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ARTICLE INFO ABSTRACT

Keywords: During a loss of coolant accident (LOCA), elevated temperatures and depressurization of the primary circuit can
Loss-of-coolant accident (LOCA) lead to cladding ballooning and burst. In the frame of the R2CA project (Reduction of Radiological Consequences
Cladding

of design basis and design extension Accidents), funded in HORIZON 2020 and coordinated by IRSN (France),
new burst models were developed to better evaluate the number of failed rods during a LOCA. A large literature
review was performed to build various best estimate burst criteria as well as lower and upper envelopes and a
conservative strain limit reduction approach. The impact of the cladding state was partially considered (only the
hydrogen impact was quantified) due to a lack of data.

Experimental data were reassessed with advanced scanning methods, providing a deeper understanding of the
cladding deformation occurring during ballooning and burst.

A series of validation tests were carried out with the DRACCAR and FRAPTRAN codes to compare the burst
parameters (in this case temperature and strain) calculated with the new and the original burst criteria. The
temperature calculated using the new burst limits was better reproduced with DRACCAR, but was more con-
servative with FRAPTRAN, than the values obtained using the original burst criteria of the codes. Burst strain was
typically underestimated in both codes when using the new burst limits. The new criteria are therefore well
suited to give a best-estimate or somewhat conservative estimate of the number of failed rods with respect to
assessing the radiological consequences of a LOCA.

The need to disentangle the impact of parameters like the heating mode or the type of test (single or bundle)
was outlined. More work with advanced methods is needed to evaluate test type impacts and uncertainties.

Burst criteria

1. Introduction triggering burst. Other types of burst criteria on temperature or engi-

neering burst stress that are not directly linked to strain may allow a

Elevated temperatures and depressurization of the primary circuit
can lead to cladding ballooning and burst during a LOCA. To assess
radiological consequences during a LOCA, the number of failed fuel rods
evaluation is a key parameter. Some of burst criteria used in the past
were dedicated to predicting a best-estimate or an upper envelope of
cladding strain to deal with flow blockage and assess core reflooding.
This is the case of burst criteria on cladding strain (like the NUREG-630
or the EDGAR strain envelopes (Powers and Meyer, 1980; LOCA, 2009;
Forgeron et al., 2000) or on true burst stress (Forgeron et al., 2000;
Rosinger, 1984). This type of criteria generally leads to acceptable burst
strain predictions because strain is directly included in the parameter
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better prediction of burst temperature since this parameter is directly
fitted. With such models strain may not be well predicted due to creep
modelling high sensitivity close to burst (very high strain rates can be
reached close to burst). This work is aimed to define new burst criteria
based on an updated experimental database covering several test con-
ditions with an extensive literature review to better evaluate the number
of failed fuel rods during a LOCA by proposing best-estimate criteria and
upper and lower envelopes to estimate the range of burst fuel rods
proportion. The work was initiated in 2020 in the frame of the R2CA
project (Reduction of Radiological Consequences of design basis and
design extension Accidents), funded in HORIZON 2020 with the goal to

Received 23 November 2023; Received in revised form 18 March 2024; Accepted 17 May 2024

Available online 27 May 2024

0306-4549/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tatiana.taurines@irsn.fr
www.sciencedirect.com/science/journal/03064549
https://www.elsevier.com/locate/anucene
https://doi.org/10.1016/j.anucene.2024.110646
https://doi.org/10.1016/j.anucene.2024.110646
https://doi.org/10.1016/j.anucene.2024.110646
http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2024.110646&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Taurines et al.

Annals of Nuclear Energy 206 (2024) 110646

Table 1

General overview (cladding alloy, test type and number of tests) of the database.
AlloyTest type Zry-4 M5/E110/Zr-1 %Nb Zirlo/Opt Zirlo Zry-2
Creep 78 12 0 0
T ramp 1093 55 79 12
P ramp 31 49 0 0
Total 1202 116 79 12

Table 2

Main Burst Database characteristics described with independent lines (For each testing characteristic, the
number of tests/fraction of the overall database are provided — In green more than 50% of the test
database, in orange more than 25%, in blue other tests).

Heating Mode

Alloy

Test Type

Cladding state

Rod
configuration

Environment

External External Nuclear
Electrical Infrared
Heater Heater
104/7.4 % 126/8.9% 85/6.1%
M5/E110/Zr- Zirlo/Opt Zirlo | Zry-2
1%Nb
116/8.2 % 79/5.6 % 12/0.9%
Creep P ramp
90/6.4 % 80/5.7 %
Pre-hydrided Irradiated
or/and pre-
oxidized
161/11.4 % 51/3.6 %

Inert

249/17.3 %

update a LOCA burst database and to define simple burst envelopes
dedicated to burst occurrence predictions. Therefore, a large review of
literature and IRSN unpublished burst tests was performed completed
with reassessments of existing tests using advanced scanning methods.
Simple models based on engineering stress and burst temperature were
fitted and compared to historical and recently published models (Powers
and Meyer, 1980; Meyer and Wiesenack, 2022). Finally various models
were tested with two fuel performance codes (FRAPTRAN and DRAC-
CAR), models accuracy on burst temperature and burst strain was
studied.

2. Burst database reassessment
2.1. Selected datasets

Work previously published on a Zry-4 burst database from literature
and IRSN data (Jacq and Taurines, 2021) was completed to about 1440
LOCA burst tests performed on most common light-water cooled re-
actors cladding alloys Zry-4, M5/E110/Zr-1 %Nb, Zirlo and Optimised
Zirlo and Zry-2 (Table 1). More than twenty experimental programs
were analysed (Massih and Jernkvist, 2015; Nagase and Fuketa, 2006;
Nagy, 2018; Sawarn, 2017; Yadav, 2018; Chapman et al.,, 1984;
Chapman, 1979; Chung and Kassner, 1978; Darchis et al., 1984; Karb
et al., 1983; Markiewicz and Erbacher, 1988; Mohr, et al., 1983;
Repetto, 2016; Report on Fuel Fragmentation, 2016; Stuckert et al.,
2013; Stuckert et al., 2014; Stuckert et al., 2015; Stuckert, et al., 2018;
Stuckert, et al., 2018; Stuckert, et al., 2018; Thieurmel, 2018; Wiehr and
Harten, 1986; Wilson et al., 1993; Wilson, et al., 1983). Almost 80 % of
tests were performed on Zry-4 samples under temperature ramps (rate
controlled or semi-integral tests) (cf. Table 1). The main characteristics

of the collected tests are compiled in Table 2.

Histograms on main burst parameters are given in Fig. 1 and per-
centiles are given in Table 3. Engineering burst stress (ce) and circum-
ferential strain (e,) were calculated as follows:

Pi(re - tO)_Pere

o=~ €
With

C.-C
="t @)

e

Where P; is the internal pressure at burst time, P, is the external pressure
at burst time, r, the cladding external radius, ty the cladding thickness
for as-received geometry’ and e, the circumferential strain at mid-burst
height (generally maximum circumferential strain). C, is the maximum
cladding external circumference at burst and C? is the initial cladding
external circumference. In some references (LOCA, 2009; Jacq and
Taurines, 2021) the engineering stress is approximated by Geqprox =

w. This approximation leads to an overestimation of engi-

neering burst stresses by (P;—P,)/2 compared to Eq. (1). In the
following, when data or criteria from this work are compared to liter-
ature references using this approximation, engineering stresses are
corrected (using the current burst database, the fit leads to Gegpprox =

! For irradiated or pre-oxidized claddings, the influence of the zirconia layer
on burst stress and strain is not well described in literature. In this study, as-
received geometry was used for engineering burst stress evaluations, the
corrosion layer impact was not taken into.
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Fig. 1. Histograms of selected parameters. a) Engineering burst stress (MPa), b) Heating rate (°C/s), c¢) Circumferential burst strain (%), d) Burst temperature (°C).
Blue all database, orange tests on as-received cladding internally heated. (For interpretation of the references to colour in this figure legend, the reader is referred to

the

web version of this article.)

Table 3

Some statistics about main burst parameters.
PercentileParameter 0(min) 0.1 0.25 0.5 (median) 0.75 0.9 1(max)
Tburst (°C) 525 710 757 813 889 993 1330
Heating rate (°C/s) 0 0 1 6 19 71,4 223
Engineering Burst Stress (MPa) 2.1 8.9 26.9 38.2 56.3 75.4 144.7
Engineering Circumferential Burst Strain (%) 4 16 28 43 66 89 155

1.056 ¢ 6, R% = 0.999).

2.2.

Comparison with existing criteria

Typical burst criteria include limits on circumferential strain and

stress.

Maximum circumferential strains at burst are plotted in Fig. 2 for all
heating modes or only for internal heating modes with two heating
rate ranges (between 1 and 10 °C/s and above 25 °C/s). The NUREG-
0630 (Powers and Meyer, 1980) envelope is also plotted for com-
parison in Fig. 2. These figures highlight very strong scattering in
burst strain versus burst temperature, indeed similar

thermomechanical loading can lead to very different ballooning
behaviour and burst strains. It is known from literature that small
azimuthal gradients can strongly influence bust strain (Rosinger,
1984; Karb et al., 1983), cladding state like external and/or internal
oxide layer (Dominguez et al., 2022) or hydrogen content (Forgeron
et al., 2000; Meyer and Wiesenack, 2022; Suman, 2021) strongly
impact burst strain and/or burst temperature. The authors could not
perform detailed analysis of these parameters influence since avail-
able data is not informative enough and other parameters like the
experimental conditions and measurement uncertainties have a too
strong impact and are entangled. The strain limits proposed in
(Powers and Meyer, 1980) can be considered as an upper envelope
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Fig. 2. Maximum circumferential burst strain versus burst temperature compared to NUREG-0630 (Rosinger, 1984) strain envelopes. a) All heating modes, heating
rates between 1 and 10 °C/s, b) All heating modes, heating rates higher than 25 °C/s, c) Internal heating modes, heating rates between 1 and 10 °C/s and d) Internal
heating modes, heating rates higher than 25 °C/s. Marker sizes are proportional to the heating rate.
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Fig. 4. True burst stress versus burst temperature with colour map on heating rate and EDGAR criterion built from creep tests (continuous line) (Yadav, 2018).

above 1000 °C for internally heated tests but not for burst at lower
temperatures nor for external heating modes.

The same kind of analysis was performed on engineering stress to
compare burst data with the Chapman criterion (Powers and Meyer,
1980):

20.409(1 _
1+H

85100000,
100(1 + H) + 2790 6.

Tyurse ('C) = 3960 — ®)

Where Thyst is the burst temperature (°C), o the engineering hoop
stress (kpsi) and H is the ratio of the heating rate in °C/s to 28 °C/s (H
varies from O to 1).

Figures Fig. 3a) shows that the Chapman criterion clearly over-
estimate burst temperature for most of the tests performed at low
heating rates (<10 °C/s), tests performed around 30 °C/s are consistent
with this criterion. Fig. 3b) shows that at high heating rates the shift on
burst temperature saturates and that similar heating rates and pressure
differences at burst can lead to a burst temperature range larger than
100 °C.

True burst stress was also analysed to look for trends and to help
build a new burst criterion. The data are compared with the EDGAR
criterion proposed in (Forgeron et al., 2000) from creep tests performed
on Zry-4 (cf. Fig. 4). The EDGAR criterion is fairly consistent with
collected data. Data scatter is very strong with burst stress differences
varying within a decade.

To qualitatively illustrate the impact of the heating rate on true burst
stress, data were plotted for several heating rate ranges (cf. Fig. 5). The
EDGAR criterion was fitted on creep tests in isothermal conditions and is
consistent with tests performed at low heating rates (cf. Fig. 5a). For
higher heating rates, the data clearly shifts towards higher burst tem-
peratures compared to the criterion. This shift could be linked to the
shift of the phase transition with heating rates as reported in (Forgeron
et al., 2000). Data at intermediate heating rates (cf. Fig. 5b) and d))
seems to show a simple linear behaviour, this could be due to a lack of
data at high temperature.

2.3. Revisiting burst tests by detailed investigation of cladding geometry

As seen above, due to the nature of high-temperature clad
ballooning, even samples tested in similar conditions may suffer
significantly different total strains at burst, which gives rise to a large
scatter in the experimental data. This scatter makes it extremely difficult
to define the burst strain limit, which in turn increases the uncertainty of
code calculations. In order to overcome this difficulty, in the framework
of the R2CA project the geometry of ballooned and burst samples was
studied at EK to investigate whether the local ballooning can be isolated
and the burst parameters can be set up based on the remaining, uni-
formly expanded part of the cladding, or some other convenient method
can be found to reduce the scatter. The samples were made from the
Russian cladding alloy E110 containing 1 % of niobium, and the tests
were performed at constant temperature and with increasing inner
pressure, as recommended in references (Yegorova et al., 1999; Yegor-
ova et al., 2001).

Two types of geometry data were used in the project that in the
following will be called engineering-level data and local data. At the
engineering level the geometry in a certain axial position is typically
given by the total strain, from which the average thickness can be
calculated, whereas the local data contain local thicknesses. All strains
mentioned in this section are engineering strains, not true strains.

The total strain is usually provided in the experimental datasets, but
it is not always clear what it really refers to and how it was determined.
Some experimentalists (Yegorova et al., 1999; Yegorova et al., 2001)
define burst strain as the strain at the tip of the crack, whereas most
others (Erbacher, 1997; Perez-Fero et al., 2013) as the strain at mid-
burst. The aim of the work presented here was to compare a) local
thicknesses to the average thicknesses at a given axial position, and b)
strains measured at several special axial positions to each other. The
special positions were outside of the balloon, at the edge of the balloon,
at the burst crack tip and at the middle of the burst crack.

2.3.1. Measurements made on the samples and data processing
Since the behaviour of the cladding depends on the temperature,
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Fig. 5. True burst stress versus burst temperature with colour map on heating rate and EDGAR criterion built from creep tests (continuous line) (Yadav, 2018) a) For

heating rates in the range 0-0.5 °C/s, b) For heating rates in the range 1-5 °C/s, c) For heating rates in the range 5-10 °C/s and d) For heating rates in the range
100-223 °C/s.

pressure increase rate, material, thickness, etc., two different variants of
the Russian alloy (denoted as E110 and E110G or E1100pt) tested at the
largest possible temperature range and at very different and LOCA-

Table 4
Matrix of samples for the assessment of the cladding thickness at mid-burst.

dp/dt ~ 0.6 bar/s dp/dt ~ 2.7-6.6 bar/s relevant pressure increase rates were investigated — taking into ac-
T ~ 800 °C E110 3xE110 count the availability of samples. The ballooning-and-burst tests had
T ~ 900 °C E110 2xE110 been performed at EK at constant temperature and constant pressure
T ~ 1000 °C E110 2xE110

increase rate. The original inner radius of the cladding was 3.88 mm, the

T~1100°C E110 - outer radius was 4.55 mm, except for the samples denoted by ‘slim’
T ~ 1200 °C - E110 . .
where the outer radius was 4.45 mm. Two series of measurements were
made.
In the first series twelve samples from the second part of the exper-
Table 5 imental series BALL from the AEKI database (Perez-Fer¢ et al., 2013)
Matrix of samples for the 3D CT assessment. were examined (cf. Table 4). The selection was based on the availability
dp/dt ~ 0.5 bar/s dp/dt ~ 1.5-2.6 bar/s of samples, the completeness of the temperature range and the different
T ~ 700 °C E110G slim E110G behaviour of the cladding at very slow (about 0.5 bar/s) and relatively
T ~ 800 °C 3xE110G, E110G slim, E110 E110G, E110 fast (about 2 to 6 bar/s) pressure increase rates. All of them had been
T ~ 900 °C E110G, E110G slim 2xE110G cast in resin and cut at mid-burst earlier. Now a high-resolution picture
T ~ 1000 °C E110G E110G was taken from each sample and points were recorded along the inner
T ~ 1200 °C E110G E110G

and the outer circumference, opposite each other. The coordinates were
determined and the thickness was calculated in each point. The pa-
rameters of the samples are summarised in the following table.



T. Taurines et al.

Annals of Nuclear Energy 206 (2024) 110646

800 °C, 0.6 BAR/S

WALL THICKNESS (MM)
o o o o o o o
[ N N B N

o
o

10

15

20

25 30 35 40 45

CIRCUMFERENTIAL DISTANCE (MM)

Fig. 6. Delimiting lines between burst lips, local balloon and remaining (‘thick’) part.

MID-BURST TOTAL

1.6
* @ dp/dt=0.5 bar/s

W dp/dt=1.5 bar/s
dp/dt=2.6 bar/s

14 |
1.2 *

1.0 *
0.8
0.6
0.4
0.2

0.0
600

STRAIN (-)

o By

700 800 900 1000 1100 1200

TEMPERATURE (°C)

MID-BURST THICK PART

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0
600

* @ dp/dt=0.5 bar/s
] M dp/dt=1.5 bar/s
dp/dt=2.6 bar/s

STRAIN (-)

*
* |
¢ -
700

800 900

TEMPERATURE (°C)

1000 1100 1200

Fig. 7. Left: total strains at mid-burst, right: strains omitting the balloon.

In the second series eighteen samples from previous ballooning-and-
burst experiments were subjected to a computer tomography (CT) scan,
selected based on the same principles as the previous ones (cf. Table 5).
The resulting gigabytes of points representing each sample were then
processed in order to first determine the inner and outer surface of the
cladding every 0.1 mm axially and azimuthally, and then to smooth out
the noise of the measurement. In the next step straight lines were fitted
at each point to the inner and the outer cladding surface and the distance
between these was determined as the thickness of the cladding. Finally,
the axial positions of interest (non-ballooned section, edge of the
balloon, edge of the burst, middle of the burst) were determined
manually and the cladding thickness data pertaining to these positions
were isolated.

2.3.2. Comparison of local vs. average thickness

Classically the total circumferential elongation at mid-burst (or at
the burst edge) is measured and the total strain is calculated from this.
Considering how variable the shapes of the bursts and the burst lips are,
there was a hope that excluding the local balloon or only the burst lips
from the measurements would reduce the scatter in the burst strain data.
This exclusion would mean e.g. in Fig. 6 that only the part between the
dotted lines would be kept if only the burst lips were to be omitted, or
the part between the dashed lines would be kept if the whole part that
could be tentatively identified as the local balloon were omitted.

Fig. 7 shows the strains obtained taking into account the whole cross-
section (left) and only the part without the local balloon (right). The
results are not dramatically different, and, contrary to expectations, the
scatter is not significantly smaller. Considering the amount of extra work
necessary to obtain the local data for the reduced azimuthal length and
how arbitrary it often is to determine what could be considered as the
local balloon, it is not worth processing and reassessing masses of
samples with this method.

2.3.3. Choice of the position where the burst strain is defined

Moving from the unballooned part of a sample towards the middle of
the burst, the strain increases. The samples subjected to CT were ana-
lysed from this point of view as well. For further usability only the total
strains were compared in all axial positions, so that the results can be
used without massive CT scans and data processing. Fig. 8 shows the
results. Some conclusions will be drawn in Section 3.3.

2.3.4. Additional outcomes of the measurements
Several features are of importance regarding Fig. 6, which also

appear in the other samples:

e The thickness is very much non-uniform, even far from the burst.
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Table 6
Parameters of the exponential correlations on engineering burst stress for various statistical parameters.
Omin Omean-std Omean Omean-+std Omax
K (MPa) 15365.53 13232.64 5928.69 5246.28 7488.42
qCc™ 0.008649 0.007650 0.006085 0.005552 0.005474
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Fig. 9. Engineering burst stress versus experimental burst temperature and exponential models for statistical parameters.
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Table 7
Burst temperature criterion fitting parameters for internally heated ramp tests
on as-received cladding.

A B C D
[§9) (MPa™t) (°C/s) (MPa™?)
1145.2 27.3 16.5 0.049

e The circumference cannot be clearly divided into a thinner balloon
region and a thicker, ‘uniform’ region that would be the non-
ballooned part of the cross-section.

e There are local minima in the thickness. The sample in Fig. 6 also
shows what is even more pronounced in others: the burst could have
occurred in several other locations as well, probably due to local
weak spots in the cladding material. This explains double ballooning
in some experiments.

3. New burst envelopes and temperature criterion

During this work, simple parameters were selected to propose burst
models without the need of fitting or using existing cladding thermo-
mechanical models like phase transition or cladding creep. Therefore,
engineering burst stress, burst temperature and the heating rate have
been selected. Engineering stress is less sensitive than true stress to creep
and strain measurements since it is only influenced by pressure evolu-
tion and not to geometrical changes during creep. The impact of
hydrogen has been investigated and compared to literature data.

3.1. Engineering stress envelopes on the whole database

As a first approach, since no evidence of an impact in the phase
transition region appears in the scatter plot envelopes on engineering
burst hoop stress were fitted based on an exponential trend and
considering all data points from the database (all materials and test
conditions). To build these envelopes, all data were filtered in the range
700-1000 °C with a 25 °C temperature step; outside of this range there
were not enough data. For each group, statistical data (minimum, mean,
maximum values and standard deviation) were calculated and then each
one was fitted. The exponential envelopes were of the form Ggpyst(T) =
K*e~9T, where the parameters K and q are given in Table 6 and com-
parison to data is illustrated in Fig. 9. The extrapolation of the models

As-received cladding; Internal Heating

* This work “

1100

g 8

Calculated burst temperature (°C)

700
600

600 700 800 200 1000 1100 1200
a Experimental burst temperature ("C)

Calculated burst temperature (*C)
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outside of the 700-1000 °C range seems acceptable even if a slight un-
derestimation of true burst stress is observed.

3.2. R2CA temperature criterion on internally heated tests

As shown in (Yegorova et al., 2001) the effect of irradiation on the
mechanical properties of the cladding are annealed around a tempera-
ture of 800 K, i.e. approx. 650 °C. It is therefore feasible to use unirra-
diated samples to set up burst criteria for LOCA conditions. Based on
this, a temperature criterion like the Chapman criterion (Powers and
Meyer, 1980) has been fitted on as-received samples internally heated
(509 temperature ramp tests performed on various alloys but mainly
Zry-4), with heating rates between 0.8 and 38 °C/s (cf. Table 7). The
change in the function type is due to a very large scattering of data at
1 °C/s as shown in Fig. 12a).

° BGe,G

Tburst ( C) =A-
min (% 38)
I+ —¢—

Where Tpyrst is the burst temperature (°C), 6. the engineering hoop
stress (MPa) and ‘STT the heating rate (°C/s). This model is only valid for
heating ramps from 1 to 38 °C/s.

The comparison between calculated temperatures and experimental
temperatures is illustrated in Fig. 10.

The performance analysis of the burst criterion developed during this
work is summarized in Table 8. The mean error is of 26.7 °C and more

4

+ DGeg

Table 8

Burst temperature criterion performances compared to Chapman (Powers and
Meyer, 1980) and Meyer (Meyer and Wiesenack, 2022) criteria for internally
heated burst tests.

R2CA Chapman Meyer
temperature etal. et al.
criterion
Mean error{Tcak _ Texp‘ 26.7 °C 49.6 °C 46.3 °C
Proportion of overpredicted 52 % 61 % 71 %
burst temperature
Proportion of absolute 88.6 % 78.9 % 70.3 %

temperature error lower
than 50 °C

As-received cladding; Internal Heating

1200

1100

§

700
600
600 700 800 900 1000 1100 1200
b Experimental burst temperature (°C)

Fig. 10. Calculated versus experimental burst temperature with a) the R2CA temperature criterion, b) Chapman (Powers and Meyer, 1980) and Meyer (Meyer and
Wiesenack, 2022) criteria. Dashed lines correspond to + 50 °C from the bisector line.



T. Taurines et al.

Annals of Nuclear Energy 206 (2024) 110646

150 150
L
§
100 . 100
%) o
L o
@ %
5 s0 _§ 50 .
2 =
E E ° o, o
[ 0 g 0
£ £ g
o o
Q o
&5 -50 & -50
° -]
Q Q
2 2
© L
2 -100 |e 3 -100
© ®
o o
-150 -150
0 10 20 30 40 0 50 100 150
a . b ineeri
) Experimental dT/dt (°C/s) ) Engineering burst stress (MPa)
Fig. 11. Burst temperature error (calculated-experimental) versus a) the heating rate (°C/s) and b) the engineering burst stress (MPa).
) \ '
\ H o Experimental data \ \ O Experimental data
140 N : 140 :
\ : 1°C/s this work \ N \ ~———5°C/s this work
\ H {
\ s = = 1°C/s Chapman \ \ — = 5°C/s Chapman
: \ \
120 AN T e 1°C/s Meyer 120 \ e 5°C/s Meyer
= 100 = 100
a a
2 3
a a
£ 80 £ 80
@ 3
o0 o0
& &
@ @
AE 60 g 60
3 o0
o s
- -
40 40
20 20
0 0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
a ) Thurst (°C) b) Thurst (°C)
: \ VA
\ \ O Experimental data v O Experimental data
140 \ ' 140 4
. \ ———10°C/s this work \‘ \ 30°C/S this work
\ “| = = 10°C/s Chapman W = = 30°C/s Chapman
\
120 \ \ ====10°C/s Meyer 120 \ 30°C/s Meyer
= 100 = 100
a o
2 3
2 2
£ 80 £ 80
@ 3
o0 -
& &
$ $
£ 60 £ 60
o =
o s
- -
40 40
20 20
0 0
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
C) Thurst (°C) d ) Thurst (°C)

Fig. 12. Burst criterion on engineering stress developed during R2CA, Chapman criterion and Meyer criterion for heating rates of 1, 5, 10 and 30 °C/s.
10



T. Taurines et al.

Annals of Nuclear Energy 206 (2024) 110646

Hydrogen content (wppm)

200 300

——This work
----- Meyeret al.
-120 alpha, Suman 2020

-140 = = s s3|pha+beta, Suman 2020

Impact on burst temperature (°C)
R
8

-160 — beta, Suman 2020

Linéaire (This work)
-180

ATpy=-0,18 H (wppm)

400 500 600 700 800
=~
-~ - -
.'... = -~
..... -
~

Fig. 13. Impact of hydrogen on burst temperature and comparison to literature from (Meyer and Wiesenack, 2022; Suman, 2021).

1.2

1.0 L 4
0.8 2

0.6

0.4 £

0.2

STRAIN RATIO BURST EDGE TO MID-BURST

0.0

600 700 800

V'S &
2
2
@ dp/dt=0.5 bar/s
dp/dt=1.5 bar/s
dp/dt=2.6 bar/s
900 1000 1100 1200

TEMPERATURE (°C)

Fig. 14. Ratio of the average strain at the burst crack tip to the average strain at the middle of the burst.

that 88 % of the tests are predicted within an error lower than 50 °C. The
comparison with two existing criteria shows that the new criteria is a
best-estimate model with a proportion of overpredicted burst tempera-
tures close to 50 % which is not the case for the two existing models that
clearly overestimate burst temperature in particular for low burst tem-
peratures. Nevertheless ell models fail to capture a few tests with burst
temperature lower than 700 °C.

Several investigations were performed to look for groups of tests
conditions poorly predicted by the model but no trends were found. For
example, the error versus the heating rate or the engineering burst stress
does not follow any trend as illustrated in. Fig. 11. 85 % of tests with
absolute burst temperature error higher than 50 °C were performed in
bundle configuration. In these tests, burst conditions could be influenced
by thermal environment or measurements may be less accurate than in
single configurations. The authors decided to keep bundle data in the

considered database.

The R2CA temperature criterion was also compared with the
Chapman criterion (Powers and Meyer, 1980) and the Meyer criterion
(Meyer and Wiesenack, 2022) for various heating rates (cf. Fig. 12) and
the following trends are observed:

e The stress limit versus temperature from this work and the Meyer
criterion have a similar behaviour, with a sharp decrease of burst
stress in the range 700-750 °C. In particular for heating rates lower
than 10 °C/s.

o The difference between the three criteria decreases with increasing
heating rates.

o At high engineering stresses (above ~ 80 MPa), burst temperature
predicted with the R2CA criterion is between the ones predicted by
Chapman and Meyer criteria.

11
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Fig. 15. Calculated burst temperature versus experimental temperature on
EDGAR test on Zry-4 with DRACCAR true stress criterion and R2CA tempera-
ture criterion and linear fitting (y = ax). Gray dashed lines correspond to +
10 %.

e At 1 °C/s, the R2CA criterion predicts lower burst temperatures than
the two other criteria.

e For low stresses (<20 MPa) the R2CA criterion predicts higher burst
temperatures than the two other criteria, in particular at 30 °C/s.

As mentioned in the introduction, hydrogen content leads to lower
burst temperatures. 35 tests with hydrogen content up to 750 wppm
were analysed to quantify the impact on burst temperature which leads
to:

Annals of Nuclear Energy 206 (2024) 110646

A comparison with published correlations from literature is illustrated in
Fig. 13, the correlation proposed in this work leads to a higher impact of
hydrogen on burst temperature. It may come from the fact that
considered data mix various experimental programs which was not the
case in references (Meyer and Wiesenack, 2022) or (Suman, 2021). More
data is necessary to better quantify the impact of hydrogen content in
various cladding thermomechanical loadings.

3.3. E110 strain criterion

The edge of the burst crack represents the area where local instability
starts, therefore based on the information presented in Section 2.3 it has
been decided to use it as an alternative to the middle of the burst. The
scatter of the data is not reduced considerably by using the strain at the
edge of the burst instead of the middle, only the absolute values are, as
summarised in Fig. 14. If the edge of the burst is considered instead of
the middle, the reduction in strain is in almost all the cases above 60 %.

The measured average strains at mid-burst or any curve fitted to
these can be used as a best-estimate strain, e.g. to fit the mechanical
models of the codes. A reduction to 60 % of this value (which corre-
sponds to a conservative representation of the strain at the burst crack
tip) can then be used as a conservative burst strain for the evaluation of
the number of failed fuel rods in a LOCA scenario.

4. The effect of the new burst criteria on validation test cases
4.1. Validation of DRACCAR on selected tests

DRACCAR is a 3D computational tool dedicated to simulating
reflooding with channel blockage during LOCA (Glantz et al., 2017;

Glantz et al., 2017). It allows a direct coupling between the thermo-
mechanical behaviour of the fuel assembly and the thermal hydrau-

ATpu ('C) = —0.18 H(wppm), 0 < H > 750 wppm ) lics. The therrr'lo-mechamcal be?hawour of fue?l rods c?n51ders cla<'1d1n'g
creep, ballooning, burst and axial fuel relocation. Various burst criteria
were available in the code before the R2CA project, but most of them are
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Fig. 16. Calculated circumferential strain versus experimental circumferential strain for temperature ramp tests.
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Table 9
Validation cases for FRAPTRAN-VTT1.4.

Annals of Nuclear Energy 206 (2024) 110646

LOCA test Average heating rate Measured cladding Calculated burst temperature (°C)
ccs™ T at burst (°C) R .
FRAPTRAN R2CA engineering stress R2CA temperature Meyer &
original criterion mean envelope criterion Wiesenack 2022
IFA-650.5 5.0-5.5 750 781 732 732 725
IFA-650.6 1.7-1.9 830 813 793 766 801
IFA-650.7 9 1100 948 948 948 948
IFA-650.15 5.6—5.8 °C s~ ! until ballooning then 800 781 724 719 760
2.6 °C s ! for the remaining heat-up
phase
LOC-11Crod 3 80-90 °Cs™! until 55 then 11-12°Cs™!  No burst No burst No burst 740 No burst
LOC-11Crod 2 for the remaining heat-up No burst No burst No burst 752 No burst
LOC-11Crods No burst No burst No burst No burst No burst

1 and 4

M FRAPTRAN original criterion

@ Meyer temperature limit
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A R2CA temperature criterion

R2CA engineering stress mean envelope

950 1000 1050 1100

Measured burst temperature (°C)

Fig. 17. Calculated versus experimental burst temperature for the simulated validation cases. Dashed lines correspond to + 50 °C from the bisector line.

dedicated to predict/envelop cladding strain for flow blockage consid-
erations. The available criteria in DRACCAR are strain limits, tempera-
ture limits, true stress limits.

To test the newly developed criterion on burst temperature, the
DRACCAR code developed at IRSN was run on tests not used in the
validation database. This study was performed on 125 LOCA-relevant
transients performed on Zy-4 cladding directly heated by Joule effect
with temperature heating rates between 0.1 and 100 °C/s and imposed
internal pressures ranging from 10 to 130 bar (EDGAR tests (LOCA,
2009; Forgeron et al., 2000; Darchis et al., 1984).

. Calculated burst temperatures versus experimental burst tempera-
tures are illustrated in Fig. 15. The R2CA temperature criterion leads to
best estimate predictions whereas the true stress burst criterion gener-
ally overestimates burst temperature. For both cases predictions are
within + 10 % of experimental burst temperatures. The mean absolute
errors are similar, 29 °C for the R2CA temperature criterion and 32 °C
for the DRACCAR true stress criterion but with a quasi-systematic
temperature overprediction.

To conclude on DRACCAR simulations versus experimental results,
the R2CA temperature criterion based on engineering stress allows a
better evaluation of burst temperatures than the criterion used in the
DRACCAR validation tests based on true stress. For the studied cases, the
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use of the R2CA temperature criterion led to three burst occurrences
experimentally not observed (over 125 tests), whereas the use of the
DRACCAR true stress criterion led to miss two burst predictions. Overall,
the use of the R2CA temperature limit based on engineering stress leads
to better burst temperature evaluations for the cases considered in this
study. However, the burst criterion based on engineering stress is not
well-suited to predict burst cladding strain as illustrated in Fig. 16.
Indeed, for most of the cases the calculated strain is significantly
underpredicted with the R2CA criterion. This could be explained by the
fact that strain is not a parameter in the criteria to trigger burst, and that
strain rates are very high close to burst time. Other burst parameters
were compared to the experimental values, it showed that burst time
prediction is very close to the DRACCAR criterion and that short times
shifts can lead to significant differences in final calculated strain.

4.2. Validation of FRAPTRAN on selected tests

The R2CA temperature limit criterion and the R2CA mean engi-
neering stress limit were implemented in FRAPTRAN-VTT1.4. The
modified version of the code computes mechanical deformation in the
ballooning region based on a high temperature creep law. In this
approach, the original plastic strain component is replaced by a creep
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A R2CA temperature criterion

R2CA engineering stress mean envelope

35 45 55
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Fig. 18. Comparison of FRAPTRAN-VTT1.4 calculated versus experimental peak residual hoop strains following LOCA tests. Dashed lines correspond to + 20 % from

the bisector line.

Table 10

Comparison of FRAPTRAN-VTT1.4 predicted vs measured peak residual hoop strains following LOCA tests.

LOCA test Average heating rate Measured peak FRAPTRAN-VTT1.4 peak residual hoop strain (%)

ccs™ residual hoop strain. R K -

(%) FRAPTRAN ) R2CA engineering stress RZ.CA' temperature Mﬁ'yer &
original criterion mean envelope criterion Wiesenack 2022

IFA-650.5 5.0-5.5 16 315 6.6 6.7 6.1
IFA-650.6 1.7-1.9 36 325 12.0 6.6 15.6
IFA-650.7 9 24 35.4 35.8 35.8 35.4

5.6-5.8 °C s~ ! until ballooning then 50 82.2 6.3 6.8 15.3

2.6 °C s for the remaining heat-up

phase
LOC-11Crod3  80-90°Cs 'until 5sthen11-12°Cs™* 1.6 5.7 5.7 5.5% 5.7
LOC-11Crod 2  for the remaining heat-up 2.5 25.2 25.2 6.7* 25.2
LOC-11Crods —0.96 and —0.84 0.02 0.02 0.02 0.02

1 and 4

*Burst is predicted during the 11-12 °C s! heat ramp.

strain calculated using Norton formulation and a phase transformation
model (Massih, 2009), unlike the original plasticity model used in the U.
S. NRC’s FRAPTRAN 1.4 version. This development, along with the
implementation of different LOCA burst criteria, was carried out within
the R2CA project. (Dif, 2023). Creep strain rate (¢ _creep) is given by
(Kaddour, 2004):

(&)

Here, A is the strength coefficient, T is the temperature, Q is the acti-
vation energy, R is the gas constant and n is the stress exponent.

To test the newly implemented burst criteria, a few validation cases
were selected from the FRAPTRAN LOCA integral assessment database.
In addition, one more case was added from the Halden LOCA test series,
the IFA-650.15 with M5 cladding. The test cases are summarised in
Table 9.

. A,
Ecreep = TG €xXp
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Two high-temperature creep models, proposed by Kaddour et al.
(Kaddour, 2004) and Rosinger (Rosinger, 1984), were implemented to
FRAPTRAN-VTT1.4. For the comparison of various burst criteria, the
Kaddour et al. model was selected due to its demonstrated advantage in
producing better predictions of burst compared to FRAPTRAN’s original
plasticity model and the Rosinger model. Kaddour et al. model also
provides specific creep parameters for both Zry-4 and M5 cladding
types, unlike the other two deformation models. The results of calcula-
tions for burst temperature and residual strain are presented in Fig. 17
and Fig. 18, respectively. The results show burst predictions from four
different criteria: FRAPTRAN original criterion, R2CA temperature cri-
terion, R2CA engineering stress mean envelope (Table 6) and the tem-
perature criterion by Meyer and Wiesenack (Meyer and Wiesenack,
2022).

Additionally, it is worth noting that FRAPTRAN inherently predicts
burst under LOCA conditions based on true stress calculations. When
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ballooning occurs, FRAPTRAN predicts burst when the local true hoop
stress in the ballooning node exceeds an empirical true stress limit
provided by MATPRO. However, to consistently implement the R2CA
criteria based on the engineering stress, the code was modified to
calculate the local engineering stress in the ballooning node as in eq. (1).

Overall, seven validation cases were simulated. In three of these
tests, the fuel rods did not rupture in the experiments. Nevertheless, the
R2CA temperature criterion was the most stringent limit, falsely trig-
gering burst for two of those cases, unlike the other criteria that showed
correct predictions. The limit also produced conservative predictions in
terms of burst temperature (see Fig. 16) and burst time for the other
tests. Based on Fig. 12, it was expected that the R2CA temperature cri-
terion is more conservative compared to Meyer temperature criterion in
most of the cases.

Calculated burst strains were also compared to measured ones (cf.
Fig. 18 and Table 10). As it turned out, FRAPTRAN’s original criterion
typically led to an overestimation of the strains, whereas the other three
limits tended to underestimate it. The variation in predictions from
different criteria were expected as there are inherent differences be-
tween all the applied criteria due to their functional forms and the
applied databases used to fit the criteria.

5. Conclusions

The objective of the R2CA project was to improve the safety analysis
methods in the assessment of the radiological consequences of design
basis and design extension accidents. One way to do this is to improve
the accuracy of the cladding burst models regarding burst occurrence
(ie. Burst time and temperature) so that the number of failed rods can be
evaluated more accurately. This was the subject of the present paper.

Based on experimental datasets, previous burst criteria and detailed
geometrical investigation of ballooned and burst cladding samples,
several new burst limits were established by different organisations
taking part in the project:

a) A best-estimate limit on temperature-dependent engineering burst
hoop stress was set up, together with the upper and lower envelopes
of the complete dataset used to determine the limit, and the limit
shifted upwards and downwards by one standard deviation. These
envelopes can then be used for sensitivity analysis.

b) A best-estimate limit on engineering-hoop-stress-dependent burst
temperature was determined with improved accuracy in burst
occurrence prediction but with strain prediction poor capabilities.

c) A conservative reduction of the engineering burst hoop strain was
proposed.

A series of validation tests was run with the codes DRACCAR and
FRAPTRAN to compare the burst parameters (in this case temperature
and strain) calculated with the new and the original burst criteria. The
temperature calculated using the new burst limits was better reproduced
with DRACCAR, but was more conservative with FRAPTRAN, than the
values obtained using the original burst criteria of the codes. Burst strain
was typically underestimated in both codes when using the new burst
limits. The new criteria are therefore well suited to give a best-estimate
or somewhat conservative estimate of the number of failed rods.

The new criteria could be used to calculate the radiological conse-
quences of accidents in a best estimate approach. Indeed, in several
countries the assumption for the assessment of radiological conse-
quences is that 100 %, i.e. all of the rods, burst during a large-break
LOCA. A sufficiently conservative failure limit used together with a
best-estimate cladding deformation model ensures that the number of
rods burst in the analysis will be safely conservative, so that the 100 %
failure can be replaced by a lower, but still conservative number. In
some countries the assumption is different, for example in France 33 %
of the fuel rods are considered failed for radiological consequences
evaluations.
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Further analysis to disentangle the impact of parameters like the
heating mode, the test type (single or bundle) or the impact of the
cladding state (corrosion layers, hydrogen content) is needed. Further
work with advanced methods is planned help analysing non quantitative
parameters impacts and the impact of experimental uncertainties.
Finally, using combined parameters in the burst criteria could help
improving both burst occurrence prediction (time and/or temperature)
and strain predictions but much complete data is needed (time-depen-
dant data that is seldom available).
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