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Abstract

A two-step two-stage model is developed in this study on the basis of the recent theoretical model. This model incorporates a two-step
burn-up factor in the two-stage diffusion processes in the grain lattice and at the grain boundary during the fission gas release. In-pile
data sets available in FRAPCON-3 code are used to validate the model. Results show that the predictions are in better agreement with
the experimental measurements than those of any other models built in the code over the entire burn-up range up to 75000 MWd/MTU.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the operation mode of light water reactors
(LWRs) changed from annual to extended/high burn-up
fuel cycle in the late 1980s, attention has focused on fission
gas release phenomena [1-7]. Many studies have reported
that the fractional fission gas release is augmented with
increasing burn-up, especially in the high burn-up regime.
It is now generally accepted that fission gas release can
be a potential design-limiting factor in the high perfor-
mance fuel development because it plays a crucial role in
the thermo-mechanical behavior of current LWR fuel rods
under heavy duty operation.

In fact, uranium dioxide fuel is a polycrystalline ceramic
material consisting of many small grains. Because of the
high operating temperature, fission gas atoms generated
by fission reactions inside the fuel grain lattice begin to
volumetrically diffuse onto the grain boundaries, and on
reaching these, continuously diffuse along the grain bound-
aries until they are released into the open space in the fuel
rod. Thus, the grain boundaries are believed to play a
significant role in the release process, as do inter- and
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intra-fission gas bubbles in the high burn-up fuels. Excel-
lent works on the effects of the grain boundaries have been
reported by several authors [8—13]. Nevertheless, analytical
approaches on the two-stage fission gas transport have not
been successful, and thus, the role of the grain boundaries
and related phenomena is not yet clearly understood.

Since the early work done by Booth [14], in which fuel is
treated as an assembly of uniform spheres with a perfect
sink boundary condition, the accumulation of in-pile expe-
rience has revealed that fission gas—gas interactions during
the diffusion process lead to the formation of gas-filled
intra-granular bubbles, especially in the increased fuel
burn-up. In addition, the assumption of the perfect sink
does not conform to the micro-graphical observations that
gas atoms accumulate continuously at the grain bound-
aries, which mostly cause the formation of inter-granular
bubbles. It has been also found that fission fragments can
resolve these bubbles into the fuel grain matrix or to the
near-grain boundary region while both inter- and intra-
gas bubbles trap the diffusing fission gas atoms. The diffu-
sion process of the fission gas atoms with the intra- and
inter-granular bubbles in a high burn-up fuel is shown
schematically in Fig. 1.

In actuality, the precipitation of gas atoms in the bub-
bles and their resolution into the lattice complicate the
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Fig. 1. A schematic diagram of the two principal diffusion processes with
effective diffusion coefficients of D™ and DS, respectively.

analysis of the fission gas release phenomenon. Thus,
several mechanistic models have been proposed with a
non-zero grain boundary concentration [15-18]. Speight
proposed a method to determine the grain boundary con-
centration [15], and Turnbull derived an analytical solution
for the non-zero constant boundary concentration case
[16]. Forsberg and Massih considered a time-dependent
grain boundary condition and treated it numerically by
assuming that the fission gas atoms are released completely
when the grain boundary concentration exceeds a certain
threshold value [18].

Recently a theoretical two-stage model was proposed
that mechanistically describes the diffusion processes of
the fission gas atoms in the two separate regions: grain lat-
tice and grain boundary [19]. The model sets up two exact
simultaneous partial differential equations for the fission

grain edge
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Fig. 2. Effective grain lattice and grain boundary diffusion processes
assumed in the two-stage model.
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Fig. 3. (a) A schematic diagram of two contacting equivalent spheres. (b)
Concentration balance of fission gas atoms within the grain boundary.

gas atom concentrations in the grain lattice and at the grain
boundary with the appropriate time-dependent boundary
conditions. Then, with the incorporation of the relative dif-
fusivity ratio, o, defined as D /D;{f, the model successfully
explains the role and the effect of the grain boundaries in
fission gas release behavior (Figs. 2 and 3).

In this study, this model is expanded to a two-step two-
stage model in which the two-stage diffusion process is cou-
pled with a two-step burn-up factor. The stepwise burn-up
factor reflects recent in-pile experiences (Fig. 4) that the
fractional fission gas release is rapidly augmented with
increasing fuel burn-up, especially in the high burn-up
regime, which is primarily due to the strong inter-linkage
of the inter-granular fission gas bubbles [20].

2. Development of the model
2.1. Two-stage model

In the two-stage model, fission gas transport is broken
down into two principal processes: grain lattice diffusion
and grain boundary diffusion, coupled with the bubble trap
and resolution [19]. This coupling leads to the definitions of
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Fig. 4. Compiled in-pile data on the fractional fission gas release [20].

effective grain lattice diffusion, Diff = (ﬁ) D,, and effective

. . . Cff o b
grain boundary diffusion, Dg = (@

)ng, respectively, as
originally defined by Speight [15]. Fig. 2 shows a schematic
drawing of the fundamental processes of the model, assum-
ing that a grain has an ideal tetrakaidecahedral structure,
and that the fission gas bubbles at the grain edges are
linked together to form grain edge tunnels that are con-
nected to the open space inside the fuel rod. This means
that, after the fission gas atoms generated inside grain lat-
tice diffuse volumetrically through the grain lattice and
reach the grain boundaries, they surface-diffuse again
through the grain boundaries and release eventually into
the open space, on arriving at the grain edge tunnels. In
actuality, this provides the basis of cylindrical geometric
approach to solve the following solute transport formula-
tion in the grain boundary.

In this analysis, the polyhedral grain is treated as an
equivalent sphere. Fig. 3(a) and (b) shows a schematic
drawing of the two contacting equivalent spheres which
form a flat surface of grain boundary and the concentra-
tion balance of the solute atoms in the grain boundary,
respectively.

Therefore, the governing equation for the effective grain
lattice diffusion in the sphere can be formulated in the fol-
lowing way:

oC 1 © oC
vo_ v DeffR2 v 1
ot ﬁ+R26R( v aR> (1)

with the initial condition of C,(R,0) = 0, and the boundary
conditions of Cy(0,7) = finite and Cy(a,t) = Cg(?). In Eq.
(1), C, is the volumetric fission gas concentration within
the grain, f is the fission gas generation rate, and «a is the
equivalent radius of the grain. The lattice diffusion term
in the RHS of Eq. (1) is expressed in spherical coordinates
since the solute atoms are assumed to diffuse onto the sur-
face of the equivalent sphere, as seen in Fig. 3(a). Note that
the surface boundary condition is the time-dependent aver-

age grain boundary concentration, Cy,(¢), which needs to
be determined simultaneously.

Meanwhile, the fission gas atom concentration at the
grain boundary can be expressed as:

0Cyp 190 < 0Cy oC,
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subject to the initial condition of Cg(r,0) =0, and the
boundary conditions of Cg,(0,7) = finite and Cgyy(s,7) = 0.
In Eq. (2), Cg is the fission gas concentration at the grain
boundary, ¢ is the grain boundary thickness, and s is the
equivalent radius of the grain surface (Fig. 3(b)). This
equation must be solved using cylindrical geometry because
the solute atom transport process in the grain boundary is
basically a surface diffusion from the center of the grain
surface to the edge, as seen in Fig. 3. In this formulation,
the unique solute atom supply to the grain boundary is
the gas atoms arriving at the two adjacent boundaries that
face each other. This is the reason that the last term in the
RHS is doubled.

Fig. 3(b) shows the concentration balance of the fission
gas atoms in the grain boundary. As there is no sudden
accumulation or depletion of fission gas atoms at the
boundary during steady state operation, mathematical
manipulation turns Eq. (2) into the following third kind
of boundary condition without any significant loss of ana-
Iytical foundation [197]:

aC,
_Cv ,t :Oa 3
A~ Ca) )
eff
whereoc:d%%g%g.
g

Then, the short-time approximate solution of the fission
gas concentration and the definition of the fractional
release yield the fission gas release fraction in the following
form:

Fo 4 a \’ Dy 30 Dy @)
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As can be seen in Eq. (4), multiples of a/« + a appear in
each term of the simple Booth solution, factorizing it with
a new dimensionless parameter. This result clearly shows
that this two-stage model reduces to the simple Booth sin-
gle stage model when o =0, i.e. the grain surface acts as a
perfect sink or when grain boundary diffusivity is infinite.
The equation shows that the two competing physical quan-
tities, the equivalent grain radius, a, and the diffusivities
ratio, a, seem to determine the role and the effect of the
grain boundaries on the release of fission gas atoms. In
fact, the term a is not just a radius, but can be interpreted
as a volume-to-surface ratio, whereas o can be regarded as
a volume-to-surface diffusion ratio. Unless major grain
growth occurs during reactor operation, the volume-to-
surface ratio is a geometric constant, typically 5-10 pm.
On the other hand, the ratio of the grain lattice to the grain
boundary diffusion, «, is a variable transport property,
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which is strongly dependent on the diffusing fission gas spe-
cies, the fuel temperature, and the fuel burn-up.

2.2. Two-step two-stage model

Successful depiction of high burn-up fission gas release
with the previous model has led to the development of cur-
rent two-step two-stage model.

As & is of the order of 10~% ¢cm and B is 2.405/s where s
is the equivalent radius of the grain surface which is of the
order of 10~* cm, the value of 2 / 5/3% is close to unity. Thus,
the ratio of diffusivities, o, can be simply reduced in the fol-
lowing way:

N D‘e/ff B Dvoe7QV/RT

o= =
Dy Dyye O/

which can be rewritten as
o = trge (@ Ca)/RT — o o =0,(1-0,n /0,)/RT (5)

where oy = Dy, /Dgbo-
Now burn-up factor, defined as fg,=1— ng/Qv, is
introduced into Eq. (5) in the following way:

o = oge /R (6)

Then, the fractional release of fission gas atoms is finally
obtained as:

1

4 1 *( (D, -0\ .\’
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where o’ = ap/a.

In the low burn-up regime, it is believed that fission gas
atoms, having diffused through the grain lattice with an
activation energy, Q,, surface-diffuse at the grain bound-
aries with another activation energy, Q,p, while some of
these atoms become trapped by the inter-granular bubbles
grown at the boundaries. This trapping suppresses the
release of the fission gas atoms into the open space in a fuel
rod. On the other hand, in the high burn-up regime, espe-
cially when it exceeds a threshold burn-up, the inter-link-
age of the bubbles begins to remove the barrier for grain
boundary diffusion. That is, it lowers the activation energy,
Ogp, effectively, and this leads to an enhancement of the
grain boundary diffusivity.

In this way, more bubbles interlink, and this increases
the number of inter-linkages connected to an open space,
so more trapped atoms are released free. Therefore, in
the current model, the burn-up factor, fg,, is treated in a
step-wise manner, depending on the fuel burn-up value.
The factor is assumed to remain zero until the fuel burn-
up reaches a threshold burn-up value because Q,, stays
close to Q. On the other hand, once it exceeds the thresh-
old the factor is presumed to increase linearly up to a value
of unity in the high burn-up regime. Ultimate burn-up
where the grain boundary diffusion becomes non-activated
with the activation energy of zero, i.e. fg, = 1, is deter-
mined from high burn-up in-pile data.

3. Model validation and discussion

In order to derive the constituent parameters and to val-
idate the current model, in-pile measurement data sets
available in the FRAPCON-3 code are used [21]. To avoid
any unnecessary errors or deviation, all 10 data sets and
their input instructions distributed by the FRAPCON-3
code authority are chosen for the derivation, which cover
the entire burn-up range, up to about 75000 MWd/MTU.

For the best-curve fitting analysis, 25000 MWd/MTU is
taken to be the threshold burn-up value, as recommended
by the modified ANS 5.4 model, as well as demonstrated
by the recent in-pile data (Fig. 4). The fitting analysis
with numerous iterations puts out the following best-fit
parameters:

/ L

45 - 7/

] BR-3

< ANS 5.4 model é

40+ A Forsberg & Massih model

1 ® measured data
354 O current Kim & Lee model
30
25 A
20 4 A A Halden

154 A

a BR-3 BR-3
;

Fission gas release fraction, f (%)

@
. g 0
EL-3
104 © TVO-1(HBEP)
NRX
5 4
] Oconeg,
0 T 7 // T T T T T T
0 5 10 45 60 65 70 75

Burn-up (GWd/MTU)

Fig. 5. A comparison of the model predictions with the in-pile measure-
ment data.
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Fig. 6. A plot of the difference between the model predictions and the
measurements.
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Table 1
A comparison of the constituent model parameters
FGR models Activation energy, Q, (kJ/mol) Dyla® (571 Burn-up factor Resolution, parameter b4
ANS 5.4 302.94 0.61 100Bw/28000 N/A
Modified ANS 5.4 208.24 22.1x107* 10QMax(Bu—25000)/21000 N/A
Forsberg-Massih 190.52 8.56 x 1073 NiA 1.84x 1071
Modified Forsberg—Massih 241.94 8.56 x 1073 100Max(Bu=21000)/35000 1.47x 10712
Two-step two-stage model 188.16 0.018 ——L | where, «'=1.06, N/A

1+o'e /Bulv/

fisa = Max(0, Bu — 25000)/72000

o = 1.06,

fou = Max(0, Bu — 25000)/72000,
(Dy/a*) = 0.018/s, and

0, = 188.16 kJ /mol.

Using these derived parameters, model predictions are
checked against the data sets again and compared with
other popular model predictions. As shown in Fig. 5, the
predictions are in much better agreement with the measure-
ments than those of any other models built in the code,
such as ANS 5.4, modified ANS 5.4, and Forsberg-Massih
models over the entire burn-up range up to about
75000 MWd/MTU. A plot of the difference between the
predicted and the measured values is shown in Fig. 6,
which clearly demonstrates that current Kim and Lee
model predicts the release fractions most closely towards
the in-pile measurement data.

It is noticeable that other model predictions significantly
deviate from the measurements with increasing fuel burn-
up except current model. This can be easily understood
when we review the burn-up factors of the models. The fac-
tor of current model is mechanistically derived and thus
saturates to unity as the fuel burn-up increases. However,
the others increase just exponentially as the burn-up goes
up, which is incorrect.

The TVO-1 measurement data, as commonly pointed
out by many colleagues, seems to be extraordinarily high
compared to the reported power profile during the in-pile
experiment. All the mechanistic models, including current
model, predict much lower release fraction than the mea-
sured one.

Table 1 lists the constituent parameters of the models
for the comparison, which shows that the parameters of
current Kim and Lee model are in similar ranges to those
of the other popular models. In particular, the activation
energy of the effective diffusion coefficient is close to those
of the modified ANS 5.4 model and original Forsberg and
Massih model. Through the best-curve fitting analysis the
ultimate burn-up is determined to be 97000 MWd/MTU.

4. Conclusions

Based on the recent theoretical model, a two-step two-
stage model is developed with the incorporation of a
step-wise burn-up factor. This factor is derived with the

assumption that the activation energy of grain boundary
diffusion is identical to that of grain lattice diffusion in
the low burn-up regime, whereas it begins to decrease line-
arly down to zero in the high burn-up regime once the fuel
burn-up exceeds a threshold burn-up. This threshold value
is set to be 25000 MWd/MTU as recommended by the
modified ANS 5.4 model and demonstrated by compiled
in-pile data. In the mean time, the ultimate fuel burn-up
at which the grain boundary diffusion becomes non-
activated with zero activation energy is derived to be
97000 MWd/MTU through best-curve fitting analysis.

FRAPCON-3 code and its in-pile measurement data sets
are used to derive the constituent parameters and to
validate the model. Results show that, over the entire
burn-up range up to 75000 MWd/MTU, current model
predictions are in better agreement with the measurements
than those by any other models built in the code, such as
ANS 5.4, modified ANS 5.4, and Forsberg-Massih models.

The outstanding agreement supports that this two-step
two-stage approach formulated in this study seems to be
founded on a sound mechanistic basis. In actuality, it is
noticeable that the introduction of the step-wise burn-up
factor in the model successfully separates the burn-up fac-
tor from the conventional diffusion coefficient mixed with
the empirically derived burn-up enhancement factor.

A comparison of the constituent parameters of the mod-
els shows that current Kim and Lee model can go well with
the built-in models in the FRAPCON-3 code. In particular,
the activation energy of the effective diffusion coefficient
turns out to be close to those of the modified ANS 5.4
model and original Forsberg and Massih model.
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