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ARTICLE INFO ABSTRACT

Keywords: In the frame of the “Reduction of Radiological Consequences of design basis and extension accidents” European
Loca Union’s Horizon 2020 project, a specific effort was focused on the update and the development of methodologies
B}"“ . to assess the radiological consequences of loss-of-coolant accidents. Evaluation of the radiological consequences
}S)l\/r;l:latlon associated to this accident is strongly linked to the prediction of the rod burst ratio and new approaches were
Fuel investigated through research and development associated to accident simulation software. Complementarily to

approaches chaining system thermalhydraulic simulation to fuel performance code, approaches with integral
codes ASTEC, DRACCAR and ATHLET-CD were developed respectively by ENEA, IRSN and HZDR. These ap-
plications were demonstrated on LOCA simulation for PWR and highlighted the capabilities of the tools. The
ASTEC PWR model was extended by ENEA, which proposes a 2D core model with an increased number of
representative fuel rods. HZDR and IRSN proposes approaches based on 3D core model which are able to capture
distinctive fuel assembly responses and predict the rod burst ratio according to the distribution of rod behaviors
within the core. This work highlighted several possible core models to predict the rod burst ratio and which can
be used in integral tools abled to couple thermal hydraulics and thermomechanics. Advanced core models
simulating the thermomechanical response of several representative rods per fuel assemblies and using 3D
thermal hydraulics model are recommended due to the heterogeneities on power distribution, which impacts
flow distribution. The need to model RPV in 3D was underlined by ATHLET-CD large break loss-of-coolant
demonstrative case, which exhibits non-symmetric core heat-up.

In addition, demonstrative cases proposed by ENEA and IRSN compared predictions obtained with the specific
burst criteria developed in the frame of R2CA project and more classical one devoted to the core coolability
assessment. The strong sensitivity of the rod burst ratio prediction to the burst criteria was highlighted. The need
to handle uncertainties within a global methodology for rod burst ratio evaluation was underlined.

Abbreviations: APROS, Dynamic process simulation software developed by VTT Technical Research Centre of Finland Ltd; ASTEC, Accident source term evaluation
code; ATHLET, GRS software: Analysis of THermal hydraulics of LEaks and Transients; ATHLET-CD, GRS software: Integral severe accident software based on
ATHLET system thermalhydraulic software; CV, Control volume; CL, Cold leg of the primary circuit; DBA, Design basis accident; DEC-A, Design extension condition
of type A: without core melt; DRACCAR, IRSN software dedicated to LOCA multi-rod simulation: Déformation et Renoyage des Assemblages Combustibles en
Condition d’Accident de Refroidissement - translated: Deformation and reflooding of fuel assemblies in cooling accident conditions.; FA, Fuel assembly; ECCS,
Emergency core cooling system; FRAPCON, Fuel performance code for the calculation of steady-State, thermal-mechanical behavior of oxide fuel rods for high
burnup developed by Pacific Northwest National Laboratory for the U.S. Nuclear Regulatory Commission; FRAPTRAN, A computer code for the transient analysis of
oxide fuel rods developed by Pacific Northwest National Laboratory for the U.S. Nuclear Regulatory Commission; GRS, Gesellschaft fiir Reaktorsicherheit; IB LOCA,
Intermediate break loss-of-coolant accident; LB LOCA, Large break loss-of-coolant accident; LHGR, Linear heat generation rate; LOCA, Loss-of-coolant accident;
LOOP, Loss-of-offsite power; PCT, Peak cladding temperature; PWR, Pressurized water reactor; PZR, Pressurizer — primary circuit component; R2CA, European union
Horizon 2020 project: Reduction of Radiological Consequences of design basis and extension Accidents; RBR, Rod burst ratio; RC, Radiological consequences; RCS,
Reactor coolant system; RIP, Rod internal pressure; RPV, Reactor pressure vessel; SA, Severe accident; SCRAM, Emergency shutdown of nuclear reactor; TFO, Thermo
fluid object — specific object from ATHLET code; TRANSURANUS, Fuel performance code for the thermal, mechanical and neutron-physical analysis of a cylindrical
fuel rod in nuclear reactors developed by Joint Research Center for the European Commission.
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Finally, throughout the development of loss-of-coolant accident applications with ASTEC, DRACCAR and
ATHLET-CD, some prospects of development were identified for the codes and should bring advances for LOCA

simulation and RBR predictions.

1. Introduction on burst rod number evaluation during LOCA
1.1. Overview of LOCA simulation on failed rod evaluation methodologies

The evaluation of the radiological consequences associated to the
design basis accidents (DBA) is a part of safety assessment for the
pressurized water reactor (PWR) which should demonstrate that the
requirements on radiation protection for these accidents are met (In-
ternational Atomic Energy Agency. Vienna, 2016). In addition, the scope
for radiological consequences evaluation was enlarged to the design
extended conditions without core melt (DEC-A). Among accidents
studied, loss-of-coolant accident (LOCA) which is initiated by a breach
in the primary circuit belonging to the reactor coolant system (RCS), is
characterised by a drop of primary coolant pressure and inventory
causing a partial or full core uncovery. Therefore, the accident leads to
the fuel rod heat-up and an increase of the difference between the rod
internal pressure and the primary coolant pressure. In response to these
conditions, fuel rod burst can occur accompanied by fission products
release. This corresponds to the source term within containment, which
must be evaluated prior to the prediction of the off-site radiological
consequences.

Methodologies associated to the evaluation of the radiological con-
sequences (RC) for the loss-of-coolant accident highly varies from one
country to another. Indeed, these methodologies are linked to the
design, the consideration on LOCA fault sequence and are also strongly
influenced by the requirements imposed by national regulation. There-
fore, radiological consequence evaluation methodologies can rely on
conservative approach or on combination between conservative
approach relaxed with more or less realistic description. The latter
evolution was born from the progress in simulation tool and the need,
mainly carried by the operators, to reduce the excess of conservatism.
This was already a target at the end of the 20th century (Stephenson
etal., 1991). In the frame of the Reduction of Radiological Consequences
of design basis and extension Accidents (R2CA) European project
(Reduction of Radiological Consequences, 0000), a specific review of
methodologies used for radiological consequences assessment was
handled among project participants. This review showed that the
approach for radiological consequences assessment is decoupled from
the core coolability demonstration and that the failed rod number is
mainly assumed as an input for radiological consequences evaluation.
Such assumption does not allow to measure the influenced on the failed
rod number brought by the evolution of the fuel design or by the
modification of safety systems or accident management procedures. To
handle this issues, specific evaluation of the failed rod number is
required.

Considering the progress brought to simulation tool for LOCA phe-
nomena, the prediction of the failed rod number by simulation is
promising for an evolution of RC methodologies for LOCA. Some re-
searches were carried with fuel performance code chained to thermal-
hydraulic system code (Adorni et al., 2011; Arkoma et al., 2015; Capps
et al., 2021) to simulate LOCA phenomena and to predict rod failure.
Existing application mainly consists in using a system thermal-hydraulic
code which provides the thermal hydraulic conditions, which are
applied as boundary conditions for single rod simulation. Then a single
fuel rod simulation evaluates the fuel rod thermomechanical behavior
and the burst occurrence. In general, the possible feedback of the ther-
momechanical response of the fuel rod on the crossflows or on the
neighboring rods is only partially considered in such method. In the
R2CA European project, a specific research effort was focused on the
update and the development of methodologies based on simulation tool

to assess the radiological consequences of loss-of-coolant accidents
within DBA and DEC-A conditions. In particular, the use of integral tools
coupling thermal hydraulics to thermomechanics and using realistic 3D
core descriptions were investigated.

1.2. R2CA main objectives and activities for failed rod number evaluation
in LOCA conditions

The Reduction of Radiological Consequences of design basis and
extension Accidents (R2CA) is a European Horizon 2020 project which
included specific focus on the update and the development of method-
ologies to assess the radiological consequences of loss-of-coolant acci-
dents within DBA and DEC-A conditions. In support to this methodology,
specific research was carried on simulation of the system reactor tran-
sient and on source term prediction. This research work included the
development of new modelling approaches for LOCA based on integral
software abled to couple thermal hydraulics to thermomechanical
phenomena. The main objective is to propose some evaluation of the
failed rod number, which can either be used to predict radiological
consequences or to quantify gain brought by design evolution or miti-
gation systems.

To assess the failed rod number, two distinctive approaches were
used in the frame of R2CA project. The first one consists in evaluating
system thermal hydraulic response with a system thermalhydraulic code
(such as RELAP5, ATHLET or APROS) and chain its results to a fuel
performance code (such as TRANSURANUS or FRAPTRAN). Such
calculation chain decouples the system thermalhydraulic analysis of the
fuel rod behavior simulation. However, due to the fast-running capa-
bilities of fuel performance code, it allows to describe behavior of large
number of fuel rods by running numerous single rod simulations. This
approach is similar to the one used in (Adorni et al., 2011; Arkoma et al.,
2015). The second approach consists in an integral approach, which
couples thermal hydraulics to thermomechanics within the same
application and based on improved or advanced core models. In the
frame of the project, ENEA investigated the capabilities of the severe
accident code ASTEC using an extended 2D core ring model. In addition,
specific 3D core modelling coupled to system description of reactor
circuits were respectively developed by HZDR with ATHLET-CD and by
IRSN with DRACCAR. All these three integral approaches aim at
improving the core description in order to predict with more accuracy
the number of burst rods during LOCA. These approaches are depicted in
the following sections and are illustrated by demonstrative case simu-
lations. The obtained results cannot be directly used for PWR safety
assessment as it corresponds to research work using demonstrative
cases. Through this work, different core models are investigated, and in
particular advanced 3D core models are proposed for LOCA simulation.

Simultaneously with the development of these methods, some out-
comes from R2CA project were obtained on burst prediction and were
experimented with simulation tools. Indeed, the knowledge acquired on
cladding behavior in loss-of-coolant accident was reviewed with the
objective to propose prediction of burst with an improved accuracy.
Experimental results from burst experiments including separate effect
tests and semi-integral tests were gathered and specific burst criteria
were fitted on burst stress and burst temperatures. If new criteria were
proposed (Taurines and Belon, 2022), no available criterion was found
to predict with accuracy both the burst timing and the burst strain.
Therefore, for burst risk assessment, burst criteria which predict with
confidence the burst timing were recommended. Depending on the
approach and the need, various criteria were proposed which are more
or less envelope of the experimental burst results. In addition, to cover
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the various conditions associated to LOCA transients, burst stress and
burst temperature criteria were proposed.

In support to the development of these new burst criteria, the criteria
were tested to evaluate rod burst ratio on demonstrative cases using
updated modelling approaches developed in the project. The evaluation
from these criteria were compared by some partners to the response
obtained with criteria classically used for LOCA analysis devoted to core
coolability assessment such as burst strain from NUREG-0630 (Powers
and Meyer, 1980). Some results from this comparison are highlighted
here after for the three depicted integral approaches.

2. Upgraded ASTEC code integral application

The main features of ASTEC code are described in the following
section.

2.1. ASTEC code description

The ASTEC integral code (Accident Source Term Evaluation Code)
models the main phenomena which occur during severe accident (SA)
sequences in water cooled reactors (Chatelard, 2016). In a single
simulation, it is possible to characterize: the reactor coolant system
(RCS) thermalhydraulic response (CESAR module) and the fuel rod
thermal behaviour and degradation (ICARE module); the release of
fission products (ELSA module) from fuel as well as their transport in the
RCS and containment (SOPHAEROS module); the discharge of radio-
nuclides elements into the environment (CPA module). The latter rep-
resenting the Source Term (ST) for the estimation, with dedicated codes,
of radiation exposure outside the Nuclear Power Plant (NPP).

All simulations presented in the paper were performed with the
2.2.0.1 version of the code.

2.2. ASTEC modelling of reactor

The simulated reactor is a generic PWR 900 MWe with three primary
and secondary loops and a thermal power of about 2800 MW. The
description of ASTEC modelling is mainly focussed on core configura-
tion and criteria adopted for the fuel cladding bursts.

2.2.1. Nodalization

The starting point for the ASTEC modelling was the input-deck
developed by IRSN during the past EU-CESAM project (Chatelard,
etal., 2017; Nowack et al., 2018), the reactor core being simulated with
5 groups of fuel rods contained in 5 radial fluid channels. Such core
model was developed for SA applications, characterized by large extent
of core melt and degradation and it could be not accurate enough for the
estimation of failed fuel rods number and FPs release in the case of
Design Basis Accidents (DBA) and Design Extension Condition Acci-
dents, without significant core degradation (DEC-A), which are analysed
within R2CA.

After the application of the above-described core setup for the first
set of reactor calculations, performed at the beginning of the project, it
was decided to improve the core modelling by considering a higher
number of fuel rod groups in each of the 5 fluid channels. The number of
fluid channels was kept unchanged because a refined radial discretiza-
tion using ring shaped channels is not advisable, being the thickness of
fluid channels close to the size of a FA (approximately 25 cm).

The core modelling setup was then established looking at the dis-
tribution of decay heat in the 157 FAs of the generic PWR-900 that
(Fig. 2.1) is the main parameter driving the core radial thermal behav-
iour during the accidental transient. All groups of fuel rods in each fluid
channel are then subject to the same fluid conditions (temperature,
pressure, void fraction...) but distinguished by different decay heats. It is
worth noting that the decay heat is automatically computed by ASTEC
(ISODOP module) from the considered FPs mass inventory, therefore,
there is no differences between the radial distribution of decay heat and
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Fig. 2.1. Horizontal map of decay-heat distribution in the core and radial
fluid channels.

FPs mass and, often in the paper, it will be referred indifferently to decay
heat radial factors or FPs mass inventory radial factors. Moreover, at this
time, ASTEC uses the total FP inventory which is distributed on all
groups of fuel rods according to its FPs total mass inventory radial factor.

The following rules were adopted to define the number of fuel rod
groups in each fluid channel:

e A minimum of 2 representative fuel rods are defined to simulate
respectively the FAs characterized by maximum and minimum decay
heat.

o The remaining FAs are lumped into a maximum of 3 more repre-
sentative fuel rods by grouping together FAs with similar decay heat.
Basically, FAs having a decay heat factor within one of the 3 ranges
of power below are lumped into a single representative fuel rod with
averaged decay heat.

Fmin < f <0.95.

0.95<f<1.08.

1.08<f<frmax-

f is the decay-heat factor of the generic FA while f;, and finqy are
respectively the minimum and maximum decay heat factor considered
in fluid channel.

The adopted method leads to define a total of 20 groups of fuel rods
distributed within the 5 fluid channels, as reported in Fig. 2.2 together
with the decay heat radial factors of each group of fuel rods and the
number of FAs represented. Representative rods are identified as “ROD”
plus 2 numbers; the first one indicates the radial fuel channel where
representative rods are positioned and the second one indicates, in
decreasing order of decay-heat, the different groups of fuel rods in the
channel.

It must be stressed that the map of decay heat distribution reported in
Fig. 2.1 is just a coarse approximation of the real distribution expected at
the end of cycle, in the case of % core re-loading strategy of the reactor.
Moreover, the assumed distribution of neutronic power only depends on
the radial fuel channel where the groups of fuel rods are enclosed (i.e.,
all representative rods of a given fluid channel are characterized by the
same neutronic power) and the imposed pressure, at room temperature,
is the same in the 20 groups of fuel rods.
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Fluid Channel Representative Weight (N° of FAs) Decay heat radial
fuel rod factor
ROD11 4 1.238
1 ROD12 4 1.052
ROD13 1 1.011
3 Rep. Rods 9 FAs
ROD21 4 1.247
ROD22 12 1.195

ROD23 1.070

ROD31
ROD32
3 ROD33 8 1.038

ROD34 4 0.927
4 Rep. Rods 32 FAs

RODA41 4 1.292

ROD42 8 1.214

ROD43 20 1.032

ROD44

RODA45
ROD51 8 1167
ROD52 8 1.135

5 ROD53 8 1.071
ROD54 16 0.706
ROD55 12 0.191

5 Rep. Rods 52 FAs
Total N° of Rep. Rods = 20 Total lec;f FAs =

Fig. 2.2. Upgraded CORE modelling with 20 groups of fuel rods in 5 radial
fluid channels.

Considering the above-mentioned limitations, the presented simu-
lations must be only intended as demonstrative applications of proposed
methodology and core setup in ASTEC code. Of course, correct and ac-
curate enough boundary conditions are a prerequisite to perform real-
istic analysis of the core thermo-mechanical behavior.

The nodalization of whole reactor (vessel, primary and secondary
side of RCS) is illustrated by Fig. 2.3.

2.2.2. Criteria for cladding burst

The failure of fuel claddings is simulated by considering a main burst
criterion (EDGAR (Chailan et al., 2019; Pettersson, 2009) or CHAPMAN
(Powers and Meyer, 1980; Chailan et al., 2019) can be selected) com-
bined with two other criteria that are: a simple user criterion defining
the maximum hoop strain (default value = 40 %) above which the
cladding failure is assumed and the NUREG 630 criterion' (Powers and
Meyer, 1980; Chailan et al., 2019).

Some of burst correlations adjusted by IRSN within the R2CA project
(Taurines and Belon, 2022) were moreover implemented in ASTEC code
to be used as main burst option instead of EDGAR or CHAPMAN
(Chailan et al., 2019). The two types of burst criteria used are:

e True burst stress criteria formulated as exponential law on temper-
ature. These criteria belongs to the family of burst correlations of the
true stress vs. cladding temperature (as EDGAR criterion) with gen-
eral expression: oy, = k.e~9T, with T the cladding temperature and
couple (k,q) some parameters obtained by fitting experimental re-
sults. Several values for these parameters were proposed in (Taurines
et al., 2023) considering a Best-Estimate exponential function fitting
the experimental results (BE-exponential) and various envelopes:

! Finally, the NUREG 630 strain criterion was disabled in all performed
simulations because, in some cases, it was reached during the cooling of fuel
rods while such a criterion, consisting in two correlations depending on the
claddings heat up rate, should be applied only during the heating of the fuel
rods, according with the experiments used for its formulation.
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Min, Mean and Max. The correlations are established for heating rate
in the range from 1 to 20 °C/s.

Burst temperature criterion correlating burst temperature to the
engineering stress and heating-rate (as the correlation proposed by
Chapman (Powers and Meyer, 1980; Chapman, 1979). In this work,
the R2CA temperature criteria from (Taurines and Belon, 2022), and
described in (Taurines et al., 2024) and in section 3.2, was used.

In performed simulations, the cladding failure is then triggered by
the first criterion, which is fulfilled between the selected main burst
criterion and the defined maximum cladding hoop strain.

2.3. Short description of simulated accidental scenarios

The DBA scenario is initiated by an intermediate break of 16.3" in the
cold leg (CL) of a primary loop without pressurizer (PZR) when the
reactor is at nominal power. An additional penalty is the Loss Of Off-site
Power (LOOP) at the reactor SCRAM and the failure of one emergency
diesel generator leading to losing one of the two trains of the safety
injection system. The accident is automatically managed in agreement
with standard procedures of French PWRs.

The DEC-A scenario is initiated by a small break of 4" in the hot leg of
a primary loop without pressurizer when the reactor is at an interme-
diate subcritical hot state when the reactor residual power is approxi-
mately 1 % of the nominal power, the primary pressure is roughly 70 bar
and the average water temperature in the primary loops is about 236 °C
(509 K). The accumulators are disabled and the Emergency Core Cooling
System (ECCS) is manually started after 36.5 min from the accident
onset.

2.4. Numerical results

The discussion of results is focused on the estimation of failed fuel
rods number with the above-described core modelling and selected burst
criteria.

2.4.1. DBA scenario

Five simulations were performed by adopting the burst criteria
adjusted by IRSN combined with a maximum hoop strain of 40 %
(default value). An additional simulation was made with BE-exponential
stress criterion and a reduced maximum hoop strain (25 %).

In the simulations with default maximum hoop strain (40 %), clad-
ding failures are observed only if Min burst stress or burst temperature
criteria are selected. The other criteria are never fulfilled, and maximum
hoop strain remains below the threshold of 40 %. Fig. 2.4 illustrates the
evolution vs. time of maximum fuel cladding temperature in the 20
representative rods when the Min burst criterion is applied. The
different groups of fuel rods in the fluid channels are identified by the
names reported in Fig. 2.2. The temperature differences between the fuel
rods positioned in the same fluid channel are in general very small,
suggesting that their thermal behavior is mainly driven by the thermal
hydraulic conditions in the fluid channel. Only in the outermost fluid
channel can be observed a significant temperature difference (more than
50 K) between the hottest and coldest group of fuel rods that are char-
acterized by very different decay heat radial factors (Fig. 2.2).

The timing of fuel cladding failures is well indicated by the sudden
drops of fuel rods internal pressures (Fig. 2.5) until a value matching the
primary pressure. The first cladding failure is observed in the hottest
group of fuel rods (ROD21) of fluid channel 2 (51 s) and, after approx-
imately 64 s from the accident onset, all the fuel rods contained in the
first four fluid channels, representing the 66.88 % of the total, are burst
(Table 2.1). Only the five groups of fuel rods in the outermost fluid
channel remain intact.

The failure margins, for the 4 burst criteria based on true stress vs.
cladding temperature, are given by the difference between the burst
stress and computed true stress in the cladding of a given representative



S. Belon et al.

Annals of Nuclear Energy 208 (2024) 110772

/ % U
Upper head o 2
v /[ g
& [ 15 2
LLJ| 15 9
O §§ Upper plenum § Caldle
1< 3 [G) « Coldleg
T = Hotleg
1 ] Core top plate
R rimary si
Bafle CS primary side
Steam line
{ I
T T Barrel
2(: —— Downcomer
&) 2= | Core bot. plate
([ Support plate N 5
8 g|
Lower plenum = E Steam head
int. structures S
—
Vessel RCS secondary side
Fig. 2.3. Reactor nodalization.
1200 ‘
1000 |opo S W Fuelrodsin fluid channel 5 :
BT 111 R v e e R
g
=
e
g 600 Pazd--------c-moqecommececececcocbc e e oo oo L L R e oo eee-
o
g
'—
1 I e S e et LEE et T ST
ROD22
200 f---——----ROD23 . o ROD31 _, ——___ROD32 - _ROD33 o . ROD34 .
ROD45
RODSS
0 n "
250

Time (s)

Fig. 2.4. Maximum fuel cladding temperatures vs. time with Min burst criterion and maximum hoop strain = 40 % (DBA).

Table 2.1
Number of failed fuel rods (DBA).
Main burst Max. clad Number of failed fuel Time of first
criterion hoop strain rods (% of the total) cladding failure
(%) (s
True stress BE- 40 0 /
exponential
True stress BE- 25 12.74 (*) 80.6
exponential
True stress Mean 40 0 /
True stress Min 40 66.88 51.0
True stress Max 40 0 /
R2CA 40 66.88 56.9
temperature

12
— ROD11 -— ROD12 -— RODIl: -— ROD21 — ROD22
-~ ROD31 — RODBi -~ ROD33 ~—— ROD34
10 RQD42. ROD43 ROD44 ROD4S5.
RODS2 RDDS): RODS4 RODSS
-_— 8 '
& Fuel rods in fluid channel 5
P
=
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>
w
g
[
-
e 3
2
0 i i
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Time (s)

Fig. 2.5. Internal fuel rods pressure vs. time with Min burst criterion and
maximum hoop strain = 40 % (DBA).

(*) Failure triggered by the fulfilment of maximum allowed hoop strain.

fuel rod. Fig. 2.6 shows the evolution vs. time of such a difference for the
hottest fuel rod of fluid channel 2 (ROD21) and for the four mentioned
burst criteria.

The curves plotted in the Fig. 2.6 confirm that only Min stress en-
velope is reached (margin to this burst criterion becomes 0 after 51 s
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Fig. 2.6. Difference between burst stress criterion and computed cladding true
stress in the ROD21 (DBA).

from the accident beginning). The margin to the burst criteria of BE-
exponential and Mean stress envelopes are not significantly different
while a larger distance Max engineering stress envelope burst criterion is
observed (~150 MPa).

The application of R2CA temperature criterion leads to the failure of
the 66.88 % of all fuel rods in the core, as obtained with the Min burst
stress envelope. The difference between burst temperature and
computed cladding temperature is a measure of the margin to burst for
the R2CA temperature criterion. The evolution vs. time of such a
quantity, again for the ROD21, is shown in Fig. 2.7. In this case the
cladding failure occurs after ~ 57 s from the transient beginning that is
slightly later than what observed in the simulation with Min burst cri-
terion suggesting that R2CA temperature criterion is a somewhat less
conservative criterion, although the same number of failed fuel rods is
estimated for the accidental scenario considered (Table 2.1).

The reduction of maximum allowed hoop strain (25 % instead of 40
%), in the simulation with BE-exponential main burst criterion, leads to
the failure of all fuel rods in the fluid channel 2, corresponding to the
12.74 % of the total that is much lower than what computed with Min
envelope on burst stress and R2CA burst temperature criteria
(Table 2.1).

The effect of improved core model is basically irrelevant for the
simulated accidental scenario considering that, in all calculations, the

500
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representative rods in each fluid channel all fail or, conversely, all
remain intact.

2.4.2. DECA-A scenario

Fig. 2.8 illustrates the evolution vs. time of maximum fuel cladding
temperature, predicted with the BE-exponential burst criterion, in the 20
representative fuel rods. The quite high core temperatures that charac-
terize the simulated accident, lead to a greater deformation by creep of
fuel claddings than in DBA scenario and the maximum allowed hoop
strain of 40 %, triggering the claddings failure, is reached in all fuel rods
contained in the first four fluid channels, corresponding to the 66.88 %
of the fuel rods in the core. This is proved by the evolution of claddings
hoop deformation showed in Fig. 2.9. The same results are observed in
the simulations with Mean and Max criteria meaning that in such cases
the selected main burst criterion is completely irrelevant for the esti-
mation of failed fuel rods number (Table 2.2).The five burst criteria
adjusted by IRSN were again applied combined with a maximum hoop
strain of 40 %.

The simulation with R2CA burst temperature criterion predicts the
same number of failed rods (all fuel rods in the first four fluid channels
corresponding to the 66.88 % of the total) but, in such a case, the fuel
rod failures are caused by the R2CA temperature criterion itself, that is
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Fig. 2.8. Maximum fuel cladding temperatures vs. time with BE-exponential
burst criterion (DEC-A).
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Fig. 2.9. Fuel claddings hoop strain vs. time with BE-exponential burst criterion (DEC-A).

Table 2.2 160
Number of failed fuel rods (DEC-A). [
140 F
Main burst Max. clad Number of failed fuel Time of first [ ——ROD51 —+-RODS52
criterion hoop strain rods (% of the total) cladding failure E 120 —e-RODS53 —s-RODS4
(%) (min) 2
2 100 —~—RODSS
True stress BE- 40 66.88 (*) 35.86 o
exponential "f" s [
True stress Mean 40 66.88 (*) 35.86 ﬁ 3
True stress Min 40 71.97 33.93 ﬁ 60 |
True stress Max 40 66.88 (*) 35.86 I
R2CA 40 66.88 34.64 _? 40
Temperature [
(*) Failure triggered by the fulfilment of maximum allowed hoop strain. 20 |
0 L 1 1 1
fulfilled earlier in the transient (Table 2.2), when the fuel claddings 0 10 20 30 40 50 60 70 80
hoop strain is much lower than the maximum allowed value of 40 %. It Time (min)
must be a.lso stressed that the margins of ROD51 ar.ld RODS52 in fluid Fig. 2.11. MIN criterion, burst stress — computed stress in the fuel rods of fluid
channel five are not very comfortable, as the difference between channel 5 (DEC-A).

computed and burst temperature is less than 50 K (Fig. 2.10).

In the simulation with Min stress burst criterion, the cladding failures
involve all fuel rods in the first four fluid channels plus a group (ROD51)
contained in the fluid channel five, as showed by Fig. 2.11 where one
can observe that also ROD52 and ROD53 are close to the failure. Of

course, such fine description of the thermo-mechanical behavior of fuel
rods would be impossible with only a representative rod in each fluid
channel demonstrating, in such case, the added value of upgraded core
modelling. The number of failed fuel rods estimated with Min stress

burst criterion is the 71.97 % of the total (Table 2.2).
160

2.5. Discussion of ASTEC results
—+-ROD51 -+-RODS52

120 —=-ROD53 -+-ROD54

The upgraded core modelling, considering 20 representative fuel
rods distributed within 5 radial fluid channels, has been successfully
applied to the ASTEC simulations of DBA and DEC-A scenarios in a
generic PWR 900 MWe. The implemented core modelling allows to
predict the failure of only a portion of the fuel rods located in each fluid
channel. Such update of core model would improve the accuracy of
estimation compared to the use of a single fuel rod per ring. Nonetheless,
most of obtained results show that the thermo-mechanical behavior of
the fuel rods is mainly driven by thermal-hydraulic conditions meaning

ol - : : that, in a given fluid channel, all fuel rods fail or all remain intact

0 10 0 30 Time (::in) 0 60 n 80 (practically the same result would be obtained with the simple model
considering only one representative fuel rod for each fluid channel). The

Fig. 2.10. R2CA temperature criterion, burst T — computed T in the fuel rods of partial failure of fuel rods in a fluid channel was observed only in a
fluid channel 5 (DEC-A). simulation of DEC-A. In such a case, the failure involved the fuel rods of
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outermost fluid channel characterized by very significant differences on
the distribution factor of decay heat, ranging from 1.167 in the hottest
group of fuel rods to 0.191 in the coldest one.

It must be stressed that presented simulations only intend to
demonstrate that the proposed core modelling can be properly adopted
in ASTEC applications. Therefore, further calculations, with more real-
istic and accurate boundary conditions (power and pressure distribution
in the fuel rods), will be needed to draw reliable conclusions on the
added value of proposed core modelling for estimating the number of
failed fuel rods.

In DBA scenario, the estimated number of failed fuel rods ranges
between 0 to 66.88 % of the total, depending on the selected burst cri-
terion and the user options on maximum allowed claddings hoop strain.
The effect of burst criteria seems to be less relevant in the case of DEC-A
scenario. Such a results can be however misleading because in the case
of less conservative burst criteria (i.e. BE-exponential, Mean and Max
stress envelopes) all fuel rod failures are triggered by the fulfilment of
maximum allowed hoop strain, while the main burst criteria are never
reached. It must be also stressed that, at the present, ASTEC code doesn’t
manage the possible contact between neighbouring fuel rods, therefore
it cannot be reliably applied in case of too large cladding deformations.
The default value of 40 % is already a little bit too high considering that,
in a PWR, the contact between adjacent fuel rods is possible for defor-
mation greater than 33 %. This is an important limitation of the code for
design extended conditions accidental scenarios, characterized by high
fuel temperatures and cladding deformations as well as for demonstra-
tion of core coolability in loss-of-coolant accident analysis.

3. Advanced DRACCAR LOCA integral application

Within R2CA project, IRSN developed a specific approach to evaluate
the radiological consequences of LOCA based on a simulation chain
between DRACCAR LOCA software (Glantz et al., 2018) and ASTEC
integral code (Chailan et al., 2019). DRACCAR software is mainly
devoted to study LOCA for multi-rod configuration at a subchannel
scale. The classical DRACCAR model focus on a single fuel assembly at
subchannel scale coupling thermal hydraulics and thermomechanics to
depict the relation between rod ballooning and flow blockage which
directly affects the fuel assembly coolability. In the frame of R2CA,
DRACCAR application scope was extended to reactor system simulation.
A specific DRACCAR PWR model was developed to depict the core and
RCS circuits able to simulate core response to LOCA and evaluate the
associated RBR.

3.1. Description of new DRACCAR reactor application for RBR
evaluation

Regarding the objectives for RBR evaluation and considering the
possible heterogeneities of the core loading map — and so of the char-
acteristics of fuel assemblies composing the core which can influence
thermomechanical behavior of the fuel rods — it was considered that
each fuel assembly should be represented distinctively to estimate its
fuel rods potential for burst. This consideration is reinforced when the
core is designed with a pattern mixing fuel types such as mixed (UO2,
MOX) core loaded in the French 900MWe PWR. However, due to the
current computation performance, simulation of the whole core at
subchannel scale depicting each fuel rod is not achievable with DRAC-
CAR. Indeed, it requires to represent several tens of thousands of sub-
channels and fuel rods in 3D configuration. Consequently, a compromise
between the description details and the computation performance was
selected.

The proposed DRACCAR PWR model consists in a 3D core thermal
hydraulics element connected to 0D/1D RCS elements — distinguishing
each loop and modelling primary and secondary sides. In the R2CA
demonstrative application, the system thermal hydraulics during LOCA
is resolved in the whole fluid domain by the IRSN code CESAR,
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embedded in DRACCAR software. The 3D core description uses one fluid
channel per fuel assembly discretized in 40 axial levels in the core active
zone. Therefore, core channels are interconnected and forms a 3D
thermal hydraulics core model in which both axial and transverse flows
are evaluated. In each core channel, the corresponding fuel assembly is
described by some weighted structure objects describing fuel rods,
control rods or spacer grids. In particular, the thermomechanical
behavior of fuel rods is evaluated using 2D (r,z) equivalent rod object
coupled to an average fuel assembly thermal hydraulics. Even if the fuel
rods are not described using DRACCAR 3D (r,0,z) detailed fuel rod ob-
ject, most of the DRACCAR physical models are still applicable to 2D (r,
z) equivalent rod object. The main differences between the DRACCAR
RCS model using 2D (r,z) fuel rod objects and a classical DRACCAR 3D
detailed assembly model are summarized in the Table 3.1. With equiv-
alent rod object, the coupling between thermal hydraulics and ther-
momechanics is still realized by DRACCAR even if the thermal
hydraulics is not solved at subchannel scale but averaged at fuel as-
sembly scale. Such core description with DRACCAR was considered to be
the best compromised to depict the heterogeneities of core loading map
and save the computation performance. The IRSN demonstrative case
did not use full 3D RPV model with 3D meshed vessel plenums since the
3D core domain is connected to 1D/0D volumes representing vessel
plenums. As a 3D model is not used to distribute flow to the different hot
legs and as the considered core loading map is symmetrical, the core
could be fractioned in eighth. Such a simplification leads to use only 26
core channels (1040 meshes) instead of 157 (6280 meshes) for this PWR
demonstrative case. This simplification speeds significantly the simula-
tion, which are mainly impacted by thermal hydraulics resolution cost.
Indeed, the 300 s of the demonstrative DBA simulation costs several
months of CPU when using full core DRACCAR model (157 fuel as-
sembly channels) and that time is reduced by a factor of 20 — less than
few days — when modelling only the eighth of the core. The lack of
description associated to this simplification is partially balanced by the
gain on CPU cost since it allows to perform a large number of simula-
tions necessary for uncertainty analysis. The Table 3.1 reminds the main
characteristics of the DRACCAR model used by IRSN in the frame of
updated demonstrative reactor applications task of the project.

To depict the initial state of the core before LOCA, the proposed
method relies on data and plant design completed by simulation results
using neutronic and fuel performance code (Fig. 3.1). Specific attention
was paid to the respective initial state of fuel rods, which can directly
influence the rod response during LOCA such as the geometry, the burn-
up, the power, the rod internal pressure, the initial temperature field or
the oxide layer thickness. These data are gathered for each fuel assem-
blies and accounting for fuel type (U,Pu)O, or UO; as well as rod power
factor (representing stored energy) and decay heat (associated to fission
products rod inventory).

Then the scenario and the plant behavior are represented by
DRACCAR using the core and the RCS model which depicts initiator,
normal and safety systems operation. The simulation predicts the rod
response for each equivalent rod and evaluate the occurrence of burst by
the reach of burst criteria. The fission product gap inventory is released
burst-by-burst and feed some specific boundary condition of the chained
ASTEC application, which is able to compute fission gas transport and
behavior on the same CESAR thermal hydraulics nodalization of RCS.

3.2. DRACCAR demonstrative application

3.2.1. Scenario

The demonstrative case focus on a 900MWe alike pressurized water
reactor. The design basis accident scenario selected consists in 16.3 in.
intermediate break located on the cold leg of a primary loop without
pressurizer. Initial power is 104 % of nominal power. In addition to
break, the loss-of-offsite power occurs at SCRAM and due to emergency
diesel failure, only one high pressure and one low pressure safety in-
jection lines are available. Successively to the accident initiation, rapid
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Table 3.1
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Main characteristics of the DRACCAR core & RCS model developed for R2CA and classical DRACCAR 3D PWR fuel assembly model.

Features

DRACCAR core & RCS model proposed in R2CA

Classical DRACCAR 3D detailed 17x17 PWR FA model

Description scale Core (assuming symmetries) + RCS
minimum: 1/8th of core = 26 FA

Core / FA meshing

w

\1"'
wo|o
°

oo
o @ @ 0| ¢
o000

8th of core

Fuel assembly description Average 2D model

At least 1 equivalent fuel rod, 6 were considered in demonstrative

case
1 equivalent control rod + guide tube
1 equivalent instrumentation tube

8 spacer grids + support grid
Equivalent rod model

2D (r,z) thermal meshing

Creep: 2.5D (6,z) clad contour

At least 40 axial slices

1 thermal node

At least 40 mechanical nodes

Fuel rod description

Fuel rod axial discretization
Cladding azimuthal discretization

Fuel rod heat transfer modelling

Fuel rod sub-channels1 FA described in detail

8th of FA

1/8th FA Detailed 3D model

39 fuel rods

5 control rods & guide tubes] instrumentation tube
8 spacer grids

3D detailed rod model
3D (r,0,z) thermal meshing
Creep: 2.5D (0,z) clad contour

At least 3 to 4 thermal nodes
At least 40 mechanical nodes

3D (r,6,2z) conductive heat transfer including at contact between rods

Fuel heat generation

Thermomechanical modelling

Core thermal-hydraulic description
Core thermal-hydraulic channels

RCS thermal-hydraulic description

Wall-to-fluid convective heat transfer including 2-phase flow regimes, reflooding model

and accounting for ballooning and contact
Simplified FA to FA radiation heat transferbased on effective
conductivity of FA

Rod-to-rod radiative heat transfer
accounting for deformation, shading or contact (based on
Hottel method)

Normal power evolution (rod power factor, axial profile, time evolution)
Decay Heat from time evolution law (rod power factor, axial profile, time evolution)

or from FP isotopes decay (evaluated by ISODOP module)

Relocation of fuel associated to mass and energy transfer within fuel rod

2.5D (1,6,z) secondary creep model with contact detection
(Norton-law for creep rate + phase transformation)

New burst criteria specific to burst risk assessment (developed in the frame of R2CA)
Advanced phenomenology: gas transport within fuel rod, fuel relocation

90° rotational symmetry of clad contour over the rod axis
Contact management: non-circular clad contour if radius exceeds rod
pitch

3D 2-phase flow model with implicit coupling to thermal-mechanics

T/H codes: CESAR™N or CATHARE-3“*A

1 channel per FA

Same axial discretization as for fuel rods (40 axial levels)

Full RCS model using thermal hydraulics 1D system description for
circuits

T/H codes: CESAR™N or CATHARE-3*4

Non-axis-symmetrical deformation Rod-to-rod contact
management
Impact of azimuthal thermal gradients

45 sub-channels

Boundary conditions from system code RCS simulations

3D core domain
1D downcomer

RPV modelling

0D lower and upper vessel plenums
FPs release

3D core domain only

evaluated for each FA — Evolution from initial FP isotopes total inventory of the core computed by ISODOP module and release

evaluation from ELSA module ISODOP average core isotopes inventory is taken from VESTA depletion simulation

Automatic chaining to source term Chained to ASTEC simulation
evaluation tool

based on the same RCS description

with FP transport and release modelling

No
(Since no RCS is modelled)

depressurization of the RCS is observed until containment pressure is
reached at nearly 75 s. Consecutively to the depressurization, saturation
conditions are reached in reactor coolant system and a first core heat-up,
strongly driven by core stored energy and power transferred to coolant
and loss at break, is observed from 10 s. The primary mass decreases
until the start of the hydro-accumulators discharge at nearly 40 s. As a
large part of the core is uncovered, a second and progressive heat-up of
the core is pursued mainly due to the decay heat. After 100 s when the
hydro-accumulators are empty, the core water mass inventory is only
progressively recovered by low pressure safety injection which refloods
the core. A maximum peak cladding temperature of nearly 1000 K is
reached at 150 s. Such PCT remains enough low to avoid massive burst
of the fuel rods.

3.2.2. Core initial state and DRACCAR associated core model

The core considered in that PWR900 MWe alike case is a mixed fuel
core composed of 56 mixed oxide (U,Pu)O5 and 101 UO; fuel assem-
blies. Assuming symmetries, only 26 FAs are described in the DRACCAR
core model to depict the behavior of the 157 FAs. Each of this fuel as-
sembly is associated to a thermalhydraulic channel and to six different
equivalent rods associated to a power factor taken from Table 3.2.

To manage heterogeneities of fuel assembly characteristics (Fig. 3.2),
fuel performance simulations with FRAPCON4-0 (Geelhood et al., 2015)
are run to depict irradiation state of each equivalent rod selected in
DRACCAR core model. Additionally, the IRSN VESTA depletion core
simulations are used to complete neutronic data on fuel assemblies
especially neutron power, decay heat and the initial detailed fission
products isotope inventory. Due to the large number of data, a specific
procedure was developed to post-process and feed DRACCAR input
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Simulate at least 1 response per FA = 1 representative equivalent rod per FA

at least 26 FAs using 2D meshed equivalent fuel rods

~

JLA core simu

1/8 of the core

T
3D Core T/H using 1 channel/FA + 1D T/H in RCS (primary loops, SG...)
T T T T T cotiens ™ < hotreos
Fuel rod initial state + Power dist. e : : : : of EER SRS
At least computed per FA o ele
Irradiation (T,p, RIP, BU, oxide...) °
Neutronics (Power, DH, FPs) TGO oo el
FRAPCON 4.0 PNNLIUSNRC FA channel
VESTA e RPV DRACCAR model
.. N Hs DRACCAR LOCA detailed FA simulations
£ datz.l alic |n|t! el s?at.e Study in details fuel rods response within FA (power, location...) /u:j?
Core loading map. irradiation Ad 43D modeling of FA ) . 400
rogram. fuel spec. . plant B vance modeling Of / (fuel rods, guided tubes,grids, ...) s34
program. N 1/8th of FA modelled coupling 3D T/H and T/M models 400000
operation conditions z ) > 0000
Y 45 rods meshed in 3D including 39 fuel rods z:E,éE 00
3D FAT/H at sub-channel scale + T/H boundary conditions DRACCAR FA model
\_ REQUIRED INPUT DATA J K MIXED SCALE DRACCAR CORE MODELING APPROACH /
Fig. 3.1. DRACCAR PWR application for LOCA simulation with 3D core and multi 1D/0D RCS model.
Table 3.2 temperature criterion 1s given by:

Rod power factor distribution considered in the
fuel assembly.

QO — Minimum 0,920
1st quartile Q1 0,968
Average 1

Median Q2 1,018
3rd Quartile Q3 1,033
Maximum Q4 1,048

parameters, which depicts the fuel rod initial characteristics and set it in
the 3D core model.

DRACCAR software is able to manage different rod power distribu-
tion for each FA. Indeed, this modelling is needed as the power distri-
bution within FA is linked to the FA characteristics (burn-up, location in
the core) and their design especially for complex UO2/PuO2 mixed FA,
which are composed by rod with distinct Pu concentrations (Yamate
et al., 1997). However, in the presented demonstrative case, the
assumed power distribution among fuel rods in a given fuel assembly
was considered the same for all fuel assemblies. This fictitious distri-
bution was voluntarily selected to exhibit the influence of rod power on
mechanical response to LOCA.

For each fuel assembly, each rod power factor from Table 3.2 plus the
average power factor are attributed to a distinct equivalent rod. So, each
fuel assembly is described using six different equivalent rods which
depict the behavior of the fuel assembly rod population. Of course, as the
DRACCAR core model use only one channel per fuel assembly, thermal
hydraulics conditions are averaged for the different equivalent rods
from the same fuel assembly. Wall-to-heat exchanges and thermo-
mechanics are nonetheless particularized to each equivalent rod.

3.2.3. Burst criteria selection

In the frame of R2CA, an adequate selection of burst criteria for rod
burst assessment was identified as a key issue. Thus, IRSN reviewed
experimental data available on cladding burst in conditions represen-
tative of LOCA (Taurines and Belon, 2022; Taurines et al., 2024). From
this work, even if no criterion able to predict simultaneously and with
accuracy the burst timing and the burst strain was identified, new burst
criteria for Zr alloy claddings were proposed specifically for rod burst
prediction. A burst temperature criterion based on engineer stress was
recommended for burst risk assessment in LOCA conditions. The R2CA

10

Bo ed

min (%.38
1+ e +Doey

with A =1145.2°C, B =188.5 kpsifl, C=16,5°C/s and D = 0.335
kpsi~!

and where Tpy is the burst temperature (°C), o,y the engineering
hoop stress (kpsi) and “% the heating rate (°C/s). This model is only valid
for heating ramps from 1 to 38 °C/s.

In addition to this criterion, the burst temperature proposed by
Chapman (Powers and Meyer, 1980; Chapman, 1979) was also used in
the IRSN demonstrative simulation. Moreover, to manage complex
LOCA transients, in which burst can occur during the reflooding phase
associated to strong variations of the cladding temperature and rod in-
ternal pressure, additional criteria were used complementarily to burst
temperatures. Moreover, the burst strain criteria based on NUREG-630
(Powers and Meyer, 1980) and the “best-estimate” true burst stress
criterion proposed by (Taurines and Belon, 2022) were also considered.
As for ASTEC simulations, a circumferential strain limit is also set to
prevent excessive deformation without burst when no criterion is
reached. In fact, these three last criteria were not triggered in DRACCAR
demonstrative simulations. Indeed, according to the transient condi-
tions, the temperature burst criteria were triggered long before the
conditions for other criteria were met (Fig. 3.3) and strain level
remained low (3 % for DBA, 8 % for DEC-A demonstrative cases).

Tburst( CC) =A-

3.2.4. Discussion on main results

In this demonstrative DBA case, the maximum temperatures are
nearly 1000 K for the hottest fuel assemblies (See Fig. 3.4). The cladding
temperatures remain low enough to only observe burst for a reduced
number of fuel rods (<10 %) and a low circumferential strain (<3%).
Concerning burst predictions, a large scattering of the minimum dis-
tance between criterion and cladding representative parameters is
observed. Burst occurrence is only predicted by the burst temperature
criteria with a good agreement between Chapman and the new criterion
proposed by Taurines. The code evaluation remains far of the criteria
based on burst stress or strain (See Fig. 3.5).

Moreover, the distance between maximum clad temperature and the
burst temperature varies a lot from one fuel assembly to the other. As the
burst criteria act as a trigger for failed rod number, the burst potential of
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Fig. 3.3. Evolution of the value associated to clad elements (in red) and burst criterion (in black) for the selected criteria (temperature, strain, stress). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

each fuel rod was evaluated at a given time by the minimum relative
burst margin which is the relative difference to burst criteria evaluated
for each elements composing the cladding.

Mil’l[(Valuecﬁrerion - Valuecode)/ Valuecriterion]

In particular, for a burst temperature criterion, this minimum margin
can be evaluated for a given rod and at a given instant by the minimum
reached over all the clad elements:

11
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Fig. 3.4. Evolutions of the maximum clad temperatures (at left) and
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Fig. 3.5. Evolution of the difference between rod internal pressure and coolant pressure at burst location (at left) and of the rod internal pressure at mid elevation (at

right) — colour field represents minimum relative burst margin.

Tcn’t(Th Gi) —T;
T;

With T; the temperature of clad element i belonging to the fuel rod

T the temperature criteria evaluated according to temperature T;
and stress o; for the clad element i belonging to the considered fuel rod.

For a given rod, the lowest value reached during the transient by the
minimum margin corresponds to the conditions where the rod is closest
to the burst criterion. Therefore, for a given rod, these conditions are
associated to the maximum burst risk. This margin can be evaluated for
each fuel assembly and for the six equivalent rods representing this fuel
assembly. The minimum margin reached during transient is illustrated
on the core map (Fig. 3.6). On this core map, the response of equivalent
rods with minimum, average, median, and maximum power factors are
identified for each fuel assembly. As expected, DRACCAR predicts burst
for high power fuel assembly and preferentially for maximum power
factor rod. Due to the use of burst temperature criteria and according to
the characteristics of the demonstrative transient, the burst margins
decrease monotonically with rod power factor.

Burst occurs preferentially in the fuel assembly with the maximum
average power and with the highest rod internal pressure. In this
simulation, burst temperature are met only for the hottest rods and

Minwladelementierud |:

Minimum Morgin to burst criteria
F £ D C B

Burst
Margin
>20%
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15%
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Burst
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during the reflooding phase when the cooling has already started at the
bottom of the core. For the other of fuel rods, the temperature rise is cut-
off before the cladding temperatures reach the burst temperatures.
However, low margins to burst (<5%) are evaluated for a non-negligible
amount of fuel assemblies.

The evaluation of minimum burst margin for the different equivalent
rod was used to quantify the rod burst ratio in a fuel assembly by
cumulating the burst frequency step-by-step from the response of
equivalent rods using different power factors. This demonstrative
method evaluates the RBR in a given fuel assembly to 25 %, 50 %, 75 %
and 100 % when the burst is respectively predicted for the equivalent
rod with maximum, third quartiles, median or first quartiles power
factor. Core RBR is obtained by summing contribution of the different
FAs. The obtained RBR was compared to the one deduced from the single
response of one of the four family of equivalent rods respectively asso-
ciated to minimum, maximum, median or average power factors.
Fig. 3.6 illustrates this comparison by presenting the predicted RBR
against the minimum relative margin to burst criteria. Results highlight
the dependency of the RBR evaluation to the choice of the fuel assembly
modelling and to the uncertainty magnitude on the clad and the burst
temperatures. This simulation shows a strong variation of RBR with the
minimum relative margin to burst. RBR jumps from 10 % to 30 %

DRACCAR simulation - demonstrative PWR900 R2CA DBA case - IRS[N

70%

0% 2% a% 6% 8% 0% 12%  14% 20%

16%

Relative margin to burst criteria

——Minimum —— Average Median ——Maximum =——Method

Fig. 3.6. Potential number of burst fuel rods predicted by DRACCAR against the threshold relative margin to burst criteria considering different equivalent rod
population depending on rod power: average, maximum, minimum, median or a method accounting for different rod behavior.
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considering that burst occurred with relative margin to burst lower than
5 %, which in this case roughly corresponds to 50 K between clad
temperature and burst criterion. As a result, it is recommended that RBR
evaluation should not rely on a single simulation and that a specific
management of uncertainties, and in particular on burst criteria, should
be included in the methodology. Indeed, due to dispersion of experi-
mental data, the R2CA temperature criterion was established by a fit to
data with a mean error of 26.7 °C (Taurines and Belon, 2022).

The obtained results are influenced by DRACCAR fuel rod model and
especially by the evaluation of the rod internal pressure. In this example,
no specific fission gas release from fuel to rod free volume was computed
during the transient. It means that only the initial free volume inventory
of fission gas is released at rod bursts. The inventory of fission products
is deduced from the average isotope inventory evolution evaluated by
ISODOP module and release is cumulated by ELSA module (Chatelard,
2016). These ASTEC modules are embed in DRACCAR software and ease
connectivity of DRACCAR results to ASTEC simulation for source term
evaluation. One current limitation of DRACCAR simulation is the use of
the total core fission product inventory, which is distributed to the
different representative rods according to their power factors. One
prospect for the development in ISODOP module would be the man-
agement of several fission product inventories. In this way, the fission
products and gas composition within free volumes could be defined
independently for each rod according to its fuel design, burn-up and
irradiation history.

Regarding the rod pressure evaluation, the demonstrative DRACCAR
simulation uses axially meshed free volumes with specific gas transport
model. Indeed, this modelling was considered according to the selected
transient where burst occurs during reflooding. From the start of rod
bottom reflooding, a uniform rod internal pressure assumption led to a
rapid drop of pressure and so of the stress in clad even for the hottest
rods. Consequently, uniform rod pressure assumption tends in this case
to reduce the burst risk. Assuming local internal pressure with a gas
transport model provide significant differences since the pressure can
evolve with delays in response to start of the rod cooling from the bot-
tom. One dimensional axial gas flow through the rod free volumes is
computed by DRACCAR according to a classical porous media approach
based on Darcy law. Therefore, the pressure differential between rod
and coolant varies axially during the transient and at clad burst, the
pressure is automatically set to coolant pressure at burst location
whereas it can last few hundred seconds to upper plenum pressure to
drop to the coolant pressure. With 1D axial gas transport model, the rod
pressure distribution and evolution strongly depend on the axial
equivalent permeability considered in Darcy’s law. In this demonstra-
tive case, rod initial permeability is taken to 10™** m2 This value is
consistent with the order of magnitude characterized in (Montgomery
and Norris, 2019). Of course, this parameter is uncertain and should be
particularized to each fuel rods or at least to each fuel assemblies.
Indeed, it can be noticeably influenced by fuel design and irradiation
history. Moreover, permeability was not yet characterized in LOCA
transient conditions. Consequently, in a rod burst assessment method-
ology, uncertainty management approach should certainly identify the
permeability among other uncertain parameters, which are able to affect
the simulation of rod response to a LOCA.

For few fuel assemblies, burst is not reached even with high pressure
difference at burst elevation between the rod and the coolant pressure.
For these rods, the power is insufficient to reach the temperature for
burst. In this demonstrative case, the power factors (stored energy and
decay heat) drive mainly the cladding thermal response, which pri-
marily plays the major role in burst prediction due to the selection of
burst temperature criteria.

3.3. Summary and prospects for DRACCAR application

In the frame of R2CA, IRSN has proposed new approach with
DRACCAR LOCA software in which DRACCAR core model depicts
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distinctively the behavior of each fuel assemblies using a 3D core
description based on average fuel assembly thermalhydraulic channels
and several 2D (r,z) equivalent rods per fuel assembly. This 3D core
model enclosed in multi 1D/0D RCS thermalhydraulic description effi-
ciently evaluates the system thermalhydraulic response to LOCA for
PWR and is coupled to thermomechanical models able to distinctively
evaluate contribution of the different fuel assemblies to RBR.

RBR evaluation with DRACCAR was highlighted on a demonstrative
PWR case, which is an example of simulation that could feed a global
approach to assess the radiological consequences during LOCA. From
this work, the choice of burst criterion was found to influence the RBR
and burst temperatures criteria were reached earlier than classical
NUREG-0630 burst strain or the “best-estimate” true stress criterion
from R2CA project. The scenario and LOCA transients plays probably a
role in burst criteria adequate selection and it is recommended to enable
several types of criteria (stress, strain, strain energy density, tempera-
ture,...) among which burst temperature criteria from Chapman (Powers
and Meyer, 1980) and from R2CA project (Taurines and Belon, 2022).

In addition, the prediction of the number of failed fuel rods should
not rely on a single simulation result even with integral 3D simulation
tools. Indeed, a specific management of uncertainty should be included
in the methodology due to the uncertainty magnitude on inputs for the
scenario or on the model parameters. This work underlines that the
uncertainties attached to clad temperature predictions or burst criteria
especially during reflooding conditions could impact significantly the
RBR evaluation. Of course, uncertainty management should be consid-
ered globally for the calculation chain. It should handle the uncertainties
for LOCA thermal hydraulics simulation and in particular on input
model uncertainty (Baccou et al., 2019). Moreover, the chain to results
from fuel performance code which provides the rod initial irradiation
state associated to advanced fuel rod modelling such as gas transport
model or fission gas release should also be dealt in uncertainty quanti-
fication. This probably implies a significant computational effort asso-
ciated to a large number of simulations with a proper classification and
selection of first order parameters for RBR evaluation.

Currently, using a reduction of the core domain to an eighth or a
fourth of the core — as used in this DRACCAR demonstrative case — fit
with the requirement on computational performance needed to perform
these large number of simulations but at the expense of the represen-
tativeness. In particular, the proposed DRACCAR eighth core model
cannot capture 3D in-vessel flow effects and non-symmetrical behavior
of fuel assemblies. Moreover, non-symmetric core loading can only be
represented rigorously by a higher computational effort. Some prospects
associated to the improvement of numeric are investigated in DRACCAR
software such as the use of optimized solver and methods such as the one
available in PETSc (Balay et al., 0000). The reduction of CPU cost could
allow to develop full 3D RPV model or to mesh the core at an interme-
diate scale in between fuel assembly scale and sub-channel scale. Of
course, 3D model and in particular with multi-scale model would
require verification and validation process before introducing it in in-
dustrial method for rod burst prediction.

The new DRACCAR core application represents with more realism
the core in comparison to classical core ring methods used in integral
tools such ASTEC. However, some compromised were realized on the
meshing due to computational capabilities or on the physical description
by the use of 2D(r,z) rods instead of the classical 3D (r,0,z) multi-rod
configuration at subchannel scale recommended with DRACCAR for
LOCA phenomena studies. Since the current application mix realistic
description and modelling compromise, a particular attention should be
paid to the evaluations and conclusions based on simulation results.
Even if DRACCAR approach describes with more realism the core, one
should take care that the remaining conservatisms associated to rod
burst prediction are not weakened by the attempt to introduce more
realism in the modelling. This probably means to adopt some conser-
vative approach managing simulations with penalizing assumptions and
adding additional margins. The method should also handle correctly the
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input and model uncertainties which can impact the evaluation of
maximum rod burst ratio.

4. Advanced 3D ATHLET-CD application

In the framework of the R2CA project, a new 3D model of a PWR
reactor pressure vessel (RPV) and core was developed with the system
code ATHLET and its extension ATHLET-CD. The model was developed
exemplarily for a 4-loop PWR of the Siemens KWU type (called Konvoi),
with nominal 3950 MW thermal power and net electric power of 1400
MW. The plant model developed in the framework of the current work is
generic with no reference to a specific plant, and all data is taken
exclusively from open literature. Details about the type of plant can be
found in (Neeb, 1997; E.ON, Kernkraftwerk Isar 2, 2011; von Linden
et al., 2002; Ziegler and Allelein, 2013).

4.1. ATHLET and ATHLET-CD code description

The analyses were performed with the system code ATHLET, version
3.3 (Austregesilo et al.,, 2021) and its extension ATHLET-CD for
modelling core-degradation phenomena (Lovasz et al., 2021). ATHLET
is a best-estimate one-dimensional thermo-fluid dynamics code for
simulation of large range of thermal-hydraulic systems with the focus to
nuclear reactors applications. It applies a two-fluid model and solves six
balance equations for both steam and liquid phase by means of a finite
volume method, based on a fully implicit treatment of a first order up-
wind, donor-cell approximation of the fluxes on a staggered spatial grid
by means of the ODE solver FEBE. The ability to solve the momentum
equation in 3D-domains, such as RPVs, was introduced into ATHLET
version 3.0A back in 2012 (Schoffel, 2011), with further improvements
made in version 3.1A in 2016. Since that time, the 3D option has been
applied for various light water reactor thermal hydraulic analyses (Diaz-
Pescador, 2023). The validation of ATHLET’s 3D capability was based
on the recalculation of selected experiments (Diaz-Pescador et al., 2020;
Diaz-Pescador et al., 2021; Pandazis et al., 2015).

ATHLET-CD is a predefined plug-in for ATHLET and extends the
underlying ATHLET models and inputs with additional modules for the
simulation of severe accident phenomena and processes (Wielenberg
etal., 2019). In particular, it provides a core and fuel rod model, which is
able to calculate the heat-up and deformation of fuel rods, calculation of
gas-gap pressure, creep, deformation of cladding (ballooning) and burst
of fuel rod cladding and reduction of the flow cross-sectional areas be-
tween the fuel rods (feedback to the thermal hydraulics). Furthermore, it
provides the calculation of fission product inventory, decay heat, fission
product release and transport within the primary circuit (Lovasz et al.,
2021). However, many of the ATHLET-CD features, such as melting and
relocation of fuel rods are not needed for the current analyses of a DBA
LB-LOCA.

The classical approach applied in severe accident codes such as
ATHLET-CD is subdivision of the core into a small number of concentric
rings with the assumption of azimuthally symmetric behavior, especially
symmetrical power distribution and symmetrical thermal-hydraulic
boundary conditions. A flexible nodalization scheme has been imple-
mented in ATHLET-CD version 3.3 (Lovasz et al., 2021; Lovasz et al.,
2021), which provides several options of a more detailed nodalization of
the core, including the possibility of a free definition of rectangular
shaped nodes within a Cartesian coordinate system (applied in the
current study). The new nodalization approach has been applied to ac-
cident analyses with strongly asymmetrical characteristics of the reactor
core (Lovasz et al., 2018; Lovasz et al., 2018) as well as accident studies
in spent fuel pools (Lovasz et al., 2018; Lovasz et al., 2019).

All analyses shown in the current paper were performed with a
developer version of the code provided by code developer GRS with
additional code modifications implemented by HZDR.
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4.2. New detailed model of PWR reactor pressure vessel and core

The RPV is modelled by a hydraulic multichannel approach, i.e. the
thermal-hydraulic domain of the RPV is subdivided azimuthally into
inter-connected parallel channels. These channels are represented in
ATHLET by so-called thermo-fluid-objects (TFOs) and each TFO is sub-
divided axially into a certain number of control volumes (CVs). Adjacent
channels are interconnected by so-called cross-connection objects
(CCOs), which provide flow paths between adjacent CVs. This 3D core
model is widely inspired from ATHLET-CD 3D model developed for
spent fuel pool configuration (Pointer et al., 2018).

Fig. 4.1 shows the nodalization scheme of the vessel, visualizing the
described parallel channel approach. The downcomer for instance is
modelled by in total 16 parallel channels (where only 2 are shown in
Fig. 4.1), and the plena regions are modelled by 49 parallel channels,
arranged in 3 concentric rings, each subdivided into 16 channels and
one central channel.

The core region of the Konvoi PWR consists of 193 fuel assemblies
(FAs), arranged by a 15-by-15 matrix, and each assembly comprises 300
fuel rods (57900 in total). For the new core model, it was decided to
model each assembly separately with one TFO per assembly. This results
in the scheme shown by Fig. 4.2 with 193 TFOs to model the FAs. The
colors in the figure indicate which of the assemblies are connected to
which part of the lower and upper plenum (with orange as the central
fuel assembly, yellow connected to the 1st ring, green connected to the
2nd ring, and blue connected to the 3rd ring). The objects marked in
grey indicate the reflector channels.

It has to be emphasized, that a model limited to the core alone or the
RPV is not sufficient to study the plant behavior during LOCA accident,
as precise boundary conditions at the RPV inlets and outlets are not
known a priori. There is an interaction between the vessel and the loops
and the emergency core cooling system (ECCS), e.g., the start of injec-
tion depends on how fast the pressure is reduced in the RPV.
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Fig. 4.1. Nodalization scheme of RPV.
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Fig. 4.2. Detailed core configuration (location of 193 fuel assemblies with
assembly numbers and assignment to core rings).

Furthermore, the reactor shows a strong asymmetric behavior during
the LOCA transient:

e break of only 1 of 4 loops,

e asymmetric ECCS injection due to malfunction and outage of
selected systems,

e influence of pressurizer, which is connected to only one of the loops.

Therefore, it was decided to develop the new core modelling
approach within a full plant ATHLET model (including full primary and
parts of the secondary circuits). Fig. 4.3 shows the nodalization scheme
of the complete model, including:

e the RPV,

e 4 separate loops with hot leg, steam generator (SG) inlet and SG exit
chamber, SG U-tubes, cold leg and main coolant pump (only 2 of the
4 loops are shown in Fig. 4.3),

e 1 pressurizer with surge line connected to hot leg of Loop #2,

e 8 accumulators (4 connected to hot legs, 4 connected to cold legs),

e further ECCS components (HPI and LPI).

The power distribution was obtained from core simulator results

SG U-tubes
(primary side)

Cold leg Hot leg

Loop 1
(1 of 3 intact loops)

Accumulator
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carried out for a typical German PWR (for beginning of cycle conditions,
as they show the largest rod power factors). However, modelling of the
entire number of fuel rods is still not feasible in ATHLET-CD (due to too
long simulation time) and an appropriate averaging procedure was
needed. As a compromise between accuracy and duration of the calcu-
lations, it was decided to model the fuel rods of each assembly by 4
representative rods, each representing one quartile of the assembly’s
rods (i.e. 75 rods), ordered by their rod power. For each quartile the
average rod power factor (RPF) was calculated, which is shown by
Fig. 4.4 with a maximum RPF = 1.567. According to the German
guidelines for LOCA analyses, the most unfavorable conditions have to
be selected. For the axial power density distribution, the most unfa-
vorable power distribution is selected that the reactor protection system
and assumed uncertainties allow, which is a distorted power profile with
the maximum located in the upper part of the core (top-peaked power-
profile). To implement that requirement, the RPFs derived from core
simulator results have been multiplied by a generic top-peaked power
profile that leads to a maximum linear heat generation rate (LHGR) of
455 W/cm in the current ATHLET-CD analyses. The value is slightly
lower than the given LHGR verification value of 485 W/cm to be
applied in conservative LOCA analysis (Wunderlich et al., 1990), but the
latter could not be applied in the current analysis as it led to numerical
problems during the start of the ATHLET-CD simulation. The power
profiles are shown exemplarily by Fig. 4.5 for the assembly with
maximum power.

The mechanical rod behavior module of ATHLET-CD calculates the
thermal strains as well as the elastic and plastic deformations due to the
difference between the rod internal pressure (RIP) and the system
pressure. The RIP is dynamically calculated as a function of the mean
gas-gap temperature and the gas-gap volume (including the fuel rod
plenum volume) under consideration of the fuel porosity and the
amount of gas substance (in moles). The amount of gas is calculated
from the initial gas-gap volume, a given initial gas pressure and tem-
perature, e.g. the fill gas pressure (which is 2.25 MPa for fresh Konvoi
fuel (Wunderlich et al., 1990) at ambient temperature.

In case of fresh Konvoi fuel (low burn-up — 0.0 GWd/tHM), the
steady state RIP of the maximum power rods is found to be between 6
and 7 MPa, as indicated by Fig. 4.6 (left side) and Fig. 4.7, which is in
agreement to values reported by (Wunderlich et al., 1990). These values
are the lowest steady state values, which can be observed for a fuel rod
operated at that power level. With increasing operation time, i.e.

Steam line (simplified)

SG secondary
side with downcomer,
riser and steam dome

Pressurizer

To RPV

Break

Loop 2
(broken loop)

Fig. 4.3. Nodalization scheme of primary and secondary side.
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Fig. 4.5. Four top-peaked rod power profiles constructed for the assembly with
maximum power.

increasing burn-up, the rods show higher RIP at the same power level
because of the accumulation of fission gases in the gap. It is important to
note that the accumulation of fission gas during normal operation is
currently not computed by ATHLET-CD.

The current version of ATHLET-CD (version 3.3) allows the user to
define only one global initial gas-gap pressure, which is applied across
all 772 representative rods (core sections) as the initial value of the
dynamically calculated RIP. There is, however, an alternative method
within ATHLET-CD for simulating RIP evolution. This method permits a
distinct initial pressure for each core section based on a globally rated
value and adjusted according to a relative rod internal pressure scale.

16

This approach requires user-provided (pre-calculated) tabulated func-
tions of pressure evolution over time for each core section, but as these
are not known beforehand, the method is typically impractical.

As a result, the current version of ATHLET-CD cannot accurately
model the dependency of gas-gap pressure on burn-up at the onset of a
LOCA transient. As a work-around, we have estimated a possible pres-
sure range, starting from 2.25 MPa (cold-state gas-gap pressure for fresh
fuel) to a conservatively high initial cold-state gas-gap pressure of 3.6
MPa (corresponding to the maximum rod-averaged burn-up of approx.
70 GWd/tHM observed at EOC). With the high initial pressure value, the
simulations predict a maximum RIP of approximately 11.0 MPa under
hot full power conditions (see the right side of Fig. 4.6), exceeding the
conservative values reported in the literature (Wunderlich et al., 1990).

The simulations have been performed with both initial values. The
first one returns the lower bound of the failed rod number and the
second one returns the upper bound.

During the LB-LOCA, the system pressure drops within approx. 5 to
10 s from 15.8 MPa initial pressure down to values below 7.0 MPa
(Fig. 4.7), which leads to a value of

AP = Prod,int. — Psys >0 (1)

Afterwards, the system pressure is further reduced, while the rod in-
ternal pressure remains at a higher level for several seconds.

During the discharge phase of the LOCA transient, the peak cladding
temperature (PCT) of the rods with highest heat generation rate reaches
values of up to 1100 °C within approx. 5 s (see Section 4.4), which is a
similar time span as it takes the system pressure to fall below p;oq int.. The
maximum heating rates can exceed 400 K/s between 1 s and 2 s, fol-
lowed by a more moderate heating rate of up to 100 K/s. Usually, a
slight drop of the PCT is observed afterwards between 5 and approx. 20
s, followed by a another temperature rise to values above 1000 °C, with
several rods that can reach values up to 1200 °C (depending on the
investigated conditions, see the discussion in Section 4.4 and Fig. 4.17)
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Fig. 4.6. Distribution of rod internal pressure PRODI calculated by ATHLET-CD for two bounding cases. Left side: initial pressure value 2.25 MPa applied for all rods

(fresh fuel). Right side: initial pressure value 3.6 MPa applied for all rods.
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Fig. 4.7. Typical evolution of the primary pressure and RIP of high-power rod
during the first 50 s of the LB-LOCA.

This second peak or plateau lasts until the rods are quenched by the
ECCS (until approximately 80-120 s). Consequently, from about 10 s
on, a significantly large internal overpressure is observed (can reach
values in the order of 2.0 MPa, as shown by Fig. 4.7), while the cladding
of those rods remains at high temperature. Consequently, deformation of
the rods takes place, which is mainly caused by creep of the cladding
material, which leads to ballooning and later to burst of rods. That
process continues during the refilling and reflooding phases of the LB-
LOCA as long as the rods are at elevated temperatures. Several corre-
lations are implemented to model the creep behavior, which are based
on similar assumptions. It is assumed that the deformation process up to
burst of internally pressurized Zircaloy claddings can be calculated from
the steady-state (secondary) creep equation of the material (Erbacher
et al., 1982). The steady-state creep rate ¢ of a material at constant
temperature and constant stress can be represented by a power law-
Arrhenius equation (the so-called Norton equation) of the form:

. de Q
€ —d——Ao"exp( kT)

o is the applied hoop (azimuthal) stress in Pa, T is the cladding tem-
perature given in K, and k is the universal gas constant = 8.314 J/
mol-K~!. The structure parameter A (unit MPa’"-s’l), the stress

@
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exponent n (dimensionless) and the activation energy Q (unit J/mol) are
derived from experimental data. All implemented models assume sym-
metrical deformation of the rods. Therefore, the hoop stress for a tube
under a differential pressure Ap =pin —pex is given by (Rill and
Regensburg, 2017):

R Pm + Pex

N
PSS~ 2

3)
with R as the instantaneous mean tube radius and s the instantaneous
tube wall thickness.

Four different correlations for creep computation are implemented in
the ATHLET-CD code, with separate correlations for hexagonal closed
packed a-phase to the body centered cubic s-phase:

e Model based on Erbacher et al. (Erbacher et al., 1982);

e Model based on Rosinger et al. (Rosinger et al., 1979);

e Model of Burton (Burton et al., 1978) for a phase, but with a modi-
fied calculation procedure for the shear modulus G, as default and
recommended option according to the ATHLET-CD manual (Lovasz
et al., 2021). That correlation is called standard correlation of KESS
(as it was used in the predecessor of ATHLET-CD, developed by IKE
Stuttgart (Schatz and Hocke, 1995);

e Original model of Burton (Burton et al., 1978) for a phase.

It has to be mentioned, that no correlations are implemented in
ATHLET-CD for the p-phase Zircaloy for Burton’s models. For Erbacher
and Rosinger correlations, the model parameters are given by Table 4.1.
In case of the Erbacher correlation, the hoop stress is applied, while for
the Rosinger correlation, the engineering stress is applied.

Table 4.1
Creep correlation parameters applied in ATHLET-CD for Erbacher and Rosinger
model.

Model Phase n A Q
- MPa ™" J/mol
sl
Erbacher et al. (Erbacher a 5.89 1487.0 321000 + 24.69 (T -
et al., 1982) phase 923.15)
B 3.78 3.9721 141,919
phase
Rosinger et al. (Rosinger a 5.32  2000.0 284,600
et al., 1979) phase
p 3.79 8.1 142,300
phase
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The temperatures to describe both phases are implemented as:

T < T,=1085.15K aphase
T,<T<Ty interpolation region (C))
T > Ty =1248.15K pphase

The creep rates computed by the four different options are compared in
Fig. 4.8 for the temperature range between 600 °C and 1100 °C and a
stress range between 1.0 MPa and 100 MPa. Stress values up to 30 MPa
are observed during the LOCA transient. Creep rates above 0.003/s have
to occur to create large enough final strain of about 38 % (currently
selected burst criterion) within the duration of 120 s (maximum
observed time for quenching). Furthermore, the code limits the strain
rate to a maximum value of 0.3/s in order to avoid too fast changes of
geometry. This region of interest for the typical LOCA conditions is
framed by the dashed lines in Fig. 4.8. It is visible that the Rosinger
correlation produces significantly larger creep rates than the Erbacher
model (approx. by a factor of two larger for the high temperature range,
approx. one order of magnitude larger for the low temperature range).
The Burton model gives similar values for the low-temperature @ phase
as the Rosinger correlation. Due to missing correlation for g phase in the
ATHLET-CD implementation of the Burton model, the calculated creep
rates for the high-temperature range are significantly lower than those
computed by Rosinger as well as those by Erbacher. As the current status
of the code is documented in this paper, the results of the Burton models
shown in Fig. 4.8(c)-(d) are extended to whole temperature range (as it
is done in the current version of the code).

The consequences of the four different creep models have been
investigated for the rod with maximum power and the evolution of the
hoop strain is depicted in Fig. 4.9. It can be seen that the Rosinger model
leads to fastest straining of the cladding. It is the only model that leads to
significant negative creep rates during the first temperature peak (dur-
ing discharge phase, 3-4 s after break opening), with creep-down of the
cladding to pellet and consequently ¢ < 0. Following the positive Ap
after 10 s, the Rosinger model also leads to earliest start of ballooning of
the cladding. However, the burst criterion (in this case 38 % maximum
strain has been defined) is reached at almost the same time for all four
models (2 s later for the Burton model compared to the Rosinger model).
The evolution of the number of burst rods is shown by Fig. 4.10.% The
Rosinger model results in a faster increase in the number of burst rods
and also leads to a 20 % higher number of total burst rods compared to
the other three burst models, and thus shows the most conservative
results among the implemented creep models. Consequently, this model
was applied to prepare the final analysis presented in Section 4.4.

Another important model parameter is the implemented rod burst
criterion. ATHLET-CD provides four different rod burst models, which
are discussed in (Taurines and Belon, 2022). For the current simulations,
the maximum strain criterion has been selected, which is the simplest
criterion Burst of rods is assumed as soon as the maximum hoop strain of
the cladding reaches 38 %. This is slightly above the strain value reached
when adjacent rods (assuming symmetric deformation and similar
deformation of adjacent rods) get into contact (34 %).

4.3. Short description of the simulated accident scenario

For the investigated LB LOCA scenario, the reactor is operated at full
power. To cover uncertainties of reactor power, the power is increased
to 106 % of the nominal power in the current analysis (conservative
value, 4187 MW). The LB-LOCA is initiated by a double-ended guillotine

2 It has to be mentioned that the results discussed here with focus to influence
of different creep models are not the same simulation case, which is shown in
Section 4.4. The results presented here were obtained with high initial RIP and
top-peaked power profile. For the final results in Section 4.4, several corrections
of ECCS and decay heat have been implemented and thus lead to a slightly
different final value of burst rods.
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break of cold leg of Loop 2 (loop connected to the pressurizer, see
Fig. 4.3), in combination with loss-of-offsite power (LOOP). The break is
located close to the RPV with a break size of 2 x 4417 cm?.

For DBA-LOCA, the assumptions for availability of the ECCS are
made according to RSK guidelines and are summarized in Table 4.2. The
single failure (SF) criterion is applied, which means that one hot leg
injection train is blocked. Furthermore, maintenance (MA) of one
accumulator has to be assumed. The accumulator and low-pressure in-
jection pumps connected to the cold leg of the broken loop inject directly
to the break (and are therefore not efficient). The active ECCS starts,
when the emergency preparation signal is set. This signal is set, when
two out of three of the following criteria are reached (activation by the
reactor protection system):

e Pressure difference between containment and atmosphere > 30 mbar
e Primary pressure < 111 bar (absolute)
e Level in the pressurizer < 2.28 m

4.4. Numerical results

For the DBA-LBLOCA, two bounding cases were calculated, and the
results are reported in the following. For the first simulation minimum
initial RIP value was applied (2.25 MPa) while the second simulation
was carried out with maximum initial RIP value (3.60 MPa).

At first, the simulation with minimum RIP is discussed. The
maximum cladding temperatures of each of the 772 representative fuel
rods observed during the LOCA, are depicted by Fig. 4.11. During the
discharge phase a first temperature peak of 1124 °C (at 5.0 s) is found,
which is mainly due to the stored energy in the fuel rods and almost
complete loss of cooling (cladding temperatures approach fuel temper-
atures). A second peak is observed at approximately 12 s, followed by a
reduction of PCT to 900 °C until approximately 20 s. At t = 5 s, the
cladding temperature distribution is almost symmetrical within the core
(Fig. 4.13). It has to be mentioned that in this figure, each FA is sub-
divided into 4 quadrants, and each quadrant indicates the temperature
of one of the 4 representative rods (according to the power quartiles
given by Fig. 4.4). Later at t = 20 s, a non-symmetrical temperature
distribution is observed with reduced cladding temperature in the core
quadrant which is located adjacent to the broken Loop 2 (Fig. 4.14). The
emphasized temperature reduction in this area can be explained by the
injection of the pressurizer inventory through hot leg of Loop 2 during
this period of the accident and by an increased flow downwards into the
direction of the break located at cold leg of Loop 2.

Injection from accumulators starts at 21 s, with support from active
ECCS starting at 32 s, which leads to refilling of lower plenum and
reflooding of the core starting from 50 s. Afterwards, more and more
rods are quenched until approx. at 117 s all rods are quenched.

Due to the elevated temperature and a drop of the primary pressure
below rod internal pressure at approx. 6 s after the beginning of the
LOCA (see Fig. 4.7), the cladding of the first rods starts to balloon due to
creep of the material. Fig. 4.12 shows the calculated strain for all nodes
(772 representative rods times 18 nodes per rod). The deformation of
cladding leads to reduction of the flow area between the fuel rods and
reduces the coolability of those core sections, which are already at
elevated temperature. Consequently, several representative rods heat up
before they are quenched (third local peak of 1060 °C, which is still
lower than the defined ECCS acceptance criterion of 1200 °C (von
Linden et al., 2002).

At 26.9 s, the first rod reaches the specified burst criterion (38 %
hoop strain). In total, 97 representative rods burst during the progres-
sion of the LOCA (corresponding to 7275 real fuel rods), which is equal
to 12.6 % of the core. The nodes, which reach the burst criterion, are
indicated in red color in Fig. 4.12. As the initial RIP value was set to its
minimum (2.25 MPa), the calculated number of burst rods has to be
understood as the lower limit of possible results. However, the accep-
tance criterion defined for German PWRs for the extent of core damage
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Fig. 4.8. Creep rates calculated by the four creep rate models implemented in ATHLET-CD.
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Fig. 4.9. Comparison of four creep rate models implemented in ATHLET-CD.
Evolution of the (azimuthal) hoop strain of selected high power rod dur-
ing LBLOCA.

is a maximum burst of 10 % of all rods (BMU, 2012) and this criterion is
violated even by the lower limit of burst rods. The distribution of burst
rods at the end of the LOCA transient is visualized by Fig. 4.15, and
shows a strong correlation to the cladding temperature distribution at t
= 20 s. Based on the deformation of the rods, a porosity factor is
calculated for each CV of the core channels (Fig. 4.16).). This calculated
porosity factor directly influences the flow cross-sectional area, and
decreasing of porosity leads to decreasing flow cross-sections. This acts
as a feedback parameter from the mechanical rod model to the ther-
mohydraulic model, which leads to reduced coolability of the affected
core regions.

A second simulation was performed with an increased initial RIP
value, which was specified as 3.6 MPa (at ambient temperature). The
corresponding max. RIP at hot full power conditions is 11.2 MPa
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Fig. 4.10. Comparison of four creep rate models implemented in ATHLET-CD.
Number of burst rods computed for a LB-LOCA case with top-peaked
power profile.

Table 4.2
Assumptions for the ECCS in the DBA LOCA scenario.
Injection System Loop 1 Loop 2 Loop 3 Loop 4
HL CL HL CL HL CL HL CL
Safety injection pumps 1 1 - SF - 1 —
(HPIS)
Accumulators 1 1 1 1* SF 1 MA 1
Low pressure injection pumps 1 1 1 1* SF 1 1 1
(LPIS)

1 Injection system available.

1* Injection system available, but injects to broken loop.
SF Not available due to single failure.

MA Not available due to maintenance.
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Fig. 4.11. Maximum cladding temperatures of 772 representative fuel rods.
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Fig. 4.12. Hoop strain of all 13,896 calculated cladding nodes, with 97
representative rods that reach the burst criterion (38 % hoop strain).

(Fig. 4.6). As explained above, this value is considered as an over-
estimation of conservative values reported in literature (Wunderlich
et al., 1990). From the results of the second simulation, it is observed
that the cladding temperature of 5 representative rods (0.6 % of all rods)
exceed 1200 °C, with a maximum of 1252 °C at 41.3 s (Fig. 4.17).
Furthermore, an increased number of rods reach the burst criterion (225
representative rods, corresponding to 16,875 rods in the core, or 29.1 %
of all rods, see Fig. 4.18). This value can be considered as the upper limit
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Fig. 4.13. Cladding temperature distribution within the core att = 5s.

of the range of possible results.” If the real distribution of the RIP could
be accounted for in the ATHLET-CD model, the number of burst fuel rods
is expected to be in between the two limits.

3 This holds under the assumption, that all other parameters are kept as
specified in the simulation. In case of a complete uncertainty analysis (with all
relevant input parameters are varied within their uncertainty range), an even
higher number of burst rods might be obtained. The reader has to keep in mind
that despite several important parameters have been selected conservatively
(initial power, decay heat, power profile, rod internal pressure, and number of
available ECCS systems), other parameters are specified at best estimate values
(e.g. accumulator inventory, all ATHLET internal model parameters).
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Fig. 4.15. Distribution of the maximum hoop strain at the end of the
LOCA transient.

4.5. Discussion of ATHLET-CD results

In the frame of R2CA, HZDR developed a new approach to model the
behavior of a PWR reactor under LOCA conditions. The model combines
a 3D thermal hydraulic model of the RPV with the fuel rod model of
ATHLET-CD and feedback from the fuel rod model back to the ther-
mal-hydraulic model (based on calculation of reduction of the flow cross
sectional areas). The model is integrated in a full plant ATHLET model of
a four-loop PWR, which is able to take asymmetric thermal-hydraulic
conditions into account, such as asymmetries that arise from break
located only in 1 out of 4 loops, the injection of coolant from pressurizer
or malfunction of one or several ECCS trains.

The 3D core model consists of 193 thermal-hydraulic channels (one
per fuel assembly) and 772 representative fuel rods (4 representative
fuel rods per fuel assembly) and is able to evaluate the local thermal-
~hydraulic response to a LB-LOCA for PWR. The fuel rod model esti-
mates the rod internal pressure of each rod depending on initial RIP,
temperature evolution and changes of geometry. Due to internal over-
pressure and elevated cladding temperatures, deformation of the
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cladding was observed with ballooning of hot rods that reach the defined
burst criterion. In the current simulations, a maximum strain criterion
(38 %) was implemented as the only burst criterion.

With the new approach, the number of burst rods (rod burst ratio)
was estimated. However, the current version of ATHLET-CD has the
shortcoming, that only a global initial value can be specified for dynamic
calculation of the rod internal pressure, and this initial pressure value is
applied to all representative fuel rods. Therefore, two bounding cases
were calculated for the selected LB-LOCA scenario, with lower and
upper limit of RIP and consequently lower and upper limit of RBR were
obtained from the simulations. It is planned for a future release of
ATHLET-CD to provide rod-specific initial values for the dynamic
calculation of RIP.

One disadvantage of the newly developed approach is the very long
computing time. Usually, 1 to 1.5 months CPU time were needed to
reach 150 s of the LOCA with 2 CPU cores on a 3 GHz Intel Xeon CPU
(where 1 CPU core is used for ATHLET/ATHLET-CD and the other one is
used for NuT, a supplementary tool provided by GRS to improve
calculation performance).

Despite the model still has several limitations and shortcomings, it is
(to the author’s knowledge) the first time that the system code ATHLET-
CD was applied to model the degradation of fuel rods for a 3D config-
uration of a PWR core. In contrast to the coarse nodalization approaches
applied previously with ATHLET-CD and other severe accident codes,
the new approach enables to study the influence of local variations of the
flow and cooling conditions and their consequences to the fuel rod
behavior, and to predict the RBR more precisely.

As underlined in section 3.3, prediction of the number of burst rods
should not be based on a single simulation run. Instead best-estimate
plus uncertainty analysis should be carried out, as it was done for the
assessment of other LOCA acceptance criteria (e.g. statistical assessment
of peak cladding temperature performed by (Kozmenkov and Rohde,
2013; Kozmenkov and Rohde, 2014). Such method requires estimation
of the assessment of uncertainties of all input parameters and a signifi-
cantly increased computational effort. According to the Wilks theory, at
least 93 repetitions of the simulation (with varied input parameters) are
needed to quantify the two-sided tolerance limits of RBR with 95 %/95
% coverage/confidence level (Glaeser, 2008). Considering today’s
enhanced computational power and the high number of cores in typical
workstation CPUs, HZDR should be able to conduct such statistical an-
alyses using the new detailed core model in the coming months.
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Fig. 4.17. Maximum cladding temperatures of 772 representative fuel rods.
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Fig. 4.18. Hoop strain of all 13,896 calculated cladding nodes, with 225
representative rods that reach the burst criterion (38 % hoop strain).

5. Summary of results and comparison of approaches

In the frame of the R2CA European project, specific efforts were
focused on improving the simulation of loss-of-coolant accident on light
water reactor with the objective to predict the rod burst ratio. Besides
the approach consisting in a chain from a system thermalhydraulic code
to a fuel performance code, approaches based on integral codes which
couple thermal hydraulics and thermomechanical fuel rod behavior
were investigated. These approaches allow feedback from fuel rod
response on in-core flow such as the relation between deformation and
flow section and the evolution of wall-to-fluid heat exchange surfaces.
ENEA proposed an approach with the severe accident and source term
code ASTEC. IRSN developed 3D core approach with the loss-of-coolant
accident software DRACCAR. HZDR used the 3D version of the severe
accident code ATHLET-CD to build 3D RPV PWR model. These ap-
proaches were illustrated by demonstrative applications representative
of DBA: an intermediate break loss-of-coolant accident with ASTEC and
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DRACCAR and a large break loss-of coolant accident with ATHLET-CD.
In addition, ENEA proposed an analysis of DEC-A accident conditions
which exhibited higher peak cladding temperatures and then higher rod
burst ratio than DBA case.

The new approaches proposed with these tools all aims at depicting
the heterogeneous characteristics of the fuel rods composing a reactor
core which can influence the rod thermomechanical response to the
accident conditions and determine their burst potential. Therefore,
simulations represent the different rods with respect to their power,
location, rod internal pressure and characteristics associated to the fuel
design. Distinct approaches were developed as it depends mainly on the
capabilities of each code to model the core and the associated compu-
tational performance. ENEA proposed a PWR core description which is
still based on a reduced number of core concentric thermalhydraulic
channels (only 5) but with an increase of the number of equivalent fuel
rods from 5 (1 per ring) to 20 selected according to the fuel assembly
characteristics. On the other side, IRSN and HZDR proposed approaches
which harness the 3D capabilities of DRACCAR and ATHLET-CD by
modelling core thermal hydraulics with one channel per fuel assembly
and allowing crossflow between fuel assembly channels. Each channel
contains several equivalent fuel rods representing the fuel rod popula-
tion composing each fuel assembly. IRSN and HZDR made two alter-
native choices, IRSN DRACCAR model reduces the 3D core domain to an
eighth of the core and coupled it to multi-1D vessel plenums and
downcomer. Such simplification highly reduces the computational cost
of 3D core simulation in comparisons to a full core modelling. HZDR
ATHLET-CD model uses a full 3D RPV model representing core, vessel
plenums and downcomer in 3D proposing to deal with 3D flow in the
whole vessel impacted by loop behavior asymmetry.

For some simulations, depending on the selection of burst criteria,
burst is triggered on a maximum strain threshold value (set to 38 % in
ATHLET-CD simulation and 40 % in ASTEC simulation). These values
are not recommended as the selected strain threshold exceeds the limit
strain corresponding to contact between rods for PWR core design.
Indeed, the 2D (r,z) equivalent rod model used in these codes cannot
represent with satisfactory such configuration and only 3D sub-channel
modelling as the one proposed by DRACCAR can deal with it. Specific
burst criteria developed for failed rod number prediction (Taurines
et al.,, 2024) were tested on plant applications with ASTEC and



S. Belon et al.

DRACCAR. Burst were not triggered on a maximum strain threshold
when using R2CA burst temperature criteria. The predictions obtained
with this criterion were compared to burst criteria classically used for
core coolability demonstration in loss-of-coolant accident such as burst
strain (NUREG-630) or burst stress criteria (EDGAR) or with true burst
stress envelope proposed in R2CA (Taurines and Belon, 2022; Taurines
et al., 2024). The comparisons showed that the choice of the burst
criteria can strongly influence the prediction of the rod burst ratio. The
R2CA burst temperature criterion which is close to the burst tempera-
ture proposed by Chapman (Powers and Meyer, 1980) lead to a higher
burst ratio than the other criteria tested in DRACCAR simulations. In the
case of ASTEC simulations, only the criterion corresponding to the lower
envelope of the true burst stress proved to be more penalizing about
number and timing of burst than the R2CA temperature criteria. To
evaluate RBR, it’s recommended to use at the same time, several burst
criteria (stress, strain and temperature) in addition to this burst tem-
perature criteria in order to cover the possible configurations and con-
ditions which can exist in the core. Moreover, the predicted rod burst
ratio should be considered with respect to the uncertainties associated to
the burst criterion applied.

Even with 2D thermalhydraulic description, the increase of equiva-
lent rod numbers when using ASTEC demonstrates a better description
of the core response to LOCA. However, ENEA observes on the two
scenarios that the average thermal hydraulics applied to the different
equivalent rods plays a dominant role on their behavior and tends to
homogenize their responses. Consequently, this observation tends to
plead in favor the use of 3D core modelling. Indeed, the 3D approach
using a single channel per fuel assembly connected in 3D to depict the
core seems more able to represent the various responses of the fuel as-
semblies as highlighted by the heterogenous burst location obtained
with DRACCAR and ATHLET-CD. Moreover, the use of several equiva-
lent fuel rods to describe rod population among the fuel assembly can
provide several fuel rod responses per fuel assembly which can be
cumulated to evaluate the rod burst ratio.

In ATHLET-CD simulation, the use of 3D RPV model exhibited some
3D complex distribution of the hottest zone driven by 3D effects. This led
to an asymmetric response of the core and location of burst rods in the
core. The obtained result with this first 3D RPV application of ATHLET-
CD for LOCA analysis seems to show that the evaluation of rod burst
ratio in loss-of-coolant accident should rely on 3D RPV model due to the
non-symmetric core response influenced by distinct behaviors of pri-
mary loops. Such conclusion should be confirmed by further application
and with other simulation tools.

This work did not present how to handle the source term release and
radiological consequences induced by burst of fuel rods during LOCA.
However, these evaluations were at the center of concern in R2CA Eu-
ropean project and specific demonstration of source term evaluation
based on integral simulation were done for ASTEC and DRACCAR ap-
plications (Kaliatka, 2023). To do so, the ASTEC demonstrative cases run
by ENEA benefits from the ASTEC severe accident modelling with
description of phenomena associated to fission products and contain-
ment behavior. Consequently, ASTEC simulated in a whole sequence the
LOCA transient, with fuel rod burst and the induced fission gas release,
transport and chemistry in primary loops and containments. Besides
IRSN proposed an automatic chain between DRACCAR and ASTEC code
to evaluate containment behavior and source term release from fission
gas release predicted at rod burst by DRACCAR. To ensure consistency in
thermal hydraulics prediction within the chain, the same thermal-
hydraulic code CESAR with the same nodalization of PWR loops is used
in DRACCAR and ASTEC applications. Concerning HZDR evaluation, the
source term released to environment was evaluated analytically based
on coarse assumptions as no specific tools or model was chained or
coupled to ATHLET-CD simulations.

It’s reminded that simulation presented in this work corresponds to
demonstrative cases and therefore, the results cannot be directly used to
draw conclusions for safety demonstration of PWR. Nevertheless,

23

Annals of Nuclear Energy 208 (2024) 110772

through this work, recommendations for failed rod number prediction
by PWR LOCA simulation can be proposed. The use of realistic core
description is encouraged and in particular the development of 3D core
model using several fuel rod objects per fuel assemblies. According to
the current challenge set by burst prediction, it seems difficult to select
an accurate burst criterion and alternatively several burst criteria or
conservative envelopes should be used as the one proposed in the R2CA
project (Taurines et al., 2024). Finally, the approach for failed rod
number evaluation should manage uncertainties and in particular the
one associated to reflooding and thermal hydraulics phenomena or to
clad ballooning and burst.

6. Conclusions and prospects on LOCA simulations for RBR
evaluation in support to ST evaluation

The work presented in this paper, devoted to rod burst ratio evalu-
ation in loss-of-coolant accident, encourages the development of
advanced core modelling with 3D thermalhydraulic model coupled to
thermomechanical fuel rod model. It was demonstrated that the status of
integral codes (DRACCAR, ATHLET-CD) allows to depict each fuel as-
sembly with several 2D (r,z) lumped rods associated to an average fuel
assembly thermal hydraulics resolved within a 3D core model. More-
over, the response obtained with ATHLET-CD full 3D RPV showed an
influence of complex 3D flow distribution on rod responses. As the
maturity of 3D thermalhydraulic system code allows now the modelling
of many complex situation and as the tools still continue to progress with
respect to their improvements on validation (Herer, 2023), it could be
expected in a near future some advances on methodologies with the use
of 3D core modelling able to evaluate more realistically the rod burst
ratio with an increased number of modelled fuel rods.

Whatever the core model used, this work reminds that the evaluation
of the rod burst ratio is strongly dependent to the burst criteria which are
selected. The use of criteria specific to the failed rod number evaluation
are recommended such as the ones that were developed in the frame of
the R2CA European project. Actually, the evaluation of the rod burst
ratio should incorporate simulation in a global methodology which
should account for the various uncertainties on inputs or models and in
particular on burst criteria and on thermal hydraulics prediction. This
management could be inspired by the best-estimate plus uncertainties
approaches in use for the core coolability assessment in LOCA
conditions.

Finally, this work shows the status of RBR evaluation for the three
codes. It also helps to identify possible improvements of the software to
update the proposed methods. For instance, one modification in
ATHLET-CD could be to allow different rod internal pressures to fuel
rods and chain application to fission transport and chemistry models.
Concerning ASTEC and DRACCAR, one possible improvement could be
brought to ISODOP module which manage fission product initial in-
ventory and decay. Currently this module is based on an average core
fission product inventory which is proportionally distributed with rod
power factor whereas it could be relevant to set particularized fission
products inventory respective to each fuel rods depending on burn-up
and fuel types.

Further updates of RBR simulation with refined core model probably
require an increase of the number of representative rods and associated
thermal hydraulics channels. In parallel, validation of 3D core and RPV
model must be pursued. Moreover, some efforts should be required to
reduce computational cost of 3D thermal hydraulics resolution. Such
reduction could feed opportunities to introduce 3D RPV model within
integral severe accident code able to evaluate LOCA transient from
initiator to source term release in the environment. If the status of the
developed approaches still needs to be strengthened, their development
is pursued due to the possible outcomes for PWR safety assessment or to
study the influence on source term of new fuel rod design, mitigation
system or plant modification.
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