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ARTICLE INFO ABSTRACT
Keywords: The Management and Uncertainties of Severe Accidents (MUSA) project was funded in HORIZON 2020 and is
MUSA coordinated by CIEMAT (Spain). The project aims at consolidating a harmonized approach for the analysis of

Severe accident
Phebus
Uncertainty

uncertainties and sensitivities associated with Severe Accidents (SAs) analysis, focusing on source term figures of
merit. The Application of Uncertainty Quantification (UQ) Methods against Integral Experiments (AUQMIE —
Work Package 4 (WP4)), led by ENEA (Italy), was devoted to apply and test UQ methodologies adopting the
internationally recognized PHEBUS FPT1 test. FPT1 was chosen to test UQ methodologies because, even though
it is a simplified SA scenario, it was representative of the in-vessel phase of a severe accident initiated by a break
in the cold leg of a PWR primary circuit.

WP4 served as a platform to identify and discuss the issues encountered in the application of UQ methodol-
ogies to SA analyses (e.g. discuss the UQ methodology, perform the coupling between the SA codes and the UQ
tools, define the results post-processing methods, etc.). The purpose of this paper is to describe the MUSA
PHEBUS FPT1 uncertainty application exercise with the related specifications and the methodologies used by the
partners to perform the UQ exercise. The main outcomes and lessons learned of the analysis are: scripting was in
general needed for the SA code and uncertainty tool coupling and to have more flexibility; particular attention
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should be devoted to the proper choice of the input uncertain parameters; outlier values of figures of merit
should be carefully analyzed; the computational time is a key element to perform UQ in SA; the large number of
uncertain input parameters may complicate the interpretation of correlation or sensitivity analysis; there is the
need for a statistically solid handling of failed calculations.

Nomenclature
AC? ATHLET, ATHLET-CD, COCOSYS
ASTEC  Accident Source Term Evaluation Code

AUQMIE Application of Uncertainty Quantification (UQ) Methods
against Integral Experiments

BEPU Best Estimate Plus Uncertainty

CDF Cumulative Density Function

DAKOTA Design Analysis Kit for Optimization and Terascale
Application

FOM Figure Of Merit

FP Fission Product

GUI Graphical User Interface

ISP International Standard Problem

MAAP  Modular Accident Analysis Program

MELCOR Methods for Estimation of Leakages and Consequences of

Releases
MUSA  Management and Uncertainties Of Severe Accidents
NPP Nuclear Power Plant

PDF Probability Density Function

RAVEN Risk Analysis Virtual ENvironment
SA Severe Accident

SFP Spent Fuel Pool

SNAP Symbolic Nuclear Analysis Package
ST Source Term

SUNSET Sensitivity and UNcertainty Statistical Evaluation Tool

SUSA Software for Uncertainty and Sensitivity Analyses
UaSA Uncertainties and Sensitivities Analyses

UQ Uncertainty Quantification

uT Uncertainty Tool

WP Work Package

1. Introduction
1.1. Uncertainty and sensitivity analysis in severe accidents

Considering the complexity and the various interacting/interrelated
phenomena/processes that occur during a Severe Accident (SA) evolu-
tion, state-of-the-art SA integral codes (Mascari et al., 2019a; Mascari
et al., 2019b, Van Dorsselaere et al., 2018, De la Rosa Blul et al., 2018)
play an important role in characterizing plant behavior along the
postulated transient. These codes are adopted to evaluate the accident
progression up to the characterization of radiological releases to the
environment; in particular they characterize the phenomena/processes
taking place in the reactor pressure vessel, reactor cavity, containment
and the confinement building of LWR. The analytical capabilities allow
the calculation of the main safety relevant Figures Of Merit (FOMs)
selected in the development of deterministic safety analyses for regu-
latory decision-making applications. These capabilities are also used to
develop accident management strategies.

Several models/correlations have been implemented in state-of-the-
art SA codes and must be set by a code user during the input-deck
development. Models/correlations that are implemented in a SA code
reflect the state-of-the-art knowledge of SA phenomena/processes.
However, even though several experimental campaigns in the field of SA
phenomena (OECD/NEA/CSNI, 1992, OECD/NEA/CSNI, 1996, OECD/
NEA/CSNI, 2001, OECD/NEA/CSNI, 2009, OECD/NEA/CSNI, 2014)
have been performed and provided a valuable “assessment database”
(Mascari et al., 2015) for SA simulation tools, there is the need for
reducing some uncertainties still present (Mascari et al., 2019a; Mascari
et al., 2019b, Van Dorsselaere et al., 2016). Therefore, an investigation
of phenomena/processes, to date not researched in geometric proto-
typical experimental facilities with prototypical material, should be
addressed. For this reason, discrepancies in the prediction of some core
degradation phenomena can be still observed when comparing the re-
sults of different SA codes, considering the different core degradation
models implemented (Mascari et al., 2019a; Mascari et al., 2019b,
Humphries, 2018).

Considering the need to reduce and/or quantify some uncertainties
still present, and the level of development and maturity reached by SA

codes, analyses of SA progression with uncertainty estimation is
currently a key topic in the Best Estimate Plus Uncertainty (BEPU)
framework. In fact, the use of a BEPU approach to quantify the uncer-
tainty of selected FOMs is of great interest for the international scientific
community. In the field of nuclear thermal-hydraulics, the BEPU
approach is being applied since several years and some relevant inter-
national projects have been conducted, such as the OECD/NEA/CSNI
BEMUSE (OECD/NEA/CSNI, 2007, OECD, NEA, CSNI, 2011) and PRE-
MIUM (OECD/NEA/CSNI, 2016) projects.

Considering the key role of SA codes for deterministic safety analyses
and Source Term (ST) evaluations, several research activities in national
and international frameworks are in progress to reduce and/or estimate
the uncertainty in SA phenomena prediction. Moreover, it is expected
that the direct application of BEPU methodologies developed for
example in nuclear thermal-hydraulics could be more challenging in the
SA field. In fact, it should be considered the possible larger number of
uncertain input parameters (e.g. due to some limitations of geometric
prototypical experimental facilities with prototypical material), the
possible higher failure rate of SA code runs, the possible presence of cliff-
edge effects, etc. In this framework, a relevant activity is the Manage-
ment and Uncertainties of Severe Accidents (MUSA) project (Herranz
et al., 2021).

1.2. Description of the EU MUSA project

The MUSA project was funded in HORIZON 2020 EURATOM NFRP-
2018 call on “Safety assessments to improve accident management
strategies for generation II and III reactor”. The project started in 2019
involving 28 organizations from 16 countries, with a planned duration
of 48 months, and is coordinated by CIEMAT (Spain) (Herranz et al.,
2021, Mascari et al., 2021). MUSA aims at establishing a harmonized
approach for the Uncertainties and Sensitivities Analyses (UaSA) asso-
ciated with SA, among EU and non-EU entities. The main objective of the
project is to assess the capability of SA codes when modelling Nuclear
Power Plant (NPP) and Spent Fuel Pool (SFP) accident scenarios of
generation II and III reactor designs.

One of the main targets of MUSA is to move beyond the state-of-the-
art regarding the predictive capability of SA codes by combining them
with the best available Uncertainty Quantification (UQ) tools. The
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achievement of the overall objective is assured by a consistent and
coherent work program, reflected by the Work Packages (WP) structure,
which includes: WP1, MUSA COordination and project management
(MUCO), WP2, Identification and Quantification of Uncertainty Sources
(IQUS), WP3, Review of Uncertainty Quantification Methodologies
(RUQM), WP4, Application of UQ Methods against Integral Experiments
(AUQMIE), WP5, Uncertainty Quantification in Analysis and Manage-
ment of Reactor Accidents (UQAMRA), WP6, Innovative Management of
SFP Accidents (IMSFP), and WP7, COmmunication and Results
DISsemination (COREDIS) (Herranz et al., 2021).

In this framework, the WP4, led by ENEA (Italy), is aimed at applying
and testing UQ methodologies, against the internationally recognized
PHEBUS FPT1 test (Clément et al., 2005, Jacquemain et al., 2000), used
also for the OECD/NEA International Standard Problem (ISP) 46
(Clément et al., 2005, OECD/NEA/CSNI, 2004). FPT1 was chosen to test
UQ methodologies because, even though it is a simplified SA scenario, it
was representative of the in-vessel phase of a severe accident initiated by
a break in the cold leg of a PWR primary circuit. WP4 is also a collab-
orative platform to highlight and discuss results and issues arising from
the application of UQ methodologies already used for Design Basis Ac-
cidents and now employed for SA analyses in MUSA.

Considering the resources available for the WP4, and the previous
ISP 46 activity (Clément et al., 2005, OECD/NEA/CSNI, 2004), a code
benchmark against the experimental data is not in the scope of the ex-
ercise. However, representative experimental data have been used to
have full and credited details of the scenario and allow to calibrate the
nodalization for the reference case before developing the uncertainty
application. This allows to focus the WP4 exercise on the uncertainty
application and to investigate how to address the issues that can arise in
the UaSA methodologies application to simplified, but still representa-
tive, SA scenarios. Therefore, the main objectives of WP4 are:

1. To apply and test the proposed UQ methods and UaSA tools against
the FPT1 experiment, which is relevant for SA progression and ST
prediction;

2. To identify issues (if existing) along the UQ methodology application
and propose solutions;

3. To develop a critical analysis of the UQ results from the partners in
view of the employment of such uncertainty methodologies for NPP
and SFP applications.

The WP4 is divided in three main sub-WPs: the specification phase
(WP4.1) led by IRSN, the calculation phase (WP4.2) led by GRS, and the
analyses of the results (WP4.3) led by UNIPIL.

A preliminary summary of the MUSA PHEBUS FPT1 uncertainty
application exercise together with the methodologies used by the part-
ners to perform the UQ exercise and the first insights from the calcula-
tion phase was presented in (Mascari et al., 2022). The aim of the
present paper is to provide a more comprehensive analysis of the exer-
cise and the main outcomes and lessons learned of the WP4 application.
Section 2 describes the Phebus FPT1 experiment and the exercise
specifications; Section 3 describes the calculation phase; Section 4 pre-
sents the UQ methodologies, the coupling of the SA code with the UQ
tools and the uncertainty application; finally, Section 5 reports the main
outcomes and lessons learned and the conclusions are drawn in Section
6.

2. PHEBUS FPT1 experiment and WP4 specification
2.1. Summary of PHEBUS FPT1 experiment

The sub-WP4.1 has been focused on the development of the exercise
specifications: description of the PHEBUS facility, of the FPT1 test, se-
lection of the FOM and distribution of experimental data. All the efforts
developed along the ISP 46 (Clément et al., 2005) have been considered
as a common sound background to develop the WP4 exercise.

Annals of Nuclear Energy 196 (2024) 110205

The PHEBUS Fission Product (FP) program was initiated in 1988
with the main objective of studying the release, transport and retention
of fission products in an in-pile facility under conditions representative
of a SA in a light water reactor (Clément and Zeyen, 2013). The second
test of the program (FPT1), carried out on July 26th, 1996, in the Phébus
facility at Cadarache (France) (Dubourg et al., 2005) involved the
degradation of a 1 m long fuel bundle that consists of 18 irradiated fuel
rods (about 24 GWd/tU), two fresh fuel rods and a silver-indium-
cadmium control rod. The fuel bundle was re-irradiated in situ in
order to “(re)build” short-life fission products inventory inside the fuels
rod in order, in particular, to allow their quantification by gamma
spectrometry measurements. The degradation of the fuel was realized by
a progressive increase of the nuclear power, up to the formation of a
molten pool in the lower part of the bundle, made of about 2 kg of
mixture (i.e. corium) urania, zirconia and related FP and actinides.

The test comprised a fuel degradation phase, an aerosol phase, a
washing phase and a chemistry phase. As agreed among the WP4 part-
ners, the first two phases of the experiment (namely the degradation and
the aerosol phases) have been the focus of the exercise, and washing and
chemistry phases have been excluded.

2.2. WP4 specifications

2.2.1. Figures of merit

The FOMs of the WP4 exercise have been derived from those iden-
tified in MUSA WP2 for the reactor case. They have been chosen for their
relevance with respect to MUSA objectives and for the availability of
experimental data in open literature. They correspond to a selection of
key targets, and they are ST focused. The FOMs for WP4 are (Coindreau
and Mascari, 2020):

Release of iodine from top of the bundle [% of i.i.] (Clément et al.,
2005);

Release of caesium from top of the bundle [% of i.i.] (Dubourg et al.,
2005, Darnowski et al., 2020);

Caesium retention in the circuit [% of Cs released from the core]:
final value = 0.476 £ 0.107 (Clément et al., 2005);

Aerosol amount in the containment’s atmosphere [g] (Clément et al.,
2005);

Total gaseous iodine amount in the containment’s atmosphere [g]
(Clément et al., 2005);

Total iodine aerosols amount in the containment’s atmosphere [g]
(Bosland et al., 2012);

Total deposited/adsorbed iodine amount in the containment [g]
(Bosland et al., 2012).

2.2.2. Uncertain input parameters

A database of uncertain input parameters with their range and the
corresponding Probability Distribution Functions (PDF) is the output of
MUSA WP2. WP4 partners were free to select the uncertain input pa-
rameters for the UQ with the following recommendations:

e WP4 partners can select the input uncertain parameters form the
database assessed in the WP2;

e In case WP4 partners may want to use their own uncertainty char-
acterization, they should make it defendable with respect to the ones
proposed in WP2;

e WP4 partners can use parameters not included in the WP2 database,
but their characterization (PDF and range) should be supported by
reference or engineering judgement;

e Partners are invited to select input uncertain parameters that have
the most influence and then rank them within the uncertainty
application.
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3. WP4 calculation phase: Description of nodalization and
computing environment

In relation to the calculation phase (sub-WP 4.2), the main technical
goals are: the assessment of SA code capabilities to predict ST-related
phenomena including uncertainty analyses estimation, the training of
the partners to UaSA, the discussion and proposal of solutions if some
issues arise during the UaSA applications.

Seventeen partners from different world regions are involved in the
WP4 activities. Table 1 summarizes the involved partners, SA code and
UT used. Considering the SA codes, 1 partner adopted AC? code (Lerchl
et al., 2019, Austregesilo et al., 2019, Arndt et al., 2019), 4 partners
adopted ASTEC code (Chatelard et al., 2014), 1 partner adopted MAAP
code (EPRI, 2019), 11 partners adopted MELCOR code (Sandia National
Laboratories, 2017), 1 partner adopted RELAP/SCDAPSIM code (Allison
etal., 1997, Allison et al., 1998). Considering the UT, 8 partners adopted
DAKOTA (Adams et al., 2020, Dalbey et al., 2020) 1 partner adopted
RAVEN (Rabiti et al., 2017), 3 partners adopted SUNSET (Chojnacki and
Baccou), 3 partners adopted SUSA (Kloos, 2020), 1 partner adopted
URANIE (Blacard et al., 2019), 2 partners performed the UaSA only
through Python (Python, 2023) scripts.

The nodalizations developed for the calculations of MUSA WP4
depend on the choices made by each partner and on the code used. In
fact, in some codes a reference geometry can be integrated directly into
the input-deck and in this case, this reference geometry has been used
directly without any modification, or else slightly modified by the
partner. Otherwise, a complete nodalization is developed. The following
list summarizes the main features of the partners nodalizations:

e CIEMAT: The PHEBUS-FPT1 MELCOR input deck developed by
CIEMAT incorporates data mainly from the PHEBUS-FPT1 final
report (Jacquemain et al., 2000). Overall, there are 30 Control Vol-
umes (CVs), 29 Flow Paths (FPs), and 68 Heat Structures (HSs),
describing the test-section and down-stream circuit.

CNSC: The used FPT1 input deck has been provided by Sandia Na-
tional Laboratories (SNL) and was developed using MELCOR. CNSC
got access to the MELCOR input deck, through the Cooperative Se-
vere Accident Research Program (CSARP).

ENEA: The MELCOR model is based on a FPT1 input deck provided
by the US Nuclear Regulatory Commission (USNRC) to ENEA as part
of the Cooperative Severe Accident Research Program (CSARP).
USNRC disclosed it and granted permission to ENEA to use it as a part
of international collaboration on the MUSA project. Main data

Table 1
WP4 partners, with the adopted SA codes and UT.

Partner Severe accident code Uncertainty tool
CIEMAT MELCOR 2.2 DAKOTA
CNSC MELCOR 2.2 Python scripts
ENEA MELCOR 2.2 DAKOTA
Energorisk  MELCOR 1.8.6 DAKOTA within SNAP
EPRI MAAPv5.05 Python w/associated packages,
DAKOTA
GRS AC? SUSA 4.2
INRNE ASTEC 2.2 SUNSET
KIT ASTEC 2.2 URANIE 4.1
LEI ASTEC V2.2.b. SUNSET V2.1
RELAP/SCDAPSIM SUSA 4.1
mod3.4
PSI MELCOR 2.2 DAKOTA within SNAP
SSTC MELCOR 2.2 SUSA 4.0
Tractebel MELCOR 2.2 Python in-house tool
TUS ASTEC 2.2b SUNSET
UNIPI MELCOR 2.2 DAKOTA within SNAP / MATLAB
script
UNIRM1 MELCOR 2.2 RAVEN v2.1
USNRC MELCOR 2.2 DAKOTA
VTT MELCOR 2.2 DAKOTA within SNAP
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derives from FPT-1 Data Book, ISP-46 specifications and FPT-1 Final
Report.

Energorisk: Data provided by the IRSN related to PHEBUS facility
and public available information PHEBUS FPT1 have been used for
model development. The model and input deck for MELCOR 1.8.6
code developed for post-test analysis of FPT1 experiment was used.
EPRI: MAAP has traditionally included the FPT1 experiment as a
code benchmark, but the scope of the benchmark was limited to the
bundle degradation phase and did not evaluate later phases of the
FPT1 experiment. The scope of the uncertainty analysis application
in this section include the aerosol release and transport phase of the
experiment in addition to the bundle degradation phase, but did not
include the washing or chemistry phases.

GRS: The input data set for the Phébus FPT1 Test is based on pre-
vious studies carried out in GRS [ISP46 participation- (Clément and
Haste, 2003)] and on the data provided by IRSN in the framework of
the MUSA Project. The model of the Phébus FPT1 Test facility for AC
includes two input data sets: one for ATHLET-CD, responsible for the
calculation of phenomena within the RCS, and one for COCOSYS,
simulating the processes within the containment.

INRNE: The input deck for the Phébus FPT1 was developed by the
INRNE based on the generic input case (input deck) from
ASTECv2.1.1.4 and also some data from older ASTEC code versions.
KIT: The ASTEC model contains Hot Leg, primary side of t the Steam
Generator and Cold Leg of Phébus. The Lower and Upper Plenum are
parts of the vessel, but must be defined in ASTEC as volumes of the
primary circuit. Volumes must have connections to make a material
flow possible. The containment is modeled by three zones, but one of
them is the environment. This zone has no influence on the calcu-
lation, because there is no leak in the containment wall.

LEI - ASTEC: As basis for the ASTEC model development FPT1 model
available in ASTEC V2.1.1.4 code validation library was taken.
Standard model allows to investigate only bundle phase, so model
was updated including the containment part.

LEI- RELAP/SCDAPSIM: Starting point of the RELAP/SCDAPSIM
model was the standard model of PHEBUS FPT1 problem, which was
given together of with RELAP/SCDAPSIM code for the demonstra-
tion of code compatibility. This input deck was updated and modified
according to the experimental data given by IRSN.

PSI: PSI as a base of the FPT1 input deck is using delivered by Sandia
National Laboratories (SNL) FPT1 MELCOR 2.1 input deck. It was
converted to MELCOR 2.2, visualized, and updated by PSI in the
Symbolic Nuclear Analysis Package (SNAP) environment.

SSTC: The TH nodalization approach for FPT1 experiment facility for
the purpose of WP4 MUSA task is chosen to be compromising be-
tween calculations run time and covering all the specifics of the task.
So, the core region is chosen to be one TH volume.

Tractebel: The core model is subdivided into 2 radial rings and 13
axial levels. The experimental circuit and containment tank models
are developed through CVH package.

TUS: The Basic Input Deck (BID) of the PHEBUS FPT1 for ASTEC’
application (the circuit part) is represented into 12 volumes consist
of: upper part, hot leg, steam generator, cold leg. There is used also
one additional volume — VOLBOT representing the bottom. The
nodalization scheme of the containment consist of five volumes.
UNIPI: The MELCOR model is based on a FPT1 input deck provided
by USNRC to UNIPI as part of Cooperative Severe Accident Research
Program (CSARP). Main data derives from FPT-1 Data Book, ISP-46
specifications and FPT-1 Final Report.

UNIRM1: The MELCOR nodalization of the Phébus FPT1 used has
been provided by USNRC Sapienza University of Rome as part of
Cooperative Severe Accident Research Program (CSARP). Main data
derives from ISP-46 specifications, FPT1 Data Book and FPT1 Final
Report.

VTT: The MELCOR model was developed by VTT from scratch. The
Core package nodalization has two radial rings and 14 axial levels.
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The thermal-hydraulic nodalization has 15 control volumes and 35
heat structures.

Table 2 reports the computing environment adopted by the various
partners to perform the WP4 calculation. Most of the partners used a
workstation based on Windows operative system. Few partners imple-
mented the SA code/UT coupling on a cluster to perform the calculation.
Table 3 reports the computational time needed by the various partners
to perform the reference calculation and the UaSA. In general, it can be
observed that an UaSA requires a significant time to be executed. This
should be considered in particular for plant analysis.

4. Uncertainty analysis methodology and SA code/UT coupling
4.1. Description of the uncertainty methodology

All the partners adopted the probabilistic method to propagate input
uncertainties (IAEA, International Atomic Energy Agency, 2008,
Glaeser, 2008), varying simultaneously the input uncertain parameters.
In order to evaluate the minimum number of code runs for the selected
probability and confidence level, the Wilks formula (Wilks, 1941, Wilks,
1942) was adopted by all the partners considering the 1st or 2nd order.
A still open point is the dependence among the FOMs and how this will
affect the UQ. A partner underlined that in SA codes, it can be compli-
cated to justify the total independence of one output from another, so
the application of the Wilks method where more than one FOM is being
investigated should be carefully considered and, eventually in case the
FOMs are dependent, the method developed by (Wald, 1943) must be
adopted. Some partners decided to start the calculation with a number of
runs higher than the minimum requested to account for possible code
failures. A partner underlined that bifurcations and edge cases can result

Table 2
Computing environment adopted by WP4 partners.

Partner Operative systems RAM CPU Characteristics
CIEMAT Windows 10 32 GB 17 11700 k (8 cores at 5.0 GHz)
CNSC Win10-1803 5.06 8 GB Intel R core i7 CPU1.90 GHz
2.11 GHz
ENEA Windows 10 32 GB Intel® Xeon® Silver 4108 CPU
@ 1.80 GHz, 1796 MHz, 8 Core
(s), 16 Logical Processor(s)
Energorisk Windows 10 16 GB Intell CITM) i9-9900 K CPU
EPRI Windows 10 16 GB Xeon 3.6 GHz
GRS PC-Windows 10/Unix
server — Linux,
x86_64
INRNE 64-bit operating 8,00 Intel® Core™ i5-9600 K CPU @
systems working GB 3,70 GHz 3,70 GHz
under windows 10
Pro
KIT LINUX (Ubuntu 16 GB Intel® Core™ i7-6700 CPU @
16.04) 3.4 GHz
LEI Windows 10 Pro 4 GB 2.80 GHz
Windows 10 Pro 8 GB i7-8750H CPU @ 2.20 GHz
PSI Windows 10 16 GB Intel i7-8700 3.20 GHz
SSTC Windows 10 16 GB Intel Core i9-10900F, 2.8 GHz
Tractebel Windows 64bit 32GB Intel®, Xeon®, Silver 4215 CPU
2,5 GHz
TUS Windows 10, 64-bit 4 GB Intel® Core™ i5-3210 M CPU @
Operating System, 2,50 GHz 2,50 GHz
x64-based processor
UNIPI Windows 10 Pro / 16 GB/ i9-10885H CPU / Xeon Gold
Windows Server 2019 64 GB 5218
Datacenter
UNIRM1 CENTOS 7 256 GB 2 x Xeon E5-Gold 6140 (each
per node, x 4 nodes)
node
USNRC Linux (Red Hat 32 GB 16 Core Xeon
Enterprise Linux 7.9)
VIT Windows 10 laptop 8 GB Intel Core i5-8365U processor

(4 cores)
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Table 3
Partner computational time for the reference case and UQ.

Partner Computational time

Reference calculation uQ
CIEMAT 56h 59.24/54.2 h
CNSC 5h 45d
ENEA 8h 5d
Energorisk 1.5h 10h
EPRI 9-13 min 60-90 min
GRS 45h 462.6 h
INRNE 39 min ldand 10 h
KIT 130 min 24-30 h
LEI 39 min 70 h

0.2h 30-40 h
PSI 5.87 h 22.76 d
SSTC 15 min 5 days
Tractebel 1h 3h
TUS 60 min
UNIPI 3-5h 1.5d
UNIRM1 8h 37h
USNRC 6h 361 h
VTT 28 min 15h

in the number of cases derived from Wilks not being sufficient to capture
the behavior near these bifurcations. In addition, it should be underlined
that the FOM time dependent analysis within the adopted methodology
is still an open point and needs further discussion (e.g. number of cal-
culations required).

Sampling of the uncertain input parameters was performed by all the
partners with Monte Carlo or Latin Hypercube methods. A partner
pointed out that simple random sampling (i.e., Monte Carlo) is recom-
mended in association with the Wilks Method (Wilks, 1941, Wilks,
1942). Still Latin Hypercube sampling could be more appropriate
(McKay et al., 1979) when other methods are employed. This may be
also connected to the management of failed calculations (see Section
5.3). In fact, if the failed calculations are removed from the UQ, the type
of sampling may influence the coverage of the uncertain input param-
eters range.

The probability and confidence level have been set by most of the
partners to 95 %, which is in general accepted for UQ; two partners
decided to adopt higher values and one partner decided to adopt lower
values. Furthermore, it has been underlined that the tolerance limits can
be selected in view of the considered FOMs. Some variables may require
stricter limits with respect to others to account of their relevance for the
safety of the system (i.e., their influence on ST).

In relation to the statistical analysis in general the following pa-
rameters have been considered: minimum and maximum values (or
lower and upper bounds), mean, standard deviation, median, PDF, Cu-
mulative Distribution Function (CDF), 5 %/95 % band. In addition, one
partner adopted the CDF- area difference (Minkowsky L1 metric) and
PDF- area difference for a quantitative comparison with the experi-
mental data. In relation to the correlation analysis in general the Pearson
and Spearman coefficients have been considered.

4.2. Analysis of SA code and UT coupling

The application of a deterministic code, as SA code, together with an
UT requires in general two main phases, pre-processing and post-
processing, before and after the code running phase, as shown in Fig. 1.

The pre-processing phase includes:

The identification of the FOMs to be investigated;

e The identification and characterization of the input uncertain pa-
rameters PDF and range;

e The sampling of the input uncertain parameters;

e The generation of the set of input-decks.
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Pre-processing Post-processing

| Identification of the FOMs |
¥

Running the input decks by

Identification and | the selected SA code
characterization of the input 1
uncertain parameters | Data extraction |
¥ v
Sampling of the input Post processing (statistical
uncertain parameters and correlation analysis,

v plotting, automatic reporting

Generfition of the set of generation if available).
input decks

Fig. 1. Example of main tasks to be performed for an UaSA.

The post-processing phase includes:

e Running the input-decks by means of the selected SA code;
e The data extraction;
e Statistical and correlation analysis.

The SA code and UT coupling may be performed though a Graphical
User Interfaces (GUI). Their main advantage is to be in general user-
friendly and to require less time to be used. As example, Fig. 2 shows
the Symbolic Nuclear Analyses Package (SNAP) (Applied Programming
Technology, 2012) GUI to enter the properties to be set for the UQ. Fig. 3
shows how all the UQ steps have been implemented in the UQ plug-in of
the MAAP GUI. The major issue with the GUI is the limited flexibility
compared to scripting. In fact, for the statistical analysis, the user can
only use the options already available; if the users want to adopt other
statistical parameters, this cannot be performed unless the GUI de-
velopers implement the needed features, or a mixed approach (e.g. GUI
+ scripting) is adopted. A similar situation happens if there are some
bugs in the GUI that requires the developer intervention. In particular,
the issue of managing the failed calculation has been identified in one of
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the GUI used and the solution required interactions with the GUI
developer.

If a GUL is not available, the use of scripting to couple SA code and UT
(e.g. Python (Python, 2023), MATLAB (MathWorks, 202.3), Visual Basic
(Microsoft, 2023) etc.) is needed. This is a high time demanding process
and in general it requires a teamwork. Some partners observed that,
scripting is powerful, but not user-friendly as a GUL Moreover, it is UT
and SA code dependent, and it could be characterized by a limited
portability from one input-deck to another. In addition, compatibility
issues between UT and SA code have been underlined by several part-
ners. In general, these issues have been solved with further scripting,
which is high time demanding. Along the WP4, for example, some
partners preferred to develop their own UT to have major flexibility;
another partner initially preferred to develop the pre-processing phase
manually. Finally, several tools and programming languages may be
adopted in the same SA code and UT coupling to perform the various
steps, e.g. as shown in Fig. 4.

Regarding the data post processing, different approaches have been
adopted to extract the required data from each specific SA code. In
general, each partner has a different way to extract the data from a
specific SA code and currently there are no common code user guidelines
on it. Along the exercise it has been also observed some compatibility
issues of UT (or base programming language) and code plot variable
(syntax problem) and the fact that UT could have problem to access the
SA code data file. This latter point is a major effort for the code users.

Concerning the possible implementation of the SA code/UT coupling
on a cluster to speed up the UQ, some issues have been observed
depending on the dimension and number of users of the cluster. In fact,
for big clusters the root access right is fundamental to set the SA code
and UT; this is coupled with the need for the management of the code
license node (e.g. dynamic token, etc.). Therefore, small clusters are
more easily manageable, while big clusters are less flexible. In fact, for
the latter, it is necessary to contact the administrator of the cluster for
route actions and more time is in general needed. In addition, it has been
referred some compatibility issues between SA codes (e.g. 32 bit) and

0 Edit Uncertainty Configuration

@ DAKOTA Properties | & Variables | [A] Distributions | ¥ Report |

Number of Samples |1 | Order U
Random Seed | Probability |95.G |
Sampling Method (® Monte-Carlo () Latin Hypercube Confidence \950 \
Input Error Handling ‘Ignore model check errors ‘V\ Replacement Factor
Figures of Merit D Time Dependent [] <NotTime Dependent = [
Name Lower Limit Upper Limit Description
SV1 [] L] <unset=

’ Help ‘ ‘ ) Undo ‘ Red

Fig. 2. Examples of SA code and UT coupling through GUI: SNAP DAKOTA properties view.
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Uncertainty Quantification Plug-in to MAAP GUI
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Fig. 3. Examples of SA code and UT coupling through GUI: UQ Plug-in to MAAP GUL

UC calculation scheme
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Fig. 4. Example of calculation architecture adopting several scripts.

the cluster (e.g. 64 bit). This however has been handled adding libraries
in the cluster (using root access rights).

4.3. Description of the uncertainty application

As previously described, partners were free to select the FOMs for the
WP4 exercise and the related uncertain input parameters. A list of
possible FOMs was provided in the exercise specification (see Section
2.2.1). The MUSA WP4 FOMs independently investigated by the part-
ners are reported in Table 4. In addition, other FOMs independently
selected and investigated by partners are:

e Xenon in the containment, caesium iodine (CsI) deposited in
containment and total amount of caesium iodine (CsI) in contain-
ment by CNSC;

e Amount of suspended element mass — Caesium and Amount of
deposited element mass — Caesium by GRS;

e Mass of hydrogen generated by EPRI and KIT;

o Containment pressure by EPRI;

e Total caesium release to the containment, total caesium aerosols
amount in the containment’s atmosphere and total iodine aerosols
(CsI) amount in the containment’s atmosphere by SSTC;

o Integrated biologically-weighted airborne fraction in containment by
USNRC.

Since a comparison of the reference calculations, and the related
accuracy evaluation, was not performed being out of the scope of WP4,
the goal of the UaSA application is not to compare the results of the
partners in term of statistical values of the FOM but to highlight the
encountered issues, the related solutions, and the approaches adopted to
analyze the UaSA results (see Section 5).

For the analysis of the UaSA results several indicators were consid-
ered by the various partners as described in Section 4.1. However, most
of the partners adopted Pearson and Spearman coefficients to charac-
terize the correlation between the FOMs and the selected uncertain
input parameters.

5. Main outcomes and lessons learned

In the development of the WP4, the following aspects have been
extensively analyzed to collect the main outcomes and lessons learned
resulting from the exercise on:

e Identification and characterization of the uncertain
parameters;
Management of the failed calculations;
Coupling of the UT with the SA code;
Post processing of the data (including sensitivity analysis);
SA code.

input

It should be underlined that some lessons learned and recommen-
dations are general, while others may depend on the scenario that in this
case consider only the in-vessel phase of the accident (without molten
material in the containment). In addition, it should be recalled that the
recommendations from WP4 mainly aim at supporting the plant and SFP
analyses.
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Table 4
MUSA WP4 FOMs investigated by the partners.

FOM Rel of Rel of Caesium Aerosol amount Total gaseous iodine Total Total deposited/
iodine from caesium from retention in in the amount in the Iodine aerosol amount adsorbed iodine
top of the top of the the circuit containment’s containment’s in the containment’s amount in the
bundle bundle atmosphere atmosphere atmosphere containment

Partners

CIEMAT X X X X X X X

CNSC X

ENEA X

ENERGORISK X X

EPRI X X X X X

GRS X X X X

INRNE X X X X X X X

KIT X X X

LEI-ASTEC X X X X X X X

LEI- X X

RELAPSCDAPSIM

PSI X X

SSTC X

TRACTEBEL X X X

TUS X X X X X

UNIPI X

UNIRM1 X

USNRC X X X X X X

VTT X X X X X

5.1. Identification and characterization of the input uncertain parameters

The identification and characterization of the input uncertain pa-
rameters is a crucial task for the application of UQ based on the prob-
abilistic propagation of input uncertainties method, also considering
that many input uncertain parameters may be code dependent.
Sequence/plant assessment to identify the involved phenomena is
mandatory prior to the uncertainty source identification and charac-
terization. It should be underlined that in WP4 exercise, the number of
input uncertain parameters selected by the partners was different and
this may affect the results of the analysis.

Certain combinations of input uncertain parameters may affect the
FOMs behavior generating outlier results, as shown for instance in Fig. 5
for the Csl in containment. In general, the combination of input uncer-
tain parameter values close to the upper and lower limits of the corre-
sponding PDF should be investigated separately to understand if they
generate outliers and if the obtained FOM behavior is physically
acceptable. A possible approach, in case the obtained results show some
extreme behavior or one of the investigated parameters gives highly
unexpected FOM values, could be to perform an additional set of cal-
culations to see how different ranges of these parameters, or their
discard, are impacting the final results. This should give some view on

Csl in cont. - all structures

0.005 1

0.004 4

0.003 4

0.002 1

Cslin Cont.[Kg]

0.001 4

0000 | ————e——r—"

0 2500 5000 7500 10000 12500 15000
Time (s)

17500

Fig. 5. Examples of possible FOM outlier: CsI in containment — all structures.

how credible results are and which are the most influencing parameters
affecting the overall results. Moreover, on the combination of uncertain
input parameters, dependencies between parameters can be applied at
the sampling level to avoid unphysical combination of parameters.

In addition, the range of the input uncertain parameters can affect
the correlation (e.g. linear, monotonic, etc.) with the FOM. Therefore,
the selection of the PDF and the range should be done with care and
should be based on references or engineering judgment. In general,
experimental data, analytical data and expert judgement are necessary.
Existing Phenomena Identification and Ranking Table (PIRT) practices
can support the identification of uncertain input parameters and help
reducing their number. Different recommendations on this issue have
been raised in the WP4. A method for the identification and classifica-
tion of the input uncertain parameters has been proposed by one partner
and it is summarized in Fig. 6; in particular, experiments, researches and
expert opinions are considered to determine the phenomena affecting
each isotope, then a sensitivity analysis is performed to classify the
impact of the uncertain parameters. A partner underlined that when
different data sources are found for a specific parameter, a combination
of data sources can be applied by selecting the minimum, maximum and
expected value from all the data available. With respect to the PDF, if all
the data sources for a parameter show the same PDF (i.e., uniform), then
this same distribution can be applied.

In case there is no evidence to choose a specific PDF type, several
partners suggested the adoption of uniform distributions. It could also be
useful to perform a sensitivity analysis starting from wide ranges and
simple distributions to characterize the parameter influence on the FOM.
However, it should be studied the impact of the uncertain input
parameter range and PDF on the final FOM PDF.

Even if the scope of WP4 is not a direct comparison of the partner
results some insights can be gained concerning the correlation of some
parameters with the various FOMs:

e The FOM “Aerosol amount in the containment’s atmosphere” shows
a significant correlation with the parameters aerosol dynamic shape
factor (CHI) and aerosol agglomeration factor (GAMMA), the cor-
relation varying during the transient;

e The release of fission products from the fuel shows a significant
correlation with the XGRAIN parameter (surface area for fission
product release);
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Fig. 6. Example of a proposed approach for the selection of the input uncertain parameters.

e The TCLMAX parameter (that captures the time-at-temperature
behavior associated with creep rupture of overheated cladding) in-
fluences the in-vessel hydrogen production;

e Another influential parameter is the axial porosity profile, which

shows a positive correlation with the amount of gaseous Iodine in the

containment’s atmosphere and with the total deposited Iodine in the
containment, whilst a negative relationship is shown with the other

FOMs suggested for WP4;

The temperature of dislocation of the oxide layer of the cladding

resulted to be an influential parameter for the FOMs Iodine and

Cesium release from top of the bundle, Cesium retention in the cir-

cuit and, additionally, cumulative Hydrogen production;

e Almost all FOMs suggested for WP4, except for suspended and
deposited Iodine in containment, show an influence from parameter
Zirconia shroud thermal conductivity. The selection of the physical
law of Zircaloy-4 cladding oxidation has an impact on all FOMs
suggested for WP4, except for the amount of gaseous Iodine in the
containment’s atmosphere. The parameter UO solidus temperature
has an influence on the aerosol mass and in the suspended Iodine in
the containment’s atmosphere;

e The thermal conductivity of ZrO5 has an influence on the release of
Iodine and release of Cesium from top of the bundle;
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Fig. 7. Example of CDF distortion due to failed calculations.

e CORSOR-Booth model parameter (used to predict radionuclide
release) has an influence on the aerosol in containment FOM, in
particular a cliff-edge effect occurs when the CORSOR-Booth
parameter has the value of 1.0;

e The uncertainty of the heating power has an influence on the releases
from the fuel.

5.2. Coupling of the UT with the SA code

The coupling of the UT with the SA code is a necessary step to
automate the process and there is the need to balance user flexibility,
user friendliness and tool robustness. Scripting and use of GUI are the
two main ways to perform the coupling.

Scripting, even if less user-friendly and more time demanding,
resulted extremely powerful and flexible to automate the UaSA process,
also for selecting ad-hoc statistical and post-processing techniques
maybe not available in some UTs. In the scripting development, every
step should be controllable, traceable/reproduceable and it could be
useful to detect potential errors during the implementation and alert the
user.

GUI have shown to be more user-friendly and ready to use, but some
limitations have been observed in particular for the post-processing
capability and in the management of failed calculations. Finally, it
should be underlined that a partner that adopted two different ap-
proaches for the coupling (GUI and scripting) reported that the results
for the scalar analysis (maximum value of the FOM) showed that, despite
the different number of total runs and the different samples, mean values
were similar and close to the experimental one. Similar results were
obtained for the standard deviation.

5.3. Management of the failed calculations

In the adoption of computer codes to develop deterministic safety
analysis, during the transient simulation, calculation failures may occur
and the simulation is terminated before the time set by the user. The
management of the failed calculations is important because, as example,
the failed runs can affect the calculated FOM PDF, which may be dis-
torted as shown for instance in Fig. 7 for the Cesium deposited in RCS.
Partners, in general, selected different approaches such as:
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e Starting the UQ with a number of runs higher than the minimum
required number according to Wilks’ formula for the selected prob-
ability and confidence level. In this way the minimum number of
runs can be hopefully correctly executed. Attention should be paid
on sampling techniques as Latin Hypercube because discarding the
failed runs it can be lost the sampling subinterval value, so the
analysis of such failed cases should show their even distribution over
the sampling intervals. If failed cases are absent this increased
sampling may improve the resulting statistics;

Replacing the failed runs with new ones, with a different combina-
tion of input uncertain parameters;

Restarting the failed runs to force their completion (adjusting the
time step near the run termination time);

Doing very small adjustment of the input value causing the failure (i"
th® 3rd-4th decimal place);

Removing from the analysis the input parameter that causes the
problem, in case it is possible to identify it, and taking into account
the bias in the final results;

Increasing the Wilks’ order to allow discarding higher FOM’s values
(assuming that the failed cases would give the higher FOM’s mag-
nitudes), as suggested in (OECD/NEA/CSNI, 2017).

The combinations of input parameters resulting from the sampling
process could cause failures in the calculations. If one or more of these
combinations can be tracked down, a sensitivity analysis should be
performed to evaluate if extreme values are involved in the failures and
eventually reduce parameters range of variation. Sometimes, the failures
are not directly connected with a sampled uncertain input parameter
value or their combination. In these circumstances, the cause of the
calculation failure should be investigated and fixed. However, this
approach is not practical in case of a large number of run failures.

In general, it has been underlined the need for the management of

Histogram of cont_CS for the frametimel

Histogram of cont_CS for the frametime2

Annals of Nuclear Energy 196 (2024) 110205

the failed runs from a statistically solid point of view.

5.4. Post processing of the data

The post processing of the data is a key element of the UaSA to
properly analyze the results. The analysis can be done for a specific value
of the FOM (e.g. the maximum or final value) or time dependent. The
latter option allows to analyze the behavior of the FOM considered along
the scenario evolution; in this regard, PDF at different timings can be
very useful (e.g. Fig. 8). For time dependent analysis, the capabilities of
some UTs may be improved for an easier automatic set-up and extraction
of the results. However, it should be underlined that the FOM time
dependent analysis within the adopted methodology still needs more
discussion (e.g. number of calculations required).

In relation to UaSA, some partners considered different threshold
values to characterize the relationship between the uncertain input pa-
rameters and the FOM (e.g. low, moderate, significant). Table 5 sum-
marizes the coefficients adopted by the partners to characterize the
input uncertain parameters with the related adopted threshold values.

Considering that the first step of the UQ is the sampling of the un-
certain input parameters, one of post processing approach is the char-
acterization of the variate and the response data. For example, Fig. 9
shows the input uncertain parameter debris velocity (d1) against the
iteration index. This plot shows how the parameter range is sampled in
various code runs and gives an idea of the coverage of the sampling
space. Also, the FOMs can be visualized against the iteration index or
against an input uncertain parameter. For example, in Fig. 10 the FOM,
integrated biological weighted airborne fraction in the containment, is
plotted versus the molten clad drainage rate input uncertain parameter.
From this kind of plot, it can be visualized an eventual correlation be-
tween the FOM and the input uncertain parameters and possible outlier
values.
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Fig. 8. Example of time dependent FOM PDF: Cs in containment.
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Table 5

Coefficients adopted by the partners to characterize the input uncertain pa-
rameters relationship with the FOM.

Partner

Type of
analysis

Coefficients
used

Threshold used to
consider the contribution
of the uncertain
parameters

CIEMAT

CNSC

ENEA

Energorisk

GRS

INRNE

LEI

PSI
SSTC

Tractebel

TUS

UNIPI

UNIRM1

VIT

Linear

NA
Correlation

Correlation

Correlation

Linear
Regression:
Correlation
technics

Correlation

Correlation

Correlation
Correlation
Correlation

Correlation

Correlation

Correlation

Correlation

Correlation

Pearson,
Spearman

NA

Pearson,
Spearman

Pearson,
Spearman

Spearman

Pearson

Pearson

Spearman

Spearman

Pearson,
Spearman
Pearson,
Spearman
Pearson

Pearson

Pearson,
Spearman

Spearman
(Pearson for
comparison)

Pearson

p-value < 0.05CC
confidence interval
(Fisher’s Transformation)
NA

Absolute value:

<0.2: low

>0.2 and < 0.5: moderate
>0.5: significant

(Bersano et al., 2020)
Absolute value:

>0.9 and < 1.0: very highly
>0.7 and < 0.9: highly
>0.5 and < 0.7: moderately
>0.3 and < 0.5: low

<0.3: little if any

Absolute value < 0.2: no
statistical significanceNote:
Coefficient of determination
for overall evaluation of the
quality of the SA

(the closer its value to one,
the better)

Absolute value:

>0.1 and < 0.3: small;
>0.3 and < 0.5: medium;
>0.5 and < 1.0: large.
(Cohen, 1988)

Absolute value:

<0.2: small/negligible

>0.2 and < 0.5: moderate
>0.5: significant

Absolute value:

<0.2: negligible impact;
>0.2: influencing
parameter.

(Kaliatka et al., 2016)
Absolute value > 0.2
(Kaliatka et al., 2016)
Absolute value > 0.2
(Bersano et al., 2020)

Absolute value:

<0.30: Low degree

>0.30 and < 0.50: Moderate
degree

>0.50: Significant degree
Absolute value:

>0.1 and < 0.3: low

>0.3 and < 0.5: middle
>0.5: high

Absolute value:

<0.2: almost negligible
>0.2 and < 0.3: weak
>0.3 and < 0.5: moderate
>0.5 and < 0.7: strong
>0.7: very strong
Absolute value:

<0.2: almost negligible
>0.2 and < 0.3: weak
>0.3 and < 0.5: moderate
>0.5 and < 0.7: strong
>0.7: very strong

Another post processing approach presented by the partners is the
use the dispersion plots to have a visualization of the spread of the re-
sults. Fig. 11 and Fig. 12 show two examples of dispersion plot; in the
first case it has been visualized the Iodine release from fuel (% of the
initial inventory), which in the presented calculation is in general within
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Fig. 11. Example of time dependent FOM dispersion: Iodine release from fuel.

the results dispersion band; in the second case it is presented the amount
of suspended iodine in the containment atmosphere that in the pre-
sented calculation in general is outside from the results dispersion band.
Fig. 13 shows a time dependent statistical analysis (of the Cs relative
release from core); in this case with the availability of experimental
data, it can be evaluated if they are enveloped in the set of calculation
results. Fig. 14, representing the aerosol amount in the containment
atmosphere, includes the mean and median value. In this case it is
possible to do evaluations about the mean and median curves against the
reference calculation.
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Fig. 14. Example of statistical analysis on time dependent FOM: Aerosol
amount in the containment’s atmosphere.

If a single value FOM is considered, the tabular form is another way
to visualize the results (e.g. Table 6). Also in this case, the statistical
analysis was adopted to characterize the selected FOMs in term of
minimum, maximum, mean and standard deviation. Another post-
processing approach proposed by the partners is to visualize the PDF
of the FOMs. This can be done at a given instant, as reported in Fig. 15
for the aerosol in containment, or along the transient as reported in
Fig. 8 for Cs and Xe in containment.
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Table 6
Example of single value FOM statistical analysis in tabular form for different
FOM:s.

Average Standard Min Max
deviation
‘Outputs_variable#1’ 74.95974 0.6271124 73.4806 75.4852
(FoM1)
‘Outputs_variable#2' 75.80036 0.6060636 74.3709 76.3082
(FoM2)
‘Outputs_variable#3' 46.74657 0.1430633 46.3545 46.9812
(FoM3)
‘Outputs_variable#4’ 17.39123 0.620686 15.663 17.8552
(FoM4)
‘Outputs_variable#5' 14.82506 1.730274 10.9911 17.0791
(FoM5)
‘Outputs_variable#6' 695.6891 23.08408 637.114 712.928
(FoM6)
‘Outputs_variable#7’ 323.1179 39.71518 233.434 364.333
(FoM7)
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Fig. 15. Example of the frequency of a FOM.
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Fig. 16. Example of correlation analysis for a single value FOM.

Finally, another post-processing is the characterization of the sta-
tistical correlation between the uncertain input parameters and the
FOMs (e.g. through Pearson and Spearman coefficients). Depending on
the parameter (e.g. scalar value or time dependent behavior of aerosol
amount in the containment’s atmosphere) the statistical and correlation
analysis has been done on a specific value (Fig. 16) or time dependent
(Fig. 17). Fig. 16 shows that the shape factor (to account for non-
spherical aerosols in the calculation of coagulation and setting phe-
nomena) has a major linear correlation with the FOM considered in the
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Fig. 17. Example of time dependent correlation analysis.

analyses. The time dependent visualization of the correlation co-
efficients allows to characterize the correlation between the uncertain
input parameters and the FOM along the transient progression. In Fig. 17
the miscellaneous aerosol dynamic constants have been used has input
uncertain parameters to characterize the aerosol amount in the con-
tainment’s atmosphere. It can be observed that the correlation between
the input uncertain parameters and the FOM may significantly vary
along the transient and, in this case, it stabilizes after around 20000s.

5.5. SA code

A comprehensive UQ analysis would require a deep code assessment
through which the uncertain input parameters can be identified and, if
information available, characterized. Code validation documents might
be useful. Eventual missing models should be also identified and
considered somehow in the full-scope UQ. However, at the present time
SA codes are supposed to address comprehensively most of the relevant
phenomena in SA, although presumably modeling in some areas will
develop further in the future.

Along the UaSA, the SA codes showed to be sensible to the choice of
the input uncertain parameters and their range. Moreover, even the
choice of the values of input parameters not varied in the calculation can
influence the stability of the calculations (i.e. number of runs that
failed); therefore, the user should be aware of that and it is suggested to
use consolidated values as a reference for the analyses. In general, it
would be a good practice to optimize the input-deck to be as robust as
possible; this should help to avoid some failed UQ calculations.

If more modules or packages are used in one SA code, the consistency
between input parameters should be carefully considered and there can
be some limitations in the coupling between the modules. It means that a
deep knowledge of the code models is needed by the code user to fully
understand the links between the input parameter values and their
physical interpretation to ensure their consistency among the different
modules. Also, it is to underline that the computational time required
could be an issue for plant applications.

5.6. Additional remarks

Considering the enveloping of the experimental data by the UQ
calculations, some partners underlined that the UQ should be performed
after the accuracy evaluation of the reference calculation. In fact, the
reference calculation should be considered accurate enough (if experi-
mental data are available) to be used as a base for the UQ.

6. Final remarks

The WP4 of the MUSA project was aimed at applying and testing UQ
methodologies, against the internationally recognized PHEBUS FPT1
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test. Despite the completeness of PHEBUS FPT1 test, WP4 exercise is a
simplified scenario with respect to a NPP UQ. This allows to build
simple, sound and reliable models to: reduce the number of calculation
failures; ease the results understanding; and reduce the computational
time.

The main outcomes of the WP4 are:

e In general, the direct application of UQ methodologies developed e.
g. in nuclear thermal-hydraulic or thermo-mechanics could be more
challenging for SA. In fact, some considerations are needed for
example for the possible large number of uncertain input parameters
(e.g. due to some limitations of geometric prototypical experimental
facilities with prototypical material), for the possible higher failure
rate of code runs, for the possible presence of cliff-edge effects, etc.
Scripting was needed to couple SA codes and UT in most applica-
tions; it required major efforts for its development than GUI adoption
but provided more flexibility, in terms of post-processing
capabilities.

e The proper choice of the input uncertain parameters and their
characterization (range and PDF) is a crucial task, that should be
based in general on a sound background (e.g. experimental and
analytical data, references, engineering judgment, etc.). In fact, the
complexity and multi-physics nature of the phenomena occurring in
SA and their interconnection might lead to a large set of uncertainty
input parameters.

Certain combinations of input uncertain parameters can affect more
the FOMs behavior, generating possible outliers that should be
investigated. Moreover, the choice of values not varied (i.e. not
sampled) in the UQ can influence the stability of the calculations.
Computational time is a key element to perform UaSA and for plant
applications the use of clusters, and eventually the implementation
of GUI in clusters, may be necessary.

In general, the interpretation of results from sensitivity or correlation
analysis is not always straightforward due to the possible large
number of uncertain input parameters.

There is the need for a statistically solid handling of failed calcula-
tions within the adopted methodology.

The differences in partners’ nodalizations and UaSA applications do
not allow to draw a comprehensive conclusion on the uncertainty of
the various FOM. However, it has been collected a list of input pa-
rameters mostly correlated with various FOMs according to Pearson
and Spearman coefficients.

Thanks to the knowledge gained and shared among WP4 partners it
is recommended to proceed with NPP scale applications, which are
being carried out, among others, in MUSA WP5 and WP6.
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