stoichiometric and
hyper-stoichiometric fuel. (iii) and, finally, we note that in contrast
with our previous work [10] where the specific heat of UO2 was
calculated in the temperature domain 600–1600 K based on a lin-
ear interpolation of the experimental data evaluated in SGTE and
JANAF tables, i.e.

CpðUO2Þ ¼ 264:256þ 0:047T ½J=ðkg KÞ�; ð4Þ

in this work we employ the composition-dependent model put for-
ward in Ref. [12]. A comparison of the two models for the temper-
ature and stoichiometry domains of interest here is depicted in
Fig. 2. We emphasize that the results of all transient simulations
presented next are insensitive to the choice of heat capacity model
for UO2+x, and therefore we conclude that the stoichiometry effects
of the UO2+x heat capacity are not important and may be neglected,
at least as our simulation scenarios are concerned.

With respect to the steel cladding material properties, in this
paper we use a 316 grade stainless-steel cladding material instead
of the 347 grade stainless-steel cladding used in Ref. [10]. This
change was made for convenience, based on our ability to compile
a consistent set of material properties for a cladding made of 316
grade austenitic stainless-steel based on the data readily available
in the literature.

It is important to note that although both urania and plutonia
adopt the same fluorite structure, plutonium oxide tends to be
hypo-stoichiometric PuO2-x, while uranium oxides are most often
hyper-stoichiometric (UO2+x). More remarkably, urania exhibits a
negative heat of transport of oxygen [30]. Therefore, in urania
the oxygen ions will migrate from the regions of low temperature
to the regions of high temperature, leading to an increase in oxy-
gen concentration close to the center of the fuel pellet. This effect
is clearly seen from Eq. (3) which shows that the oxygen flux van-
ishes for steady-state conditions. Under this constraint, in materi-
als with negative heat of transport, Q*, the gradient of oxygen
concentration follows the temperature gradient. This is the oppo-
site of what occurs in a material with positive Q*, such as hypo-
stoichiometric PuO2-x [31], in which the oxygen atoms migrate
from the hot to the cold regions.
3. Results and discussions

In the following, we report results for both steady-state and
time-dependent simulations corresponding to the fuel element de-
scribed in Fig. 1. Solutions of the structural mechanics problem in
the fuel and cladding are obtained self-consistently by solving for
the temperature (T) distribution within the fuel, helium gap and
steel cladding, and by solving for the oxygen non-stoichiometry
(x) profile within the fuel. Symmetrical boundary conditions are
used for solid mechanics, T, and x along the straight edges of the
fuel element (see Fig. 1). The fuel pellet and steel cladding are al-



Table 1
Summary of material properties corresponding to the fuel element depicted in Fig. 1. Here, aT, E and m denote the thermal expansion coefficient, Young’s elasticity module and
Poisson ratio, respectively. The other notations are defined in the text.

Property (material) Dependence on temperature T (K) and non-stoichiometry x Units Source

q (UO2+x) 10960 � ðaþ bT þ cT2 þ dT3Þ�3 kg/m3 [21,22]

a ¼ 0:99734; b ¼ 9:082 � 10�6

c ¼ �2:705 � 10�10;d ¼ 4:391 � 10�13

�
273 K < T < 923 K

a ¼ 0:99672; b ¼ 1:179 � 10�5

c ¼ �2:429 � 10�9;d ¼ 1:219 � 10�12

�
T > 923 K

CP (UO2+x) a0 þ b0xþ ða1 þ b1xÞT þ ð1� xÞðaT2 þ bT3 þ cT4Þ � ða�2 þ b�2xÞT�2

a0 ¼ 52:174; b0 ¼ 45:806
a1 ¼ 87:951 � 10�3; b1 ¼ �7:3461 � 10�2

a ¼ �84:241 � 10�6; b ¼ 31:542 � 10�9; c ¼ �2:6334 � 10�12

a�2 ¼ 713910; b�2 ¼ 295090

J/(mol K) [12]

k (UO2+x) k0ðTÞ � arctan½hðT;xÞ�
hðT;xÞ þ 5:95 � 10�11T3 W/(m K) [23]

with k0ðTÞ ¼ ½3:24 � 10�2 þ 2:51 � 10�4T��1

hðT; xÞ ¼ 3:67 � expð�4:73 � 10�4TÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � x � k0ðTÞ

p
Q* (UO2+x) �1380:8� 134435:5 � expð�x=0:0261Þ J/mol [24]
F (UO2+x) 2þx

2�ð1�3xÞ�ð1�2xÞ [25]

D (UO2+x) 10�9:386�4:26�103=Tþ1:2�10�3 T�x�7:5�10�4 T�logð2þx
x Þ m2/s [1,25]

aT (UO2+x) aþ bT þ cT2 þ dT3

a ¼ 9:828 � 10�6; b ¼ �6:390 � 10�10

c ¼ 1:33 � 10�12;d ¼ �1:757 � 10�17

�
273 K < T < 923 K

a ¼ 1:1833 � 10�5; b ¼ �5:013 � 10�9

c ¼ 3:756 � 10�12;d ¼ �6:125 � 10�17

�
T > 923 K

m/(m K) [21,22]

E (UO2+x) 2:334 � 1011ð1� 1:095 � 10�4TÞ � expð�1:34xÞ Pa [26]

m (UO2+x) 0.316 [26]
q (He) 0:0818� 8:275 � 10�5ðT � 600Þ kg/m3 [27]

CP (He) 5190 J/(kg K) [27]
k (He) 0:0468þ 3:81 � 10�4T � 6:79 � 10�8T2 W/(m K) [27]

q (Steel) 7989þ 0:127T þ 1:51 � 10�5T2 kg/m3 [28]

CP (steel) 500þ 0:072T � 6:37 � 10�4T2 þ 1:73 � 10�6T3 J/(kg K) [29]

k (Steel) 7:956þ 1:919 � 10�2T � 3:029 � 10�6T2 W/(m K) [28]

aT (Steel) 15:046 � 10�6 þ 5:082 � 10�9T � 1:014 � 10�12T2 m/(m.K) [28]

E (Steel) 2:116 � 1011 � 5:173 � 107T � 1:928 � 104T2 Pa [28]

m (Steel) 0.290 [28]
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Fig. 2. Comparison of the heat capacity of UO2+x calculated using the composition
independent model from Ref. [10] and the composition-dependent model from Ref.
[12] at five different stoichiometry values, x = 0, 0.05, 0.1, 0.15 and 0.2. All
simulations results presented in this paper are insensitive to the choice of heat
capacity model for UO2+x.
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lowed to expand freely in the radial direction. A moving mesh
application in the Lagrangian–Eulerian formulation is applied in
the model to account for the changing gap size with thermal
expansion of the fuel and the clad. The heat transport in the gap
is approximated using an effective thermal conductivity and the
helium in the gap is assumed to be in perfect contact with both
the fuel pellet and the clad. Dirichlet-type (fixed-value) boundary
conditions are imposed on the temperature at the cladding outer
surface. We extend our previous studies [10] to include both
Dirichlet- (fixed-value) and Neumann-type (zero-flux) boundary
conditions for the non-stoichiometry x at the fuel pellet outer sur-
face. As such, we are discussing here the limiting cases of a more
realistic set of boundary conditions necessary to characterize the
fuel behavior under normal and accident conditions, which require
a linear combination of Dirichlet and Neumann boundary
conditions.

All simulations were performed using the commercial finite-
element code COMSOL MultiphysicsTM. The heat transport was mod-
eled using the heat-transport by conduction component of the
Heat Transfer Module in COMSOL, whereas the thermal deforma-
tion was calculated using the ‘‘plane strain” component of the
structural mechanics module. For the purpose of the simulations
discussed here, we consider only the free thermal deformation of
the fuel pellet and the steel cladding in the radial direction at the
expense of the gap. Because here we only consider a simplified
geometry, we use the plane strain application of the structural
mechanics module in static or transient regime, as appropriate.
This does not constitute a limitation of the software and full 3-
dimensional simulations will make the object of future work. The
finite-elements mesh generated in COMSOL employs quadratic La-
grange elements. Within COMSOL MultiphysicsTM, we chose the de-
fault un-symmetric multi-frontal method (UMFPACK) as a linear
solver. All results presented here are converged with respect to
the mesh-size distribution.

It is important to emphasize that the simulations presented
here are intended as basic illustrations of fundamental principles.
For a representative analysis of in-core behavior, one must take
into account important aspects such as irradiation-induced modi-
fications of material properties, irradiation-induced phenomena
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such gaseous and solid fission product swelling, fuel densification
or creep. Moreover, as outlined in Refs. [12,32], the fuel/steam
reaction rate at the pellet surface is too low to give rise to the ob-
served O/U ratios typically seen in commercial defective fuel.
Therefore, in realistic simulations, one must include the gas phase
(steam) transport in the gap and especially into the fuel cracks that
cannot be captured by the use of a simple boundary condition with
xb or a uniform initial condition xo as considered in the current
analysis. Nevertheless, the analysis presented here is aimed at
developing the basic understanding of the underlying physics in
connection with the nonlinear aspects of these coupled multi-
physics phenomena.

3.1. Steady-state case

In a steady-state scenario, the time derivatives in Eqs. (1) and
(2) are equal to zero and the local non-stoichiometry does not
explicitly depend on time. Hence, the flux of oxygen atoms van-
ishes (J = 0) everywhere in the fuel pellet and the oxygen diffusivity
plays no role in the steady-state solution.

In this section we examine the case of imposing Dirichlet-type
boundary conditions on temperature, Tb = 750 K, at the outer sur-
face of the clad, and on non-stoichiometry, xb = 0.02, at the surface
of the pellet. The heat generation rate due to the fission reaction is
set to Q = 2 � 108 W/m3, which is equivalent to a linear power level
of approximately 11 kW/m for the particular geometry in this
problem).

The simulation results are presented in Fig. 3: the top panel
shows the temperature (green, dashed line) and non-stoichiometry
(blue, dotted line) distributions, whereas in the bottom panel
shows the total displacement distribution along the radial direc-
tion of the fuel element. As expected, the temperature decreases
with increasing radius and the temperature range in the fuel pellet
is much larger in magnitude than the temperature in the steel clad-
ding. Correspondingly, the thermal expansion is much larger in the
pellet compared to the cladding. As a consequence, the following
simulations will focus on the deformation effects in the fuel pellet,
and deformations and distances will be shown relative to the ra-
dius of the fuel pellet, Rfuel.

To illustrate the effect of including the stoichiometry-depen-
dence in the models of fuel properties, Fig. 4 compares results ob-
tained using the k(T, x) model developed by Amaya et al. [23] for
the thermal conductivity of UO2+x, with results obtained by taking
the limit x ? 0 in that model. As shown in the bottom panel of
Fig. 4, the maximum total displacement is located at the outer edge
of the fuel pellet when the non-stoichiometry effects in the ther-
mal conductivity model are ignored, and the maximum deforma-
tion is located about 5% inside the fuel pellet when the non-
stoichiometry effects in the thermal conductivity are taken into ac-
count. In addition, the maximum value of the total displacement is
approximately 20% larger in the case when non-stoichiometry ef-
fects are considered. This is due to the fact that the thermal con-
ductivity k(T, x = 0) is lower than k(T, x – 0), and according to
Fourier’s law, a lower thermal conductivity implies a higher tem-
perature gradient for the same heat flux. For the same wall temper-
ature, this results in a higher core temperature and deformations.
Therefore, not including the composition dependence on thermal
conductivity may lead to significantly underestimating the core
temperatures and deformations of the fuel element.

The thermal expansion effect described above is expected to be
much larger for high Tb values associated with abnormal operation
regimes, such as accident-type conditions. During accidents, the
power density may significantly increase. Fig. 5 shows the value
of the temperature at the center of the pellet, Tmax,0, together with
the maximum value of the total displacement and the location of
this maximum (measured with respect to the outer edge of the fuel
pellet) relative to the radius of the fuel pellet, Rfuel, as a function of
the non-stoichiometry boundary value, xb, for several values of Q
ranging from 107 to 3 � 108 W/m3 (or equivalent linear power lev-
els between 0.6 and 17.4 kW/m). The results demonstrate that
higher deviations from stoichiometry lead to higher temperatures
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at the center of the pellet and higher deformations. The location of
the maximum deformation migrates as much as 9% inside the fuel
pellet. For zero deviation from stoichiometry, i.e. in the limit
xb ? 0, the maximum deformation is located at the outer surface
of the fuel pellet.

The non-stoichiometry-driven change in the location of the
maximum deformation due to thermal expansion as a function of
the heat generation rate (or else reactor-operating conditions) sug-
gests the existence of ‘‘weak” circular regions in the fuel pellet,
favorable to nucleation of angular and radial cracks. This is consis-
tent with the multiple-annulus aspect of the cross section of cera-
mic nuclear fuel pellets [33].
3.2. Time-dependent case

In this section we examine the temperature, non-stoichiometry
and thermal expansion profiles in the fuel element under transient
operating conditions. The characteristic times for the fuel pellet
deformation, heat transport, and oxygen diffusion are useful in
estimating the time response to changes in operating conditions.
As discussed in our previous paper [10], the diffusion of heat and
oxygen is characterized by the Lewis number, Le(T, x) = a(T, x)/
D(T, x), which represents the ratio of the time required by the con-
centration field x to equilibrate to the time required by the temper-
ature field T to equilibrate. Here, a = k/(q � CP) is the thermal
diffusivity in UO2+x. The variability in the characteristic diffusion
times as a function of the oxygen content plays an important role
in the transient behavior of the fuel. For strongly non-stoichiome-
tric fuel pellets at low temperatures, Le can be very large, which
implies that changes in the temperature distribution can occur
with negligible changes in the non-stoichiometry distribution. In
contrast, for quasi-stoichiometric pellets (x < 0.001) at sufficiently
high temperatures, Le can be smaller than 1, thus indicating that
oxygen atoms diffuse faster than heat.

In the following we study the characteristic time scale for defor-
mations of the fuel pellet in response to sudden changes in the
operating conditions and the correlations with the response in
temperature and non-stoichiometry. We will consider three sce-
narios: The first two (start-up of reactors and time-dependent heat
generation rate) scenarios correspond to the case when changes
are induced by a rapid change in the heat generation rate, Q. In
the absence of a detailed description of the dynamics of the nuclear
reaction, we assume that the heat generation rate, Q(t), starts out
at an initial value, Q0, and quickly (within 10 min) reaches a value
Qmax,0 according to the equation

QðtÞ ¼ Q 0 þ
Q max � Q 0

1þ 10 exp½�ð�10þ t=sÞ� ; ð5Þ

where s = 45 s is a time constant.
The third scenario corresponds to the case of a sudden change in

the non-stoichiometry at the outer face of the fuel pellet according
to the equation

xbðtÞ ¼ xb;0 þ
xb;max � xb;0

1þ 100 exp½�ð�5þ t=sÞ� ; ð6Þ

where xb,0 and xb,max are the initial and final values, respectively, of
the non-stoichiometry at the boundary. It is important to empha-
size that the scenarios discussed here do not necessarily describe
real accidents and are only intended to evaluate models and
simulations.

3.2.1. Start-up of reactors
In this scenario we study the transient behavior of the fuel-pel-

let thermal expansion and its correlations to the distributions of
temperature and non-stoichiometry in the fuel pellet when the
reactor is started from ambient conditions. We assume that ini-
tially the pellet is characterized by uniformly distributed tempera-
ture, T0, and non-stoichiometry, x0. The heat generation rate varies
from an initial value Q0 = 0 W/m3 to a final value Qmax,0 =
2 � 108 W/m3, according to Eq. (4). The temperature at the outer
surface of the steel cladding is maintained at Tb = T0 = 750 K. We
consider three initial non-stoichiometry cases: weak, moderate,
and strong non-stoichiometry corresponding to x0 = 0.001, 0.01,
and 0.1, respectively, and perform simulations corresponding to
both Dirichlet- and Neumann-type boundary conditions for the
oxygen diffusion equation.

For the case of Dirichlet-type boundary conditions for the oxy-
gen diffusion equation, Fig. 6 shows the time-dependence of the
temperature, Tmax(t), and non-stoichiometry, xmax(t), relative to
the respective initial conditions, together with the time-depen-
dence of the total displacement at the outer edge of the fuel pellet.
The characteristic time for the fuel-pellet thermal expansion re-
sponse is the same as the characteristic time for the temperature
response. In contrast, the characteristic times of heat and oxygen
diffusion are different due to the Lewis number that can vary
widely as a function of T and x, and depends strongly on the initial
non-stoichiometry of the fuel, x0 = xb. As noted previously [10],
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after s � 5 � 104 s (or 14 h) the temperature and deformation dis-
tributions equilibrate irrespective of the initial non-stoichiometry,
because the non-stoichiometry distribution does not vary greatly
for times up to 105 s (or 1 day). The non-stoichiometry distribution
equilibrates for times of the order of 106–108. The results show
that the weaker the non-stoichiometry, the larger the variation in
the non-stoichiometry profile with respect to the initial condition,
x0. For moderate initial non-stoichiometry values (see the distribu-
tions for initial non-stoichiometry x0 = 0.01), the transient re-
sponse in non-stoichiometry triggers a secondary transient
response in the temperature and deformation profiles, before T
and x equilibrate in the fuel pellet for times of the order of 108 s
(or 3 years).

Similar results are obtained for simulations in the case of Neu-
mann-type oxygen concentration boundary conditions and the re-
sults are presented in Fig. 7, using the same notations as in Fig. 6. In
addition, in the top panel of Fig. 7 we plot the time-dependence of
the non-stoichiometry at the outer surface of the fuel pellet, xb(t)
(black, solid line). Because Neumann-type boundary conditions en-
force, by definition, a zero-flux value, the oxygen content in the
fuel pellet is conserved and we observe a drop in the value of the
non-stoichiometry at the outer edge of the fuel pellet, as expected.
Again, due to the long characteristic times for oxygen diffusion, the
characteristic time for the equilibration of the non-stoichiometry
distribution is much larger than the characteristic time of temper-
ature (and deformation) equilibration. For moderate initial non-
stoichiometry values, the difference in characteristic times results
in a secondary transient response in the temperature and deforma-
tion profiles. The late-time non-stoichiometry value at the outer
surface of the fuel pellet decreases with respect to the initial
non-stoichiometry value, x0. Hence, the temperature and deforma-
tion at the outer surface of the fuel pellet also decrease. In contrast,
for the case of Dirichlet-type boundary conditions, the amount of
oxygen in the fuel pellet increases due to the influx of oxygen,
leading to an increase in temperature and, subsequently,
deformation.
3.2.2. Time-dependent heat generation rate
We consider now the behavior of the pellet when subjected to a

change in the heat generation rate. As initial conditions, we use the
temperature, non-stoichiometry, and deformation distributions
obtained by solving the steady-state problem for a fuel element
with the non-stoichiometry at the outer surface of the pellet,
xb = 0.001, and corresponding to a heat generation rate
Q = 107 W/m3. Then, we let the heat generation rate vary from
the initial value, Q0 = 107 W/m3, to a final value Qmax,0 =
2 � 108 W/m3, according to Eq. (4). Simulations were performed
assuming both Dirichlet- and Neumann-type oxygen content
boundary conditions, and results are presented in Figs. 8 and 9.
Again, the characteristic time for the fuel-pellet thermal expansion
matches the characteristic time for heat diffusion, and both are sig-
nificantly different from the characteristic time of oxygen diffu-
sion: In this scenario, the trigger is the heat transport source
term. Because of the short characteristic time of the heat diffusion,
the temperature profile reacts quickly to the change in Q(t). Given
the large characteristic time of the oxygen diffusion, the change in
the non-stoichiometry profile lags far behind. Although slow, the
non-stoichiometry change triggers a secondary transient response
in the profile of temperature and deformation. In the case of
Dirichlet-type oxygen content boundary conditions, this results
in a further increase in the temperature at the center of the fuel
pellet and the total displacement at the outer surface of the fuel
pellet (see Fig. 8). In the case of Neumann-type oxygen content
boundary conditions, the secondary transient results in a small de-
crease in the temperature at the center of the fuel pellet and in the
total displacement of the outer surface of the fuel pellet. The
change is very small on the scale depicted in Fig. 9, as the non-stoi-
chiometry in the original state was already small to begin with, and
the oxygen-conservation in the fuel pellet, enforced via the Neu-
mann-type boundary conditions, leads to a further decrease in
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the non-stoichiometry value at the outer edge of the fuel pellet,
xb(t) (Fig. 9). This effect becomes larger for larger initial non-stoi-
chiometries, as shown in Fig. 7.
3.2.3. Time-dependent non-stoichiometry boundary conditions
In this simulation we fix the temperature at the outer surface of

the steel cladding, Tb = 750 K and also fix the heat generation rate,
Q = 2 � 108 W/m3. The non-stoichiometry at the outer surface of
the fuel pellet, xb, changes from an initial value xb,0 = 0.001 to a fi-
nal value xb,max over the course of approximately 10 min, according
to Eq. (5). This corresponds to moving from the xb = 0.001 to the
xb = 0.2 points along the Q = 2 � 108 W/m3 curve in Fig. 5. Fig. 10
shows the time-dependence of the temperature (top panel: green,
dashed line) and non-stoichiometry (top panel: blue, dotted line)
at the center of the fuel pellet, together with time-dependence of
the total displacement (bottom panel: black, short-dashed line)
at the outer edge of the fuel pellet. As in previous simulations,
the time evolution of the total displacement due to thermal expan-
sion follows the time evolution of the temperature. The non-stoi-
chiometry at the center of the fuel pellet, xmax,0 reacts slowly to
the change in the boundary condition, reflecting the large time
scales associated with oxygen diffusion. Unlike the ‘‘change in
the heat generation rate” scenario, in this case the changes in tem-
perature, non-stoichiometry and deformation occur at a time scale
dictated by the diffusion of oxygen atoms, and we do not observe
the ‘‘early” regimes seen in Figs. 6–9 during which the temperature
and deformation experienced vast changes rather independently of
x. In the current case, the ‘‘trigger” is the rather slow change in the
non-stoichiometry profile and the temperature profile has time to
respond.
4. Conclusions

We study the thermal expansion of UO2+x nuclear fuel pellets in
the context of a model coupling heat transfer and oxygen diffusion.
While our simulation platform can easily handle multidimensional
effects, in this paper we report only results of one-dimensional
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simulations. Results of both steady-state and time-dependent
simulations are discussed, with a special emphasis on tracking
the effect of non-stoichiometry. In all our simulations, we used
Dirichlet-type boundary condition for the temperature at the
cladding outer surface, whereas for oxygen diffusion equation we
considered both Dirichlet- and Neumann-type boundary condi-
tions at the fuel pellet outer surface. All simulations were per-
formed using the commercial finite-element code COMSOL
MultiphysicsTM.

We find that the presence of a deviation from stoichiometry in
the UO2+x nuclear fuel pellet gives rise to a maximum in the total
displacement due to thermal expansion located inside rather than
at the edge of the fuel pellet. The location of the maximum de-
pends on the heat generation rate and the initial non-stoichiome-
try of the fuel. This may be suggestive of a zone-forming
mechanism that may lead in part to the multiple-annulus aspect
of the cross section of ceramic fuel pellet and radial fractures ob-
served experimentally [31]. Further investigations are required to
elucidate this mechanism.

Following a sudden change in operating conditions, the char-
acteristic time of thermal expansion is, not surprisingly, the same
as the characteristic time for the transient response of the tem-
perature profile in the fuel element. However, the characteristic
response for heat and oxygen diffusion can be very different
due to the widely varying Lewis numbers. As a consequence,
the non-stoichiometry and temperature/deformation evolve at
different time scales and ‘‘secondary” transient responses in tem-
perature/deformation can occur long after the ‘‘early” transient
response to a sudden change in the heat generation rate. The
dynamics of the characteristic times as a function of non-stoichi-
ometry plays an important role in the transient behavior of the
fuel.

Finally, we note that as far as the UO2+x material parameters are
concerned, including the stoichiometry-dependence in the model
of thermal conductivity is of critical importance, whereas our sim-
ulations are insensitive to the inclusion of composition effects in
the models of other properties, such as the heat capacity and ther-
mal expansion.
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