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Abstract

To analyze fission gas release and gaseous swelling in UO, fuel, a model has been developed that can be used under
both steady-state and transient operating conditions up to high burnup. With emphasis on the effect of external re-
straint stress on the behavior of gas bubbles at grain boundaries, the gaseous swelling due to grain edge bubbles, which
affects gas release rate through the formation of release tunnels at grain edge, is described. Gas release rate at the grain
edge is assumed to be proportional to both the fraction of grain edge bubbles interlinked to open space of fuel and the
rate of gas atoms arriving at the grain edge bubbles. The model was compared with the data obtained from commercial
reactors, Ris¢d-111 Project, isothermal irradiation and post-irradiation annealing experiments. It is shown that the model
predicts well the fractional fission gas release as well as the radial distribution of Xe gas across fuel pellet under various
operating conditions. This suggests that the present model can be used for the analysis of fission gas release at high
burnup fuel where strong external restraint stress may develop due to pellet cladding interaction. © 2000 Elsevier

Science B.V. All rights reserved.

PACS: 28.41.B

1. Introduction

When extending current LWR fuel burnup, fission
gas release is generally considered to be a potential de-
sign limitation factor because of its impact on cladding
integrity through increased internal pressure. In addi-
tion, the mechanical restraint caused by pellet cladding
mechanical interaction (PCMI) together with high in-
ternal pressure, which acts as an external restraint, af-
fects the gaseous swelling at grain boundaries that is
related to the formation of release path and hence fission
gas release. Zimmermann [1] performed an irradiation
test under isothermal annealing conditions, which
showed that a compressive load significantly reduced gas
bubble swelling. Kogai et al. [2,3] revealed that fission
gas release can be different depending on the extent of
PCMI, that is, external restraint. After the extensive
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investigation of the radial fission gas distribution ob-
tained by XRF and EPMA for the transient-tested fuels,
Walker et al. [4] concluded that fuel temperature and
mechanical restraint are of equal importance in deter-
mining the extent of gas bubble interlinkage at the grain
boundary and the level of gas release during power
transients. Turnbull and Tucker [5,6] showed that
compressive stress in UO, fuel inhibits the development
of grain face bubbles and beyond a certain level, it may
prevent the formation of grain edge bubbles. Kashibe
and Une [7] performed an experiment, which confirms
that the bubble growth in unirradiated UO, fuel is
strongly influenced by an external restraint even at the
high annealing temperatures from 1600°C to 1800°C.
Once PCMI develops and hence external restraint
exerts a compressive force on the fuel during steady-
state operation, the amount of gas atoms that is retained
in the grain boundaries would be increased while de-
laying and reducing gas release depending on the mag-
nitude of the restraint. Under transient operating
conditions when gas release occurs through the micro-
cracks created by change in thermal stress, the gas
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release would be also enhanced by the external restraint
if it had existed during the previous steady-state opera-
tion because it would have increased the amount of gas
atoms in the grain boundaries. Furthermore, since the
gaseous swelling, which has an important role in deter-
mining the degree of PCMI in high burnup fuel where
pellet-to-cladding gap is narrow or already closed due to
the swelling of solid fission products and cladding
creepdown, would be governed by the external restraint,
cladding integrity is also closely related to the external
restraint. Therefore, the effect of external restraint
should be considered so that the gas release and gaseous
swelling in high burnup fuel, where strong PCMI might
exist, can be predicted appropriately during both the
steady-state and transient conditions.

In the present paper, a fission gas release model is
developed considering the effect of external restraint on
the behavior of gas bubbles in the grain boundaries. In
the model, gaseous swelling induced by the grain face
and grain edge bubbles is treated as a function of ex-
ternal stress, which is the sum of rod internal pressure
and external restraint caused by PCMI. Using the as-
sumption that UO, grain face is composed of 14 iden-
tical circular faces [8], a grain edge bubble in this
geometry is represented by a triangulated tube around
the circumference of the grain face. Then a concept of
the formation of release tunnels at grain edges is intro-
duced in such a way that the degree of the formation of
release paths is proportional to the gas bubble swelling
at the grain edges. In addition, by taking into account
the effect of fuel temperature on gaseous swelling, the
model treats the dependence of the formation of release
paths on fuel temperature for the same number of gas
atoms retained in the grain boundaries. This implies that
the model can predict the generally observed enhanced
gas release at high burnup fuel through larger gaseous
swelling, that is through more release tunnels, which is
caused by increased fuel temperature resulting from the
degradation of thermal conductivity with burnup for the
same power. The model has been incorporated into a
fuel performance analysis code COSMOS [9] and eval-
uated using irradiation data obtained from a wide range
of operating conditions.

2. Model development
2.1. Intragranular behavior

Under normal operating conditions where gas atom
migration is the dominant mechanism by which gas
reaches the grain boundary [10-12], two rate equations
that describe the number of gas atoms in a dynamic
solution and intragranular bubbles, and the number of
gas atoms released to the grain boundary are expressed
by

de dm dgy
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i—r:l = gic — bim, (2)

where ¢ is the number of gas atoms in a dynamic solu-
tion (atoms/m?), 8 the gas atom production rate which is
0.3 F (atoms/m? s), F the fission density (fissions/m? s), m
the number of gas atoms in intragranular bubbles (at-
oms/m?), g, the number of gas atoms released to the
grain boundary (atoms/m?®), and b; is the resolution
probability from intragranular bubbles (1/s) [13].

In solving the two equations, g;, which is defined as
the probability per second that gas atoms in a dynamic
solution in the matrix would be captured by a bubble of
radius p;, is given by 4nDCpyp; [13,14]. In addition, the
number of gas atoms released to the grain boundary up
to time ¢, g, is described as follows [13]:

g =feBt+fi(c— ™), (3)
where
fe=
{4(w/n)1/2 —1.5w for f, < 0.57,
1 —0.0662[1 — 0.93exp (—m?w)]/w for £, = 0.57,
(4)
_ [ 6(w/m)'* = 3w for f; < 1/72,
o= { 1 — 6exp(—n?w)/n* for fj > 1/ ®)

Here w = Dt/a?, a is the grain radius (m), and D is the
diffusion coefficient of fission gas in the matrix (m?/s)
[14]. ¢ is the gas atom concentration at resolution
depth from grain boundary,

X = p AN /2D (atoms/m”) (6)

where by is the resolution probability from grain face
bubbles (1/s), A the resolution layer depth from grain
face (1078 m), and N™* is the maximum number of gas
atoms stored at the grain face (atoms/m?) which is Cym;
(see Section 2.2 for C; and my).

Egs. (1)—(6) can be solved numerically to obtain the
number of fission gas atoms retained both in the matrix
and the intragranular bubbles, and the gas number re-
leased to the grain boundary as a function of irradiation
conditions and time.

2.2. Grain face behavior

To treat the behavior of grain face bubbles, it is as-
sumed that a fixed concentration of grain face bubbles
are allowed to grow according to the arrival rate of gas
atoms to the grain face. Once the grain face bubbles
cover a certain fraction of grain face area, all the gas
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atoms reaching the grain face are assumed to be released
to the grain edge. Furthermore, it is also assumed that
the gas atoms arriving at the grain face are equally
distributed among the fixed concentration of bubbles.
After the saturation of grain face, all the gas atoms ar-
riving at the grain face are considered to be released to
the grain edge. Therefore, after grain face saturation, mg
remains unchanged just maintaining the saturation val-
ues required for the specific time-step during which fuel
temperature is almost constant. Then under these cir-
cumstances, the rate equation that accounts for the
number of gas atoms on the grain face is described as
follows before the grain face is saturated:

Sows(-(3))2% o

where C; is the concentration of grain face bubbles
(bubbles/m?), which is 1.928 x 10° exp[3.312x 10*/T(K)]
(at low temperatures, C; is given an upper limiting value
of 10" [15]), m is the number of gas atoms in a bubble
of radius of curvature p; (atoms/bubble), and (AS/S), is
the fraction of grain edge area occupied by tunnels (see
Section 2.3).

Since the fraction of grain face f, covered by gas
bubbles is expressed by Crmp? sin? 0, the maximum ra-
dius of curvature p™** of a grain face bubble required for
grain face saturation is

e = (fmes ) G sin 0) " (8)

where f,"* is the maximum coverage of grain face by gas
bubbles and 6 is the semi-dihedral angle defining the
shape of a gas bubble. The generally accepted value for 0
is 50°. Therefore, if p; is less than p™, no release from
the grain face to grain edge occurs except for direct re-
lease from the matrix to grain edge. After grain face
saturation, however, all the gas atoms arriving at the
grain face are assumed to be released to the grain edge.
There are several values for the maximum coverage of
grain face by bubbles /™ depending on models or ob-
servations: 0.25 [13], 0.50 [16] or 0.70 [8].

It is assumed that the gas pressure in the grain face
bubble is always balanced by the sum of lattice surface
tension and local hydrostatic stress, that is, the bubbles
are always in equilibrium. By applying the ideal gas law,
the number of gas atoms m; in a bubble of radius of
curvature p; required for mechanical stability is given as

. Png 475,0f 2y
me =2 = 35 /10) o ) ©)

where k is the Boltzmann constant, f;(0), which is the
geometric factor relating the volume of a grain face
bubble to that of a sphere, is 1 — 3 cos 0/2 + cos 93/2
and o, is the external restraint stress on fuel pellet. If the

fuel pellet is in compression, then o, is taken to be
positive.

In the case that there is no PCMI or o, is negligibly
small and hence 2y/ag,p; is much larger than 1, p; is
derived as follows from Eq. (9):

3kTm; \'?
o= (i) )

On the other hand, if PCMI takes place and the sub-
stantial contact pressure develops such that 2y/a,p; is
much smaller than 1, then p; is given as

3an’If 173
7= (wrwe) “”

The maximum difference between the approximate
solution of Eq. (10) or Eq. (11) and the exact solution
for the condition of 2y/a,p, being equal to one is 21%.
However, as 2y/a,p; deviates from one, the difference
decreases rapidly thereby showing that Eq. (10) or Eq.
(11) can be used to calculate p; instead of a very complex
exact solution.

The fractional volume swelling due to the grain face
bubbles, normalized to the unit volume of the grain
matrix, is computed by

AV 1 4na 4
(7)f 24na*/3(3 mpifi(0 ))
= Lancufi(o), (12)

where the factor 1/2 is necessary because a grain face
bubble is shared by two neighboring grains.

Egs. (7) and (10)—(12) are solved numerically to ob-
tain the number of gas atoms contained in a grain face
bubble, the radius of curvature of a grain face bubble,
and the swelling due to grain face bubbles.

2.3. Grain edge behavior

To treat the gas release from the grain face to grain
edge and gaseous swelling, a UO, grain surface is as-
sumed to be composed of 14 identical circular faces [8].
Then a grain edge bubble in this geometry, which is
represented by a triangulated tube around the circum-
ference of the grain face (Fig. 1), is shared by three
neighboring grains and is bounded by three identical
circular faces. The gas atoms collected here are assumed
to be distributed evenly so that the circular edges form a
torus where the fission gas atoms are stored. Further-
more, the release rate from the grain edge to open sur-
face is assumed to be proportional to both the
instantaneous fission gas inventory at the grain edge and
the fraction of grain edge bubbles interlinked to the
open surface. Before the grain face is saturated, only
direct release from the matrix to the grain edge exists.
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Torus Grain
Edge Bubble

pe 1
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Fig. 1. Schematic diagram of a torus grain edge bubble: (a) side
view; (b) cross-sectional view.

Then the rate equation describing the concentration of
fission gas atoms in a grain edge bubble is expressed as
follows before the grain face is saturated:

dce AS a dgb
27'[}"ng23(1—‘f)nl’éf(?>egg7 (13)

where c. is the gas atom concentration in a bubble along
grain edge (atoms/m), f'the fraction of grain edge bubble
interlinked to open surfaces (see Section 2.4), ry the
radius of curvature of a circular grain face which is
0.5557a [13], and (AS/S), is 1.29(p,/a) — 0.6041(p, /a)’
[13].

After grain face saturation, according to the as-
sumption of Section 2.2 that all the gas atoms arriving at
the grain boundary are released to the grain edge, the
rate equation for the grain edge concentration is given as

dee

2nrng= 3(1—f)n

a dgp
CEirr (14

The number of gas atoms in a grain edge bubble,
which is a circular torus in the present model, is calcu-
lated by

M = 2MFgf Ce. (15)

As in the case of a grain face bubble, the bubble gas
pressure is assumed to be always balanced by the sum of
lattice surface tension and the local hydrostatic stress.
Then the number of gas atoms m. required for me-
chanical stability in a triangulated grain edge bubble
with the radius of curvature p, is calculated from

Ve (29
e — r ) 1
m kT(p +J) (16)

where

V, = 2nrgf{ﬂ$p§ﬁ(9)}a

£(6) :%{e—g—2cos0 sin(f)—g)/\/g},

(see [13]). In the case that there is no PCMI and hence o,
is zero, p, is derived as follows from Eqgs. (15) and (16):
kTc.
=—° 17

On the other hand, if PCMI takes place and the
contact pressure develops, p, is given by

e (2)+ (o).

The fractional volume swelling of the grain edge
bubbles, normalized to the unit volume of the grain
matrix, is calculated by

AV 14 1
(7) =3 Wﬂtrg{ﬁpﬁf,(@)}

n .
:;ngft(e)ng (19)

where the factor 1/3 is introduced since a grain edge
bubble is shared by three neighboring grains and the
factor 14 is multiplied because there are 14 circular faces
per grain.

Egs. (13), (14) and (17)—(19) are solved numerically
to obtain the number of gas atoms contained in a grain
edge bubble, the radius of curvature of a grain edge
bubble, and the swelling due to grain edge bubbles.

2.4. Interlinkage at grain edge

Release pathways at grain edges are generally con-
sidered to be achieved suddenly at the moment when
grain edge swelling reaches some preassigned value, for
example, 5% [17], 7% [18] or 8% [19]. This approach,
however, would rule out the possibility that gas release
might take place even before the grain edge swelling
reaches some threshold value. According to the perco-
lation theory [20], networks such as grain edge tunnels
have non-zero probability of being open at any instant
of time. Hence, a long-range interlinkage among grain
edge tunnels would be established at gaseous swelling
less than the above-mentioned critical values at which all
tunnels are suddenly interlinked to the fuel open space.

Based on this argument and the experimental results
[21,22] that a linear relation exists between the degree of
fuel swelling and the level of local release, it is assumed
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that the fraction of grain edge bubbles interlinked to fuel
open space f'is proportional to the grain edge swelling as
follows:

r=SAe (20)
(AV/V),

where the upper limiting value of f is one. A similar
approach was used by Sontheimer et al. [23] but their
interlinkage factor was calculated using the integrated
flux of gas atoms to the grain boundary. In addition,
once the grain edge tunnels are developed, they are as-
sumed to be stable during a time-step where fuel tem-
perature is constant. This means that another f is
developed in the next time-step corresponding to its
temperature even if the number of the gas atoms re-
tained in the grain edge remains unchanged. If the
maximum grain edge swelling is achieved, all gas atoms
that reach the grain edges would be released to fuel
outside.

2.5. Fission gas release

2.5.1. Release via interlinked tunnel

The amount of fission gas released to the open space
of fuel pellet through interlinked grain edge tunnels
should be calculated by considering whether gas bubbles
saturates the grain face or not because this determines
the fission gas inventory at the grain edge available for
release. Before the grain face is saturated, the gas release
rate R, is

1 AS\ ad
RC=§14f3nr§f(?)e§%, (21)
where the factor 1/3 is introduced since a grain edge
bubble is shared by three neighboring grains and the
factor 14 is multiplied because there are 14 circular faces
per grain.

After the saturation of grain face, all gas atoms re-
leased to the grain boundary would migrate to the grain
edge thereby giving the gas release rate through the in-
terlinked grain edge tunnel as follows:

1 a dgy

R. == 14f3m?% - =2, 22
3 fﬂ:ng dt ( )

2.5.2. Release due to grain growth

Notley and Hastings [24] suggested that grain growth
in enriched UO, can be described by the following
equation:

(2a,)*° — (2a;)*° = 1.7 x 10*Atexp( — Q/RT),  (23)

where q; is the grain radius after time A¢ (um), a;_; the
starting grain radius (um), Az the time interval (s), Q
the activation energy which is 2.3 x 10° (J/mol), and R is
the gas constant which is 8.314 (J/K mol).

The additional release rate of fission gas from the
matrix to the grain boundary by grain growth N, is

(@ —a2,) (e +m) /A (24)

Ngg:3

It is assumed that the gas atoms released by grain
growth are evenly distributed among the 14 grain edges.
Then the increasing rate of fission gas concentration at
each grain edge N, due to grain growth is

Ny  2m

€714 21 A

(a7 —ay) (c+m). (25)

If N, is assumed to be distributed uniformly along
the length of toroid, the increase in concentration of gas
atoms along the grain edge Ac, is

N, 1
Ac, = & —
o ree  2lrge At

(a? - “?71) (¢ +m). (26)

Consequently, if grain growth occurs at high tem-
perature, the increased grain edge concentration calcu-
lated by Eq. (26) should be added to Eq. (13) or Eq. (14)
to get the total grain edge concentration.

2.5.3. Release due to recoil and knock-out

At low temperatures, only the fission gases that are
formed very close to an external surface can escape by
recoil and knock-out. These release mechanisms, which
are independent of both temperature and temperature
gradient, affect only the outer layer of the fuel (within
about 10 pm of the surface). The release rate per unit
fuel volume due to recoil and knock-out R, [25] is given
as
R, = yTF (St + 25, 1°), 27)
where y is the fission yield of stable fission products
(0.3), F the fission density (fissions/m® s), S, the geo-
metrical surface area of the fuel (m?), S, the total surface
area of the fuel (m?), #, the range of the fission fragment
in the fuel (10 um), and uk° the range of higher order
uranium knock-on in UO, (50 A). If the number of
grains per unit fuel volume is denoted as n,, the release
rate per grain Ry is Ry /n,.

A fuel pellet can be divided into two regions de-
pending on its temperature distribution [26]: (a) an inner
plastic region with a temperature higher than 1400°C
and (b) an outer region with a temperature below
1400°C and containing a number of radial cracks
through which gas release can occur. Furthermore,
Oguma [27] and Wood et al. [28] have shown that the
number of pellet cracks increases almost linearly with
fuel linear power and the number of radial fuel cracks is
about one-half of the linear power (in kW/m). Based on
these two observations, once the linear power and pellet
dimensions are given, the total pellet surface area
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available for gas release by recoil and knock-out can be
calculated.

2.5.4. Release due to power transient

The gas release components given in Egs. (21) and
(22) apply only to the conditions where power remains
constant or changes slowly versus time. There are many
experimental findings showing that the burst of gas re-
lease exists during rapid power increase or decrease due
to the microcracking of fuel pellets induced by change in
thermal stress [29,30].

An empirical transient gas release model [29] is
slightly modified to analyze gas release under power
transient conditions. Once the conditions given below
are satisfied, the entire gas inventory at grain boundaries
is assumed to be released instantaneously. When linear
power increases from ¢; to ¢, burst release occurs as a
result of microcracking if ¢, — ¢; > 30 W/cm, ¢, > 250
W/cm, and T, > T,. The burnup-dependent temperature
threshold 7, is defined as 7, = 1500 (1 — BU/80), where
T, is the fuel temperature in degree centigrade and BU is
the burnup in MWd/kgU. Here ¢ values are the linear
powers in an axial segment considered and 7, values are
the radial ring temperatures. In the case of power de-
crease from ¢, to g,, burst release takes place through
microcracking if ¢, — ¢, > 30 W/cm, ¢; > 250 W/cm,
and 7} > T,. As shown in Table 2, the empirical gas
release model, including the temperature threshold 7y,
can be applied at least to a burnup of 44.5 MWd/kgU.

The number of gas atoms released from a grain by
this mechanism is designated as N,. In the model, the
gas inventory available for release during the power
change is the sum of those at the grain face and grain
edge.

2.5.5. Total release
The total number of gas atoms released to fuel free
volume N, from a grain during time interval At is

Niot = (Re +Rd)At+Ntr- (28)

3. Comparison with experimental data

The main physical parameters affecting gas release in
the present model are the maximum grain edge swelling
(AV /7)™, the maximum grain face area covered by gas
bubbles fi"**, and the intergranular re-solution proba-
bility bs. For the present model, the maximum grain
edge swelling at which release paths are completed is
given as 0.07 [18]. The maximum fraction of grain face
covered with bubbles f"** is assumed to be 0.50 [16,31].
Finally, the intergranular resolution probability b; is
taken to be 107> [32].
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Fig. 2. Comparison of calculated and measured fission gas re-
lease for both power ramped and non-power ramped fuel rods.

To evaluate the model, it has been incorporated into
a fuel performance analysis code COSMOS [9]. A
comparison was made for a database [33] obtained from
various LWR fuels; one group subjected to no power
ramps during normal operation and the other one ex-
perienced power ramping at the end of its life. Table 1
shows that the database for normal operation covers
both the manufacturing parameters and operating con-
ditions for LWR fuels; the average rod burnup of 13.0-
52.7 MWd/kgU, average linear power of 92-300 W/cm,
fuel density of 93.9-95.3% of theoretical one, fill gas
pressure of 6.5-27.5 atm, and grain size of 8§-10 pm.
Table 2, which covers the database for power ramped
fuels, shows the burnup, initial power just prior to ramp,
maximum terminal power, ramp rate, and holding time
at maximum terminal power. Fig. 2 indicates that the
present model is in reasonable agreement with the
measured data, where, the average ratio of calculated to
measured data is 1.24.

Gas release at BWR rods during post-irradiation
annealing [31] shown in Fig. 3 was analyzed using the
following procedure. First, gas disposition among the
matrix, grain face and grain edge at the end of base ir-
radiation, calculated with 0.50 for f"™* and 0.07 for
(AV/V)T™, was used as the initial condition for the
subsequent analysis for post-irradiation annealing. Sec-
ond, gas release during the temperature ramp, which is
different from the power ramp given in Section 2.5.4,
was calculated using the assumption that once the
threshold temperature for burst release observed in
the experiment was reached, all the gases retained on the
grain face and at grain edge are released immediately.
The observed threshold temperatures for the burst
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Table 1

Fission gas release data obtained from LWR fuels subjected to no power ramps during irradiation

Burnup Average Fuel density Fill gas He Grain size Measured
(MWd/kgU) linear power (% TD) pressure (bar) (um) release (%)
(W/cm)
Reactor A 232 94-269 95.1 6.5 8 17.2
23.1 100-280 95.1 6.5 8 14.8
22.7 130-278 95.3 6.5 8 7.2
Reactor B 13.0 176-241 93.9 22.5 10 0.9
13.3 182-249 93.9 22.5¢ 10 24.8
26.5 178-289 93.9 22.5 10 3.9
26.2 185-291 93.9 22.5¢ 10 17.8
36.9 166-298 93.9 22.5 10 3.7
36.5 173-300 93.9 22.5¢ 10 16.5
33.0 92-254 95.3 6.5 8 11.8
36.5 140-270 95.3 6.5 8 3.6
Reactor C 43.5 170-232 95.3 27.5 10 1.2
23.1 100-280 95.1 6.5 10 1.9
144 222-272 95.0 22.5 10 0.6
29.0 263-288 94.3 22.5 10 4.5
40.8 219-297 94.3 22.5 10 33
47.2 180-262 94.3 22.5 10 2.6
52.7 160-270 94.3 22.5 10 2.1
#In these cases, Ar is filled instead of He.
Table 2
Fission gas release data obtained from LWR fuels subjected to a power ramp at the end of life
Burnup Power Maximum Ramp rate Holding Grain Measured
(MwWd/ before ramp terminal power (W/cm time at size release (%)
kgU) (W/cm) (MTP) (W/cm) min) MTP (h) (um)
Reactor D 26.7 290 400 100 52 8 25.7
25.7 290 370 100 52 8 4.6
21.7 290 435 100 1 6 6.3
22.8 290 420 90 8 10 11.7
24.2 280 445 95 53 10 37.5
43.2 245 350 90 0.5 6 16.0
44.5 245 417 90 0.5 10 20.1
Reactor E 34.7 250 415 90 12 10 8.5
34.4 250 475 90 12 10 22.1
44.0 250 410 85 12 10 28.0
434 250 490 85 12 10 44.9
24.3 300 445 85 24 10 3.0
32.3 190 419 85 195 10 48.3
Reactor F 20.3 296 405 - 48 8 16.2
20.9 296 405 - - 8 2.3

release were 1800°C for the 6 MWd/kgU specimen,
1600°C for the 16 MWd/kgU specimen and 1500°C for
the 23 and 28 MWd/kgU specimens, respectively [31].
Finally, to calculate gas release during annealing
period at 1800°C, £ and (AV/V);™ are assumed to
increase linearly with time from their respective value of
zero just after the burst release up to their maximum
value of 0.25 and 0.05 when a certain time, which is

given in the following, elapses at the annealing temper-
ature of 1800°C. This assumption implies that, once the
gas atoms on the grain boundaries are purged by burst
release due to the rapid interconnection of intergranular
bubbles and the formation of release tunnels [31,34], the
number of gas atoms needed to fill the grain boundaries
is almost zero just after the burst release because of the
already well-established release tunnels. Then during the
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annealing period, these tunnels might be destroyed and
hence the number of gas atoms required on the grain
face and at grain edge to re-establish release pathways
would increase. External restraint stress in this test was
considered to be zero [3]. The maximum values of 0.25
and 0.05 for ™ and (AV/V).™ during the annealing
period, which are lower than those for the steady-state
values of 0.50 and 0.07, were chosen because they
yielded more reasonable calculation results.

According to the calculations made for 4 cases
without changing the model parameters, that is, by using
the constants of 0.25 and 0.05 for f™* and (AV/V);™
throughout the annealing experiment, it took about 2
and 4 h for ™ and (AV/V)™* to reach their respective
maximum values. This suggests that the average time
required for the complete establishment of release path
at the grain boundaries is about 3 h. This fact corre-
sponds to the assumption that, if ™ and (AV/V);™
increase linearly from zero with time after the burst re-
lease, it would take 6 h until /™ and (AV/V)]* reach
their maximum values of 0.25 and 0.05. Therefore, it is
assumed for all four specimens that ™ and (AV V)™
would reach their maximum values when 6 h has been
spent at the annealing temperature of 1800°C after the
gas inventory accumulated at grain boundaries during
base irradiation is purged by burst release at the
threshold temperature of 1500-1800°C.
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For the specimen of 6 MWd/kgU, the calculated gas
release after base irradiation was 0.11%, while the
measured one was 0.2%. As shown in Fig. 3(a), the burst
release of about 2.5% is predicted to occur and then the
calculated release remains almost constant for about 1 h
until additional gas atoms reach the grain boundaries.
While the calculated burst release is assumed to take
place instantaneously, the measured burst release of
4.5% occurred for about 30 min during the experiment
[31]. This partly explains why there exists discrepancy
between the calculated and measured releases at the
early stage of the annealing experiment where burst re-
lease occurs. Another source of the discrepancy would
result from the fact that the external restraint stress on
grain boundary bubbles, which was assumed to be zero
[3], could have been greater than zero and hence the
grain boundary bubbles would have existed as non-
equilibrium bubbles [31]. Then, for the same values of
JSiaxand (AV/V)?™, more gas atoms might have been
retained on the grain boundary bubbles during the base
irradiation and this could have led to more calculated
burst release thereby reducing the difference between the
calculated and measured values.

The calculated and measured releases were 0.8% and
0.5%, respectively, for the specimen of 16 MWd/kgU
taken from the fuel pellet irradiated for 2 cycles. Fig. 3(b)
shows that, when the specimen temperature reached
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Fig. 3. Fractional release of Kr-85 during temperature ramp and isothermal annealing at 1800°C [31].
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1600°C, the model predicted that almost all gas atoms
retained at grain boundaries are released and then no
release occurs until additional gas atoms arrive at the
grain boundaries by diffusion. The difference in release
kinetics between the measurement and calculation can
be explained by the same argument given for the speci-
men of 6 MWd/kgU, that is, while the measured burst
release lasted for about 30 min [31] after the threshold
temperature was reached, the calculation assumes in-
stantaneous release when fuel temperature reaches the
threshold one.

For the specimens of 23 and 28 MWd/kgU obtained
from the pellets irradiated for 3 and 4 cycles, gas releases
after base irradiation were both 21%, respectively [31],
which were unusually high for fuel with this range of
burnup. Analysis of gas release for the fuel that was
refabricated from pre-irradiated one should be per-
formed after the calculated release for the pre-irradiated
fuel is fitted to the measured one. Therefore, by was re-
duced from 107 to 107 while the values for £™* and
(AV/V)2™ remained unchanged. This reduction in b¢
yielded 18.5% and 24.8% releases after base irradiations
for the 3 and 4 cycle-irradiated fuels. Fig. 3(c) and (d)
show that, though the burst releases are underpredicted,
diffusional releases during 1800°C are well predicted,
suggesting that the gas inventory retained at the grain
boundaries was likely to be underpredicted for the base
irradiated fuels.

Fig. 4 displays a parametric study which shows that
external restraint stress has a significant effect on gas
release at 1400°C. At a constant temperature, the es-

30

1 MPa

Fission gas release (%)

0 200 400 600 800 1000
Time (Day)

Fig. 4. Calculated fission gas release as a function of external
restraint stress at the fuel temperature of 1400°C.

tablishment of release tunnels by grain edge bubbles,
which is governed by gaseous swelling, is delayed as the
external restraint stress increases because more gas at-
oms can be retained on the grain boundaries as indicated
by Eqgs. (11) and (18). Therefore, from the viewpoint of
current trend to extend discharge burnup, an improved
understanding of the role of external stress on gas re-
lease at high burnup fuel, where very large external
stress can occur by PCMI and high rod internal pres-
sure, is indispensable.

Zimmermann [1] carried out an isothermal irradia-
tion of UO, fuel to investigate the gas release and
swelling under both with and without external restraint.
Fig. 5 shows that, while some discrepancies exist at low
burnup between the calculation and measurement for
1750 and 2000 K, the agreement is very good for 1250
and 1500 K under unrestrained conditions.

Fig. 6 compares the gaseous swelling under re-
strained conditions as a function of burnup for different
irradiation temperatures. The calculations for the data
whose pressures during the experiment had been 25-50
MPa [1] were made using the parameters of 0.50 and
0.07 for f™=* and (AV/V).™. External stress on fuel
pellets for these data was taken to be 37 MPa, the mean
value of 25 and 50 MPa. The calculated gaseous swell-
ing, which is the sum of the maximum swelling of 7%
induced by grain edge bubbles and 1% or 2% swelling by
grain face bubbles, ranges from 8.5% to 10% depending
on irradiation temperature. The measured gaseous
swelling was obtained by taking into account a solid
swelling rate of about 0.65% per percentage burnup in-
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Fig. 5. Fission gas release from UO, specimen as a function

of isothermal irradiation temperature under unrestrained
conditions [1].
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Fig. 6. Swelling of UO, specimen as a function of isothermal
irradiation temperature under restrained conditions (lines: cal-
culated; symbols: measured) [1].

duced by solid fission products. The calculated maxi-
mum swelling of 8.5-10% is consistent with Kashibe and
Une’s [7] result that the saturated swelling, though ob-
tained from an experiment for unirradiated fuel, was 8—
10% for the external restraint stresses of 37 MPa at
1450°C and 73 MPa at 1350°C.

However, the measured gaseous swelling shows two
different trends. Although some scattering exists in the
data, the measured swelling corresponding to fuel tem-
peratures above 1600 K is saturated at about 6% for
burnup larger than 3 at.%. This value can be under-
stood as the gaseous swelling at which release path is
fully established and therefore additional gas atoms
reaching the grain boundaries had been released with-
out inducing any further swelling. Considering 1-2%
contribution from the grain face bubbles, the gaseous
swelling caused by the grain edge bubbles appears to be
around 5%, which is close to the value given in [17]. For
fuel temperatures between 1350 and 1600 K, the mea-
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sured gaseous swelling decreased down to 1% after it
reached around 3.5% at 5% burnup. This is not con-
sistent with the assumption used in this study that, once
the grain edge tunnels are developed with gas bubbles,
they would be stable for constant fuel temperature.
Decrease in gaseous swelling could arise if some fraction
of gas atoms forming the release path would be vented
together with the additional gas atoms arriving at grain
edges. For fuel temperatures below 1350 K, since only
one data is available, it is difficult to make any com-
parison.

The gas release data obtained from the Risd-I11
Project [35,36] were also used to verify the present
model. Of the all power ramping tests performed on the
ANF fuel (PWR) and GE fuel (BWR) in the DR3 re-
actor at Ris¢d, 3 tests of AN3, AN4, and AN10 for PWR
fuel and another 3 tests of GE2, GE4, and GE6 for
BWR fuel were analyzed. All of these 6 tests were per-
formed with a thermocouple and a pressure transducer
equipped so that fuel centerline temperature and rod
internal pressure could be measured during test irradi-
ation. The external restraint stresses on fuel pellets were
taken to be 27 MPa for AN3 and AN4 and 23 MPa for
ANI10 [3]. For GE fuel, they were 50, 6 and 17 MPa for
GE2, GE4 and GE6, respectively. Since the analyses
results for the ANF and GE fuel show almost the same
trend, only the two cases of the AN3 for ANF fuel and
the GE6 for GE fuel are described.

The AN3 fuel had been base-irradiated in the
Biblis-A reactor in Germany to about 44 MWd/kgU.
The highest linear power experienced by this fuel was
26.7 kW/m and gas release during base irradiation did
not exceed 0.3%. The transient test for the fuel was
carried out in the DR3 reactor at Ris¢. The maximum
power reached during the test was 40.7 kW/m [35]. Fig.
7(a) compares the calculated and measured centerline
temperature obtained during the transient test. It is to be
noted that the measured centerline temperature shown
here and also that for the GE6 fuel in Fig. 8(a) was
obtained by converting the measured temperature for
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Fig. 7. Analysis results for the Ris$-I1II AN3 test: (a) centerline temperature; (b) fission gas release; (c) radial distribution of Xe [36].
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annular pellets into the one corresponding to solid pel-
lets [35]. Temperature distribution across the fuel pellet
was calculated considering the effect of conductivity
degradation with burnup and rim formation at pellet
periphery [37]. The maximum difference between the
calculated and measured centerline temperature was
around 100°C.

To calculate the transient gas release for the Ris¢-I11
Project, it was assumed that all gas atoms on the grain
faces and at grain edges are released instantaneously if
the change in linear power during power ramp was
larger than 3040 W/cm and the linear power just prior
to power excursion was above 310-400 W/cm depending
on the cases analyzed. These values, which are larger
than those given in Section 2.5.4, were selected because
they yielded more reasonable results when power ramp
occurred. This fact indicates that the model constants
for transient gas release should be determined from a
large number of data, that is, on a statistical basis. In
addition, after the condition for burst release was sat-
isfied, based on the following argument, f* and
(AV/V)?* were assumed to vary by the same way as
used for Fig. 3; microcracks created by thermal stress
would be healed progressively during the high power
(temperature) period leading to increase in f,"* and
(AV /V)I* from zero to their original values of 0.25 and
0.05, respectively. This means that as the microcracks
are healed, the number of gas atoms needed for the
completion of release tunnels increases. The time re-
quired for the full recovery of f™* and (AV/V);™ was
taken to be 40 h for the AN3 fuel, because this was the
difference between the time when the conditions for
burst release were first satisfied and the one when the
second burst release took place just after the high power
period (see Fig. 7(b)). It is very probable that the dif-
fusion of matrix material needed for the healing of mi-
crocracks might have occurred during this high power
period.

Fig. 7(b) shows that the calculated gas release is
lower than the measured one. However, according to

Mogensen et al. [38], there were some athermal gas re-
leases of 6-7% during the tests at a low power of 11 kW/
m due to the peculiar fabrication characteristics specific
to the AN3, AN4 and ANI0 fuel. This rather high
athermal gas release, which is an unusual phenomenon
that is not found in typical fuel, was observed in the low
density fuels where fission gases might have been col-
lected in the fabrication pores during steady-state irra-
diation and then released during power ramps through
cracks. Therefore, when 6-7% was added to the calcu-
lated value, very good agreement was obtained.
The linear power of 300-400 W/cm just prior to power
excursion for burst release is consistent with the exper-
iments showing that the onset of gas release for the
Ris¢-111I type fuel was found at power levels between 300
and 370 W/cm [39].

Fig. 7(c) shows the radial distribution of residual Xe
atoms measured by EPMA in fuel pellets after the ramp
test in terms of a fractional weight relative to that of
UO,. Measurement clearly indicates that, when the fuel
was maintained at a centerline temperature of around
1800°C for 20 h, the fission gas atoms in the matrix and
at the grain boundaries were almost exhausted by release
up to the relative pellet radius of about 0.4-0.5. Since
EPMA measures the Xe atoms dissolved in fuel lattice
and trapped in intragranular bubbles smaller than about
0.1 pm, only the Xe atoms in the grain interior were
considered in the calculation.

GES6 fuel had been base-irradiated in the Millstone-1
reactor in the USA to about 45 MWd/kgU. The highest
linear power of this fuel was 32.1 kW/m and gas release
during base irradiation was below 0.3%. The transient
test for this fuel was also performed in the DR3 reactor
at Ris¢. The maximum power achieved during the test
was 37.9 kW/m [35]. Fig. 8 displays the measured and
calculated centerline temperature, gas release and re-
tained Xe. Since the measured temperature after the ir-
radiation time of 53 h was considered unreliable [36],
analysis was made only up to this point. As for the ANF
fuel, the maximum deviation of centerline temperatures
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for GE fuel was around 100°C. Gas release, which did
not have athermal contribution in contrast with the
ANF fuel [38], and the radial distribution of retained Xe
were well simulated.

4. Conclusions

A model, which considers the effect of PCMI and
high internal pressure encountered at high burnup, has
been developed to analyze fission gas release and gas-
eous swelling in UO, fuel. Using the assumption that a
UO, grain surface consists of 14 identical circular faces
and a grain edge bubble can be represented by a trian-
gulated tube around the circumference of three circular
grain faces, the model is focused on the behavior of
grain boundary bubbles considering the effect of exter-
nal restraint. Furthermore, it introduces the concept of
formation of release tunnels that is proportional to the
gas bubble swelling at grain edge. Main model param-
eters are the maximum fraction of grain face covered by
gas bubbles f;"*, the maximum swelling by grain edge
bubbles (AV/V);™ when the release path is fully es-
tablished, and the external stress. The following con-
clusions are drawn from the analyses of the measured
data obtained from a wide range of operating condi-
tions:

1. The model parameters of 0.50 and 0.07 for f;"** and
(AV V)™ provide a good prediction of gas release
for the data obtained from LWR fuel that experi-
enced steady-state and/or transient operation.

2. The external restraint stress has a significant effect on
the gaseous swelling of grain face and grain edge bub-
bles and thereby affects the formation of release paths
both at the grain face and grain edge through f"**
and (AV /7)™,

3. The requirement for burst release during power ramp
should be obtained on a statistical basis due to uncer-
tainty related to the creation of microcracks by
change in thermal stress. For example, the threshold
linear power just prior to power ramp and the change
in power during the ramp was 250 and 30 W/cm, re-
spectively, for the database obtained from various
LWR fuels. On the other hand, the threshold linear
power ranged from 310 to 400 W/cm and the change
in power during the ramp was 30-40 W/cm for the
fuel rods tested in the Risd-11I Project.

4. The fact that the use of 0.25 and 0.05 rather than 0.50
and 0.07 for /™ and (AV/V);* yields more reason-
able agreement with measured data for both temper-
ature and power ramp implies that the grain
boundary’s ability to retain gas atoms is reduced once
the gas atoms in the grain boundary are purged via
rapid temperature rise or power ramp.

5. Combined with the characteristics of a fuel perfor-
mance analysis code COSMOS, the present model

has been able to analyze the data obtained from re-
fabricated fuel segments or post-irradiation annealing
experiments.
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