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During the fast reactor nuclear fuel fission reaction, fission gases accumulate and form pores
with the increase of fuel burnup, which decreases the fuel thermal conductivity, leading to
overheating of the fuel element. The diffusion of plutonium and oxygen with high temperature
gradient is also one of the important fuel performance concerns as it will affect the fuel material
properties, power distribution, and overall performance of the fuel pin. In order to investigate
these important issues, the (U1�yPuy)O2�x fuel pellet is studied by fully coupling thermal
transport, deformation, oxygen diffusion, fission gas release and swelling, and plutonium
redistribution to evaluate the effects on each other with burnup-dependent models, accounting
for the evolution of fuel porosity. The approach was developed using self-defined multiphysics
models based on the framework of COMSOL Multiphysics to manage the nonlinearities
associated with fast reactor mixed oxide fuel performance analysis. The modeling results showed
a consistent fuel performance comparable with the previous results. Burnup degrades the fuel
thermal conductivity, resulting in a significant fuel temperature increase. The fission gas release
increased rapidly first and then steadily with the burnup increase. The fuel porosity increased
dramatically at the beginning of the burnup and then kept constant as the fission gas released to
the fuel free volume, causing the fuel temperature to increase. Another important finding is that
the deviation from stoichiometry of oxygen affects greatly not only the fuel properties, for
example, thermal conductivity, but also the fuel performance, for example, temperature
distribution, porosity evolution, grain size growth, fission gas release, deformation, and
plutonium redistribution. Special attention needs to be paid to the deviation from stoichiometry
of oxygen in fuel fabrication. Plutonium content will also affect the fuel material properties and
performance. However, it is not that significant compared to the deviation from stoichiometry
of oxygen due to the similar material properties of UO2 and PuO2.
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I. INTRODUCTION

MIXED oxide (U1�y, Puy)O2�x fuel is widely used in
fast reactors and of interest for the Generation-IV
nuclear reactors, which is a promising fuel candidate not
only to transmute long-life minor actinides in fast
breeder reactors (FBRs), but also to establish an FBR
cycle with high potential of non-proliferation.[1]

Sodium-cooled fast reactors operate with a higher linear
heat rate and higher coolant temperature than Lighter
Water Reactors (LWRs), and also have a lower fuel
smear density and lower initial oxygen-to-metal ratio,
resulting in high temperatures, high temperature gradi-
ents, and a complex chemical environment, which will
cause the migration of fuel constituents and fuel
deformation.[2] In addition to chemistry, high tempera-
tures also affect fission gas release and swelling. Surface

diffusion may allow bulk intra-granular bubble move-
ment and direct discharge into the grain boundaries.
There are some previous works concerning the fuel
constituents such as Zr in metallic fuel[3], and oxygen
and plutonium redistribution in mixed oxide fuel.[4–6]

Mihaila et al. studied the MOX and UO2 fuel by
coupling heat transport, oxygen diffusion, and thermal
deformation with different thermal conductivity models
under a variety of initial and boundary conditions,
indicating sensitive influence on fuel centerline temper-
ature and fuel deformation caused by oxygen and
plutonium profiles.[7,8] Teague et al. used a finite element
method of microstructural modeling to model the
thermal conductivity of a fixed high-burnup mixed
oxide fuel.[9] Yun et al. studied the impact of high
porosity on the thermal transport in the UO2 fuel.[10]

The fuel porosity was not considered in thermal
conductivity model but in the fuel geometry by adding
a certain number of spheres into the fuel. In addition to
chemistry, high temperatures also affect fission
gas release and swelling and finally cause the fuel
porosity to increase. During irradiation the fast reactor
fuel evolves dramatically due to fission gas release
and swelling, creep of the fuel and cladding,
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irradiation-induced effects, thermal diffusion of the fuel
constituents, and fuel restructuring.

Hence, a reasonable approach to modeling a fast
reactor fuel pellet should include thermal, mechanical,
chemical, and fission gas behavior models in a coupled
form, together with a complete material property data
set.[2] Here the mixed oxide fast reactor fuel was further
studied with burnup-dependent models, and more phys-
ical models were fully coupled together including
thermal transport, deformation, fission gas release and
swelling, grain growth, oxygen diffusion, and plutonium
redistribution in a reactor fuel pellet.

II. MULTIPHYSICS MODELS

A. Pellet Heat Conduction Model

In modeling and simulation, a MOX fuel pellet of
FBR was considered with a radius (apel) of 3.132 mm
and a height of 1.5 mm (see Figure 1), which is a typical
geometry of EBR-II. With this geometry, the thermal
transport, oxygen diffusion, plutonium redistribution,
and fission gas release problem were solved correspond-
ing to a heat generation rate, Q, which is set to be
proportional to plutonium concentration.[2] The heat
transport equation is given by

qCp
@T

@t
¼ r � k � rTð Þ þQ; ½1�

where q, Cp, and k are the density, specific heat at
constant pressure, and thermal conductivity, respec-
tively. The heat flux q within the (U1�y, Puy)O2�x fuel
domain X can be written as[11]

q ¼ �krT�Q�DOrcO; ½2�

where k, DO, and Q* denote thermal conductivity,
oxygen diffusion coefficient, and heat of transport of
oxygen, respectively, and rcO is the concentration
gradient. For the configuration studied, both the con-
centration gradient and DO are small, as is the actual
transfer of mass due to oxygen and plutonium diffusion.
The last term is therefore much smaller than krT and
thus it is neglected in this study, as in Reference 12.

B. Oxygen Diffusion Model

As a radial redistribution of oxygen occurs due to the
very large temperature gradient in the fuel, the
OXIRED model is adopted to describe the radial
redistribution of oxygen.[13] The deviation from the
stoichiometry is designated as x:

x ¼ O

Uþ Pu
� 2

�
�
�
�

�
�
�
�
; ½3�

where O
UþPu denotes the oxygen-to-metal ratio. Fast

reactor fuels are purposely fabricated with a deficiency
of oxygen (i.e., hypo-stoichiometric), primarily to
reduce the propensity for irradiated fuels to oxidize
the cladding, which leads to ‘‘thinning’’ or ‘‘wastage.’’
In the hypo-stoichiometric state, a pseudo-binary sys-
tem is assumed, consisting of a dilute solution of
oxygen vacancies in the oxygen sublattice. For
hypo-stoichiometric fuel elements, the continuity equa-
tion is considered as follows:

NO
@CO

@t
¼ �rJO; ½4�

where CO denotes the atomic fraction of vacancies, JO is
the flux of oxygen vacancies, and NO is the total number
of oxygen atoms per unit volume. Then the thermal dif-
fusion of oxygen vacancies in the hypo-stoichiometric
mixed oxides can be described using flux equation
derived from the thermodynamics of irreversible pro-
cesses[14]; the flux of oxygen vacancies, JO is given by

JO ¼ �NODO rcO þ cO 1� cOð Þ
F

Q�
O

RT2
rT

� �

; ½5�

where DO is the chemical diffusion coefficient, Q�
O is

the heat of transport, F is the thermodynamic factor,
and R is the ideal gas constant. In Eq. [5], the gradient
of non-stoichiometry is associated with the conven-
tional Fickian diffusion contribution, whereas the term
involving a gradient in temperature represents the ther-
mal segregation or the Soret effect.[15] In the dilute
limit, x ! 0, the thermodynamic factor has the limit
F ! 1. For hypo-stoichiometric oxides, the atomic
fraction of vacancies, cO, is related to the deviation
from stoichiometry, x, as

cO ¼ 1

2
x: ½6�

C. Plutonium Migration

Plutonium redistribution has been modeled using the
thermo-transport theory given in References 5 and 6.
The diffusion current has concentration gradient and
thermal diffusion terms. It is given as follows:

JPu ¼ �DU�Pu ryþ y 1� yð ÞQU�Pu

RT2
rT

� �

; ½7�

where y and (1 � y) are the molar fraction of pluto-
nium and uranium oxides, respectively. QU�Pu is the
effective molar heat of transport, and DU�Pu is theFig. 1—Fuel geometry and modeling boundary conditions.
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chemical interdiffusion coefficient. The continuity equa-
tion of plutonium redistribution is given as follows:

@y

@t
¼ �rJPu: ½8�

D. Fuel Burnup Model

In order to accurately predict the fuel evolution, it is
necessary to calculate the burnup of the fuel as a
function of time and power history. The fuel burnup is
calculated based on an ODE equation given by[16]

dBu

dt
¼ Plin 1� yð ÞMU þ yMPu þ 2� xð ÞMOð Þ

pa2pelq0 1� yð ÞMU þ yMPuð Þ ; ½9�

where Bu is the burnup (MW*h/kg), Plin is the instan-
taneous linear power (W/m), apel is the fuel pellet initial
radius (m), and q0 is the density of unirradiated fuel.MU

is the atomic weight of natural uranium, MPu is the
atomic weight of natural plutonium, and MO is the
atomic weight of oxygen.

E. Fuel Deformation

During reactor operation, nuclear fuel experiences
structural changes and large temperature gradients,
while new solid and gaseous species are introduced
within the material due to fission. It is therefore expected
that significant structural deformation will occur within
the fuel. The fuel element deformation behavior is
described using Cauchy’s equation:

�r � r ¼ Fv; ½10�

where r is the Cauchy stress tensor and Fv is the body
force per unit volume, which depends on applied
forces, thermal expansion, material creep, fuel densifi-
cation, and fission gas swelling. The stress is calculated
with a liner elastic constitutive model:

r ¼ C½ � e½ �; ½11�

where C is the material matrix and e is the elastic strain
vector. The elastic strain is calculated as the total strain,
defined as 1=2½r � uþr � uT�, (u is the displacement
vector) minus any sources of inelastic strain.

Thermal expansion of the oxide fuel below the melting
point is given in Reference 17 in the following form:

eth ¼ DL
L0

¼ K1T� K2 þ K3 exp � ED

RT

� �

; ½12�

and K1, K2, K3, and ED are given in Table I for UO2

and PuO2. Given the concentration, DL
L0

values for UO2

and PuO2 are interpolated, and the densification strain
is given as follows[18]:

edens ¼
1

3

DVdens

V
¼ 1

3

1� P0

1� P0 1� Fdensð Þ � 1

� �

: ½13�

The solid and gaseous fission products induced strain
is calculated as[18]

esfp ¼ 1

3

DVsfp

V
; ½14�

egfp ¼ 1

3

DVgfp

V
; ½15�

where
DVsfp

V and
DVgfp

V represent the swelling due to solid
and gaseous fission products, respectively. The detailed
models are given in Section III.

F. Fission Gas Release

The Booth diffusion model[19] is used to predict fission
gas diffusion in this work due to its close agreement with
the experimental results. The gas concentration cg
(atom/m3) is determined by

@cg
@t

¼ Dg
1

r

@2 rcg
� �

@r2
þ B; ½16�

where Dg (m2/s) is the diffusion coefficient of fission
product gases. The source term B (atom/m3/s) is the

gas production rate from nuclear fission B ¼ _Fz, where
z = 0.25 atom/fission is the yield of fission gas atoms.
F (fissions/m3/s) is the fission rate density based on a
single fission event and contributes approximately
200 MeV of heat to the heat generation rate, such that

_F ¼ 200
MeV

fission
� 106

1MeV
� 1:6� 10�19 J

eV

� ��1

Q
J

m3s

� �

¼ 3:125� 1010
� �

Q;

½17�

where Q (W/m3) is the heat generation rate given in
2.1. A two-dimensional rectangular domain is used in
which one direction represents the radial coordinate of
the grain within the fuel pellet and the other direction
represents the radial coordinate within the spherical
grain. Equation [16] was transformed to a non-dimen-
sional form by substitution of g ¼ r

gr
to obtain

g2g2r
@cg
@t

¼ @cg
@g

�Dgg
2 @cg
@g

� �

þ g2g2rB: ½18�

Then the release rate to the grain boundary, Rgb, is

Rgb ¼
3

g2r
Dg

@cg
@y

�
�
�
�
y¼1

; ½19�

where gr is the local fuel grain radius. It is assumed
that fission gas atoms that diffuse to the grain bound-
ary (r ¼ gr) are immediately released to the

Table I. Constants for the Fuel Thermal Expansion

Constant UO2 PuO2 Units

K1 1.0e�5 9.0e�6 K�1

K2 3.0e�3 2.7e�3 —
K3 4.0e�2 7.0e�2 —
ED 6.9e�20 7.0e�20 J
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inter-granular porosity: cgðr ¼ grÞ ¼ 0. The grain size
is the radius of an equivalent sphere. During fuel irra-
diation, high temperature causes the grains of crystal
lattice to grow, and Reference 20 suggests the follow-
ing mixed oxide fuel grain growth correlation:

g3d � g30 ¼ 1:11� 1012 exp � 445870

RT

� �

t ½20�

where gd is the grain diameter 2gr (lm), g0 is the initial
grain size, and t is the time in minute.

Furthermore, the maximum allowed grain size is
suggested by Reference 11 as follows:

gmax ¼ 2200 exp � 63000

RT

� �

: ½21�

The Booth equation was solved analytically by Kidson
to give the fractional release during k cycles of opera-
tion as[21]

where s is the cycle number and r is ‘‘dummy’’ sub-
script used for summation. As fission gas atoms are
released to the grain boundaries, with the increased
burnup, gas atoms saturate the grain boundaries, caus-
ing the bubbles to interlink and thus creating a diffu-
sion path to the free volume within the fuel free
element. The saturated surface concentration is
described by White et al. as a ‘‘smear density’’ Nsat

(atom/m2) given by[22]

Nsat ¼
4rff hð ÞfB

3kBT sin2 h
Pext þ

2c
rf

� �

: ½23�

The commonly used value of Nsat from Reference 16 was
adopted.

G. Material Properties

Material properties of the fuel U1�yPuyO2�x were
obtained from the literatures and are summarized in
Table II, and the constants for the specific heat capacity
of UO2 and PuO2 fuels are shown in Table III. The
as-fabricated mixed oxide fuel thermal conductivity (k0)
is given as the sum of phonon and electron conduction.
In addition, the correction factors are included to
describe the effect of dissolved solid fission products
(F1), precipitated solid fission products (F2), radiation
damage (F3), and porosity (F4), namely

k ¼ F1F2F3F4k0: ½24�

All these factors are summarized in Table II. The tem-
perature dependence of thermal conductivity is illus-
trated in Figure 2. In Figure 2(a), an initial porosity of

0.028 is fixed, and then the thermal conductivities of
three kinds of O/M ratios are compared. We can see
that the O/M ratio has great influence on the fuel ther-
mal conductivity, with a maximum difference of 2 W/
(m K) between O/M = 1.9 and O/M = 1.999 at
300 K (23 �C). Then in Figure 2(b) the thermal con-
ductivities with respect to different burnup (pct) levels
are plotted, together with the thermal conductivity of
different O/M ratios from MATPRO[17] for compari-
son. It is found that the fuel thermal conductivity
decreases dramatically with the increase of the fuel
burnup. The correlation developed by Carbajo et al.[23]

is used for the U1�yPuyO2�x fuel density, and the
room-temperature density is given by

q 273K½ � ¼ 10; 970þ 490yðkg/m3Þ: ½25�

For different temperature ranges, the fuel density used
is presented in Table II, which is from Reference 24.
The lattice specific heat capacity of solids at constant

volume can be characterized theoretically quite well
using the Debye model for specific heat. In the case of
mixed oxide fuel, the specific heat capacity is based on
Debye model with an extra contribution from defect
energy, such as Frenkel defects and Schottky defects.
The exact formulation is from Reference 17, which is
listed in Table II, and the corresponding constants are
summarized in Table III. Then the specific heat capac-
ity is plotted with respect to temperature under differ-
ent plutonium contents and O/M ratios, as shown in
Figure 3. We can see that there is no substantial
change under 2000 K (1727 �C) for both two different
situations, and the plutonium content changes it
slightly more than O/M ratio when the temperature is
above 2000 K (1727 �C). The experimental heat capac-
ity of U0.8Pu0.2O2

[25] is also shown in Figure 3(b) for
comparison, and good agreement is observed between
the modeling and experimental results. The evolved
fuel porosity, accounting for fuel densification, and
gaseous and solid fission product swelling, is given by

P ¼ P0 1� Fdens �
DVsfp

V

� �

þ DVgfp

V
; ½26�

where P0 ¼ 0:028 is the initial porosity of the fuel,
Fdens is the fraction of the fuel porosity that is
removed by densification, given as[26]

Fdens ¼ 0:6� exp �0:506� 8:67� 10�10T3
�

� 1� exp 2:867� 10�2b
� �� ��

;
½27�

and
DVsfp

V is the swelling due to solid fission products,
commonly represented as 0.32 pct per atom percent
burnup[11]:

Fk tð Þ ¼ 1�
X1

n¼1

6

n4p4

� �
Pk

s¼1
Bsa

2
s

Ds

	 


1� exp � n2p2Dsts
a2s

	 
	 


exp �
Pk

r¼1 � n2p2Drtr
a2r

	 


�
Ps

r¼1 � n2p2Drtr
a2r

	 
	 
	 


Pk
s¼1 Bsts

; ½22�
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DVsfp

V
¼ 0:0032

Bu

225
: ½28�

The swelling due to gaseous fission products is predicted
from MATPRO library for material properties of
nuclear fuel[7]:

Table II. Summary of Mixed Oxide (U12y, Puy)O22x Fuel Properties

Property (Material) Functional Form of the Property Units Source

Fuel density
q (U1�yPuyO2�x)

ð10970þ 490yÞðaþ bTþ cT2 þ dT3Þ�3, with
(1) for T � 923 K 650 �Cð Þ:
a ¼ 0:99734; b ¼ 9:802� 10�6; c ¼ �2:705� 10�10; d ¼ 4:391� 10�13

(2) for T>923K 650 �Cð Þ:
a ¼ 0:99672; b ¼ 1:179� 10�5; c ¼ �2:429� 10�9; d ¼ 1:219� 10�12

kg/m3 [23, 24]

Heat capacity
Cp(U1�yPuyO2�x)

Cp ¼ yCf
p PuO2ð Þ þ 1� yð ÞCf

p UO2ð Þ

Cf
p ¼

K1h
2 exp h

Tð Þ
T2 exp h

Tð Þ�1½ �2 þ K2Tþ 2�xð ÞK3ED

2RT2 exp � ED

RT

� �

J/(kg K) [17]

Thermal conductivity
k(U1�yPuyO2�x)

k ¼ F1F2F3F4k0
k0 ¼ 1

0:06059þ0:2754
ffiffiffiffi
xj j

p
þ2:011�10�4T

þ 4:175�109

T2 exp � 16361
T

� �

F1 ¼ 1:09

Bu3:265 þ 0:0643ffiffiffiffiffiffi

Bu
p

ffiffiffiffi

T
p� �

arctan 1
1:09

Bu3:265þ 0:0643ffiffiffiffiffiffi

Bu
p ffiffiffi

T
p

0

@

1

A

F2 ¼ 1þ 0:019Bu
3�0:019Buð Þ

1
1þexp �T�1200

100ð Þ
F3 ¼ 1� 0:2

1þexp T�900
80ð Þ

F4 ¼ 1�P
1þrP, r ¼ 3

P ¼ P0 1� Fdens � DVsfp

V

	 


þ DVgfp

V

W/(m k) [2,9]

Thermal expansion
a(U1�yPuyO2�x)

ðaþ bTþ cT2 þ dT3Þ, with
(1) for T � 923K 650 �Cð Þ:
a ¼ 9:828� 10�6; b ¼ �6:390� 10�10; c ¼ 1:33� 10�12; d ¼ �1:757� 10�17

(2) for T>923K 650 �Cð Þ:
a ¼ 1:183� 10�5; b ¼ �5:013� 10�9; c ¼ 3:756� 10�12; d ¼ �6:125� 10�17

K�1 [23]

Poisson ratio
m(U1�yPuyO2�x)

ð1� yÞ � mðUO2Þ þ y � mðPuO2Þ
mðUO2Þ ¼ 0:316þ ð0:5� 0:316Þ � ðT� 300Þ=2800
mðPuO2Þ ¼ 0:276þ ð0:5� 0:276Þ � ðT� 300Þ=2800

— [11, 17]

Q�
O (U1�yPuyO2�x) �8:12� 10�4 expð4:85VPuÞ, VPu ¼ 4� 2x=y J/mol [4]

DO 1:39� 10�6 � expð�9128=TÞ m2/s [4]
QU-Pu �35,000 cal/mol [5]
DU-Pu 3:4� 10�5 expð�55351=TÞ m2/s [5]

d DVgfp=V
� �

dt
¼

9:42� 10�36 2800�Tð Þ11:73exp �0:0162 2800�Tð Þð Þexp �8� 10�7Buq
� �

�q dBu

dt
;
Rt

0

F tð ÞBdt�Nsat
3
a

0;
Rt

0

F tð ÞBdt	Nsat
3
a

8

>>><

>>>:

9

>>>=

>>>;

:

½29�

The model assumes that swelling stops once saturation
occurs.
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III. RESULTS AND DISCUSSION

The simulations were performed on the framework of
COMSOL Multiphysics, and the solutions of the fuel
performance problem were obtained by solving fully
coupled multiphysics models. The conduction compo-
nent of the Heat Transfer Module in COMSOL
Multiphysics was used to solve heat transport in the
fuel. The thermal deformation was calculated using the
linear elastic deformation component of the Structural

Mechanics Module in transient regime. The rest, such as
oxygen diffusion, plutonium redistribution, grain
growth, fission gas swelling and release models, are
implemented with self-defined PDEs into COMSOL
Multiphysics. For the burnup calculation, a Domain
ODEs and DAEs module was used to calculate the local
and average burnups. The numerical solutions of the
coupled multiphysics problem were obtained using the
default linear solver Multi-frontal Massively Parallel

Table III. Constants for the Specific Heat Capacity of UO2 and PuO2

Constant UO2 PuO2 Units

K1 296.7 347.4 J/kg K
K2 2.43 9 10�2 3.95 9 10�4 J/kg K2

K3 8.745 9 107 3.86 9 107 J/kg
h 535.285 571.0 K
ED 1.577 9 105 1.967 9 105 J/mol

Fig. 2—(a) Fuel thermal conductivity with a deviation from stoi-
chiometry of oxygen of 0.1 at three different burnups of 1, 2, and
5 pct; (b) fuel thermal conductivity with three deviations from stoi-
chiometry of oxygen of 0.1, 0.01, and 0.001 at a burnup of 1 pct, to-
gether with the thermal conductivity from MATPRO model for
three deviations from stoichiometry of oxygen of 0.1, 0.01, and
0.001.

Fig. 3—(a) Fuel heat capacity with a plutonium content of 0.27 and
different deviations from stoichiometry of oxygen (x) of 0.1, 0.01,
and 0.001; (b) fuel heat capacity with a deviation from stoichiometry
of oxygen (x) of 0.01 and three different plutonium contents of 0.10,
0.20, and 0.27, together with the experimental heat capacity of
(U0.8Pu0.2)O2 for comparison.
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sparse direct Solver (MUMPS) in COMSOL Multi-
physics. The finite element mesh uses swept meshes, and
we verified that the numerical results converged with
respect to mesh-size distribution. Only transient simu-
lations were considered corresponding to burnup-de-
pendent models in the simulations.

As stated in Section II, a heat source Q was consid-

ered which is calculated as Q ¼ Plin

pa2
pel

� y
yave

, where y is the

molar fraction of plutonium oxide and yave is the fuel
pin average molar fraction of plutonium oxide. A linear
power of 35 kW/m was applied in all our simulations.
An ‘‘flc1hs’’ smoothed Heaviside function was used to
avoid unnecessary numerical instability in the model.
For the boundary conditions, as illustrated in Figure 1,
we consider three kinds of initial plutonium content (y),
namely 0.27, 0.2, and 0.1. The temperature at the outer
surface of the fuel is fixed to the initial temperature,
Tsur = 800 K (527 �C); for the top and bottom of the
fuel pellet, it is set such that there is no heat flux.
Dirichlet boundary condition was applied to the fuel
surface with three types of deviation from stoichiometry
of oxygen (0.001, 0.01, 0.1). All the models are coupled
and simulated up to a burnup of about 7.5 pct.

First, the (U1�yPuy)O2�x fuel performance with
y = 0.27 was studied with the conditions of three kinds
of deviation from stoichiometry of oxygen (0.001, 0.01,
0.1). As shown in Figure 4, the temperature is found to
be very sensitive to a small change in deviation from
stoichiometry of oxygen. About 300 K (27 �C)temper-
ature difference occurs between the cases of 0.001 and
0.1 at the beginning of fuel burnup, which is similar to
the simulation result of Mihhla et al.[7] even though
different kinds of thermal conductivity models were
used. A burnup-dependent degraded thermal conduc-
tivity model was adopted as shown in Figure 2. As we
can see from Figure 4, the fuel centerline temperature
first increased slightly due to the increase of the fuel
porosity and then increased dramatically with the
increase of the fuel burnup, except for the case with an

initial deviation from stoichiometry of oxygen of 0.001
due to the smallest porosity change compared with the
other two cases. The inset of Figure 4 shows the fuel
centerline temperature evolution without considering
the fission gas-induced porosity. There is no clear
temperature increase at the beginning of the fuel burnup
compared to the case considering fission gas-induced
porosity. The fuel centerline temperature of the case
considering the fission gas-induced porosity is found to
increase to about 50 K (50 �C) at the beginning of fuel
burnup and be about 100 K (100 �C) higher than the
case without considering the fission gas-induced poros-
ity at the burnup of 7.5 pct owing to the fuel thermal
conductivity degradation caused by fission gas-induced
porosity as shown in Eq. [24] and Table II.
The porosity evolution was then plotted against the

fuel burnup, as depicted in Figure 5. There is a tiny
decrease at the very beginning of the fuel burnup, which
is caused by fuel densification process. Then the porosity
increases in a very short period until a saturated
maximum value is reached, for example, at about 0.19
for the case of initial deviation from stoichiometry of
oxygen of 0.01, as the fission gas releases to the free fuel
volume after the fuel grain boundary got saturated,
corresponding to the period when the temperature
increases. The saturated porosity is determined not only
by temperature, but a combination of O/M ratio,
plutonium content, temperature, and fission gas release
in the fuel grain boundary. So, in Figure 5, the saturated
porosity is no more reversely proportional to the initial
deviation from stoichiometry of oxygen, i.e., the highest
saturated porosity of about 0.19 obtained for the case of
initial deviation from stoichiometry of oxygen of 0.01, the
lowest saturated porosity of about 0.127 obtained for the
case of initial deviation from stoichiometry of oxygen of
0.001, and the saturated porosity of about 0.16 obtained
for the case of initial deviation from stoichiometry of
oxygen of 0.1 in between the above two cases.
The fuel grain size evolution is plotted against the

burnup in Figure 6 for the fuel centerline. The fuel grain
size is found to be proportional to the temperature and
increases with respect to the fuel temperature increase as

Fig. 4—Fuel centerline temperature with the evolution of burnup
and an initial Pu content (y) of 0.27; inset shows the fuel centerline
temperature evolution without considering fission gas release-induced
porosity.

Fig. 5—Fuel porosity against the evolution of burnup with three dif-
ferent initial deviations from stoichiometry of oxygen (x).
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shown in Figure 6(a). The radial fuel grain size is found
to decrease from the fuel center to the outer surface as
shown in Figure 6(b), which is reasonable compared with
Reference 20, in which the grain growth occurs where
temperature is over about 1300 K (1027 �C). The devi-
ation from stoichiometry of oxygen has significant effect
on the grain size evolution as shown in Figure 6. At the
burnup of 7.5 pct, the fuel grain size is about 65 lm for
the case of initial deviation from stoichiometry of oxygen
of 0.001; however, the fuel grain sizes can reach about 96
and 105 lm for the cases of initial deviations from
stoichiometry of oxygen of 0.01 and 0.1, respectively.
This can be explained that when the deviation from
stoichiometry of oxygen increases, thermal conductivity
decreases according Eq. [24] and Table II, then the fuel
temperature increases, resulting in the fuel grain size
increase finally according to Eq. [20].
Further assessment of the fission gas release model was

performed. As shown in Figure 7, both analytical and
numerical results were plotted. The fission gas release

Fig. 6—(a) Fuel grain size against the evolution of burnup; (b) fuel
radial grain size distribution at the middle height of the fuel, both
with different initial deviations from stoichiometry of oxygen (x).

Fig. 7—Analytical and numerical results of fission gas release with
two different initial deviations from stoichiometry of oxygen (x).

Fig. 8—(a) Fuel radial temperature distribution with three initial
deviations from stoichiometry of oxygen (x) and an initial Pu con-
tent of 0.1; (b) fuel radial temperature distribution with two different
initial Pu contents (y) and three initial deviations from stoichiometry
of oxygen (x), both at the burnup of 7.5 pct.

METALLURGICAL AND MATERIALS TRANSACTIONS E VOLUME 3E, MARCH 2016—25



increases logarithmically with the burnup increase, show-
ing good agreement with the result from Adyin’s work[2]:
fission gases diffuse to the grain boundary, accumulate at
the grain boundary, and then release to the free volume
(that is why we find no fission gas release at the beginning
of fuel burnup). The deviation from stoichiometry of
oxygen is reversely proportional to the fission gas release.
It is also found that the numerical method predicts lower
results compared to the analytical method. However, the
general trends are found to be consistent in both
numerical and analytical methods.

The radial temperature distribution and deformation
were compared among different kinds of initial pluto-
nium contents and deviations from stoichiometry of
oxygen at the end of calculated burnup, as depicted in
Figures 8 and 9. The fuel temperature and deformation
are found to be very sensitive to large deviation from
stoichiometry of oxygen no matter plutonium content is

relatively small or large. At the burnup of 7.5 pc, the fuel
centerline temperatures are about 2488 K, 2420 K, and
2128 K (2215 �C, 2147 �C, and 1855 �C) for different
initial deviations from stoichiometry of oxygen of 0.1,
0.01, and 0.001, respectively, as shown in Figure 8(a); and
the fuel deformations at the centerline are 37.73, 35.27,
and 29.50 lm for different initial deviations from stoi-
chiometry of oxygen of 0.1, 0.01 and 0.001, respectively,
as shown in Figure 9(a). However, the plutonium content
affects slightly the fuel temperature distribution and
deformation, as depicted in Figures 8(b) and 9(b).
Finally, plutonium content was plotted across fuel

radius with a fuel burnup of 7.5 pct for different deviations
from stoichiometry of oxygen, as shown in Figure 10. The
plutonium redistribution is a slow process and tends to
diffuse to the fuel center, which is found to be consistent
with thework done byDiMarcello et al.[27] The plutonium
content migration in the fuel is significantly affected by the
deviation from stoichiometry of oxygen as shown in
Figure 10.At the burnup of 7.5 pct, the plutonium content
at the fuel centerline is about 0.308 for the case of initial
deviation from stoichiometry of oxygen of 0.1; it is about
0.294 for the case of initial deviation from stoichiometry of
oxygen of 0.01; and it is about 0.2712, only slightly higher
than the initial Pu content of 0.27, for the case of initial
deviation from stoichiometry of oxygen of 0.001. This can
be explained that the deviation from stoichiometry of
oxygen increases, thermal conductivity decreases accord-
ing Eq. [24] and Table II, and then the fuel temperature
increases, resulting in the increase of fuel plutonium
migration to the center finally according to Eq. [7] and
Table II.

IV. CONCLUSIONS

In summary, the (U1�yPuy)O2�x mixed oxide fuel
performance has been modeled in a fast reactor with
fully coupled physics models based on the framework of
COMSOL Multiphysics, and new burnup-dependent
models were adopted. The modeling results showed a

Fig. 9—(a) Fuel radial deformation with three initial deviations from
stoichiometry of oxygen (x) and an initial Pu content of 0.1; (b) fuel
radial deformation with two different initial Pu contents (y) and
three initial deviations from stoichiometry of oxygen (x), both at the
burnup of 7.5 pct.

Fig. 10—Fuel radial Pu content with three different initial deviations
from stoichiometry of oxygen (x) at the burnup of 7.5 pct.
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consistent fuel performance comparable with the previ-
ous results. Burnup degrades the thermal conductivity of
the fuel and results in a significant increase in the fuel
centerline temperature. It was also found that the fuel
porosity increased dramatically at the beginning of the
fuel burnup and then kept constant as the fission gas
released to the fuel free volume. The porosity is found to
cause about 50 K (50 �C) increase in fuel centerline
temperature. The fission gas release model was simu-
lated by numerical and analytical methods. Even though
the numerical result is lower compared to the analytical
result, the results of these two methods show good
agreement with the previous work. Another important
finding is that the deviation from stoichiometry of
oxygen plays a significant role in fuel material properties
and performance. The deviation from stoichiometry of
oxygen affects greatly not only the fuel properties, for
example, thermal conductivity, but also the fuel perfor-
mance, for example, temperature distribution, porosity
evolution, grain size growth, fission gas release, defor-
mation, and plutonium redistribution. Special attention
needs to be paid to the deviation from stoichiometry of
oxygen in the fuel fabrication. Plutonium content also
affects the fuel material properties and performance.
However, it is not that significant compared to the
deviation from stoichiometry of oxygen due to the
similar material properties of UO2 and PuO2.

Overall, an effective approach was developed using
self-defined multiphysics models based on the frame-
work of COMSOL Multiphysics to manage the nonlin-
earities associated with fast reactor mixed oxide fuel
performance analysis. Our modeling and simulation
approach is of particular importance since it demon-
strates that highly interrelated and nonlinear fuel
performance models can be developed and implemented
into a multiphysics platform, and thus more efforts can
be put into physics model development and improve-
ment. The modeling results can be used to identify the
important phenomena and parameters, to direct and
design experiments, and to assist in post analysis of
expensive nuclear experiments for fast reactor nuclear
fuel performance analysis.
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