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An engineering code to model the irradiation behavior of UO2—PuO2 mixed oxide fuel pins in sodium-
cooled fast reactors was developed. The code was named fuel engineering and structural analysis tool
(FEAST-OXIDE). FEAST-OXIDE has several modules working in coupled form with an explicit numerical
algorithm. These modules describe: (1) fission gas release and swelling, (2) fuel chemistry and restructur-
ing, (3) temperature distribution, (4) fuel–clad chemical interaction and (5) fuel–clad mechanical analy-
sis. Given the fuel pin geometry, composition and irradiation history, FEAST-OXIDE can analyze fuel and
cladding thermo-mechanical behavior at both steady-state and design-basis transient scenarios. The code
was written in FORTRAN-90 program language. The mechanical analysis module implements the LIFE
algorithm. Fission gas release and swelling behavior is described by the OGRES and NEFIG models. How-
ever, the original OGRES model has been extended to include the effects of joint oxide gain (JOG) forma-
tion on fission gas release and swelling. A detailed fuel chemistry model has been included to describe the
cesium radial migration and JOG formation, oxygen and plutonium radial distribution and the axial
migration of cesium. The fuel restructuring model includes the effects of as-fabricated porosity migration,
irradiation-induced fuel densification, grain growth, hot pressing and fuel cracking and relocation.
Finally, a kinetics model is included to predict the clad wastage formation. FEAST-OXIDE predictions have
been compared to the available FFTF, EBR-II and JOYO databases, as well as the LIFE-4 code predictions.
The agreement was found to be satisfactory for steady-state and slow-ramp over-power accidents.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Sodium-cooled Fast Reactors (SFR) have regained worldwide
interest in recent years thanks to international programs such as
Generation-IV [1] and the Global Nuclear Energy Partnership
(GNEP) [2]. The success of these reactors in accomplishing their
mission of energy production and improved actinide management,
while attaining competitive economics, will largely depend upon
the ability of their fuel to operate reliably at high burnup, power
density and plant thermal efficiency. The primary fuel candidates
for sodium fast reactors are oxide and metal fuels. Although the
metal fuel has many advantages, its poor compatibility with the
stainless steel clad at high temperatures limits the plant thermal
efficiency and also the performance of the fuel in long transient
scenarios [3]. The oxide fuel has been widely used in the world
in light water reactors, fast reactors and gas cooled reactors. Its
maturity and ease of fabrication make it a very attractive candidate
for future nuclear systems. First, the oxide fuel has good chemical
stability with the stainless steel clad at high temperatures
ll rights reserved.
(�700 �C). It is possible to control the fuel–clad chemical interac-
tion by adjusting the initial oxygen-to-metal ratio of the fuel. Its
high melting temperature is also advantageous. However, a signif-
icant part of the fuel operates below the half of the melting point.
As a consequence, the fuel is rather stiff and fuel–clad mechanical
interaction (FCMI) becomes a life limiting issue, especially for the
transient over-power scenarios. Developing irradiation and ther-
mal creep and void swelling resistant cladding materials such as
oxide dispersion strengthened ferritic/martensitic stainless steel
[4], may enable operation at higher temperature and burnup, thus
rendering oxide fuel quite promising for sodium fast reactor
systems.

The objective of this work was to develop a robust and reliable
code, which was called fuel engineering and structural analysis
tool (FEAST-OXIDE), to model the irradiation behavior of UO2–
PuO2 mixed oxide fuel pins in sodium-cooled fast reactors for the
steady-state and design-basis accident scenarios. In FEAST-OXIDE
the fuel and cladding regions can be divided into up to eight radial
nodes each; however, six radial nodes in the fuel region and three
radial nodes within the cladding region are recommended as opti-
mum. Axial nodes are also user specified. A maximum of 20 axial
nodes is allowed. The user must specify the fuel pin geometry,
composition and operating conditions (coolant inlet temperature
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and mass flow rate, and axial power distribution, fast neutron flux,
flux to dose conversion factor); for transients, the transient starting
time and the operating conditions throughout the event must also
be specified by the user. The code implements an explicit numeri-
cal algorithm and couples the models describing the relevant phys-
ical phenomena. A schematic view of the code structure is given in
Fig. 1. The Gauss–Jordan matrix solver algorithm [5] was adopted
to solve the mechanical equilibrium equation and the heat equa-
tion. FEAST-OXIDE includes all the known important phenomena
of the mixed oxide fuel for the fast reactor conditions with mech-
anistic approaches whenever possible.

The main modules of FEAST-OXIDE are briefly described in
Sections 2–6; the validation effort is discussed in Section 7. The
conclusions are provided in Section 8. A detailed description of
FEAST-OXIDE can be found in [6].
t t+ Δ

Fig. 1. Flow sheet o
2. Fission gas release and swelling

The operational gas release and swelling (OGRES) developed at
Harwell is a mature model based on 20 year experimental and
theoretical work (1960s–1980s) [7–9]. It is incorporated into
FEAST-OXIDE to simulate the behavior of fission gases. The model
treats intra-granular and intergranular gas behavior, separately.
The intra-granular model describes the gas release to the grain
boundary and the behavior of the intra-granular bubbles. It
superimposes all the relevant processes onto a system with one
representative bubble size. This has the advantage of retaining
the correct physical representation while producing a model that
is sufficiently fast for use in larger fuel codes. Intra-granular model
is augmented with Non-Equilibrium FIssion Gas (NEFIG) model to
describe the behavior of intra-granular gas in case of rapid heating
f FEAST-OXIDE.
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scenarios [10]. The intergranular, or grain boundary model de-
scribes the swelling behavior of grain boundary bubbles, inter-
linkage and release to the fuel pin free volume. It is a sophisticated
model because: (1) grain edge and face porosity are modeled sep-
arately, (2) partitioning of the gas between the faces and edges and
its effect on release from the grains, as well as gas transfer between
edge and face bubbles are modeled, (3) dynamics of vacancy flow
on the grain boundaries are included.
2.1. Intra-granular gas model

The intra-granular gas model (OGRES-I) is a rate theory
approach [7,8]. It deals with four processes: nucleation of bubbles
on vacancy clusters in fission tracks; complete destruction of bub-
bles by fission spikes; diffusion of gas from the interior of the fuel
grains to the grain boundaries; and bubble movement towards the
grain boundary under the temperature gradient driving force (only
above 1600 �C). The equation set given in [7,8] for gas atoms in the
matrix, intra-granular gas are simultaneously solved with finite-
difference approach by dividing the grain into 15 radial nodes.
The equation of state of fission gases is modeled with Carnahan–
Starling hard sphere model [11]. Note that, unlike Booth’s approach
[12], the algorithm tracks the intra-granular bubbles as a function
of time. Although the swelling due to intra-granular gas bubbles is
small under normal operating conditions, it can be considerably
high in case of rapid heating transients; hence, the steady-state
predictions provide the initial conditions for the transient intra-
granular gas model.
2.1.1. Gas diffusion coefficient
The trap free gas diffusion coefficient is given as a function of

temperature and thermal rating (specific power) [13]. The thermal
rating reflects the enhancement due to fission. The fission-en-
hanced diffusion becomes significant at temperatures below half
of the melting point.
Dg ¼ 7:6� 10�10 exp �35000
T

� �

þ 2:3� 10�20 exp �15000
T

� �
þ 3� 10�26

� �
R ð1Þ
Dg is the gas diffusion coefficient (m2/s), R is the rating (W/kg), T is
the temperature (K).

In this study, Eq. (1) is modified if the joint oxide gain (JOG)
forms at the fuel surface (see Section 3). The formation of JOG
and resulting intense diffusion of fission products and internal
stresses generated in the fuel results in trans-granular cracking
of the grains. Hence, reduced grain size may lead to a higher fission
gas release rate at the brittle peripheral region of the fuel [14]. To
account for the effect of JOG on the fission gas release, the temper-
ature independent part of the gas diffusion coefficient (second
term in the bracket in Eq. (1)) has been increased to match the
low temperature fission gas release behavior reported in Ref. [9]
(see Section 2.4):

Dg ¼ 7:6� 10�10 exp �35000
T

� �

þ 2:3� 10�20 exp �15000
T

� �
þ 5� 10�25

� �
R ð2Þ
2.1.2. NEFIG model
NEFIG simulates the behavior of fission gases and intra-granular

gas bubbles in case of rapid heating accidents [10]. It is activated
when the fuel temperature locally exceeds 1800 �C [15]. The model
is based on vacancy flow. It follows the transfer of gas from solu-
tion into gas bubbles; the coalescence of the bubbles arising from
their uni-directional drift in a temperature gradient; the change in
bubble radius arising from bubble coalescence, the time-depen-
dent acquisition of vacancies from the grain boundaries and the re-
lease of gas in the form of gas bubbles. Consistently with OGRES-I,
the bubble population is represented by a single bubble size. The
dissolved gas concentration decreases with time due to: (1) pick-
up of single gas atoms by bubbles migrating under the influence
of a temperature gradient driving force, and (2) the collection of
single gas atoms into the bubbles by both gas atom and bubble
random motion.

2.2. Grain boundary gas behavior

When the gas is released from the fuel grains, it collects initially
at the grain boundaries before being released to the pin free volume.
It is generally accepted [15] that the major process leading to gas re-
lease is the growth and subsequent inter-linkage of grain boundary
bubbles for a typical sodium fast reactor operating condition. Exper-
imental evidence shows that interconnected channels exist along
the edges of grains after relatively modest burn-ups and tempera-
tures, and that these can permit continuous gas release [15].

The model geometry suggested for the edge and face bubbles in
Ref. [9] is adopted in this study. The gas accumulates on the grain
faces and edges by diffusion from the grain interior and its division
between the face and edge porosity, causing the edge and face bub-
bles to grow and later interlink. Interaction and competition be-
tween edge and face porosity during their growth is described by
emission and absorption of vacancies on the grain boundary. The
driving force is the difference in chemical potential for vacancies
between the cavity surface and the grain boundary. Note that in
the original OGRES-II [9] model the chemical potential is defined
for stress free conditions. In this work, the stress on the grain
boundary bubbles is accounted as follows:

lf ¼ X
2cs sin h

rf
� r� pf

� �
ð3Þ

le ¼ XðKecs � r� peÞ ð4Þ

lf and le are the face and edge bubble vacancy chemical potentials,
respectively. Where Ke is the geometric curvature of the grain edge
bubbles and pf and ps are the internal gas pressures of face and edge
porosity in Pascal, respectively. r is the external stress in Pascal, X
is the atomic volume (m3) and cs is the surface tension (J/m2). rf is
the face bubble radius of curvature and h is 50� [9]. Using the chem-
ical potential defined above, the rate of production of vacancies on
the grain boundary is determined from the observation that the to-
tal force acting on a grain face, made up of components from exter-
nal restraint, capillary force and gas pressure acting on the bubble
surfaces, equals the chemical potential per unit volume integrated
over the grain face. Other equations described in Ref. [9] for the
growth rate of the edge and face bubbles and gas release to the ple-
num have been adopted in identical form.

2.3. Fuel swelling

The gas bubble swelling has three contributions: intra-granular,
grain face and grain edge bubble swelling. The swelling for each
group is defined as the bubble concentration multiplied by the
bubble volume.

Sg ¼ Sint þ Sf þ Se ð5Þ

The swelling due to cesium is given as 0.47%/at% burnup at low
temperatures. However, a significant amount of cesium evaporates
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Fig. 3. Fission gas release from the fuel irradiated at 1500 K (grain size is 10 lm).
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Fig. 4. Fission gas release from the fuel irradiated at 1750 K (grain size is 23 lm).
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Fig. 5. Fission gas release from the fuel irradiated at 2000 K (grain size is 32 lm).
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and releases at high temperatures. A balance equation has been
adopted to calculate the net swelling per at% burnup based on [9]

dSCs

dt
¼ 5:55� 10�15R� 2� 10�4 exp �12280

T

� �
SCs ð6Þ

SCs is the Fractional fuel swelling due to cesium, R is the Rating
(W/kg), T is the time (s).The first term on the right-hand side of
Eq. (6) is cesium production from fission, while the second term
represents cesium release. Note that, a fraction of the released
cesium can migrate axially under temperature gradient and cause
excessive swelling at the fuel blanket interface. This is explained
in Section 3.

Swelling due to solid fission products, excluding cesium, is
given as 0.19%/at.% burnup [9].

2.4. Isothermal fission gas release benchmarks

The FEAST-OXIDE has been benchmarked against the available
experimental UO2 fission gas release data at 1250, 1500, 1750
and 2000 K and the preliminary OGRES model predictions given
in Ref. [9]. In 1980s, such complex simulations were severely lim-
ited by the available computational power. OGRES model differen-
tial equations were linearized before solving [9]. Such an approach
allows for significant gain in computational time but it may also
hurt the accuracy of the calculation. In this study, the equations
were solved directly in an explicit manner. In addition, some
important constitutive relations, such as the diffusion coefficients
reported in Ref. [9], were not the latest models suggested by Har-
well Institute [13]. Finally, the effect of JOG on fission gas release
was not included in the Ref. [9] description. Because of all these
differences, OGRES and FEAST predictions do not match well in
Figs. 2–5. On the other hand, FEAST predictions are in satisfactory
agreement with the experimental data.

Fig. 2 shows that the fuel irradiated at 1250 K has a much higher
fission gas release fraction compared to the FEAST model predic-
tion when the effect of JOG formation is neglected. JOG formation
starts with the availability of excess oxygen (oxygen-to-metal ratio
is above 1.985) around 2 at% burnup. As a consequence, fission gas
release increases significantly due to trans-granular fracture and
resulting decrease in effective grain size [14]. This behavior is mod-
eled by increasing the fission-enhanced gas diffusion coefficient
(Equation-2). In fact the experimental data given in Fig. 2 was used
to fit the effect of JOG formation on fission gas release.

3. Fuel chemistry and restructuring

A significant part of the oxide fuel in fast reactors operates at
high centerline and surface temperatures, together with a steep
temperature gradient. As a consequence, the diffusion of the fuel
constituents under the temperature gradient driving force be-
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Fig. 2. Fission gas release from fuel irradiated at 1250 K (grain size is 10 lm).
comes very strong. Typically, the mixed oxide fast reactor fuel is
manufactured to be hypo-stoichiometric (i.e., oxygen-to-metal ra-
tio <2) to control the fuel–clad chemical interaction. Predicting the
oxygen-to-metal ratio increase with burnup accurately is impor-
tant for predicting thermal, mechanical and fission gas behavior
of the oxide fuel. In FEAST-OXIDE the increase in the oxygen poten-
tials modeled approximately by solving the thermodynamic equi-
librium relation between the fuel and fission products and the
charge balance within the fuel [16] at each time step and in cou-
pled form. The molybdenum partitioning method is used to assess
the equilibrium concentration of the molybdenum within the
oxide matrix and within the metallic phase by assuming that
molybdenum forms ideal solutions in these phases [16]. When
all the plutonium has been oxidized, the oxygen potential
decreases for further oxidation. As a consequence, molybdenum
gradually transforms from metal to oxide and acts as a buffer to
prevent the fuel from becoming hyper-stoichiometric. At high bur-
nup, transformation of a significant amount of molybdenum into
the oxide phase may lead to a hyper-stoichiometric fuel.

In addition to the burnup evolution, oxygen tends to redistrib-
ute radially under the temperature gradient. The OXIRED model gi-
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ven in Ref. [17] is adopted in FEAST-OXIDE. The model is based on
the thermo-transport theory (see Appendix). It predicts the oxygen
redistribution in the radial direction as a function of time.

It is well-known that uranium and plutonium migrate up the
temperature gradient during irradiation, particularly in the radial
direction under high temperature gradients [18]. This migration
leads to local Pu concentration variations that affect the fuel mate-
rial properties and power distribution. Hence, the impact on the
fuel thermal performance may be considerable. The model applied
for actinide migration is again based on the thermo-transport the-
ory (see Appendix). The approach described in Refs. [18,19] is
adopted.

Next, radial and axial migration of the cesium and JOG forma-
tion will be described.

Cesium plays an important role in fuel pin performance due to
its participation in both mechanical and chemical interactions that
are potentially life-limiting [20]. Therefore, it is important to devel-
op a detailed understanding of the behavior of cesium in irradiated
oxide fuel pins, particularly the mechanism and kinetics of cesium
thermo-migration and the mechanism of cesium-oxide fuel reac-
tion swelling.

In high burnup fuel rods, a solid fission product oxide deposit,
whose major composition is cesium molybdenate (Cs2MoO4), is ob-
served in the gap between the fuel pellet and the cladding. This de-
posit is called joint oxide gain (JOG); the specific mechanism of its
formation is not yet understood [21]. It is known to form when the
fuel surface temperature is above 600 �C, the fuel oxygen-to-metal
ratio is above 1.985, and the clad temperature is below 600 �C [21].
JOG improves the gap conductance. Due to excessive stresses gen-
erated with the diffusion of cesium and molybdenum, localized
trans-granular fracture of the fuel, as-fabricated porosity shrinkage
and significant release of fission gases were reported in Ref. [14].
Furthermore, Ref. [22] shows that the start of JOG formation and
reduction in fission gas retention in the fuel is simultaneous (the
increase in fission gas release is due to the reduction in grain size
at the brittle part of the fuel). The as-fabricated pore shrinkage and
the resulting decrease in fuel swelling are expected to mitigate
fuel/clad mechanical interaction (FCMI), while the improvement
of the gap conductance reduces fuel centerline temperatures.
FEAST-OXIDE conservatively assumes that solid fission product
swelling replaces the remaining as-fabricated pores at the loca-
tions where JOG forms. The cesium radial migration model is based
on the thermo-transport theory as described in [21] (see Appen-
dix). The JOG layer thickness is computed in accordance with the
amount of released cesium, which has migrated to the outer region
of the fuel pellet assuming the JOG layer density is identical to the
fuel density.

In addition to the cesium radial migration and JOG formation,
cesium axial migration has a significant impact on the fuel perfor-
mance. A number of studies on axial cesium migration in mixed
oxide fuel pins have shown that cesium migrates down the tem-
perature gradient, resulting in accumulation of cesium and subse-
quent swelling of cesium compounds at the interface between the
core and blanket fuel pellets [20,23–25]. Transport of cesium is
based on evaporation/condensation process, and the total flux of
cesium, /, across the interface between each axial node can be
expressed by the following equation [20]:

/ ¼ k½NðhÞ � NðcÞ� exp �DHv

RT

� �
ð7Þ

where N(h) and N(c) are the concentration of cesium on the hotter
and cooler side, k is the mobility of cesium vapor (1/s), left as a cal-
ibration parameter and found to be equal to 3.5 for best fit with the
experimental data base [26–29]. DHv, the partial molar heat of
vaporization of cesium, is 177.7 kJ/mol [20], R is the universal gas
constant, 8.314 J/mol/K, T is the temperature in Kelvin. The average
fuel temperature is to be used in the exponential term. In addition,
the axial direction of the cesium current is conservatively specified
by the fuel centerline temperature. The cesium vapor reaching the
top fuel node is assumed to deposit at the outer radial node and
causes swelling. The effect of cesium axial migration on the fuel–
clad mechanical interaction and clad straining could be very signif-
icant, if the clad does not have good creep strength.

Fuel restructuring includes the migration of as-fabricated
porosity and the resulting formation of a central void, grain
growth, irradiation-induced densification, fuel cracking and reloca-
tion. At power, the pores move to the inner regions of the fuel up
the temperature gradient. The as-fabricated porosity migration un-
der the effect of the temperature gradient is described with a vapor
transport model. The pore velocity given in Ref. [18] was adopted.
The 1D mass continuity equation as described in Ref. [16] is solved
to find the time as-fabricated porosity migration in time depen-
dent form. The maximum allowed fuel density at the end of poros-
ity migration process is 97%. A code-to-code benchmark for this
process is reported in Section 7. Empirical time dependent models
for irradiation-induced densification (Ref. [30]) and grain growth
[31] were adopted. Furthermore, an empirical fuel cracking and
relocation model given for the JOYO driver fuel in Ref. [32] was ta-
ken for FEAST-OXIDE to estimate the gap evolution with a reason-
able accuracy.
4. Temperature distribution

Due to its low thermal conductivity, oxide fuel operates with a
high temperature gradient in sodium fast reactor operation. Fur-
thermore, the low conductance of the gas filled gap region adds
to the fuel centerline temperature. It is obviously very critical to
calculate the temperature distribution to estimate the oxide fuel
performance. First, fission gas release and gas swelling have a
strong dependence on the temperature distribution. Second, as-
fabricated pore migration, fuel compressibility, plutonium and
oxygen migration are influenced significantly by the temperature
distribution. Finally, the cesium evaporation, which affects solid
fission product swelling, is also a strong function of temperature.
The energy balance method is applied to find the fuel pin temper-
ature distribution. The transient part is modeled with semi-impli-
cit Crank–Nicholson method. Fuel melting and its effect on the
mechanical behavior are also included in the model. Eqs. (8) and
(9) describe the discretized energy balance equations for a radial
node-i before melting and during melting, respectively. q is the
fuel density, cp is the specific heat, T is temperature, hm is the fuel
enthalpy, x is the melt fraction, k is the thermal conductivity, q000i is
the volumetric heat generation rate, Ai is the surface area and ri is
the radial location of node-i.

qcpAi
Ttþ1

i �Tt
i

Dt
¼1

2
Ttþ1

i�1�Ttþ1
i

1
2pki�1;i

ln ri
ri�1

þ Tt
i�1�Tt

i
1

2pki�1;i
ln ri

ri�1

 !
þ1

2
Ttþ1

iþ1�Ttþ1
i

1
2pkiþ1;i

lnriþ1
ri

þ
Tt

iþ1�Tt
i

1
2pkiþ1;i

lnriþ1
ri

 !
þq000i Ai

ð8Þ
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¼1
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1
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i
1

2pki�1;i
ln ri

ri�1
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þ1

2
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1
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lnriþ1
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0
BB@

1
CCAþq000i Ai

ð9Þ

The single mass velocity model is applied to estimate the coolant
axial temperature distribution. The FEAST user is expected to input
either the effective subchannel mass flow rate or peak coolant out-
let temperature, in addition to the coolant inlet temperature.

The fresh mixed oxide fuel thermal conductivity is adopted
from Ref. [14]. It is a recent correlation based on JOYO experimen-
tal data. In addition, the correction factors are included to describe
the effect of dissolved solid fission products, precipitated solid fis-
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sion products, radiation damage and porosity as suggested in [14].
The porosity correction factor is given as follows:

F4 ¼ 1� aP ð10Þ

P is the Fuel Porosity, a is the Porosity factor (1.5 or 2.5 as explained
below) In this work, two different values are allowed for the poros-
ity factor, a. Ref. [33] suggests that 1.5 is appropriate for the large
pores (above 30 lm) and 2.5 is appropriate for the small pores.
For the migration of the as-fabricated porosity during the restruc-
turing period, 1.5 is assumed. After the restructuring period, the
as-fabricated porosity decreases due to densification, furthermore,
the maximum gas bubble size is on the order of microns. Therefore,
2.5 is assumed conservatively, to calculate the fuel temperature dis-
tribution after the restructuring period.

Gap heat transfer is an essential part of thermal modeling of the
oxide fuel. High thermal resistance of the gap region may lead to a
significant temperature difference between the fuel outer surface
and the clad inner surface. On the other hand, the formation of
the JOG may improve the thermal resistance significantly. The
gap conductance model used in FEAST-OXIDE includes the effects
of conduction and radiation heat transfer through the gas (as-
sumed to be helium and xenon), and conduction through the JOG
layer. The details can be found in Ref. [6].

5. Fuel–clad chemical interaction

The reaction between uranium–plutonium mixed oxide fuel
containing fission products and stainless steel cladding affects the
in-reactor fuel performance. Attempts have been made to correlate
the depth of attack with the fuel pin operating parameters, chiefly
the temperature of the cladding inner surface, the initial O/M ratio
of the fuel and the extent of burnup of the fuel [34]. These param-
eters have been incorporated to a greater or lesser extent into var-
ious models and correlations of cladding attack; however, even
with their inclusion, these empirical models appear to be of limited
applicability. On the other hand, the model given in Refs. [35,36] is
better able to reflect the kinetic behavior, O/M ratio of the fuel, clad-
ding temperature and fuel burnup dependency and saturation of
the clad wastage; therefore it is adopted in FEAST-OXIDE. The mod-
el is based on the data obtained from JOYO and MONJU-type fuel
pins irradiated in the Dounreay fast reactor (DFR) and Rapsodie,
with supplementary data obtained from pins irradiated in JOYO.
The balance equation is based on two stages. In the first stage, the
corrodents are released from the fuel; in the second stage, they re-
act with the cladding (see Fig. 6). K1 is the rate of release of corro-
dants, C is the quantity of corrodants, K2 is the rate constant of
corrosion reaction, BU is burnup, and t is the time.

It is reported in Ref. [37] that high corrosion rates could be dri-
ven by the excess oxygen within the fuel at high burnup and high
cladding temperatures (>500 �C). Such type of corrosion mecha-
Fig. 6. Fuel–clad chemical interaction Model [36].
nisms cannot be predicted by the model given here. In addition,
Ref. [38] shows that the accelerated corrosion can be alleviated
by using low O/M fuel pellets. Therefore, it is recommended that
the FEAST-OXIDE users specify a fuel pin with an initial fuel O/M
ratio such that the fuel will not be hyper-stoichiometric for the ax-
ial regions in which the clad temperature is above 500 �C.
6. Mechanical analysis

The first barrier against the release of radioactive fission prod-
ucts into the environment is the cladding of the nuclear fuel rod.
The assessment of the cladding stresses and associated deforma-
tions is therefore essential in fuel performance calculations. The
stress–strain analysis module of FEAST-OXIDE adopts the LIFE
algorithm with a 1D finite-difference solution [16].

The model accounts for thermal expansion, elastic, thermal and
irradiation creep, plasticity and swelling strains. The code solves
the mechanical equilibrium equation with the generalized plain
strain approach, by imposing the radial displacement and radial
stress are continuous at node interfaces. Furthermore, the axial
force balance is also applied to calculate the axial strain (if the
gap is open) or the axial frictional force (if the gap is closed). The
algorithm assumes the fuel and clad are axially locked once the
contact establishes.

The oxide fuel thermal and irradiation creep equations given in
Refs. [39,40], respectively, were adopted in FEAST-OXIDE. The plas-
tic behavior of the fuel is modeled with the ‘‘perfectly plastic” ap-
proach above 1300 �C. As-fabricated porosity shrinkage under the
application of an external stress or hot pressing with the disloca-
tion, diffusional and irradiation creep is modeled by the approach
suggested in Ref. [16], and thus correlated as a function of creep
rate, external stress and the amount of porosity within the fuel.
Swelling due to fission gas and solid fission products is received
as an input from OGRES calculation.

Fuel cracking and healing model is included in FEAST-OXIDE.
Immediately upon startup and before swelling or creep has oc-
curred to any appreciable extent, the fuel develops a network of
cracks. Fig. 7 shows the inner plastic region and the cracked outer
region. These cracks appear because the thermo-elastic stress com-
Fig. 7. Cracked mixed oxide fuel pellet and the cladding [41].
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ponents exceed the fracture strength of the fuel in tension [16].
When any principal stress exceeds the fracture stress at a fuel ra-
dial node below 1300 �C, Young’s modulus and Poisson’s ratio must
be modified as described in Ref. [16], to account for the cracks.
When the cracked region of the fuel is under compressive stresses
and the temperature is above 1400 �C, the cracks heal and the
Young’s Modulus and Poisson’s Ratio turn back to their original
form.

In addition, material properties such as thermal expansion,
Young’s modulus, Poisson’s ratio, yield stress and fracture stress
are adopted from MATPRO package [42].
Fig. 8. Comparison of the ACO-1 clad strain data with FEAST-OXIDE.

Table 2
Fuel specifications for ACO-3 fuel pins.

Property Value

Peak linear heat rate (kW/m) 42.6
Peak subchannel coolant temperature (�C) (BOL) 654
Peak burnup (at%) 16.3
Peak fluence (�1022) (n/cm2) 19
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Fig. 9. Comparison of the ACO-3 clad strain predictions between FEAST-OXIDE and
LIFE-4 at End of Life.
7. Validation of FEAST-OXIDE

7.1. Steady-state

Preliminary benchmarking of the FEAST-OXIDE steady-state
capabilities has been accomplished by using Fast Flux Test Facility
(FFTF), EBR-II and JOYO experimental data. Clad strain, fission gas
release, fuel central void diameter, clad wastage and fuel failure
time (breach) have been benchmarked against the experimental
data, as well as against LIFE-4 and SIEX fuel performance codes.

7.1.1. FFTF benchmarks
The driver fuel of the FFTF was a mixed oxide fuel. The experi-

mental data for the core demonstration experiment (CDE) lead
assemblies [26–29] have been used to benchmark the FEAST-
OXIDE code. These assemblies consist of mixed oxide fuel pins with
annular pellets. The clad and duct materials are HT 9. The as-fabri-
cated fill gas is at a pressure of 300 kPa. The experimental data re-
ported for the ACO-1 fuel assembly was benchmarked against
FEAST-OXIDE [27,28]. Furthermore, LIFE-4, SIEX and FEAST-OXIDE
code predictions will be compared for the ACO-3 [26] and CDE [29]
fuel assemblies.

7.1.1.1. ACO-1. fuel assembly. Table 1 shows the fuel specifications
for the ACO-1 fuel assembly.

Fig. 8 shows that FEAST-OXIDE clad strain predictions match
well with the experimental data. Furthermore, FEAST-OXIDE pre-
dictions seem to be more conservative in the middle region. This
is the peak power region. The low clad strain in the middle region
could be due to the JOG formation and resulting excessive pore
shrinkage; hence, FEAST seems to err on the conservative side in
modeling this phenomenon. High straining of the clad is observed
at the top region. First, a significant solid fission product swelling
occurs in this region due to cesium axial migration. Second, the
operating clad temperature is too high for good HT 9 thermal creep
performance. Hence, a moderately high fuel–clad mechanical
Table 1
Fuel specifications for ACO-1 fuel pins.

Property Value

Clad HT 9
Fuel pellet density (% of theoretical density) 92.5
Fuel smear density (%) 80
Fuel pellet inner diameter (mm) 1.47
Fuel pellet outer diameter (mm) 5.55
Clad thickness (mm) 0.56
Clad outer diameter (mm) 6.86
Active fuel height (cm) 91.44
Plenum to fuel ratio 1.0
BOL oxygen-to-metal ratio 1.95
Peak linear heat rate (kW/m) 42
Peak subchannel coolant temperature (�C) (BOL) 685
Peak burnup (MWd/kg)/(at%) 123/12.5
Peak fluence (�1022) (n/cm2) 19
interaction is enough to strain the cladding. If a more thermal
creep-resistant-clad material were to be used (e.g., an ODS), the
fuel would have been compressed rather than the clad strained.

Maximum predicted wastage layer is 37 lm at the End of Life
(EOL). The experimental data shows that maximum wastage to
be 38 lm [27].

7.1.1.2. ACO-3. fuel assembly. Table 2 shows the fuel specifications
for ACO-3 fuel pins. Note that the geometry and fuel composition
of the ACO-3 is the same as ACO-1 but the operating conditions dif-
fer. The calculations have been performed with an approximate
irradiation history [26,29]. The FEAST-OXIDE and LIFE-4 predic-
tions are compared.

The ACO-3 clad operated with a much lower temperature com-
pared to the ACO-1 clad; hence the clad was more resistant to ther-
mal creep. Fig. 9 shows the clad strain comparison between LIFE-4
and FEAST-OXIDE at the End of Life (EOL). The agreement is reason-
able. FEAST appears to be conservative at the critical locations,
which are the peak power location (middle) and top of the fuel.

Fig. 10 shows a comparison of the central void diameter predic-
tions of LIFE-4 and FEAST-OXIDE at the End of Life. FEAST-OXIDE
somewhat overestimates the void radius at the bottom of the fuel.
However, the predictions match well in the middle and upper
regions.

7.1.1.3. CDE fuel assembly. The core demonstration experiment
(CDE) fuel assembly is one of the most successful mixed oxide fuel
assemblies operated in FFTF [27]. LIFE-4 analysis was performed



Table 4
EBR-II high smear density fuel specifications.

Property Sample-1 Sample-2 Sample-3

Fuel smear density (%) 92.3 92.3 92.3
Fuel pellet as-fabricated porosity (%) 6.6 6.6 6.6
Clad material 316SS 316SS 316SS
Clad thickness (mm) 0.28 0.28 0.28
Clad outer diameter (mm) 6.86 6.86 6.86
Active fuel height (cm) 34.3 34.3 34.3
Plenum to fuel ratio 1.0 1.0 1.0
Oxygen-to-metal ratio 1.945 1.916 1.916
Peak linear heat rate (kW/m) 40.4 45.6 47.3
Peak clad temperature (�C) 574.0 621.0 560.0
Peak fluence (�1022) 3.7 2.1 2.2

Peak burnup at rupture (at%) 3.9 2.5 1.8
FEAST prediction (at%) 3.9 2.6 2.5

Table 5
JOYO MK-1 and MK-II fuel specifications.

Property MK-I MK-II

Pellet diameter (mm) 5.4 4.63
Pellet density (%) 93.5 93.0
Wire diameter (mm) 1.2 0.9
Clad material 316SS 316SS
Clad thickness (mm) 0.35 0.35
Clad outer diameter (mm) 6.3 5.5
Plenum to fuel ratio 1.0 1.0
Active core height (m) 0.6 0.55
Oxygen-to-metal ratio 1.98 1.98
Peak linear heat rate (kW/m) 32 40
Reactor coolant inlet temperature (�C) 370 370
Peak coolant exit temperature (�C) 470.0 500.0
Peak flux (n/cm2/s) 3E+15 5.1E+15
Maximum average burnup (MWd/kg)/(at%) 42/4.3 50/5.1
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Fig. 12. Fission gas release behavior of MK-I type fuel.
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Fig. 10. Comparison of the ACO-3 fuel pin central void diameter predictions
between FEAST-OXIDE and LIFE-4 at End of Life.

Table 3
Fuel specifications for CDE fuel pins.

Property Value

Peak linear heat rate (kW/m) 44.5
Peak subchannel coolant temperature (�C) (beginning of life) 588
Peak burnup (MWd/kg)/(at%) 168/17.1
Peak fluence (�1022) (n/cm2) 25.6
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Fig. 11. Comparison of the clad strain predictions between LIFE-4, SIEX and FEAST-
OXIDE.
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up to 17.1 at%. Similarly, FEAST-OXIDE analysis has been per-
formed up to 17.1 at% and comparisons have been made. Fuel spec-
ifications for the CDE fuel pin are given in Table 3.

The cladding of the CDE fuel pin operated at lower temperatures
than the ACO-1 and ACO-3 cases; hence, the clad strain remained
low in the top region, up to the end of the simulation. The critical
location is the middle region. Due to increased contact pressure,
clad straining occurs. Fig. 11 shows a comparison of the clad strain
predictions by different codes. The version of SIEX given in [29]
does not account for the fuel–clad mechanical interaction; hence,
it significantly underestimates the clad strain. FEAST-OXIDE lies
on the conservative side compared to LIFE-4 and SIEX code
predictions.
7.1.2. EBR-II benchmarks
The breached fuel pins operated in the P42R test in EBR-II were

benchmarked against FEAST-OXIDE [43]. These fuel pins possessed
a high smear density, high linear heat rates and a thinner clad. The
fuel specifications, the burnup at which the breaches were ob-
served, and the FEAST-OXIDE predictions are given in Table 4.
The experimental data for the time to failure for 316 SS given in
Ref. [44] as a function of hoop stress and temperature were used
to predict the time of failure.

As can be seen in Table 4, the Sample-3 failure burnup is some-
what overestimated and the Sample-1 and Sample-2 failure burn-
ups are well predicted.
7.1.3. JOYO benchmarks
The MK-I and MK-II fuel specifications operated in JOYO are gi-

ven in Table 5 [45]. The experimental fission gas release data re-
ported in Ref. [45] were used to benchmark with FEAST-OXIDE.

Comparison of the experimental fission gas release data for MK-
I and MK-II are given in Figs. 12 and 13, respectively.
7.2. Transients

A slow-ramp extended over-power test was conducted in EBR-II
for mixed oxide fuel pins [46]. Table 6 shows the fuel specifica-
tions. The clad materials are the modified austenitic stainless steels
D9 and SUS-316 [46]. The initial conditions prior to the transient
scenario for each fuel pin are given in Table 7. The reactor power
linearly increased from 38.5 MWt to 73.3 MWt. The scenario was
simulated with FEAST-OXIDE and its predictions benchmarked
against the experimental data.
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Fig. 13. Fission gas release behavior of MK-II type fuel.

Table 7
Initial and final conditions during the over-power transient.

Test
element

Pre-
conditionining
(peak power
(kW/m)

Pre-conditioning
peak clad
temperature (�C)

Transient
peak power
(kW/m)

Transient
peak clad
temperature
(�C)

WT 028 33.6 577 63.9 766
WT 118 31.7 641 60.3 885
WT 107 38.8 617 73.9 841
WT 022 30.8 594 58.7 797
WT 033 31.6 574 60.1 759
WT 180 39.4 624 75.0 853
WT 179 39.1 622 74.4 850
WT 011 30.7 625 58.5 856
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Fig. 14. Peak fuel temperature for the WT 180 fuel pin at 910 s (end of the
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Fig. 15. The variation of the contact pressure at the top node (WT 180 fuel pin).
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The analysis has been accomplished assuming fuel and clad are
locked to each other, if the fuel is constrained by the cladding. It is
stated in Ref. [46] that few fuel pins show significant elongation
axially; whereas others remain axially constrained by the clad. Sig-
nificant axial elongation may occur due to the transverse fuel
cracking and lifting of the fuel with the molten part. Neglecting
these effects and assuming the fuel and clad are axially locked is
a conservative assumption. After the steady-state operation, the
reactor operating conditions were adjusted at a different level than
the End of Life condition and the reactor was operated with the
new conditions approximately for a week period prior to the tran-
sient initiation. This period is called pre-conditioning.

The temperature distribution, contact pressure and transient
clad strain variation are depicted in Figs. 14–16 for the WT 180 fuel
element, as a representative example. Fig. 14 shows that 37% of the
peak power fuel pellet (by area) is molten at the end of the tran-
sient. The Ref. [46] reports 32% areal melt, which is consistent with
FEAST-OXIDE predictions.

Fig. 15 shows the variation of the contact pressure and the ple-
num pressure during the transient at the top position of the fuel
pin. The contact pressure first rises up to 400 s due mainly to the
thermal expansion of the fuel. When the clad temperature is high
enough for thermal creep straining (Fig. 16), the contact pressure is
relieved. Furthermore, there are some spikes appearing in Fig. 15,
which are due to the activation of the NEFIG intra-granular gas
model. If a fuel radial node exceeds 1800 �C, NEFIG model is acti-
vated to describe the rapid coarsening of the intra-granular gas
bubbles and the gas release. Hence, the spikes are due to rapid
swelling of the intra-granular gas bubbles.

Table 8 shows that no failure has been detected for this fuel pin,
in spite of partial fuel melting. This is due to the accommodation of
molten fuel in the central void, which prevents excessive FCMI.
Similarly, FEAST-OXIDE predictions show no failure. Typically,
the CDF remains below 0.3. Fuel pins tested with a transient peak
power around 60 kW/m such as WT 028, WT 022, WT 033 and WT
Table 6
Fuel specifications for TOP-1D test elements.

Test
element

Time averaged clad
ID temperature (prior
to transient) (�C)

EOL* peak
power (kW/m)

Peak burnup
(at%)

Clad OD**

(mm)
Pel
(%

WT 028 630 35.0 2.5 6.985 90.
WT 118 650 34.7 9.3 5.842 93.
WT 107 640 42.4 7.7 6.985 92.
WT 022 600 31.8 6.0 6.985 90.
WT 033 600 33.1 5.9 6.985 90.
WT 180 635 37.6 6.9 6.985 94.
WT 179 650 39.0 7.1 6.985 94.
WT 011 610 34.6 6.4 6.985 90.

* End of Life.
** Outer diameter.
*** Theoretical density.
011 show small cladding strain. The FEAST predictions are consis-
tent with this behavior. The WT 118 fuel pin also has a transient
peak at 60 kW/m but a higher transient clad strain occurs. Note
let density
TD***)

Pellet diameter
(mm)

Smear density
(% TD)

Fuel
O/M

Pu content
(wt%)

Plenum to
fuel ratio

4 6.166 88.0 1.95 22.5 1.12
4 4.996 90.3 1.96 33.0 1.18
9 6.149 90.0 1.97 22.5 1.12
3 6.093 85.9 1.95 30.0 1.12
4 6.165 88.0 1.95 30.0 1.12
6 6.162 89.7 1.97 22.5 1.12
6 6.162 89.7 1.97 22.5 1.12
3 6.093 85.9 1.95 22.5 1.12
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Fig. 16. The increase in transient cladding strain (WT 180 fuel pin).

Table 8
Comparison of the results with FEAST-OXIDE.

Test
element

Transient
clad strain
(experimental
data) (%)

Transient
clad
strain
(FEAST-
OXIDE)

Axial
location
(X/L*)

Failure time
(experimental
data)

Failure
time
(FEAST-
OXIDE)

WT 028 0.15 0.0 0.8 No failure No failure
WT 118 0.25 0.8 1.0
WT 107 0.10 0.36 1.0
WT 022 0.00 0.0 –
WT 033 0.06 0.07 0.9
WT 180 1.50 1.80 1.0
WT 179 0.70 1.40 1.0
WT 011 0.07 0.0 0.7

* Relative position along the axial length of the fuel rod.
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that this fuel pin has a much higher burnup, its smear density is
higher and the initial porosity (or central void diameter) is lower
than the WT 028, WT 022, WT 033 and WT 011 cases. The exper-
imental data shows that the magnitude of clad strain is somewhat
higher. The FEAST-OXIDE clad strain prediction is also higher and
somewhat on the conservative side.

The WT 107, WT 179 and WT 180 fuel pins were operated with
a higher peak transient over-power (75 kW/m) compared to the
other fuel pins. The WT 107 clad strain is much lower compared
to WT 179 and WT 180, although the transient history is similar,
because the initial porosity, or the central void diameter of WT
107 is much larger; hence there is more space for accommodation
of the expansion of the molten fuel. The WT 179 and WT 180 fuel
pins have a low initial as-fabricated porosity and central void
diameter. As a consequence, melting of the fuel causes much high-
er straining of the clad in these cases. Note that the FEAST-OXIDE
predictions are again reasonably good and on the conservative
side.

Transient fission gas release experimental data show that low
burnup fuel elements have 10–20% fission gas release during the
transient. The FEAST-OXIDE prediction for WT 028 fuel element
is 17%, hence, it is consistent with the experimental data. The fis-
sion gas release for the high burnup fuel elements are reported
as much smaller [46]. The FEAST-OXIDE predictions for the higher
burnup fuel are of the order of 5%; hence, the code is also consis-
tent with the experimental data.
8. Conclusions

A new computer code, FEAST-OXIDE, was developed to predict
the steady and transient behavior of mixed oxide fuels in sodium
fast reactors. Attractive/novel features of FEAST-OXIDE with re-
spect to other oxide-fuel codes include a flexible structure that al-
lows for easy integration of constitutive models for new metal fuel
alloys and clad materials, the ability to account for the variation of
material properties (fuel creep, thermal expansion, Young’s modu-
lus) with the local composition present, a mechanistic fission gas
release and swelling model originally developed based on the va-
cancy flow and including the effects of the JOG formation, a de-
tailed fuelchemistry model, cladding wastage model with a
better kinetics description.

The steady-state part of FEAST-OXIDE was benchmarked
against the available FFTF, EBR-II and JOYO database. Furthermore,
the code’s transient capabilities were benchmarked against the
EBR-II slow-ramp overpower tests. Seven steady-state cases and
eight transients were simulated. The steady-state cases correspond
to burnup between 2 and 17 at%; whereas the transient analyses
span the range between 2 and 9 at%. The peak clad temperature
for the steady-state simulations varies between 550 �C and
700 �C, while it is between 760 �C and 860 �C for the transient sim-
ulations. The peak cladding dose was 125 dpa. The agreement for
all these benchmarks was satisfactory.
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Appendix A

The appendix describes the thermal diffusion algorithm used
for oxygen, actinides and cesium radial redistribution within the
fuel.

The net current is defined as a function of temperature gradient
and concentration gradient as follows:

J ¼ �Dðrc þ c
Q

RT2rTÞ

Q is the molar effective heat of transport (J/mol), T is the fuel tem-
perature (K), R is the gas constant = 8.314 J/mol/K (or 1.987 cal/mol/
K), D is the diffusion coefficient of the fuel constituent of interest
(m2/s), c is the concentration of the diffusing species (mol), J is
the current (mol/m2/s)

The equation of continuity is:

@c
@t
¼ �r � J ðA:1Þ

The finite-difference discretization of Eq. (A.1) gives the following
relation:

ci
t ¼ ci

t�1 þ 2Dt
Ji�1
þ � rci�1 � Ji

þ � rci þ Ji
� � rci � Jiþ1

� � rciþ1

ðr2
i � r2

i�1Þ
ðA:2Þ

rci is the center of node-i (m), ri is the outer boundary of node-i (m),
Ji
þ is the positive oxygen current emerging from node-i towards the

outer part of the fuel. Its sign is positive (atom/m2/s), Ji
� is the neg-

ative oxygen current emerging from node-i towards the inner part
of the fuel. Its sign is negative (atom/m2/s).

A.1. Diffusion coefficients

Oxygen diffusion coefficient (m2/s):

DO ¼ 1:39� 10�6 � exp �9128
T

� �

T is the temperature (K).
Plutonium diffusion coefficient (m2/s):

DPu ¼ 0:34� 10�4 � exp �55351
T

� �

T is the temperature (K).
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Cesium diffusion coefficient (m2/s):

DCs ¼ D1 þ D2 þ D3

D1 ¼ 7:6� 10�10 exp �6:95� 104

RT

" #

D2 ¼ S2Jvc0
v

Jv ¼ 1013 exp �5:48� 104

RT

 !

c0
v ¼

asS
2 þ ZV0

2Z
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4KZ

JvðaS2 þ ZVoÞ

s
� 1

" #

as is the sink intensity, Z is the number of sites surrounding a defect
(=2), K is the generation rate of defects (=E+4), S is the 3.45E�10 m,
R is the 1.987 cal/mol/K, T is the temperature (K).

Vo ¼ exp �5:52� 104

RT

 !

D3 ¼ 2� 10�40F

where F is the fission rate in fissions/m3/s.

A.2. Heat of transports

Oxygen heat of transport (J/mol) is given as a function of the
charge of plutonium (Vpu) and the charge of Uranium (Vu):

Q o ¼
�8:12� 10�4 expð4:85VPuÞ VPu < 3:3

�3:96� 10�6 þ 2:37� 106VPu � 3:6� 105V2
Pu 3:3 � VPu < 4:0

�3:5� 1034 expð�17VUÞ VU � 4:0

8><
>:

9>=
>;

Plutonium heat of transport (cal/mol):

Q Pu ¼ 35000

Cesium heat of transport (cal/mol):

Q Cs ¼ 60000
A.3. Boundary conditions

JþðRoÞ ¼ 0
J�ð0Þ ¼ 0

Ro is the outer radius of the fuel pellet (m).
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