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a b s t r a c t

The thermal conductivity of uranium oxide (UO2) containing pores and grain boundaries is investigated
using continuum-level simulations based on the finite-difference method in two and three dimensions.
Steady-state heat conduction is solved on microstructures generated from the phase-field model of the
porous polycrystal to calculate the effective thermal conductivity of the domain. The effects of porosity,
pore size, and grain size on the effective thermal conductivity of UO2 are quantified. Using simulation
results, a new empirical model is developed to predict the effective thermal conductivity of porous
polycrystalline UO2 fuel as a function of porosity and grain size.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Uranium dioxide (UO2) is a primary fuel for nuclear power re-
actors for the past 60 years. Because the thermophysical property of
nuclear fuel is critical for ensuring reactor safety and efficiency,
regulation codes have been established for securing fuel perfor-
mance, such as FRAPCON [1], which can predict the thermal
properties of UO2 during reactor operation. The material-property
correlations in FRAPCON are based on extensive databases that
have been accumulated over decades, and its predicted values are
generally consistent with experimental values [1]. However, an
empirical model cannot provide the property values for systems
outside the experience range. Therefore, significant effort has been
expanded to understand the effects of various features of irradiated
UO2 on its thermophysical properties and to develop more gener-
ally applicable models based on computational methods [2,3].
Atomistic [4e6] and continuum [7e9] simulations have been per-
formed to predict the effects of grain boundaries and porosity on
the thermal conductivity of porous polycrystals in several studies.

However, these studies were limited to two-dimensional (2D) or
simple three-dimensional (3D) bicrystal systems. In a previous
study [10], steady-state heat conduction analysis of a porous single
crystal of UO2 at the continuum level was performed, and it was
discovered that conductivity was significantly affected by pore size,
).

by Elsevier Korea LLC. This is an
which was not considered in previous widely used physical models
[5,11e13].

We developed a thermal conduction simulation code based on
the finite difference method by implementing a CUDA-accelerated
parallel computing skill, which enabled us to perform a 3D large-
scale simulation in a previous study [10]. In this study, we
expanded the microstructure to a polycrystal system to more
adequately describe actual UO2 fuel pellets. We performed a thermal
analysis of the porous polycrystalline microstructure to investigate
the effects of grain boundaries and pores on the effective conduc-
tivity of UO2 in 2D and 3D systems, as well as proposed a simulation-
based empirical model that can provide important guidelines for the
effective thermal conductivity of high burn-up UO2.
2. Methodology and numerical approach

2.1. Phase field model for grain growth with pores

We employed a phase-field model to generate polycrystalline
microstructures of UO2 fuels with pores [14]. The set of non-
conserved order parameters indicates the grain orientations pre-
sent in the matrix phase of the polycrystalline materials.
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open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kunok.chang@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2021.10.040&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2021.10.040
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2021.10.040
https://doi.org/10.1016/j.net.2021.10.040


B. Yoon and K. Chang Nuclear Engineering and Technology 54 (2022) 1541e1548
vhiðr; tÞ
vt

¼ � Li
dF

dhiðr; tÞ
; i¼1; 2; /; P; (2)

where hi ði¼ 1; 2; /; PÞ is a nonconserved order parameter rep-
resented by position (r) and time (t), and its evolution is obtained
by solving the time-dependent GinzburgeLandau equation shown
in Eq. (2). We evolved only the active parameter (nonzero) [15] for
computational efficiency.

The total free energy function F of a heterogeneous system of
grains and pores is described as follows [16]:
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where the free energy F has unit of J.
Using Eqs. (3) and (2), we obtain
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where Li are kinetic coefficients related to grain boundary mobility
with the units m3/(N$s) and ki are gradient energy coefficients with
the units J/m.m and ε are positive constants. A spatially dependent
order parameter, F(r), is introduced to represent the dispersion of
pores. The parameter assumes the value of 1 at the pore and be-
comes 0 in the matrix [16]. It is assumed that the pore dispersion is
constant in time. We refer to Ref. [16] for a complete description of
the model.

We applied the forward-Euler discretization scheme to dis-
cretize the time derivative of Eq. (4), as follows:

hiðtþDtÞ¼ hiðtÞþ
dhi
dt

Dt þ OðDtÞ: (5)

In our simulations, the phenomenological parameters in Eqs.
(2)e(4) were set to m ¼ 1:0, ε ¼ 1:0 and Li ¼ ki ¼ 1:0 for all i, by
assuming an isotropic grain boundary mobility and grain boundary
energy. We set Dt ¼ 0:1 in Eq. (5) and Dx ¼ 1:0 for calculating the
Laplacian in Eq. (4). A periodic boundary condition was applied to
all boundaries, was set to 1.0, and OpenMP parallelization was
applied to efficiently utilize multicore CPU capability [17].
2.2. Steady-state thermal conduction analysis

In this study, heat conduction simulations based on the finite
difference method were performed to calculate the thermal con-
ductivity of polycrystalline UO2 containing pores. In two di-
mensions, we simulated a square domain of measuring
20.48 mm � 20.48 mm, which was uniformly discretized into a
2048 � 2048 grid. Similarly, a cubic domain of length 2.56 mm in
each direction, corresponding to a system with 256 � 256 � 256
grids, was simulated as a 3D system. The Dirichlet boundary con-
dition with respect to a temperature of T ¼ 800 K was applied at
the edge of x ¼ 0, and the Neumann boundary condition of j ¼
50 MW=m2 was applied at the edge of x ¼ 20.48 mm (2.56 mm for
three dimensions) to represent a constant heat flux flow along the
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x-direction. The values of T and j are arbitrarily selected and have
no effect on the value of the calculated thermal conductivity.
Adiabatic boundary conditions were enforced in the y- and z-di-
rections. The temperature profile of the system was obtained by
solving the steady-state conduction equation

VkðrÞVTðrÞ¼0 (6)

where kðrÞ is the thermal conductivity, which varies with location
depending on the underlying microstructure.

The effective thermal conductivity can be evaluated based on
the rearranged Fourier's law as follows:

keff ¼
j� Lx
DT

(7)

where Lx is the width of the domain, and DT is the average tem-
perature drop across the simulation domain in the x-direction.

The steady-state heat conduction equation was solved using a
finite-difference approximation based on the CrankeNicolson (CN)
implicit scheme and alternating direction implicit (ADI) methods.
The CN method is unconditionally stable and second-order accu-
rate in both time and space. The ADI method was employed to
dimensionally decouple the heat equation for an efficient calcula-
tion using parallelization. We adopted CUDA GPU-parallelization
and solved thousands of heat conduction equations simulta-
neously. A full description of the method is available in Ref. [10].
2.3. Microstructure and thermal conductivity dependence on local
temperature

We used the summation of the phase-field order parameter hi
squared to represent the microstructure [18]. The grain boundary
region indicated reduced values of less than 1 to incorporate the
Kapitza resistance effect into the simulation. The value was 1
within the matrix and 0 inside the pore. Within the interface be-
tween different types of regions, the transition from one region to
another was continuous. We assumed that the pores contained
helium and set the lower bound of conductivity to 0:152W=ðK $mÞ,
which corresponds to the thermal conductivity of helium gas.
Although pores in irradiated UO2 fuel are primarily filled with Xe,
we used He as model fission gas, since low thermal conductivity of
Xe can potentially cause a computational instability of simulation.
The thermal conductivity dependent on the temperature and
microstructure was determined using the parameter as follows
[19]:

kðrÞ¼
 XP

i¼1

h2i

!7:7
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�
þ 0:152 (8)

where 7.7 is the fitted value corresponding to approximately
10MW=ðm2 $KÞ of the Kapitza conductance of the grain boundaries.

The lattice (crystal) thermal conductivity of pure UO2 crystal
based on only temperature was obtained from themodel suggested
by Harding and Martin [20]. It depends on temperature and is
expressed in units of W=ðK $mÞ, as follows:

kcrystal ¼
1

0:0375þ 2:165� 10�4T
þ 4:715� 109

T2
exp
��16361

T

�
(9)



Fig. 1. Results obtained by 2D simulations of porosity ¼ 2% and pore radii ¼ 300 nm. (1) Microstructure represented using summation of phase-field order parameter hi squared at
(left) d ¼ 600 nm and (right) d ¼ 1200 nm. (2) Temperature distribution at steady-state in units of K (3) jVTðx; yÞj at steady state.
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3. Results and discussion

In a previous study [10], we investigated the effects of porosity
and pore radius on the thermal conductivity of UO2 single crystals
and discovered that micrometer-scale pores can significantly affect
thermal conduction. In this study, we conducted thermal analysis in
the presence of grain boundaries and pores to investigate a more
1543
realistic UO2 fuel. We employed the phase-field model of Moelans
et al. [16] to generate the microstructures of UO2 fuel. This model
imparts a local pinning effect on grain boundary migration which
leads to formation of intergranular gas bubbles aligned along grain
boundaries. The details of the phase-field model and thermal
analysis are described in Section 2. The combined effect of grain
boundaries and intergranular pores on the effective thermal



Fig. 2. Results obtained by 3D simulations of porosity ¼ 2% and pore radii ¼ 300 nm (cross section of z ¼ 5.12 mm). (1) Microstructure represented using summation of phase-field
order parameter hi squared at (left) d ¼ 600 nm and (right) d ¼ 1200 nm. (2) Temperature distribution at steady-state in units of K (3) jVTðx; y; zÞj at steady state.
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conductivity was evaluated by systematically varying the porosity,
pore size, and grain size. We analyzed systems with porosities of
0.01, 0.02, 0.03, and 0.04, for both 2D and 3D cases. Porosity was
evaluated using the ratio of the number of grids occupied by the
pores with respect to the total number of grids. In the 2D system,
four different grain diameters (d ¼ 600, 800, 1000, and 1200 nm)
1544
were considered. In the 3D system, two additional grain sizes
(d¼ 300 and 400 nm)were considered for amore rigorous analysis.
To quantify the pore radius effect on the effective conductivity in
two and three dimensions, we measured the effective conductivity
with different pore radii at specified porosities and grain sizes.
Three different pore radii (r ¼ 100, 200, and 300 nm)were analyzed



Fig. 3. Effective thermal conductivity obtained by 3D simulations of r ¼ 300 nm with varying grain sizes and porosities.

Fig. 4. Effective thermal conductivity obtained by 3D simulations of porosity ¼ 4% with varying grain sizes and pore radii.
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in both 2D and 3D systems. To simplify the situation, we assumed
that all pores were circular in two dimensions and spherical in
three dimensions, and that their radii were homogeneous for each
set of simulations. We performed three sets of thermal conductivity
simulations for each condition and averaged the effective conduc-
tivity to obtain more reliable results. Three sets of simulational
microstructure were generated from the phase-field simulations
1545
which initially assigned randomly distributed pores of uniform size.
The typical microstructures and their temperature profiles in the
steady state are shown in Figs. 1 and 2. It was observed that
monosized intergranular pores embedded in random positions
without overlapping with each other. The temperature gradient
was the highest in the grain boundary region, followed by the pore
region and matrix region. As expected, the thermal conductivity



Table 1
The fitted value of exponent b in multiplier model of effective thermal conductivity at three different pore radii. The pores are circular in 2D and spherical in 3D
microstructures.

The value of exponent b in multiplier model Eq. (10)

2D 3D

r ¼ 100 nm 2.46884 2.41845
r ¼ 200 nm 1.20273 1.88383
r ¼ 300 nm 0.77723 1.66590

Table 2
Formulation of three effective thermal conductivity models of UO2.

The effective thermal conductivity models of UO2

Model 1
ln
�
keff � ð1þ k0=GkdÞ

k0

�
¼ b� lnð1 � pÞ

Model 2
ln
�
keff � ð1þ k0=GkdÞ

k0

�
¼ b� lnð1� pÞn

Model 3
ln
�
keff � ð1þ k0=GkdÞ

k0

�
¼ b� lnð1� pÞn þ að1 � pÞ

Fig. 5. Comparison between three models (lines) and simulation results (dots) at r ¼ 100 nm in 3D simulations.

Table 3
Root mean square deviation values between obtained values from simulations and three fitted curves using Models 1, 2 and 3 for 2D system.

Root mean square deviations of 2D system

Pore radius Model 1 Model 2 Model 3

100 nm 0.0560 0.0381 0.0339
200 nm 0.0471 0.0349 0.0331
300 nm 0.0598 0.0509 0.0507
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decreased as the porosity and grain diameter increased, as depicted
in Fig. 3; this phenomenon is attributable to the lower thermal
conductivity of the pore and grain boundary regions. Furthermore,
we discovered that under a specified porosity and grain size, the
thermal conductivity decreased with the pore radius, as shown in
1546
Fig. 4. The most widely used effective thermal conductivity model
for porous polycrystal materials is the multiplier model [19], which
multiplies the separate effect of porosity [13] and grain size [21]
(Model 1), as follows:



Table 4
Root mean square deviation values between obtained values from simulations and three fitted curves using Models 1, 2 and 3 for 3D system.

Root mean square deviations of 3D system

Pore radius Model 1 Model 2 Model 3

100 nm 0.0341 0.0235 0.0217
200 nm 0.0355 0.0179 0.0157
300 nm 0.0334 0.0249 0.0209
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keff ¼ kporeeff � kGBeff ¼ k0
ð1� pÞb

1þ k0=ðGkdÞ
(10)

where k0 is the bulk conductivity of UO2, Gk the Kapitza conduc-
tance, d the average grain diameter, p the porosity, and b the fitted
value.

As shown in Table 1, the value of exponent b in Eq. (10) increases
as the pore size decreases at a given porosity, which is consistent
with the result of our previous study [10]. This indicates that a small
pore-sized structure has a stronger influence on the effective con-
ductivity than a large pore-sized structure.

However, our simulation results were not consistent with the
multiplier model; therefore, we modified the formula to obtain a
better fit. In Table 2, Model 1 is the multiplier model rearranged for
b fitting. Model 2 is a modified equation, whose logarithmic term is
a power function. We discovered that Model 2 slightly under-
estimated the thermal conductivity in the low-porosity regime;
therefore, we modified the equation, as realized in Model 3. The
right-hand sides of the equations in Table 2 were plotted against
the porosity volume fraction, as shown in Fig. 5. Model 3 indicated
the best fit among the three models.

To compare the accuracy of the three models, we evaluated the
root-mean-square deviation (RMSD) of the models for each set of
data obtained from simulations. The RMSD is the quadratic mean of
the differences between values predicted by amodel and the values
observed, and it represents the magnitude of the prediction error
for the dataset.

RMSD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
jksimulation � kmodelj2

s
(11)

where ksimulation is the effective conductivity value obtained from
the simulation; kmodel is the effective conductivity value predicted
by Models 1, 2, and 3; N is the number of effective conductivity
values compared.

Tables 3 and 4 show the RMSD values of the three models at
particular grain diameters in two and three dimensions. Model 3
indicated the lowest RMSD for both two and three dimensions.

4. Conclusions

In the mesoscale regime, we computationally investigated the
effects of porosity, pore size, and grain boundaries on the effective
conductivity of porous polycrystalline UO2 in 2D and 3D systems.
The effective conductivities were effectively estimated using the CN
and ADI methods via the implementation of CUDA GPU paralleli-
zation. We evaluated the exponent value b of the multiplier model
of effective thermal conductivity for both 2D and 3D cases at
different circular (2D) and spherical (3D) pore radii, and we found
that exponent b decreases as the pore radius increases. We pro-
posed modified multiplier models for the effective conductivity of
porous polycrystal UO2 based on the microstructure generated
using the phase-field method in the presence of pores. This
empirical model has an excellent predictive power in the range of
1547
our simulation. However, significant work is still needed to develop
a physically based model of effective conductivity without using
fitting parameters.
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