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A fission gas release (FGR) model was developed by using an artificial neural network method to predict
fission gas release in UO2 fuel under reactivity initiated accident (RIA) conditions. Based on the test data
obtained in the CABRI test reactor and nuclear safety research reactor, the model takes into account the
effect of the five parameters: pellet average burnup, peak fuel enthalpy, the ratio of peak fuel enthalpy to
pulse width, fission gas release during base-irradiation, and grain size of a fuel pellet. The parametric
study of the model, producing a physically reasonable trend of FGR for each parameter, shows that the
pellet average burnup and the ratio of peak fuel enthalpy to pulse width are two of the most important
parameters. Depending on the combination of input values for the five parameters, the application of the
model to a fuel rod under typical RIA conditions of light water reactor produces 1.7–14.0% of FGR for the
pellet average burnup ranging from 20 to 70 MW d/kg U.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The behavior of light water reactor (LWR) UO2 fuel under reac-
tivity initiated accident (RIA) conditions is determined by many
factors such as fission gas release (FGR), cladding state (oxidation
and hydriding), pulse width, enthalpy increase, and so on. Fission
gas release during RIA, which can be significantly enhanced by ra-
pid temperature rise in fuel pellet, is important because it in-
creases rod internal pressure, thereby contributing to the
mechanical load on cladding. There is some experimental evidence
that transient fission gas release resulting from adiabatic heating
introduces a very rapid load increase that could lead to cladding
rupture [1]. Therefore, modeling of fission gas release during an
RIA event is required so that it can be used for analyzing fuel rod
integrity under accident conditions and also for assessing radioac-
tivity source term when fuel fails.

The gas release under RIA conditions depends on two factors;
the initial conditions of fuel rod (fission gas inventory on grain
boundaries associated with pellet average burnup and burnup dis-
tribution across pellet radial direction, width of high burnup struc-
ture (HBS) [2], and gap size just before RIA) and RIA test conditions
(pulse width, fuel enthalpy increase, temperature distribution, and
coolant temperature and pressure). According to the test results
obtained in CABRI test reactor and nuclear safety research reactor
(NSRR), it was found that there are some major parameters which
dominantly affect gas release during an RIA event – fuel burnup,
pulse width, and enthalpy increase. For example, it is generally
ll rights reserved.
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agreed that, if other RIA test conditions are the same, fission gas re-
lease increases with burnup and fuel enthalpy [3]. However, it
should be noted that other factors, which might be considered
not so important, could also have a significant effect on gas release
depending on the fuel and RIA conditions.

To understand the gas release data obtained from the RIA tests,
several analytical models have been developed [4–7]. However, a
mechanistic approach to correlate the measured gas release data
with both fuel and accident conditions such as fuel burnup, HBS
width, pulse width, and fuel enthalpy level has not been so suc-
cessful partly because the number of gas release data points is
small and the number of factors that should be considered is rather
large. In this case, to perform more RIA tests that could reveal the
effects of all relevant parameters would be the best approach for
physics-based modeling. However, RIA test with irradiated fuel un-
der typical LWR conditions is very difficult and costly as can be
seen in the case of CABRI international program which is being car-
ried out by the cooperation of many nations. And even if some
more tests would be performed and consequently more data would
be available than now, it would still be complex and difficult to de-
velop a model that treats all the parameters mechanistically with a
limited number of data.

Therefore, in this paper, an artificial neural network (ANN) [8]
method is used to develop a model for predicting the fission gas re-
lease under RIA conditions. The ANN is a mathematical or a compu-
tational model based on biological neural networks. In more
practical terms, neural networks are non-linear statistical data
modeling tools that can be used to model complex relationships
between inputs and outputs or to find patterns in data. One
of the benefits of ANN model is that we can potentially better

http://dx.doi.org/10.1016/j.jnucmat.2010.07.032
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understand the underlying physics via the consideration of small
variations in both the input and out parameters.
2. FGR data under simulated RIA conditions

More than 80 RIA tests with pre-irradiated LWR fuel rods have
been performed so far under simulated RIA conditions in pulse
reactor experiments: special power excursion reactor (SPERT),
power burst facility (PBF), CABRI reactor and NSRR [9]. In this
work, only CABRI and NSRR data are analyzed because the RIA tests
in the two reactors were performed for fuel rods whose burnup
was moderate or high and hence gas release in these rods could af-
fect fuel integrity significantly during RIA.

Test data for both the SPERT and PBF tests [10] were not con-
sidered in this work for two reasons. First, FGR data for the two
tests were unavailable in the open literature. Second, even if
FGR had been measured in the PBF test, FGR would probably have
been very low due to fuel burnups that ranged from 0 to only
6 MW d/kg U, producing small FGR during RIA without applying
a big additional load to cladding. Small FGR is expected here be-
cause fission gas inventory available for release during RIA – fis-
sion gas retained in the grain boundary – would have been low
due to the limited time for the diffusion of fission gas atoms to
the grain boundary to take place. A similar argument could be
made for the SPERT-CDC test, where fuel burnups ranged from 1
to 13 MW d/kg U, except for two cases with burnup of 32 MW d/
kg U. This is the basis on which the test data for both SPERT-
CDC and PBF were omitted.

Table 1 shows only the data for fuel rods which kept integrity
during the RIA simulating tests performed in the CABRI and NSRR
[3,11–22]. In most cases, FGR data for failed fuel rods is not avail-
able for measurement because fission gas released to the pellet-
cladding gap during both base-irradiation and/or RIA is leaked
out through the failed cladding area during the RIA test. And even
if fission gas release were measured for a few failed fuel rods, it is
very likely that some amount of fission gas could have been leaked
out of the test rods and therefore the measured gas would not rep-
resent the total gas that would have been actually released during
the RIA test. Thus the FGR data for failed test fuel rods have been
excluded.

There are two kinds of test data in Table 1. The first set of data is
from the tests performed in the CABRI reactor, which consists of a
driver core in a water pool and a test loop with liquid sodium as
coolant [3]. While the loop was originally designed for research
on liquid–metal-cooled reactors, it has been used extensively to
test PWR fuel with a coolant temperature of 280 �C. Although heat
transfer in sodium is better than that in water and hence this does
not simulate exactly what happens in PWRs, this facility that can
generate energetic pulse has been used to test high burnup fuel
rods. In CABRI test, five data points that retained integrity during
the RIA test are available for PWR UO2 fuel [3,11].

The NSRR, where the RIA tests have been carried out in most
cases with an experimental capsule filled with water at ambient
temperature and ambient pressure [12], provides the second set
of data. In these circumstances, fuel behavior including FGR would
be different from what it would be under LWR operating condi-
tions. Therefore, in a recent test of RH-2 [13], the coolant temper-
ature of the test capsule was raised with an electric heater up to
approximately 280 �C so that the test may simulate commercial
reactor conditions.

Table 1 provides 29 data points for PWR fuel and the remaining
13 for BWR one (FK- and TS-series tests [14,15]). While hard gap
closure occurs rather early in PWR fuel by cladding creepdown
due to relatively thin cladding and high coolant pressure, BWR fuel
with thick cladding in combination with low coolant pressure
would produce much less gap closure by creepdown than PWR fuel
for the same burnup. Consequently, under the same RIA test condi-
tions, this could result in different temperature and stress distribu-
tion in the fuel pellets in BWR and PWR, producing different fuel
behavior including fission gas release.

Grain size of the test fuel rods was provided for the only six
tests. For the remaining 36 cases, grain sizes are assumed to be
the same as that for typical LWR UO2 fuel, 10 lm. As for the FGR
during base-irradiation, it is assumed to be zero when this value
is not available, and the justification for this assumption is given
in Section 4.4.
3. Main parameters for RIA FGR

Of the many parameters that affects RIA FGR, five ones—pellet
average burnup, peak fuel enthalpy, ratio of peak fuel enthalpy to
pulse width, FGR during base-irradiation, and grain size of fuel pel-
let—are considered in this work. While the first three parameters
are chosen because they are well known to affect RIA FGR signifi-
cantly, the other two, FGR during base-irradiation and grain size,
are selected because they can represent the degree of gas release
path available during a RIA event.

In most cases, only fission gas accumulated at the grain bound-
ary during base-irradiation is released during RIA because it lasts
for only a few to dozens milliseconds and thus there would not
be enough time for the fission gas in the matrix to diffuse to the
grain boundary and then be released to the pellet-cladding gap.
Therefore it is very likely to deduce that, if the fission gas release
during base-irradiation is high, the RIA FGR would be low due to
decreased amount of gas available for release during RIA. However,
contrary to our expectation, the tests performed with fuels having
higher FGR during base-irradiation, FK-series tests [14] and part of
TS-series tests [15], showed high gas release during RIA. This is
probably because some amount of fission gas remained in the grain
boundary after base-irradiation might have been released during
RIA through the inter-connected gas release network formed dur-
ing base-irradiation. As for the grain size, if other conditions are
the same, the smaller the grain size, the larger the inventory of fis-
sion gas at the grain boundary that would be available for release
during RIA.
4. Analysis of RIA FGR data

4.1. Effect of pellet average burnup on RIA FGR

FGR under RIA conditions generally increases with pellet aver-
age burnup. This is because the higher the pellet average burnup,
the larger the pellet area including HBS region from which fission
gas would be released by grain boundary separation and pellet seg-
mentation [23]. This is based on the fact that fracture strength of
fuel decreases as porosity increases, and an increase of porosity
in UO2 from 5% to 20% can cause 80% reduction in fracture strength
[24]. So it is possible to obtain grain boundary cracking at low tem-
perature in the HBS region having high porosity up to around 25%
[25].

The HBS width in a fuel pellet is usually considered proportional
to the difference between its average burnup and the threshold one
above which HBS begins to be formed [2,26]. For the case that pel-
let average burnup is lower than that for HBS formation, 30–
40 MW d/kg U [2], it can still be assumed that release fraction
would roughly be correlated with the gas amount trapped in bub-
bles at the grain boundaries of the pellet periphery that have re-
tained the original microstructure. This is because, irrespective of
the HBS formation, fission gas inventory at the grain boundaries
in the pellet outer region remains unchanged.



Table 1
RIA test conditions and fission gas release during RIA [3,11–22].

RIA test
reactor

RIA test
name

Fuel rod
type

Coolant temperature
at test (�C)

Grain size
(lm)a

Pellet average burnup
(MW d/kg U)

Pulse width
(ms)

Energy
deposition (cal/g)

Peak fuel
enthalpy (cal/g)

FGR during base-
irradiation (%)

FGR during
RIA(%)

FGR
(Base + RIA)
(%)

1 CABRI REP-Na2 PWR
17 � 17

280 _ 33 9.5 207 199 0 5.5 5.5

2 CABRI REP-Na3 PWR
17 � 17

280 _ 54 9.5 122 124 0 13.7 13.7

3 CABRI REP-Na4 PWR
17 � 17

280 _ 82 76.0 95 85 0 8.3 8.3

4 CABRI REP-Na5 PWR
17 � 17

280 _ 84 8.8 104 108 0 15.1 15.1

5 CABRI REP-
Na11

PWR
17 � 17

280 _ 88 31.0 104 92 0 6.8 6.8

G NSRR MH-1 PWR
14 � 14

20 _ 39 6.8 63 47 0.2 3.5 3.7

7 NSRR MH-2 PWR
14 � 14

20 – 39 5.5 72 54 0.2 4.2 4.4

8 NSRR MH-3 PWR
14 � 14

20 – 39 4.5 87 67 0.2 4.0 4.2

9 NSRR GK-1 PWR
14 � 14

20 – 42 4.6 121 93 0.4 12.8 13.2

10 NSRR GK-2 PWR
14 � 14

20 _ 42 4.6 117 90 0.4 7.0 7.4

11 NSRR HBO-2 PWR
17 � 17

20 _ 58 6.9 51 37 0 17.7 17.7

12 NSRR HBO-3 PWR
17 � 17

20 8 58 4.4 95 74 0 22.7 22.7

13 NSRR HBO-4 PWR
17 � 17

20 8 58 5.4 67 58 0 21.1 21.1

14 NSRR HBO-6 PWR
17 � 17

20 8 49 4.4 109 85 0 10.4 10.4

15 NSRR HBO-7 PWR
17 � 17

20 8 49 4.4 112 88 0 8.5 8.5

16 NSRR TK-1 PWR
17 � 17

20 _ 38 4.4 161 126 0 20.0 28.0

17 NSRR TK-3 PWR
17 � 17

20 _ 58 4.4 126 99 0 10.9 18.9

18 NSRR TK-4 PWR
17 � 17

20 – 58 4.4 125 98 0 0.3 8.3

19 NSRR TK-5 PWR
17 � 17

20 – 48 4.4 130 101 0 11.1 11.1

28 NSRR TK-6 PWR
17 � 17

20 – 38 4.4 160 125 0 16.2 16.2

21 NSRR TK-8 PWR
17 � 17

20 – 58 7.0 84 65 0 8.0 8.0

22 NSRR OI-2 PWR
17 � 17

20 – 39 4.4 139 108 0.2 10.2 10.4

23 NSRR OI–10 PWR
17 � 17

20 28 88 5.6 130 104 0.6 2.6 3.2

24 NSRR OI–11 PWR 20 _ 58 4.4 201 157 0.5 13.0 13.5

(continued on next page)
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Table 1 (continued)

RIA test
reactor

RIA test
name

Fuel rod
type

Coolant temperature
at test (�C)

Grain size
(lm)a

Pellet average burnup
(MW d/kg U)

Pulse width
(ms)

Energy
deposition (cal/g)

Peak fuel
enthalpy (cal/g)

FGR during base-
irradiation (%)

FGR during
RIA(%)

FGR
(Base + RIA)
(%)

17 � 17
25 NSRR OI–12 PWR

17 � 17
20 _ 81 4.4 _ 143 0.4 22.4 22.8

26 NSRR JM-3 PWR 20 _ 28 8.5 184 132 0.2 2.1 2.3
27 NSRR TS-2 BWR

7 � 7
20 _ 26 5.3 82 66 19.7 12.0 31.7

28 NSRR TS-3 BWR
7 � 7

20 _ 26 4.8 109 88 19.7 10.0 29.7

29 NSRR TS-4 BWR
7 � 7

20 – 26 4.6 110 89 19.7 15.0 34.7

30 NSRR TS-5 BWR
7 � 7

20 – 26 4.4 117 98 19.7 8.3 28.0

31 NSRR FK-1 BWR
8 � 8 BJ

20 _ 45 4.4 167 138 1.5 8.2 9.7

32 NSRR FK-2 BWR
8 � 8 BJ

20 _ 45 6.6 95 78 1.5 3.1 4.6

33 NSRR FK-3 BWR
8 � 8 BJ

20 _ 41 4.4 186 145 0.3 4.7 5.0

34 NSRR FK-4 BWR
8 � 8

20 _ 56 4.4 180 148 12.5 15.7 28.2

35 NSRR FK-5 BWR
8 � 8

20 _ 56 7.3 100 78 12.5 9.6 22.1

3G NSRR FK-6 BWR
8 � 8

20 _ 61 4.4 168 131 14.2 16.9 31.1

37 NSRR FK-7 BWR
8 � 8

20 _ 61 4.4 166 129 14.2 17.0 31.2

38 NSRR FK-8 BWR
8 � 8

20 _ 61 7.3 90 65 12.8 11.3 23.3

39 NSRR FK-9 BWR
8 � 8

20 – 61 5.7 119 98 12.8 16.6 28.6

40 NSRR MR-1 PWR
17 � 17

20 48 71 4.0 105 89 0 8.7 8.7

41 NSRR RH-1 PWR
17 � 17

20 – 67 4.0 122 122 0 21.4 21.4

42 NSRR RH-2 PWR
17 � 17

280 – 67 4.0 115 99 0 26.0 26.0

a When grain size is unavailable, it is assumed to be 10 lm which is typical for LWR fuel.
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Fig. 1. RIA FGR obtained in the CABRI and NSRR tests versus pellet average burnup.
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Fig. 2. RIA FGR obtained in the CABRI and NSRR tests versus peak fuel enthalpy.
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Fig. 3. RIA FGR obtained in the CABRI and NSRR tests versus the ratio of peak fuel
enthalpy to pulse width.
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Based on the argument above, it is expected that RIA FGR would
increase with pellet average burnup. However, Fig. 1 shows the
wide scattering even for the data with same burnup, indicating
that other conditions besides burnup are dominant. In the case of
the NSRR TS- and HBO-series tests [15,18] in which RIA tests were
performed for fuel rods with identical burnup, FGRs are different
because of the different peak fuel enthalpies. As for the NSRR FK-
series tests [14], it seems that, although not so clear, RIA FGR is
proportional to pellet burnup. However, it would be more appro-
priate to conclude that there is no direct relationship between
RIA FGR and pellet average burnup or that pellet average burnup
is only one of many important factors affecting RIA FGR.

4.2. Effect of peak fuel enthalpy on RIA FGR

It has been suggested that, while temperature threshold for
fragmentation in the HBS region is estimated to be 1300–1500 K,
grain boundary cracking takes place at about 900–1000 K [24,27].
It is certain therefore that, except for a few cases of Table 1 with
low peak fuel enthalpy, fuel temperatures would have exceeded
those for both pellet fragmentation and grain boundary cracking.
Since fuel temperature rise in the pellet periphery during RIA can
be assumed to be proportional to the peak fuel enthalpy due to
nearly adiabatic heating, it is a general consensus that the degree
of fragmentation and cracking of fuel and hence gas release would
probably increase with peak fuel enthalpy. However, we can see no
clear relationship in Fig. 2 between gas release and peak fuel en-
thalpy. On the contrary, we can find many cases that lower peak
enthalpy produces higher gas release. For example, 3 HBO tests
with peak enthalpies less than 75 cal/g yield very high FGRs of
around 18–23% [18]. The opposite extreme is the CABRI REP-Na2
test [11] in which gas release was only 5.5% for a very high peak
fuel enthalpy of 199 cal/g.

The fact that there is no clear relationship between RIA FGR and
peak enthalpy suggests that peak enthalpy is only one of the sev-
eral parameters influencing fission gas release during a RIA tran-
sient. So in the case that peak fuel enthalpy only is different with
all other conditions related to fuel pellet and RIA test conditions
being the same, the effect of peak fuel enthalpy on the FGR during
RIA event would be clearly revealed.

4.3. Effect of the ratio of peak fuel enthalpy to pulse width on RIA FGR

A ratio of peak fuel enthalpy to pulse width, an indicator repre-
senting how fast peak fuel enthalpy is stored per unit time, can also
be used to analyze the fuel behavior during a RIA event; the higher
the ratio, the more gas would be released. For example, even if the
peak fuel enthalpy would be the same for two RIA tests, a test with
shorter pulse width would yield higher gas release due to more
extensive grain boundary separation and pellet fragmentation
caused by faster temperature rise. This parameter could be better
than peak fuel enthalpy or pulse width in that it considers the ef-
fect of the two important parameters simultaneously.

Fig. 3 shows how the ratio of peak fuel enthalpy to pulse width
affects RIA FGR. As in the case of pellet average burnup and peak
fuel enthalpy, the relationship between RIA FGR and the ratio is
not revealed clearly. This also implies that the effect of other
parameters should be considered simultaneously to understand
the gas release during a RIA event.
4.4. Effect of FGR during base-irradiation on RIA FGR

In FGR modeling, it is generally assumed that grain face is first
saturated with gas bubbles and then additional gas atoms arriving
after saturation migrate to the grain boundary (grain edge and
grain corner) to form the release path along which gas release
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can occur. Furthermore, the amount of gas released during base-
irradiation is considered to be proportional to the degree of forma-
tion of release path [28]. Then the maximum amount of gas avail-
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Fig. 4. RIA FGR obtained in the CABRI and NSRR tests versus during base-
irradiation.
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Fig. 5. RIA FGR obtained in the CABRI and NSRR tests versus grain size.

Fig. 6. Typical architecture of ar
able for release during RIA would be the sum of fission gas at the
grain face and that retained at the grain boundary. In other words,
since RIA lasts for very short time of a few to dozens milliseconds,
only fission gas accumulated at the grain face and grain boundary
during base-irradiation would be available for release under RIA
conditions, implying that there could be a proportional relation-
ship between RIA FGR and gas release during base-irradiation. That
is, the higher the base FGR, the higher the degree of release path
formation along the grain boundary during base-irradiation,
resulting in higher release during RIA. This argument was partly
supported by the FK-series RIA tests with BWR fuel rods [14,21].

As noted in Section 2, when FGR during base-irradiation was
unavailable, it was assumed to be zero. Although the FGR would
have probably been greater than zero, it was difficult to estimate
this quantity using information given in the open literature. Fur-
thermore, even if we would assign some FGR values to the data
points for which measured values were not present, it is very likely
that the estimated value would be different from the real one, be-
cause, as it is usually observed in the database for FGR during base-
irradiation, large scattering of FGR exists even for the same burnup
depending on fabrication characteristics and irradiation history of
fuel rod. In addition, as shown in Fig. 7, the effect of FGR during
base-irradiation on RIA FGR is rather small compared to those of
the other four parameters: difference in 10% for FGR during base-
irradiation produces only 2.9% difference in RIA FGR. Therefore,
the assumption for zero value regarding FGR during base-irradia-
tion can be justified from the fact the effect of its value in the range
of 0–10% on RIA FGR is limited.

Fig. 4 indicates that a linear relationship, which was observed in
the FK-series tests [14], does not exist between RIA FGR and FGR
during base-irradiation. Since it is difficult to draw any meaningful
relationship in Fig. 4, we can say that other parameters should be
also considered.

4.5. Effect of grain size on RIA FGR

It is known that fission gas inventory at the grain boundary and
FGR are generally inversely proportional to grain size [29] with
other conditions being the same. But Fig. 5 indicates that, since
the grain size for most of the data is 10 lm or less, it is difficult
to draw a definite conclusion on the dependence of RIA FGR on
grain size.

4.6. Effect of the type of fuel rod on RIA FGR

As was discussed in Section 2, the difference between PWR and
BWR fuel in terms of the pellet-cladding gap size caused by clad-
ding creepdown could affect RIA FGR because mechanical loading
on pellet would be determined by pellet cladding mechanical
tificial neural network [33].
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Fig. 7. Effect of the five parameters on RIA FGR predicted by the ANN model.
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interaction (PCMI). In Figs. 1–5, the RIA FGR data for BWR fuels are
shown as open symbols, while for PWRs as closed ones. There is no
clear systematic difference between the types of fuel rods with re-
gard to FGR under RIA conditions.

4.7. Summary of data analysis for RIA FGR

Our analysis above revealed that it was hard to explain satisfac-
torily the FGR during RIA using only one specific parameter. That is,
irrespective of the parameters related to RIA FGR, it was difficult to
find a clear pattern which can be applied to all the test data.
Therefore, rather than an analytical model based on mechanis-
tic approach, we tried to develop an artificial neural network [8]
model that can predict the RIA FGR in a typical LWR fuel rod by
considering both fuel conditions before RIA and RIA test conditions
itself.
5. Artificial neural network model

Artificial neural network (ANN) is a computational architecture
constructed with a goal of mimicking biological networks. In more
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practical terms, the ANN is a non-linear statistical data modeling
tool which can be used to model complex relationships between
inputs and outputs. ANN is widely used in nuclear engineering
applications such as modeling of fission gas release during severe
accident conditions [30], core management [31], and thermohy-
draulic analysis [32].

Fig. 6 shows schematically a typical architecture of ANN; input,
hidden and output layer [33], and corresponding nodes (neurons).
I1 to In represent the input nodes, H1 to Hm the hidden nodes, and O
the output node. The factors Wij and Zk are the adjusting weights
connections between input-hidden layer and hidden-output layer,
respectively. Generally, the number of hidden layer is determined
by trial and error seeking as few hidden layers as possible without
losing accuracy of the system. One hidden layer with optimal num-
ber of nodes is generally accepted as adequate in many
applications.

The nodes in the input layer correspond to independent input
variables of the problem and transmit the input variables to the
succeeding layer. The ANN calculates a weighted sum of input val-
ues, performs a simple mathematical operation on the sum via
transfer function [34] and then passes the result onto the next
layer, which is the output layer when the number of hidden layers
is one, with weight factors. To implement the ANN for solving a
specific problem, nodes’ weights in the ANN should be properly ad-
justed with samples for the problem [8]. This adjusting process is
called ‘training’. There are many training algorithms but we used
the most popular training algorithm, back propagation algorithm
[34].

The back propagation algorithm requires sample training data
with desired output. After presenting a training sample to the
ANN, the ANN’s output is compared with the desired output from
that sample and then the errors in output nodes are calculated. As
the algorithm’s name implies, the errors propagate backwards
from the output nodes to the inner ones. The back propagation is
used to calculate the gradient of the error of the network with re-
spect to the network’s modifiable weights. Then, it looks for the
weights that minimize the error [35].
0

1

2

3

4

 Pulse width
Grain sizePeak fuel enthalpy     FGR during 

base-irradiation
Peak fuel 
enthalpy

Pellet avg.
burnup

Se
ns

iti
vi

ty
 o

f t
he

 A
N

N
 m

od
el

 (%
)

Fig. 8. Sensitivity of the ANN model for the five parameters.
6. ANN model for RIA FGR

An ANN model implemented in this paper consists of one input
layer, two hidden layers, and one output layer. It is important to se-
lect an appropriate number of input parameters in ANN because
too many input parameters will drastically slow down the learning
process. In this work, of the various parameters that can be used as
input, the five ones analyzed in Section 4 are chosen for five nodes
on the input layer; pellet average burnup, peak enthalpy, the ratio
of peak fuel enthalpy to pulse width, FGR during base-irradiation,
and grain size of fuel pellet.

The first hidden layer has five nodes and the second hidden
layer has two nodes, which are optimized by a comparison of the
calculation results with the measured data. One output node on
the output layer is used for the fission gas release during RIA tests.
The hyperbolic tangent function is used for the transfer function of
the ANN.

The ANN model for RIA FGR was trained and then developed
using a back propagation algorithm [34] for the data set of Table 1.
Usually half of the data is used for training and the other for pre-
dicting, because if all the data are used for training, it is difficult
to know if the developed ANN model could be applied to predict
data obtained in different conditions. In our case, however, since
the number of data points 42 is rather small, we used 37 data for
training. The remaining five data points (FK-3, GK-1, HBO-2,
HBO-3, and HBO-4) were excluded because their deviation from
the general trend misled the training of the ANN model.
7. Results and discussion

7.1. Sensitivity study of the ANN model

Using the developed ANN model, the effect of each input
parameter on RIA FGR was studied to see if the model would give
physically reasonable results. Fig. 7 shows how the RIA FGR de-
pends on each parameter with the other four ones being fixed at
their respective means calculated from the data set of Table 1.
While RIA FGR increases with the pellet average burnup, peak fuel
enthalpy, the ratio of peak fuel enthalpy to pulse width, and FGR
during base-irradiation, larger grain gives smaller RIA FGR. There-
fore, it can be concluded that the present ANN model provides a
physically acceptable result.

Fig. 8 shows the sensitivity analysis results of the ANN model,
providing a measure of the relative importance of each parameter
for RIA FGR. For example, the sensitivity of 3.2% for pellet average
burnup is calculated as follows. First, the mean and standard devi-
ation value of the pellet average burnup are derived from the 42
data points of Table 1, where the mean and one standard deviation
are 48.5 and 13.5 MW d/kg U, respectively. Then, with the other
four input parameters being fixed at their respective mean values
obtained also from the data, the RIA FGRs are calculated for the pel-
let average burnups which are evenly divided into 100 intervals
between one standard deviation lower than the mean (35 MW d/
kg U) and one standard deviation higher than the mean
(62 MW d/kg U). Finally, from the 100 calculations of RIA FGR
made by the ANN model, the sensitivity defined as one standard
deviation of the calculated FGRs is obtained. The sensitivities for
the other parameters are obtained by the same procedure. Fig. 8
indicates that, although the pellet average burnup and the ratio
of peak fuel enthalpy to pulse width are two of the most important
parameters, the other three also play a comparable role, suggesting
that the five parameters were chosen well.
7.2. Analysis of the test data by the ANN model

Fig. 9a compares the calculated RIA FGR by the ANN model with
the measured data. Except for the seven data points whose test
names are shown in the figure, the ANN model predicts FGR within
the uncertainty of ±4% for the remaining 35 cases, which corre-
sponds to 83% of the total data.

An investigation was made to explain why in contrast with
other cases a rather big discrepancy exists for the seven tests; in
other words, why they show unusual behavior from the viewpoint
of RIA FGR. As for the three HBO-series tests (HBO-2, -3 and -4)
that experienced very high fission gas release (17.7–22.7%) for
low peak fuel enthalpies (37–74 cal/g) [18], PIE showed that these
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Fig. 9. (a) Comparison of RIA FGR calculated by the ANN model with measured
value and (b) ratio of calculated to measured RIA FGR versus pellet average burnup.

Table 2
Reason for the differences between the measured and calculated RIA FGRs.

Test Unexpected results PIE observation

HBO-2,
HBO-
3,
HBO-
4

High FGR (17.7–22.7%) for low
peak fuel enthalpies (37–74 cal/
g)

Much more fine cracks in the
pellet periphery than other
fuels [19]

TK-1 High FGR (20%) for medium
burnup (38 MW d/kg U)

Extensive pellet cracking in the
fuel pellet led to large gas
release [36]

GK-1 High FGR (12.8%) for 42 MW d/
kg U and 93 cal/g

A certain number of
microcracks at the pellet
periphery [20]

FK-1,
FK-3

Low FGR for high peak fuel
enthalpy: FK-1 (8.2%/130 cal/g),
FK-3 (4.7%/145 cal/g)

Release path was not formed in
the pellet periphery during
base-irradiation [36]
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fuels had fine microcracks in the pellet periphery that were much
more significant than others undergoing similar RIA test conditions
[19]. However, the reason for the formation of the unusually high
number of microcracks was not clearly revealed.

As for FK-1 and FK-3 [14], they showed rather low FGR of 8.2%
and 4.7% for the relatively high peak fuel enthalpies of 130 and
145 cal/g, respectively. This might be linked to the low FGR (1.5%
and 0.3%) during base-irradiation, because this implies that, at
the outer part of fuel pellet where most of the retained gas could
be released during RIA, either the release path was not effectively
formed or the amount available for release at the grain boundaries
was low. In support of this argument, detailed examination of FK-1
provided the evidence that most fission gas was released from the
center region of the test fuel pellet during RIA test [36].

GK-1 with burnup of 42 MW d/kg U had a rather high FGR of
12.8% for a moderate peak enthalpy of 93 cal/g. PIE after the test
showed that it had several microcracks at the pellet periphery that
were considered to be generated by a very steep temperature gra-
dient produced during the very quick heating in the pulse irradia-
tion [20].

The RIA FGR of TK-1 (20%), corresponding to all the fission gas
accumulated in the grain boundaries [14], is very high considering
its burnup (38 MW d/kg U) – low for the formation of high burnup
structure – and the peak fuel enthalpy of 126 cal/g that would have
led to the peak centerline temperature far below than a threshold
one (2100 K) for intragranular gas migration by diffusion in the
pellet central region [3]. Ceramography showed extensive pellet
cracking in the fuel pellet of TK-1 [36]. From all this information,
it is deduced that, even if the HBS is not formed or HBS width is
very limited in the pellet periphery, fission gas can be released
by the separation of as-manufactured grains in the outer part of
fuel pellet during RIA.

Fig. 9b shows the ratio of calculated to measured RIA FGR as a
function of pellet average burnup. Three data points of HBO-series
test (HBO-2, -3, and -4) have ratios lower than 0.5, and FK-3 and
OI-10 have ratios higher than 2. The reason for a large deviation
of the three tests of HBO-series and FK-3 from the calculations
was explained above. As for OI-10, while a large grain size of
28 lm [16] yielded a lower FGR (2.6%), the calculated value was
high due to the relatively high burnup (60 MW d/kg U) and high
peak fuel enthalpy (104 cal/g).

Table 2 summarizes the reason why there exists a big difference
between the measured and calculated RIA FGRs for seven cases
(HBO-2, HBO-3, HBO-4, TK-1, GK-1, FK-1 and FK-3).
7.3. Application of the ANN model to LWR fuel

The present ANN model was applied to LWR fuel rods to esti-
mate how much gas would be released under typical RIA condi-
tions. Input values of the five parameters for LWR fuel were
chosen as shown in Table 3. The grain size of fuel pellet is assumed
to be 10 lm since this is a typical value for LWR fuel. The pulse
width for rod drop accident in BWRs is estimated to be 100 ms
[37], and the one for rod ejection accident in PWR is in the range
of 25–40 ms [38]. Therefore, to cover the pulse width for both
PWR and BWR fuel, three values of pulse widths—20, 60 and
100 ms—were chosen for parametric analysis. The maximum fuel
enthalpy change in PWR is given as 100 cal/g [37]. In most cases,
FGR during base-irradiation does not exceed 10% and so the upper
limit is taken to be 10%. To cover the fuel burnup reached in recent
LWR fuel, the maximum pellet burnup is given as 80 MW d/kg U.
And the minimum burnup of 20 MW d/kg U is selected because it
is the lowest burnup in the database (see Table 1) used for this
analysis.

By combining the respective values for the five parameters, a to-
tal of 180 calculations (36 for each of the five burnups 20, 35, 50,



Table 3
Parameters for the application of the ANN model to typical LWR RIA conditions.

Parameters Values

Grain size (m) 10
Pulse width (ms) 20, 60, 100
Peak fuel enthalpy (cal/g) 40, 60, 80, 100
FGR during base-irradiation (%) 0, 5, 10
Pellet average burnup (MW d/kg U) 20, 35, 50, 65, 80

20 30 40 50 60 70 80
0

5

10

15

20

25

30

35

each burnup.
80 MWd/kgU cover the 36 calculation results at

- - -  RIA FGR(%)=0.00444 BU2 - 0.208 BU+5.33 CABRI REP-Na
 NSRR-MH
 NSRR-GK
 NSRR-HBO
 NSRR-TK
 NSRR-OI
 NSRR-JM
 NSRR-TS
 NSRR-FK
 NSRR-MR
 NSRR-RH

Fi
ss

io
n 

ga
s 

re
le

as
e 

du
rin

g 
R

IA
 (%

)

Pellet average burnup (MWd/kgU)

The vertical lines at 5 burnups 20, 35, 50, 65, and  

Fig. 10. Comparison of the ANN model’s calculation for typical RIA conditions of
LWR fuel with the measured data obtained in the CABRI and NSRR tests.
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65, and 80 MW d/kg U) were made by the present ANN model to
calculate RIA FGR. The median FGRs for the 36 calculations at the
five burnups, 2.9–17.1%, can be fitted by a quadratic formula as
shown in Fig. 10: RIA FGR (%) = 0.00444 BU2 � 0.208 BU + 5.33,
where BU is a pellet average burnup (MW d/kg U). The vertical
lines at the five burnups, whose magnitudes are 1.2–1.9%, show
the spread of the 36 calculations at each burnup. When considering
these spreads depending on the combination of the input values
for the parameters, RIA FGR is calculated to be 1.7–14.0% for the
pellet average burnup ranging from 20 to 70 MW d/kg U—the min-
imum and maximum burnup for the database of this work.

The quadratic formula in Fig. 10 is derived as follows. First, for
each of five pellet average burnups, 36 RIA FGRs are calculated by
the ANN model. Then the median FGR of the 36 results is assumed
to be the representative value for the burnup being considered.
Since five representative FGRs are available for five pellet average
burnups, we can derive a formula which can fit them best. In con-
trast to general observation that RIA FGR would be proportional to
burnup, this study suggests that burnup has a stronger influence
on RIA FGR than expected; in other words, RIA FGR increases with
the square of burnup.

The reason why RIA FGR for LWR conditions is expressed in
terms of pellet average burnup is that the other four parameters
would be either fixed more or less or determined to a certain de-
gree in LWR. Grain size of fuel pellet is around 10 lm in most
cases. Pulse width and peak fuel enthalpy – consequently the ratio
of peak fuel enthalpy to pulse width – would deviate only slightly
from their typical values in both PWR or BWR. And the effect of
FGR during base-irradiation in the range of 0–10% is limited as
shown in Fig. 10. Therefore, pellet average burnup only would be
a dominant parameter affecting RIA FGR under typical LWR
conditions.
The key difference between the two predictions for Figs. 9 and
10 is that, although the same ANN model was used, different input
parameters—especially pulse width—were used for the two cases:
shorter one for CABRI and NSRR test (less than 10 ms except for
just two cases of REP-Na4 and REP-Na11 with pulse widths of 76
and 31 ms, respectively,) and longer one for the calculations for
the fitting line of Fig. 10 (20–100 ms). As expected, Fig. 10 shows
that, in most cases, RIA FGRs under LWR conditions are lower than
those obtained in CABRI and NSRR tests at the same burnup mainly
due to the effect of longer pulse width. This implies that the ANN
model provides a reasonable result and accordingly the model
developed in this work can be applied to predict RIA FGR in LWR
fuel.
8. Conclusions

Since the fission gas release during RIA is important in deter-
mining mechanical load on fuel cladding, RIA FGR obtained in CAB-
RI and NSRR tests were analyzed in terms of five parameters: pellet
average burnup, peak fuel enthalpy, the ratio of peak fuel enthalpy
to pulse width, fission gas release during base-irradiation, and
grain size. The analysis revealed that, to understand the release
behavior during RIA, all the relevant parameters affecting fuel
behavior should be considered simultaneously.

A fission gas release model based on ANN method was devel-
oped using the CABRI and NSRR data. The model predicts the fis-
sion gas release under RIA conditions as a function of the five
parameters mentioned above. Parametric study of the model
shows a physically reasonable trend for the five parameters. And
it also reveals that, although the pellet average burnup and the ra-
tio of peak fuel enthalpy to pulse width are two of the most impor-
tant parameters, the other three also play a comparable role,
suggesting that the five parameters were chosen well. The model
was applied to calculate FGR during RIA events of typical LWRs,
yielding 1.7–14.0% depending on the combination of inputs for
the five parameters.

Regarding radioactive source term under RIA conditions, the
ANN model of this work is only able to consider the case that fuel
rod remains intact during RIA; the model predicts the fission gas
inventory in the pellet-cladding gap available for release when fuel
cladding fails. On the other hand, for the case that fuel failure oc-
curs at high enthalpy under a RIA event, the source term should
be analyzed using test results obtained at high enthalpies leading
up to fuel fragmentation or melting [39].
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