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a b s t r a c t

We study the coupled thermal transport, oxygen diffusion, and thermal expansion of a generic nuclear
fuel element consisting of a UO2 fuel pellet and stainless steel cladding separated by a helium gap for
the purpose of evaluating the impact of various thermal conductivity models on the predictions of the
temperature profile and deformation. Using a series of steady-state and time-dependent finite-ele-
ment simulations with a variety of initial- and boundary-value conditions, thermo-mechanical
response of the fuel element is evaluated. The results show that including the deviation from stoichi-
ometry, x, in the thermal conductivity model is paramount for obtaining accurate predictions in the
centerline temperature and the extent of the radial deformation of the fuel pellet. In a surprising
result, the coupling between the heat transport and the oxygen diffusion is relatively strong for small
values of the fixed composition boundary conditions xb, whereas the coupling becomes weaker for
large values of xb.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction time of thermal expansion is the same as the characteristic time
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. The quantitative description of the cou-
pled thermal, mechanical and chemical phenomena in a fuel ele-
ment under normal and/or accident conditions, represents a
complex computational task and plays a central role in the devel-
opment of modern fuel performance codes [1–5]. The large number
of control parameters and the uncertainty associated with them
leads often to challenging problems that can be addressed by a
close integration of experimental, theoretical, and computational
work [6–9].

Recently, we studied the nonlinear coupling between thermal,
mechanical and chemical phenomena in a generic UO2 fuel ele-
ment, in order to elucidate general aspects of the fuel behavior in
connection with the transport of the oxygen in the fuel element
[10,11]. Our results indicate that the coupling between heat trans-
port, oxygen diffusion, and thermal expansion in a fuel pellet can
provide insight into the main mechanisms that cause fuel damage
and allowed for the better understanding of the characteristic re-
sponse times of the temperature, oxygen distribution and radial
deformation profiles in the fuel element. We showed that follow-
ing a sudden change in operating conditions, the characteristic
ll rights reserved.
for the transient response of the temperature profile in the fuel ele-
ment. However, the characteristic response for heat and oxygen
diffusion can be very different due to the large differences in the
Lewis numbers. As a consequence, the non-stoichiometry and tem-
perature/deformation evolve at different time scales and secondary
transient responses in temperature/deformation can occur long
after the early transient response. The dynamics of the characteris-
tic times as a function of non-stoichiometry plays an important
role in the transient behavior of oxide fuels.

In this paper we restrict our study to the case of a schematic
model of a typical fuel element to develop the basic understanding
of the underlying physics in connection with the nonlinear aspects
of the coupled multi-physics phenomena involved. We focus on
understanding the sensitivity of the simulation results in UO2+x

nuclear fuel elements to the choice of fuel thermal conductivity
model. Hence, important aspects pertaining to the in-core behavior
of the fuel element, such as irradiation-induced modifications of
material properties, fuel swelling due to the accumulation of
gaseous and solid fission products, fuel densification and creep,
are intentionally left out here, but will have to be considered in
realistic fuel-performance simulations [12–14].
2. Multiphysics model

Similarly to our previous work [10,11], we consider a schematic
model for a UO2 fuel pellet separated through a helium gap from a
steel cladding (see Fig. 1). The computational domain consists of a
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cylindrical fuel pellet of radius Rfuel = 4.3 mm, separated by a
0.03 mm width helium gap from a cylindrical cladding of thickness
0.5 mm. The geometry of the fuel element is depicted in Fig. 1. In
this geometry we solve the coupled heat transport, oxygen diffu-
sion and thermal expansion problem corresponding to an uni-
formly distributed source term, Q. The heat transport equation is
given by

q CP
@T
@t
¼ r � ðk � rTÞ þ Q ; ð2:1Þ

where q, CP and k are the density, specific heat at constant pressure
and thermal conductivity, respectively. Because the oxide nuclear
fuel is non-stoichiometric, all material properties of the fuel are in
principle dependent on both the temperature, T, and the deviation
from stoichiometry, x,

x ¼ O=M � 2; ð2:2Þ

where O/M denotes the oxygen-to-metal ratio. Hence, the heat
transport Eq. (2.1) must be solved self-consistently with the diffu-
sion equation describing the oxygen transport in the fuel pellet. In
order to model the oxygen transport in UO2+x fuel elements, we as-
sume without loss of generality, that hyper-stoichiometric systems
are pseudo-binary systems described as dilute solutions of oxygen
interstitials in the oxygen sublattice [16]. We consider the continu-
ity equation,

n
@c
@t
¼ r � J; ð2:3Þ

where c denotes the atomic fraction of oxygen interstitials and n is
the total number of regular oxygen sites per unit volume. Based on
thermodynamic considerations [17], the flux of oxygen interstitials
is written as

J ¼ �n D rc þ c
F

Q �

RT2rT
� �

; ð2:4Þ

where D is the chemical diffusion coefficient, Q⁄ is the heat of trans-
port, F is the thermodynamic factor, and R is the ideal gas constant.
In Eq. (2.4), the gradient of non-stoichiometry is associated with the
conventional Fickian diffusion contribution, whereas the term
involving a gradient in temperature represents the thermal segrega-
tion or the Soret effect [18]. In the dilute limit, x ? 0, the thermody-
namic factor has the limit F ? 1.
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Fig. 1. Geometry of the fuel element.
For hyper-stoichiometric oxides, the atomic fractions, c, is re-
lated to the deviation from stoichiometry, x, as

x ¼ c: ð2:5Þ

Therefore, for an arbitrary oxide MO2+x, Eqs. (2.3) and (2.4) can be
written in terms of the deviation from stoichiometry, x, as

n
@x
@t
¼ r � J; ð2:6Þ

with

J ¼ �n D rxþ x
F

Q �

RT2rT
� �

: ð2:7Þ

Eqs. 2.1, 2.3, and 2.7 are solved self-consistently. The ensuing distri-
bution of temperature and compositions are used to calculate the
mechanical deformation of the pellet and cladding. For simplicity,
the pellet and cladding are considered as uniform, pure elastic
materials, characterized by the Young’s modulus, Poisson ration,
thermal expansion coefficient, and density. This formulation ac-
counts for the temperature and composition dependence of the
mechanical properties.

The total strain tensor, e, is written in terms of the gradient of
the displacement, u, as

e ¼ 1
2
ðruþruTÞ: ð2:8Þ

The relationship between the stress tensor, r, the strain tensor, e,
and temperature, T, is given by the Duhamel–Hooke’s law, as

r ¼ r0 þ C : ½e� e0 � aðT � TrefÞ�; ð2:9Þ

where C is the elasticity tensor, r0 and e0 are the initial stresses and
strains, Tref is the reference temperature, and a is the thermal
expansion coefficient. The elasticity tensor, C, is given in terms of
the Young’s modulus, E, and the Poisson ratio, m, as described for in-
stance in Ref. [14].

The resulting system of equations for the thermo-mechanical
model and oxygen diffusion, is solved using a fully-coupled direct
solver in COMSOL.

3. Material properties

Properties of the materials in the fuel element were obtained
from previously published correlations and are summarized in Ta-
bles 1–3, for helium, cladding, and UO2+x, respectively. Given the
schematic nature of this study, in this paper we use a 316 grade
stainless-steel cladding material just like we did previously (see
Ref. [14]).

For fuel-performance assessment purposes, one of the most
important material property is the thermal conductivity of the fuel.
This well-known fact was also emphasized in our analysis that
emphasized the oxygen redistribution effects on the thermal re-
sponse of the fuel element [10,11]. In order to get a better under-
standing of the margins of error in the thermal response due to
uncertainties in the thermal conductivity of UO2+x, in Table 4 we
summarize the experimentally-based analytical models of thermal
conductivity of UO2+x considered in this study. The temperature
dependence of these thermal conductivity models [22,19–
27,30,31] for stoichiometric UO2 is illustrated in Fig. 2 for a tem-
perature range between 300 and 3000 K. Two of these models,
i.e. the A96 model proposed by Amaya et al. [31] and the C01 mod-
el recommended by Carbajo et al. [27] include an explicit oxygen
deviation from stoichiometry dependence, and are recommended
from deviations lower than 0.2 and 0.1, respectively. The tempera-
ture dependence of the A96 and C01 UO2+x thermal conductivity
models for several deviations is illustrated in Fig. 3 for several devi-
ations from stoichiometry in the range 0.0–0.1.



Table 1
Summary of the properties of the helium filling the gap in the fuel element depicted in Fig. 1. Here, q, CP and k denote the density, heat capacity and thermal conductivity,
respectively.

Property (material) Functional form of the property on temperature, T Units Source

q (He) 0.0818 � 8.275 � 10�15 (T � 600) kg/m3 [19]
CP (He) 5190 J/(kg K) [19]
k (He) 0.04679 + 3.81 � 10�4T � 6.786 � 10�8T2 W/(m K) [19]

Table 2
Summary of cladding material properties corresponding to the fuel element depicted in Fig. 1. In addition to the notations introduced in Table 1, we use aT, E and m to denote the
thermal expansion coefficient, the Young’s elasticity module and Poisson ratio, respectively. For convenience, the cladding is made out of the same 316 austenitic grade stainless-
steel cladding material used in our previous work [11].

Property (material) Functional form of the property on temperature, T Units Source

q (steel) 7989 + 0.127T + 1.51 � 10�5T2 kg/m3 [20]
CP (steel) 500 + 0.072T � 6.37 � 10�4T2 + 1.73 � 10�6T3 J/(kg K) [21]
k (steel) 7.956 + 1.919 � 10�2T � 3.029 � 10�6T2 W/(m K) [20]

aT (steel) 15.046 � 10�6 + 5.082 � 10�9T � 1.014 � 10�12T2 m/(m K) [20]
E (steel) 211.622 � 109 � 5.173 � 107T � 1.928 � 104T2 Pa [20]
m (steel) 0.29 [20]

Table 3
Summary of UO2+x material properties. In addition to the notations introduced in Tables 1 and 2, we introduce Qq, F and D to denote the heat of transport, thermodynamic factor
and chemical diffusion coefficient of oxygen in UO2.

Property (material) Functional form of the property on temperature, T, and non-stoichiometry, x Units Source

CP (UO2±x) a0 + b0x + (a1 + b1x)T + (1 � x)(a T2 + b T3 + c T4) � (a�2 + b�2x)T�2, with J/(mol K) [15]
a0 = 52.174, b0 = 45.806, J/(mol K)
a1 = 87.951, b1 = �0.073461, J/(mol K2)
a = �84.241 � 10�6, J/(mol K3)
b = 31.542 � 10�6, J/(mol K4)
c = �2.6334 � 10�12 J/(mol K5)
a�2 = 7.1391 � 105, b�2 = 2.9509 � 105, J K/mol

q (UO2) 10970(a + bT + cT2 + dT3)�3, with kg/m3 [22,23]

a ¼ 0:99734; b ¼ 9:802� 10�6;
c ¼ �2:705� 10�10; d ¼ 4:391� 10�13

�
; for T 6 923 K,

a ¼ 0:99672; b ¼ 1:179� 10�5;
c ¼ �2:429� 10�9; d ¼ 1:219� 10�12

�
; for T > 923 K.

a + bT + cT2 + dT3, with m/(m K) [22,23]

a ¼ 9:828� 10�6; b ¼ �6:390� 10�10;
c ¼ 1:33� 10�12; d ¼ �1:757� 10�17

�
; for T 6 923 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

�
; for T > 923 K.

E (UO2+x) 2.334 � 1011 (1 � 1.095 � 10�4T)exp (�1.34x) Pa [26]
m (UO2) 0.316 [26]

Qq (UO2+x) �1380.8 � 1.344 � 105exp (�x/0.0261) J/mol [10]
F (UO2+x) (2 + x)/[2(1 � 3x)(1 � 2x)] [10,24]
D (UO2) 10�9:386�4:26�103=Tþ1:2�10�3 T1 xþ7:5�10�4 T log½ð2þxÞ=x� m2/s [10]
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The thermal conductivity proposed by Amaya et al. [31] is based
on the Klemens thermal conductivity model [32,33] based on the
quantum theory of phonon–phonon and phonon-impurity interac-
tions in solids. With this exception, all other thermal conductivity
models are given as the sum of a lattice phonon contribution

kLðT; xÞ ¼
1

AðxÞ þ CðxÞt ; ð3:1Þ

and a small-polaron ambipolar term,

kAPðTÞ ¼ b t�c expð�d=tÞ; ð3:2Þ

where t = T(K)/1000. The effect of the deviation from stoichiometry,
x, on the UO2+x thermal conductivity is important only in the lattice
part of the thermal conductivity [28]. The ambipolar term is de-
signed to fit the high temperature data in UO2+x and shows no
dependence on x [30]. The inverse power-law coefficient, c, is 2 in
the work of Harding and Martin [25] and in MATPRO [26]. For con-
sistency with the non-adiabatic nature of the hopping transport in
which the small polarons participate [29], modern thermal conduc-
tivity models use a value c = 5/2 following the analysis of Ronchi
et al. [30].

The change in the thermal conductivity due to the porosity ef-
fect is calculated by multiplying the conductivity of the solid by
the Maxwell–Eucken function

frðpÞ ¼
1� p

1þ ðr� 1Þp : ð3:3Þ

Here, p is the fractional porosity, with p < 0.2, and r is a porosity
shape factor. For spherical pores, the shape factor is r0 = 1.5. For
flatter pores, we have r > r0, whereas for tubular porosity, the
porosity shape factor is r < r0 [28]. We note that MATPRO assumes
that the pores are spherical [26], whereas the prevalent recom-
mended value is r = 3 [22]. The simulations discussed in this paper
assume a 96.5% dense fuel pellet.

For completeness, we note that the UO2 density and thermal
expansion coefficient used in our simulations are those reported



Table 4
Summary of UO2+x thermal conductivity, k (UO2+x), material models. Here we introduced the notation t = T/1000 with T measured in K.

Model (material) Porosity Functional form of the thermal conductivity Units Source

A96 (UO2+x) 0.035 k0(T)tan�1[h(T, x)]/h(T, x) + 5.95 � 10�11T3, with W/(m K) [31]
k0(T) = [3.24 � 10�2 + 2.51 � 10�4T]�1,

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

p
. W/(m K)

H89 (UO2) 0.000 [A + C t]�1 + 4715t�2exp (�16.361/t), with W/(m K) [25]
A = 0.0375 m K/W
C = 0.2165 m/W

MATPRO (UO2) 0.050 [A + C t]�1 + 3500t�2 exp (�16.361/t), with W/(m K) [26]
A = 0.0452 m K/W
C = 0.246 m/W

R99 (UO2) 0.050 [A + C t]�1 + 6400t�5/2exp (�16.35/t), with W/(m K) [29]
A = 0.06548 m K/W
C = 0.23533 m/W

F00 (UO2) 0.050 [A + C t + C0t2]�1 + 6400t�5/2exp (�16.35/t), with W/(m K) [22]
A = 0.075408 m K/W
C = 0.17692 m/W
C0 = 0.036142 m/(K W)

C01 (UO2+x) 0.000 [A(x) + C(x)t]�1 + 7410.53t�5/2exp (�16.35/t), with W/(m K) [27]
A(x) = 0.0257 + 3.336x m K/W
C(x) = 0.2206 � 0.685x m/W
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by Martin [23], who showed that these material properties are lar-
gely insensitive to stoichiometry effects. We use the same UO2+x

heat capacity correlation as Higgs et al. [15].
4. Results and discussions

Solutions of the coupled multi-physics problem in the fuel, gap,
and cladding are obtained by solving self-consistently Eq. (2.1) for
the temperature, T, profile in the fuel, helium gap and steel clad-
ding, together with the oxygen deviation from stoichiometry, x, gi-
ven by Eqs. (2.6) and (2.7), in the fuel. The fuel pellet and steel
cladding are allowed to expand freely in the radial direction at
the expense of the gap. A moving mesh application in the Lagrang-
ian–Eulerian formulation is used 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.

All simulations were performed using the commercial finite-
element code COMSOL MultiphysicsTM. The heat transport was
modeled using the heat-transport by conduction component of
the Heat Transfer Module in COMSOL, whereas the thermal defor-
mation was calculated using the plane strain component of the
Structural Mechanics Module. For our simple geometry, we use
the plane strain application of the structural mechanics module
in static or transient regime, as appropriate. We used symmetric
boundary conditions for solid mechanics, T, and x along the straight
edges of the fuel element (see Fig. 1). The linear solver of choice is
the default non-symmetric multi-frontal method (UMFPACK) in
COMSOL. The finite-elements mesh generated in COMSOL uses
quadratic Lagrange elements and the results presented here were
converged with respect to the mesh-size distribution.

In the following, we consider the case of Dirichlet (fixed-value)
boundary conditions for both the temperature at the cladding out-
er surface, Tb, and the deviation from stoichiometry at the fuel pel-
let outer surface, xb. We emphasize that the simulations discussed
here are intended as basic illustrations of fundamental principles.
In more realistic simulations [15], one should consider important
phenomena such as the fuel/steam reaction rate at the pellet sur-
face [34] and the gas phase transport through fuel cracks.

We begin by considering the case of steady-state simulations. In
this case, the temperature and composition do not depend on time,
and the left-hand-sides of Eqs. (2.1) and (2.3) are equal to zero.
Hence, the flux of oxygen atoms vanishes (J = 0) everywhere in
the fuel pellet and the steady-state solution is independent of
the oxygen diffusivity.

For illustrative purposes, we fix Tb = 750 K and study the
changes in the profiles of temperature, composition and radial dis-
placement in the fuel pellet as a function of xb. Results obtained for
the UO2 thermal conductivity models summarized in Table 4 and
two values of the heat-generation rate, Q = 2 � 107 W/m3 and
Q = 2 � 108 W/m3, are depicted in Figs. 4 and 5, respectively. We
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notice that predictions for the temperature and radial deformation
profiles in the fuel corresponding to thermal conductivity models
that do not account for the non-stoichiometry dependence (i.e.
k(T)) lie in a narrow band, independent of the composition of the
fuel. This ‘‘band’’ also contains results obtained using the thermal
conductivity models for stoichiometric fuel composition, consis-
tent with the temperature-dependence of the thermal conductivity
models k(T, x) depicted in Fig. 2. The results for the fuel tempera-
ture and radial deformation profiles change dramatically from
the stoichiometric baseline as a function of xb, provided that the
heat transport and oxygen diffusion are coupled using a stoichiom-
etry-dependent thermal conductivity model. The changes relative
to the stoichiometric baseline are enhanced by larger values of
xb, and larger heat-generation rates, Q. We note that the predic-
tions corresponding to the A96 and C01 models are close for small
value of xb but these differences are considerable for larger values
of xb. This findings are in contrast with the relatively small differ-
ences between these two thermal conductivity models depicted in
Fig. 3 and are due to the nonlinear character of the heat transport
and oxygen diffusion coupling. The radial oxygen composition
profiles shown in Figs. 4 and 5 as a function of xb indicate that
the heat transport and oxygen diffusion coupling is weak at large
values of xb.

Next, we consider the case of transient simulations driven by a
rapid change in the heat-generation rate, Q, or the boundary-con-
dition value for the non-stoichiometry at the outer surface of the
fuel pellet, xb. In the first two scenarios Q(t) starts out at an initial
value, Q0, and quickly (within 10 min) reaches a value Qmax accord-
ing to the equation

QðtÞ ¼ Q0 þ
Qmax � Q 0

1þ 10 exp½�ð�10þ t=sÞ� ; ð4:1Þ
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In these simulations we chose a temperature boundary condition, Tb = 750 K, and
several values of the non-stoichiometry boundary condition, xb.

values of the non-stoichiometry boundary condition, xb.
where s = 45 s is a time constant. In a third scenario, xb changes
according to the equation

xbðtÞ ¼ xb;0 þ
xb;max � xb;0

1þ 100 exp½�ð�5þ t=sÞ� ; ð4:2Þ

where xb,0 and xb,max are the initial and final values, respectively, of
xb. These scenarios are only intended to evaluate the predictions of
our simulations.

As discussed in our previous studies [10,11], the characteristic
times for the fuel pellet deformation, together with the character-
istic time of heat and oxygen diffusion, determine the time re-
quired for the equilibration of reactor parameters following a
change in operating conditions. The equilibration time scales for
the radial deformation in the fuel pellet generally matches the
equilibration time scale of the temperature profile in the fuel,
whereas the times scales for the equilibration of the composition
and temperature profiles can be vastly different. The relative dif-
ference in the time scales for heat transport and oxygen diffusion
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 deviation
from stoichiometry field, x, to reach a steady state, to the time re-
quired for the temperature field, T, to reach a steady state. Here
a = k/(qCP) is the thermal diffusivity in UO2+x. The Lewis number
can be much larger than 1 for strongly non-stoichiometric fuel pel-
lets at low temperatures, which implies that changes in the tem-
perature distribution can occur with negligible changes in the
non-stoichiometry distribution.

In Figs. 6 and 7, we depict the results corresponding to a start-
up reactor scenario. In this case, the heat-generation rate varies
from a zero initial value Q0 = 0 to a final value Qmax = 2 � 108 W/
m3, according to Eq. (4.1). Similarly, in Figs. 8 and 9, we show re-
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sults corresponding to a time-dependent heat-generation scenario
with the heat-generation rate varying from an initial value
Q0 = 2 � 107 W/m3 to a final value Qmax = 2 � 108 W/m3, according
to Eq. (4.1). In both cases, the temperature at the outer surface of
the steel cladding is fixed to the initial temperature, Tb = T0 = 750 K.
We consider two separate Dirichlet boundary conditions xb = 0.01
and xb = 0.1. In the time-dependent heat-generation rate scenario,
the initial conditions are set by solving the steady-state problem
for a fuel pellet with a non-stoichiometry at the outer edge,
xb = 0.01 and xb = 0.1 and the initial heat-generation rate,
Q = 2 � 107 W/m3.

Similar to the situation observed in our steady-state simula-
tions discussed above, the results of simulations using composi-
tion-independent thermal conductivity k(T) models lie in a
narrow band. The differences in the deformation, temperature
and non-stoichiometry profiles induced by the different thermal
conductivity models are significantly smaller than the differences
due to the inclusion of stoichiometry-dependent thermal conduc-
tivity k(T, x) models. This effect is magnified by a larger value of
xb. In all cases, we notice that the time evolution of the centerline
temperature, T0, and radial total displacement at the surface of the
pellet closely track each other, in response to a change in the heat-
generation rate. In contrast, the equilibration of the centerline
deviation from stoichiometry, x0, lags behind the evolution of the
centerline temperature for k(T, x) models as the characteristic time
associated with oxygen diffusion is much larger than the heat
transport characteristic time. This results in a second transient re-
sponse in the centerline temperature and the total displacement at
the outer edge of the fuel pellet that coincides with the centerline
non-stoichiometry value reaching its equilibrium value. The mag-
nitude of the secondary transient response is larger for smaller xb
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Fig. 8. Results of transient simulations for a heat-generation scenario. Here, we
consider Dirichlet boundary conditions for temperature, Tb = 750 K, and composi-
tion, xb = 0.01.
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Fig. 9. Results of transient simulations for a heat-generation scenario. Here, we
consider Dirichlet boundary conditions for temperature, Tb = 750 K, and composi-
tion, xb = 0.1.
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values, indicative of a stronger coupling between heat transport
and oxygen diffusion for smaller values of xb. This result is consis-
tent with our findings in the steady-state case. Finally, the differ-
ences between the predictions corresponding to the A96 and C01
k(T, x) models are larger for larger values of xb, similarly to what
was observed in the stead-state simulations described above.

Finally, in Fig. 10, we show results corresponding to a time-
dependent non-stoichiometry Dirichlet boundary condition at the
outer surface of the fuel pellet xb. In this simulation we fix the tem-
perature at the outer face of the steel cladding, Tb = 750 K and the
heat-generation rate is constant, Q = 2 � 108 W/m3. The non-stoi-
chiometry at the outer face of the fuel pellet, xb, changes according
to Eq. (4.2) from an initial value xb,0 = 0.01 to a final value
xb,max = 0.1 over the course of approximately 10 min. This scenario
corresponds to having the state of the fuel element transition be-
tween the xb = 0.01 and xb = 0.1 profiles calculated for
Q = 2 � 108 W/m3 shown in Fig. 5. Similarly to the time-dependent
heat-generation rate scenarios, the time evolution of the total radial
displacement due to thermal expansion follows the time evolution
of the temperature. In contrast with that type of scenario, the re-
sults in Fig. 10 show that the non-stoichiometry profile in the fuel
element is expected to react slowly to the change in the boundary
condition, reflecting the large time scales associated with oxygen
diffusion. Unlike the time-dependent heat-generation rate scenario,
in this case the time scale of the changes in temperature, non-stoi-
chiometry and deformation are controlled by the time scale of the
oxygen diffusion process, and we do not observe the secondary
transients in Figs. 6–9. The sensitivity of the simulation results to
the choice of fuel thermal conductivity model is consistent with
what was observed above. For thermal conductivity models that
are composition independent, k(T), results lie in a narrow band,
these differences being dwarfed by the changes induced by compo-
sition effects as in k(T, x). The importance of the deviation in stoichi-
ometry effects is already responsible for �100 K change in the
centerline temperature in the initial state (small deviation,
xb = 0.01). This change in the centerline temperature becomes at
least 200 K in the final state (large deviation, xb = 0.1). For small
xb values, the two stoichiometry-dependent models, A96 and C01,
give rise to very similar predictions, whereas for the large non-stoi-
chiometries (xb = 0.1) the C01 model predicts an additional 100 K
increase in the centerline temperature relative to the A96 model.

5. Conclusions

In this paper we study the impact of different thermal conduc-
tivity models on the thermal response and the radial fuel deforma-
tion of a generic UO2 fuel element using multi-physics simulations
of coupled thermal transport, oxygen diffusion, and thermal
expansion. A series of steady-state and time-dependent finite-ele-
ment simulations with a variety of initial-value conditions show
that including the deviation from stoichiometry, x, in the thermal
conductivity model, k(T, x), results in significant changes in the
evaluation of the centerline temperature T0 and the extent of the
radial deformation of the fuel pellet, compared with simulations
that do not account for oxygen content.

We find that solving for the thermo-mechanical response to-
gether with the oxygen diffusion in the pellet is important for accu-
rate fuel performance studies at all oxygen compositions in the fuel.
The coupling between the heat transport and the oxygen diffusion
is stronger for small deviations from the fuel stoichiometry. The
coupling becomes weak for large deviations from stoichiometry.

Our simulations indicate that relatively small differences in the
k(T, x) values of the A96 and C01 models give rise to significant dif-
ferences in the predicted temperature profiles, with the C01 model
generally leading to larger centerline temperatures compared to
the A96 model.
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