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ARTICLE INFO ABSTRACT

Keywords: Uncertainty estimation to assess figures of merit characterizing evolution of a severe accident transient is a topic
MELCOR of current investigation in development of best-estimate plus uncertainty methodology. The probabilistic method
]S)II\?AI:I?TA to propagate input uncertainty is one of the methodologies used to develop Uncertainty Analyses (UAs). Using

this methodology, UAs are performed by sampling probability distributions that describe the range of possible
values that computer simulation model inputs can have. For each sample (or realization) of a set of uncertain
input parameters, a computer simulation is performed. From the range of code simulation results obtained for
each input realization, a distribution of code results is obtained. In this process, the distribution of input un-
certainties is propagated to obtain a distribution of possible code results (i.e., the code output uncertainty). This
probabilistic methodology is facilitated using Uncertainty Tools (UTs), which can be coupled with the accident
analysis computer code to perform an UA. One of the UTs currently available is DAKOTA, developed by Sandia
National Laboratories. DAKOTA is also provided as a SNAP plug-in. SNAP is a graphical user interface designed
to support the use of USNRC codes (MELCOR, TRACE, etc). This paper is entirely derived from the NUREG/IA-
532 issued by USNRC in April 2023 (Mascari et al., 2023) and has as a major target to summarize the main needs
of UA in severe accident, the main element of the probabilistic method to propagate input uncertainty, and the
workflow within SNAP to assist other interested analysts with their applications given they are members of the
USNRC Cooperative Severe Accident Research Program (CSARP).

Uncertainty analysis
Severe Accident

1. Introduction

Considering the complexity of and the numerous interacting/inter-
related phenomena/processes that occur during the course of a Severe
Accident (SA) evolution, state-of-the-art SA integral codes (Mascari
et al., 2019; Van Dorsselaere et al., 2018; de la Rosa Blul et al., 2018)
have come to play an important role in understanding the overall plant
behavior. Codes such as ASTEC (Chatelard et al., 2016), MAAP (Fauske

& Associates, LLC, 2013), and MELCOR (Sandia National Laboratories,
2015) are relied on in the U.S. and internationally to evaluate accident
progression and determine characteristics of radiological release to the
environment. These analytical capabilities enable the determination of
the main Figure of Merit (FOMs) used in a range of safety case devel-
opment and regulatory decision-making applications. These capabilities
have also been used to inform and evaluate accident management
strategies.

Abbreviations: ASTEC, Accident Source Term Evaluation Code; BDBA, Beyond Design Basis Accident; BEPU, Best Estimate Plus Uncertainty; CDF, Cumulative
Distribution Function; CRP, Coordinate Research Project; CSARP, Cooperative Severe Accident Research Program; DAKOTA, Design Analysis Kit for Optimization and
Terascale Application; DBA, Design Basis Accident; ENEA, Agenzia Nazionale per le Nuove Tecnologie L’ENERGIA E LO SVILUPPO ECONOMICO SOSTENIBILE;
FOM, FIGURE of Merit; IAEA, International Atomic Energy Agency; LWR, Light Water Reactor; MAAP, Modular Accident Analysis Program; MUSA, Management and
Uncertainties of Severe Accidents; PDF, Probability Density Function; PWR, Pressurized Water Reactor; RELAP, Reactor Excursion and Leak Analysis Program; SA,
Severe Accident; SNAP, Symbolic Nuclear Analysis Package; SNL, Sandia National Laboratories; SOARCA, State-of-the-Art Reactor Consequence Analyses; TRACE,
TRAC/RELAP Advanced Computational Engine; UA, Uncertainty Analysis; USNRC, U. S. Nuclear Regulatory Commission; UT, Uncertainty Tool.
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Several models/correlations have been implemented in the 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, 1999; 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) to assess SA simulation tools, the analyses of the
current state-of-the-art shows that there is the need to reduce some
uncertainties’ still present (Mascari et al., 2019; Van Dorsselaere et al.,
2016). Thus, the investigation of phenomena/processes, to date not
investigated in detail in geometric prototypical experimental facility
with prototypical material, should be addressed. Therefore, discrep-
ancies in some of the core degradation phenomena can be still observed
when comparing the results predicted by different SA simulation tools
considering the different core degradation models implemented in the
codes (Mascari et al., 2019; Humphries, 2018).

Traditional safety analysis methods for evaluation of plant perfor-
mance under normal and off-normal conditions, up to and including
Design Basis Accidents (DBAs), are intended to demonstrate achieve-
ment of selected criteria. In the original licensing of many Light Water
Reactor (LWR) power plants operating in the United States and inter-
nationally, conservatisms were incorporated in these analysis methods.
These conservatisms ensured that, despite prevailing uncertainties in
analytical characterization of plant performance under off-normal and
accident conditions, sufficient safety margin would be incorporated into
the design and robust plant performance could be achieved, even under
the most severe conditions within the plant’s design envelope.

Over the past 20 years, the SA knowledge-base and integral plant
response computer codes have achieved a significant level of maturity.
While substantial uncertainties still remain in some areas, the under-
standing of and ability to quantitatively model the broad spectrum of SA
phenomena has enabled the application of SA computer code analysis to
resolution of a broad range of BDBA safety issues. This has been exem-
plified most recently by the application of codes such as MELCOR and
MAAP to resolution of post-Fukushima safety issues. An important
element of these issue resolutions was consideration of the impact of
uncertainties on quantitative estimates (e.g., FOMs) utilized as part of
the overall decision-making process. While still under active develop-
ment, significant interest has developed in the area of characterizing
uncertainties in SA analyses.

Therefore, the discussion and application of SA progression analyses
with uncertainty estimation is currently a key topic in the Best Estimate
Plus Uncertainty (BEPU) framework (D’Onorio et al., 2018; Mascari
etal., 2019b). Today, in fact, for the evaluation of the safety margins, the
use of BEPU approach by coupling selected calculated parameters with
the related uncertainty range is of great interest for the international
scientific community. Considering the key role of SA codes for deter-
ministic safety analyses and source term evaluations, several research
activities in national and international frameworks are in progress and
are planned to reduce and/or estimate the uncertainty in SA phenomena
prediction. In this framework two main activities are currently in
progress or just concluded: the Management and Uncertainties Of Severe

1 Uncertainty is used as a measure of the error made with the code in pre-
dicting the plant behavior. In general, the sources of uncertainty can be grouped
in (IAEA, 2008): Code uncertainty (e.g. approximations in the conservation
equation and in the closure models and correlations); Representation uncer-
tainty (nodalization effect); Scaling issue (codes validated against scaled-down
facilities); Plant uncertainty (e.g. initial and boundary conditions); User effect. -
Code uncertainty (e.g. approximations in the conservation equation and in the
closure models and correlations); - Representation uncertainty (nodalization
effect); - Scaling issue (codes validated against scaled-down facilities); - Plant
uncertainty (e.g. initial and boundary conditions).
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Accidents (MUSA) project (Herranz et al., 2021), founded in Horizon
2020 EURATOM NFRP-2018-1- Safety assessments to improve accident
management strategies for Generation II & III reactors, and the IAEA
CRP on “Advancing the State-of-Practice in Uncertainty and Sensitivity
Methodologies for Severe Accident Analysis in Water Cooled Reactors
(I31033) (Mascari et al., 2022).

In this framework, as already underlined in (IAEA, 2019), from an
operative point of view, one of the key needs is to have an automatic
coupling between the Uncertainty Tool (UT) and the SA code. For
example, by using the probabilistic method to propagate input uncer-
tainty2 (IAEA, 2008), the UT will perform several steps (e.g. creation of a
certain number of code runs obtained combining the input uncertain
parameters selected by the user through a random sampling, statistical
and correlation analysis of the selected FOMs, etc.) and several param-
eters should be selected by the user (selection of PDF type and param-
eters, selection of the random sampling methods, selection of correlation
coefficients for the analyses, etc.) for setting the UA. Therefore, the use
of a user-friendly environment/architecture, which permits a direct
coupling between the SA code and the UT to perform all the steps in the
Uncertainty Analysis (UA), is one of key operative needs.

Within this regard, USNRC codes (e.g. MELCOR (Sandia National
Laboratories, 2015), TRACE (U.S. Nuclear Regulatory Commission,
2013)) can be used together with a user-friendly front end, Symbolic
Nuclear Analysis Package (SNAP) (Applied Programming Technology,
Inc., 2021), able to support the user in the development and visualiza-
tion of the nodalization, to show a direct visualization of selected
calculated data, and to accept existing code input-decks. SNAP is a suite
of integrated applications including the Model Editor, the Job Status, the
Configuration Tool client applications and the Calculation Server. In
particular, the Model Editor is used for the nodalization development
and visualization and for the visualization of the selected calculated data
by using its graphical and animation model capability (Mascari et al.,
2012; Mascari et al., 2016).

One of the features of SNAP is the possibility of coupling USNRC
codes with the Design Analysis Kit for Optimization and Terascale Ap-
plications (DAKOTA) toolkit (Applied Programming Technology, Inc.,
2021; Applied Programming Technology, Inc., 2012). DAKOTA, in fact,
is provided as a plug-in (Applied Programming Technology, Inc., 2012)
in SNAP, and through SNAP it is possible to set up the DAKOTA UA
(Applied Programming Technology, Inc., 2012; Bersano and Mascari,
2019; Mascari, 2019) and to perform automatically all the steps of the
UA.

Considering that currently the international nuclear technical com-
munity is exploring the possibility of using SA codes in a BEPU frame-
work, a report has been prepared to show the main details of the
MELCOR/DAKOTA coupling in a SNAP environment/architecture, and
the different steps necessary to set it up, including sample applications
(Mascari et al., 2023).° The aim of this paper is to provide an overview of
the MELCOR/DAKOTA coupling in SNAP, summarizing the main steps.
The study has been performed under the USNRC Cooperative Severe
Accident Research Program (CSARP) framework (U.S. Nuclear Regula-
tory Commission, 2015); it also includes one output of the activities
done in the framework of the Work Package 4 (Application of Uncer-
tainty Quantification Methods against Integral Experiments — AUQMIE
-) of the MUSA H2020 EURATOM project (Mascari et al., 2024). This
paper could be generally beneficial to MELCOR users as well as current
and future international initiatives.

The paper is organized as follows. Section 2 describes the DAKOTA

2 Several methodologies have been developed in the past to perform UA, and
they can be grouped in: - Methods to propagate input uncertainty: - Probabi-
listic (e.g. CSAU, GRS, IPSN, etc.); - Deterministic (e.g. AEAW, EDF-Framatome,
etc.); - Method to extrapolate output uncertainty (e.g. UMAE) (IAEA, 2008).

3 MELCOR code is available through the USNRC Cooperative Severe Accident
Research Program (CSARP).
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Fig. 1. DAKOTA UA workflow for MELCOR code in the SNAP environment/architecture.

UA workflow in the SNAP environment/architecture for MELCOR ap-
plications and the different steps necessary to create the MELCOR/
DAKOTA analyses within the SNAP environment/architecture. Section 3
describes the report automatically generated by DAKOTA as result of the
UA. Section 4 shows one exemplificative MELCOR/DAKOTA UA. Sec-
tion 5 summarizes the conclusions. Finally in Appendix A the new Py-
thon directed job-stream capability in SNAP is presented.

2. Methods: MELCOR - DAKOTA coupling within snap
2.1. Propagation of input uncertainties

The probabilistic method to propagate input uncertainties (Glaeser,
2008) is a common approach to perform UA. It consists in the propa-
gation of input parameter uncertainties through a computer code
simulation. In general, the following steps are involved:

o Identification of the uncertain input parameters necessary to char-
acterize the model used by the computer code for transient analysis;

e Definition of the variability of each input parameter by defining a
Probability Density Function (PDF);

e Generation, for each input parameter, of N random realizations (i.e.,
input for code runs) by means of random sampling;

e Creation of code inputs for each realization of input parameters;

e Execution of all the N code inputs;

e Post-processing of code results generated from running the N input
code realizations to:

o Characterize the range of realized variation for selected FOMs;

o Correlate realized variability in FOMs with the uncertain input pa-
rameters to assess the contribution of the different input un-
certainties to code output uncertainty.

2.2. DAKOTA toolkit

DAKOTA (Sandia National Laboratories, 2017a; b; ¢) is an open
source software written in C++ and developed by Sandia National
Laboratories (SNL) to perform sensitivity analysis, optimization,
parameter estimation, parametric and UA in a fast and automatic way.

The DAKOTA toolkit is also provided as a plug-in (Applied Pro-
gramming Technology, Inc., 2012) for SNAP (Applied Programming
Technology, Inc., 2021), which is a graphical user interface designed to
support the use of USNRC computer codes (e.g., MELCOR, TRACE, etc.).
Using SNAP, it is possible to build the input model in a graphical envi-
ronment and to have a direct visualization of the computed data by using
SNAP animation capabilities (Mascari et al., 2019; Mascari et al., 2012;
Mascari et al., 2016; Mascari et al., 2011). Through SNAP, it is possible
to set up a DAKOTA UA (Applied Programming Technology, Inc., 2012;
Applied Programming Technology, Inc., 2021; Mascari et al., 2019) and
to perform all analytical steps automatically.

Fig. 1 shows a schematic representation of a DAKOTA UA workflow
within SNAP for MELCOR applications. As it can be seen, DAKOTA is
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Fig. 2. MELCOR - DAKOTA Uncertainty Job Stream in SNAP.

first run to sample the uncertain input parameters values and to generate
the set of code inputs. Then, after the solution of the set of code inputs
and the extraction of the desired data, DAKOTA is run a second time to
perform the actual UA and to characterize the relationship between
input uncertain parameters and output parameters selected as FOMs.

The main steps necessary to define the UA in a MELCOR - DAKOTA
application within SNAP are described in the following.

2.3. MAIN steps for an uncertainty analysis through a MELCOR -
DAKOTA coupling within snap

To perform a complete UA through a MELCOR - DAKOTA coupling
within SNAP, a DAKOTA Uncertainty job stream has to be set up and run.
A comprehensive description of the process can be found in (Mascari
et al., 2023). However, a concise exposition is reported hereafter.

A DAKOTA Uncertainty job stream requires the definition (and
consequent configuration) of several steps:

¢ MELGEN step;

¢ MELCOR step;

o APTPLOT step;

e Extract Data step;

e DAKOTA (DAKOTA Uncertainty) step.

First of all, the DAKOTA Uncertainty job stream has to be selected
from the Job Streams list in the SNAP Model Editor. Secondly, within the
DAKOTA Uncertainty job stream configuration, the Three-Step MELGEN/
MELCOR/APTPLOT Stream has to be selected. In this way, a job stream
with a basic configuration is automatically created without the need of
setting up the three different steps (namely MELGEN, MELCOR and
APTPLOT) separately.® The three-step job stream is also visible in a
dedicated view. At this point, with the definition of the steps related to
the simulation execution (MELGEN and MELCOR) and to the results

4 In older versions of the Model Editor, the Three-Step MELGEN/MELCOR/
APTPLOT stream option is not available. In such a case, the Two-Step MELGEN/
MELCOR/APTPLOT stream has to be selected and the APTPLOT step manually
added and connected to the results of the MELCOR step.

plotting (APTPLOT), a step for the extraction of data needed for the
subsequent UA is required. In this regard, the Extract Data step has to be
added to the Stream Steps related to the DAKOTA Uncertainty job stream
under development. As last thing, the DAKOTA (DAKOTA Uncertainty)
step has to be included in the Stream Steps list in order to obtain the UA
outputs.

As it will be briefly discussed in the following, each step requires a
thorough configuration, following which the DAKOTA Uncertainty job
stream can be run. Once all the steps have been completed, the DAKOTA
output file is created together with all plots requested in the AptPlot
step.

Fig. 2 shows the MELCOR - DAKOTA Uncertainty Job Stream within
SNAP.

2.3.1. DAKOTA uncertainty job stream configuration

From the Properties view of the DAKOTA Uncertainty job stream,
various tabs of the Parametric Properties allow the user to characterize
the Uncertainty Quantification (UQ) process by:

e Adding the FOMs selected for the analysis;

e Characterizing the sampling process defining the method (direct
Monte Carlo sampling or Latin Hypercube stratified sampling) and
the number of required samples;

o Defining the uncertain input parameters as well as their range and
PDF;

e Setting the properties for the automatically generated final report
containing the results of the UA.

2.3.1.1. Definition of DAKOTA Properties. By selecting the Parametric
Properties button, in the first tab Dakota Properties, the user can specify
one or more FOMs for the analysis. A Time Dependent option is also
present and, as discussed in (Applied Programming Technology, Inc.,
2012), it enables computation of response correlation coefficients at
selected time instances of the transient.

In addition, the user is allowed to choose the Sampling Method
(Monte-Carlo or Latin Hypercube methods available) and to impose the
Number of Samples. As for the number of samples, a Calculated Samples
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Fig. 3. Definition of the distribution properties of the uncertain input parameters.

button is available to evaluate the required number of samples on the
bases of the Wilks method (Applied Programming Technology, Inc.,
2012). In particular, the minimum number of samples (and, conse-
quently, of code runs), N, is calculated taking into account the number of
FOMs, plus three other parameters (Order, Probability — o, and Confidence
- B) as defined by the user.

In the case in which only one FOM is investigated, for the one-sided
tolerance interval, the required number of code runs can be found, based
on the well-known Wilks formula (Wilks, 1941; Wilks, 1942), by solving
the following equation with respect to N:

1-d"=p @

If more than one FOM is investigated, for the one-sided tolerance in-
terval, the required number of code runs can be found by solving the
following equation with respect to N (Bajorek and Gingrich, 2013):

<N
=S
=2

—a)V @)
where p is the number of FOMs.

More information on statistical aspects of traditional BEPU analysis
can be found in (Guba et al., 2003).

2.3.1.2. Definition of uncertain parameters and their respective dis-
tributions. Still considering the Parametric Properties configuration,
through the second and the third tabs, Variables and Distributions
respectively, it is possible to:

e Add the selected uncertain input parameters;
e Define the characteristics of each input parameter distribution.

The input uncertain parameters can be selected among the ones

previously defined in the MELCOR input deck. They can be either a
MELCOR sensitivity coefficient of a user-defined, real-valued variable.
Regardless of the nature of the input parameter, a distribution has to be
defined for each one of them. Depending on the selected distribution
type (i.e., Normal, Lognormal, Uniform, Loguniform, Triangular,
Exponential, Beta, Gamma, Gumbel, Frechet, Weibull, Histogram), a
user may have to define also the associated distribution parameters
(such as lower and upper bound).

Fig. 3 shows an example of distribution definition and character-
ization in the Distributions tab.

2.3.1.3. Specification for the automatic UA reporting. In the fourth tab,
Report, it is possible to configurate the final UA report, automatically
generated by DAKOTA after the conclusion of job stream. Addition of
desired plots to the report is also possible. Different options are present
for Plotted Values:

e Selected input parameters as function of the iteration index;
e FOM as a function of a selected input parameter;
e FOM as function of the iteration index.

2.3.2. APTPLOT configuration

After the configuration of the DAKOTA Uncertainty job stream, the
APTPLOT step can be set up. In particular, in the Properties view, by
clicking on the Plot button, the user has the possibility to edit the
properties of the plot, the graph, and the uncertain input parameters
data sets. At the same time, it is possible to specify the plot variables,
which could include FOMs as well as other parameters. It is worth
underlining that, when first configuring this plotting step, only one set
(corresponding to the input parameters related to only one code run) is
displayed. In order to add all the sets, it is necessary to set the model
nodes as parametric. To do so, in the DAKOTA Uncertainty job stream,
under the Model Nodes view, the Parametric flag has to be set to True for
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Fig. 4. The script for the extraction of the calculation results for the DAKOTA UA.
Table 1
Uncertainty Quantification Input Options - Model Variables and Distributions.
Distribution name Distribution type Application rule Distribution parameters Model variables Nominal*
d1 Triangular Scalar a:2098.0, m:2400.0, b:2550.0 COR 1131-2 Replacement
d2 Triangular Scalar a:0.01, m:0.083, b:1.0 COR 1141-2 Replacement
d3 Triangular Scalar a:0.05, m:0.1, b:1.2 VFALL Replacement
d4 Triangular Scalar a:50.0, m:1000.0, b:1100.0 HDBLH Replacement
d5 Normal Scalar 1:2700.0, 6:120.0, [-o0, o] COR 1132-1 Replacement
de Normal Scalar 1:5.0, 6:1.0, [-00, 0] COR 1502-2 Replacement
d7 Normal Scalar 1:2800.0, 6:150.0, [-c0, o] COR 1250-1 Replacement

* Replacement indicates that the sampled value substitutes the nominal value of the input-deck.

both MELGEN and MELCOR.

2.3.3. Extract Data configuration
From the Properties view of the Extract Data step, the user is able to
configurate it by means of three main operations:

e Selection of the Plot Type File, namely MELCOR;

e Definition of the InputFiles. By opening the related selection window,
it is possible to define the input Source by selecting the MELCOR Step
2 (MC_Step) plot is selected;

e Setting of the variable to be extracted from the code runs’ results for
the subsequent uncertainty evaluation.

For the last operation, an AptPlot script is needed. The script can be
entered by opening the AptPlot Script window under the Properties view
of the Extract Data step. An AptPlot command should be entered by the
user in the central part of the script window. Several extraction possi-
bilities are available in AptPlot.

An example of AptPlot Script is presented in Fig. 4. In this case, the
extracted FOM is “COR-DMH2-TOT”, and it is extracted at a given time,
i.e., 24000 s.

2.3.4. DAKOTA (DAKOTA Uncertainty) configuration
The final task to be completed for the UA setup is the DAKOTA

Uncertainty step configuration. After it is created as part of the DAKOTA
Uncertainty job stream, the step should be connected to the output var-
iables of the Extract Data step.

At this point, the UA setup is completed, and it is possible to run the
Job Stream.

2.4. Replacement Samples option and Python Directed job stream

As from the previous discussion, the adoption of SNAP allows to
simplify the MELCOR - DAKOTA coupling. However, a problem arises
when one or more calculations fail during the MELGEN/MELCOR
execution. Even the failure of only one run prevents the finalization of
the UA (Mascari et al., 2021a; Mascari et al., 2021b). Two solutions can
be used to overcome this issue:

e The Replacement Samples option can be selected to specify a given
number of runs to be executed and replace the failed ones (Mascari
et al., 2023). At the time of the development of the (Mascari et al.,
2023), this option was not available when using the SNAP/GUIL
Therefore, using the SNAP/GUI, if one calculation fails, it prevents
UA finalization (Mascari et al., 2021a).

e A new job stream capability, called Python Directed Stream has been
added to SNAP.
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Fig. 5. Tot hydrogen mass generated dispersion, CDF, and PDF.
e Run the MELGEN/MELCOR runs with the different sets of input
Table 2 uncertain parameters created by the DAKOTA uncertainty plug-in;
Statistical results at the end of the calculation based on the 59 samples. e Calculate the FOM values for each run:
Summary Value Task # e Plot the dispersion of the FOMs through the module “PyPost”,
Min Value 250.87505 54 developed by AptPlot;
Max Value 574.76666 51 e Generate the UQ final report.
Mean 381.43805 -
Median 382.44507 40 The new Python Directed Stream capability in SNAP is presented in
Standard Deviation 56.8461 - . . s
Coefficient of Variance 0.38578 B Appendix A, where a basic Python script is also reported.

Table 3
Response correlations at the end of the calculation reported in the automatically
generated DAKOTA report based on the 59 samples.

Simple Partial Simple Rank Partial Rank
ds 0.0979063 0.102384 0.135067 0.268539
dé 0.110172 0.146704 0.0338983 0.0599765
d7 0.098521 0.123725 0.126768 0.209831
dl 0.737284 0.791904 0.765926 0.855157
d2 —0.495872 —0.627241 —0.379486 —0.653184
d3 0.03035 0.00594472 0.0189947 0.0516358
d4 —0.0188159 0.0125986 —0.0151373 0.0108442

Considering the last approach, a MELCOR- DAKOTA coupling
through Python Directed Stream in SNAP has been developed and tested,
along the MUSA EURATOM project, by University of Pisa in collabora-
tion with ENEA. Through this coupling approach, the management of
failed code runs is possible with SNAP 3.1.6 (and newer). As implied by
the name, the coupling in this case is managed through a Python script,
which, in turn, is elaborated by SNAP.

The script, as it was developed in the MUSA project, allows to:

3. DAKOTA UA report

As last step in the UA, DAKOTA automatically generates a report,
which follows the structure presented hereafter:

e Table of contents;

Introduction section;

Uncertainty quantification input options section;
Variate and response data section;

DAKOTA Results;

DAKOTA Input File.

As underlined before, the presence of eventual failed calculations
may prevent the creation of the DAKOTA UA report. A solution to
overcome this issue is the adoption of the Python Directed Stream,
introduced in the previous section and better reported in Appendix A.

3.1. Uncertainty quantification input options section
The uncertainty quantification input options section includes:

o A tabulated summary of the main information characterizing the UA
application;
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Figure Al. Python Directed Job Stream logic.
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Figure A2. New Job Stream.

e A tabulated summary of distributions, their characteristic parame-
ters, and the selected model variables;

e A table listing the application used in the job stream;

o The user-identified FOMs in the analysis.

3.2. Variate and response data section

In the variate and response data section, after a summary of the first
DAKOTA run,” the following information are present:

e Plot requested in the Report configuration;
e Variate data table;
e Response data table.

The plots present in the report automatically generated by DAKOTA
are:

5 A first DAKOTA run is performed using the specified input uncertain pa-
rameters to generate a set of variates for each run. The individual runs are then
performed, and the FOMs are extracted from the completed calculations.

Dakota —
N Analysis &
Report
¥
FOM vs time
Q PWR_PyDirStream - Properties View X
[ @ PWR_PyDirStream |
v General "] Show Disabled
Name [PWR_PyDirStream [Nk 4
Description <none> EB®?
Stream Type @ Python Directed E B
Platform lLocaI I'j \ald
Root Folder IDesktop IVI IE‘ Nald
{| Retative Location [PWR_UQ/ 1B
Log Level linformation B2liak;
View in Job Status @ Yes O No " ?
ECI Support () Enabled @ Disabled ® ?
Python Application @ CPython3 @ B
Python Script Location ) File on Disk @ Edited Here © ?
Python Script 53 Lines E ® P
|| Buncrea Fites 1 Selected File BEK:
Uncertainty Quantification | [¥] @ 59 Monte-Carlo samples, 1 respo...@ Vg
|

Figure A3. Job Stream Properties.

Input uncertain parameter against iteration index;
FOM vs input uncertain parameter;
Input uncertain parameter vs another input uncertain parameter.

For each FOM:

Response table reports response data for each run;
Variate table presents the value of each uncertain parameter for each
run.

3.3. DAKOTA results
In this section, the following information are reported for each FOM:
e Cumulative Distribution Function (CDF) and PDF plot;

o Statistical results;
e Response correlations.
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Figure A4. Replacement Samples.

As for the statistical results, the following data are reported in a
tabular manner:

e Min value and the related run;
e Max value and the related run;
e Mean value;

e Median value;

e Standard deviation;

e Coefficient of variance.

As a result of the uncertainty analysis, currently DAKOTA computes
four response correlation coefficients (Applied Programming Technol-
ogy, Inc., 2012; Sandia National Laboratories, 2017a; Gamble and
Swiler, 2020): simple, partial, simple rank and partial rank. The simple
coefficient is related to the actual input and output data. The simple
coefficient r between an input variable x and an output variable y, in n
samples, is computed using the Pearson’s correlation. It is a measure of
the degree of linear correlation between the two variables, and its value
is comprised between —1 and 1:

e If r < O, the correlation is negative (an increment of x leads to a
reduction in y);

e If r = 0, there is no correlation between the two variables;

e if r > 0 the correlation is positive (an increment of x leads to an
increment of y).

The partial correlation coefficient is computed similarly to the simple
coefficient, but considering the effects of the other variables. This is
useful, for example, if there is a strong correlation between two inputs.
The correlation of the second input on the output may be adjusted after
having considered the correlation between the first input and the output.

Rank correlation coefficients use the ranked data instead of the
actual ones. Ranks are obtained by ordering the data in ascending order
and are more convenient to be used when inputs and outputs are char-
acterized by sensible difference in magnitude. It is possible to under-
stand if the input sample with the lower rank is associated to the output
with the lower rank and so on (Sandia National Laboratories, 2017a;
Gamble and Swiler, 2020). To compute the rank correlation, DAKOTA
uses the Spearman’s rank correlation that is similar to Pearson’s

correlation, but with the ranked data instead of the actual values. If two
variables are monotonically related, without repetitions, the Spearman
coefficient is —1 or + 1 (depending upon whether the function is
monotonically decreasing or increasing), since the ranked values are
used. Moreover, Spearman’s correlation is less sensitive to possible
outlier values of the variables than Pearson’s.

4. Practical example: Application for a PWR

In the following a MELCOR - DAKOTA uncertainty study is reported.
It represents only a first exercise showing complete application of the
coupling procedure of MELCOR and DAKOTA within the SNAP envi-
ronment/architecture. The main purpose of this exercise is to show the
feasibility of the MELCOR - DAKOTA coupling, to provide details on the
capabilities associated to the followed methodology, and to show the
great advantage to having a graphical user interface. Therefore, it
should be underlined that the purpose of this work is not to represent a
complete or representative analysis of the MELCOR code uncertainty.
Also, the selected uncertain input parameters and related PDFs are only
chosen for methodology demonstration purposes. In order to have
indication about the range and PDF of selected uncertainty input pa-
rameters the SOARCA studies can be considered by the reader.’

4.1. MELCOR - DAKOTA coupling for a PWR

In the CSARP framework, a MELCOR - DAKOTA sample input model
has been developed by ENEA using the_ PWR _v2-0.inp input available for
MELCOR users.

For the presented analysis, the total cumulative hydrogen production
in the core from all the oxidation processes (COR-DMH2-TOT) at the end

6 State-of-the-Art Reactor Consequence Analyses Project, Uncertainty Anal-
ysis of the Unmitigated Short-Term Station, Blackout of the Surry Power Sta-
tion, Draft Report, https://www.nrc.gov/docs/ML1522/ML15224A001.pdf.
State-of-the-Art Reactor Consequence Analyses Project Uncertainty Analysis of
the Unmitigated Long-Term Station Blackout of the Peach Bottom Atomic
Power Station, NUREG/CR-7155 SAND2012-10702P, Draft Report, https://
www.nrc.gov/docs/ML1318/ML13189A145.pdf.
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of the transient has been selected as the only FOM.
As for the uncertain input parameters, a short list of them has been
chosen:

e Vfall: Velocity of falling debris,

e Hdblh: Heat transfer coefficient from debris to the lower head,

e SC1132(1): Core Component Failure Parameters — Temperature at
which oxidized fuel rods can stand in the absence of unoxidized Zr in
the cladding,

e SC1131(2): Zircaloy melt breakout temperature,

e SC1141(2): Core Melt Breakthrough Candling Parameters -
Maximum melt flow rate per unit width after breakthrough,

e SC1502(2): Minimum Component Masses — Minimum total mass of
component subject to the maximum temperature change criterion for
timestep control, and

e SC1250(1): Conduction Enhancement for Molten Components —
Temperature above which enhancement is employed.

Only to show the methodology, the type of PDF and the range value
of the input uncertain parameter are based on a first analyses reported in
(D’Onorio et al., 2018).” Table 1 shows the model variables and distri-
bution as summarized in the DAKOTA automatically generated report.

Fig. 5 shows the dispersion of the total hydrogen mass generated,
CDF, and PDF. Table 2 shows the statistical results based on the 59
samples, and Table 3 shows the response correlation reported in the
automatically generated DAKOTA report based on the 59 samples.

5. Conclusion

In the BEPU framework uncertainty quantification of SA codes re-
sults is being increasingly adopted. To conduct the UA using the prob-
abilistic method to propagate input uncertainty, MELCOR code can be
coupled with DAKOTA tool in the SNAP application.

The present paper summarizes a report (Mascari et al., 2023) where
the main steps necessary to couple DAKOTA and MELCOR within SNAP
are presented in detail: the creation of the Job Stream, the setup of the
analysis through the different Uncertainty Job Stream Tab, the plot
definition, the data extraction and the execution of the UA. Moreover,
the structure and content of the report automatically generated by
DAKOTA at the end of the UA is also presented. In addition, one
explorative sample application is also presented to show the potential of
the MELCOR/DAKOTA coupling and the possible information that can
be derived from the UA.

Currently the MUSA project, founded in Horizon 2020 EURATOM
NFRP-2018-1- Safety assessments to improve accident management
strategies for Generation II & III reactors, just finished and the IAEA-CRP
“Advancing the State-of-Practice in Uncertainty and Sensitivity Meth-
odologies for Severe Accident Analysis in Water Cooled Reactors
(I31033) is in its final stage. In those frameworks representative un-
certainty analyses have been performed for plant application or against
experimental data. The guide described in this paper has been beneficial
for these projects and can be useful for the general MELCOR users
involved in other current and future activities.

CRediT authorship contribution statement

Fulvio Mascari: Writing — original draft, Visualization, Supervision,
Resources, Methodology, Investigation, Formal analysis, Conceptuali-
zation. Andrea Bersano: Writing — original draft, Visualization, Meth-
odology, Investigation, Formal analysis, Conceptualization. Giuseppe
Agnello: Writing — review & editing, Investigation. Michela Angelucci:

7 The characterization of the COR 1131-2 parameter, not present in
(D’Onorio et al., 2018), has been taken from (Sandia National Laboratories,
2016).

10

Nuclear Engineering and Design 421 (2024) 113078

Writing — review & editing, Software, Methodology, Investigation. Jesse
Phillips: Writing — review & editing, Investigation. David Luxat:
Writing — review & editing, Investigation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The authors are unable or have chosen not to specify which data has
been used.

Acknowledgments

Special thanks to USNRC for their comments during the preparation
of this document.

Part of the activity has been conducted in the framework of the
MUSA project.

This project has received funding from the Euratom Research and
Training Programme 2014-2018 under grant agreement No 847441.

-This paper reflects only the author’s view, and the European

Commission is not responsible for any use that may be made of the in-
formation it contains.

ENEA carried out the research activity with MELCOR code and
SNAP, obtained in the framework of the ENEA-ISIN agreement signed on
March 23rd 2020 as part of the General Arrangement between the
United States Nuclear Regulatory Commission (US-NRC) and the Italian
National Inspectorate for Nuclear Safety and Radiation Protection
(ISIN).

UNIPI carried out the research activity with MELCOR code and
SNAP, obtained in the framework of the UNIPI-ISIN agreement signed
on November 6th 2020 as part of the General Arrangement between the
United States Nuclear Regulatory Commission (US-NRC) and the Italian
National Inspectorate for Nuclear Safety and Radiation Protection
(ISIN).

UNIPA carried out the research activity with MELCOR code and
SNAP, obtained in the framework of the UNIPA-ISIN agreement signed
on March 26th 2021 as part of the General Arrangement between the
United States Nuclear Regulatory Commission (US-NRC) and the Italian
National Inspectorate for Nuclear Safety and Radiation Protection
(ISIN).

Appendix A. Python directed job stream

The set-up of the Python Directed Job Stream as an alternative way
to perform an UA in SNAP is presented in this appendix. The method-
ology is based on the use of SNAP as single platform to carry out the
entire analysis, and on a user-specified Python script to guide it. Con-
trary to the previously presented approach, replacement samples are
exploited in the case of code failures, allowing to successfully undertake
the uncertainty analysis, as will be better explained below.

It should be highlighted that the following is an output of the ac-
tivities done in the framework of the EURATOM MUSA project (Herranz
et al., 2021), coordinate by CIEMAT (Spain). In this regard, the Python
script has been developed by University of Pisa, with a close interaction
with ENEA, SNL and USNRC for the PHEBUS FPT1 (Jacquemain et al.,
2000) application developed in the WP4 (Application of UQ Methods
against Integral Experiments — AUQMIE -) (Mascari et al., 2024) of the
MUSA project, coordinated by ENEA (Italy). In this report that script,
have been updated applying to the sample 2.
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A.1. General approach

As the name suggests, the core of this approach is a user-specified
Python script, which provides instructions to SNAP. The logic behind
the script is shown in Fig. Al.

DAKOTA, through the Uncertainty plugin embedded in SNAP, is
employed to perform the sampling on the base of the user-selected input
parameters and their distributions. Once the variates are created, several
input decks are set up. The Python Job Stream manager handle the
MELGEN/MELCOR runs, checking for their status. Additional calcula-
tions are run when one or more calculations fail, making use of the
replacement samples. Afterwards, the selected FOM values are extracted
and used by DAKOTA for the UA and the relative report. Finally, an extra
step can be added for AptPlot to generate the required plots.

A step-by-step tutorial will be proposed in the next section.

A.2 Step-by-step tutorial

To proceed with the set-up of the Python Directed Job Stream, it is
essential to have installed:

e SNAP 3.1.6 (or later versions);

e Updated SNAP uncertainty plugin;

e PyPost (PyPost is a Python Postprocessor for accessing and extracting
variables plot data from several engineering analysis codes, such as
MELCOR, RELAP5, TRACE, etc.);

¢ MELGEN/MELCOR executables;

e Python 3 (3.6 or later) or Python 2.7 (optional).

The first step is the creation of a new Python Directed Job Stream
(Fig. A2):

e In the SNAP Model Editor, right-click on Job Streams;
e Select New;
e From the Job Stream list, select Python Directed.

Once the Job Stream is created, the next step involves the configu-
ration of the job properties (Fig. A3):

e Name: the name for the job stream is imposed here;

e Root folder/relative location: the location of the folder in which the
stream will be executed is chosen;

e Python application: possibility is given to select the Jython inter-
preter included in SNAP or Python, if installed on the computer;

e Python script: it is the core of the approach. Instructions are given to
SNAP through this user-specified Python script. A basic example will
be presented in the next section, complemented by a thorough
description of each action;

e Uncertainty Quantification: the uncertainty configuration follows
the same steps proposed in section 3.1.2. The only exception is the
possibility to impose a number of additional variates to be created
(namely Replacement Samples) to compensate for possible code
failures (Fig. A4).

Last step is the execution of the analysis:

e Right-click on the Python Directed Job Stream;

e Click on Check Stream;

e If no issues are found, right-click again on the Python Directed
Stream;

e Click on Submit Stream to Local.

Once the steps have been completed, an “uncertainty report” folder is
created, containing several files related to DAKOTA execution as well as
the uncertainty report, as presented in Chapter 4.

Nuclear Engineering and Design 421 (2024) 113078

A.2.1 Python script

A basic Python script will be illustrated hereafter.

Python module ‘parametric’ is needed to retrieve the uncertainty
configuration:

import parametric

SNAP streams and model editor, MELGEN and MELCOR jobs, and
PyPost, are essential for the process to work. Therefore, the related
modules are imported:

from snap import streams

import snap.model_editor as model_editor

from snap.codes.melcor import MelgenActor, MelcorActor

from pypost.codes.melcor import MELCOR

Reference is made to the current running stream:

stream = streams.get_stream()

The uncertainty table is here defined:

uq_table = parametric.get_table()

The base-case, to which variates will be applied to, is opened:

pwr_med = stream.get_bundled_file(‘PWR_UQ_PY.MED’)

pwr = model_editor.open_model(pwr_med)

A function is added to the script for the generation of MELGEN and
MELCOR jobs. The MELGEN and MELCOR jobs are created for each row
of the uncertainty table (so considering each single of variates). After-
wards, they are added to the stream and launched:

def submit_jobs(table_row):

melgen_run = MelgenActor(row.new_task_name(“Melgen_Job™),
input = pwr).

melcor_run = MelcorActor(row.new_task_name(‘“Melcor_Job™),

input = pwr.case("MELCOR’),
restart_in = melgen_run.restart_out)
stream.add([melgen_run, melcor_run])

A second function is added to the script to calculate the FOM (or
FOMs) obtained in each run (i.e., for each UQ row). First, the plotfile
associated with the MELCOR job is searched, with an error message
shown in the case the plotfile does not exist. Afterwards, PyPost is
employed to open the MELCOR plotfile and obtain the wanted data from
it. And finally, the selected FOM value is stored in the UQ table:

def calculate_fom(table_row):

plot_file = (row.search().label_eq(“plot™)

.task_name_contains(“Melcor_Job”)
.task_completed()
result())
if plot_file is None:
stream.logger.error(“Row {} failed or did not produce a plot file.”
format(table_row.row_index))
table_row.failed = True
return

file_index = MELCOR.openPlotFile(plot file.location)

H2_gen = MELCOR.getData(file_index, *COR-DMH2-TOT’).maxYval
0

MELCOR.closeAll()

print(H2_gen)

row.set_fom_value("H2_gen’, H2_gen)

A while-loop is employed to make use of the replacement samples in
the case of runs’ failures. New input decks are set up on the basis of the
available additional variates, the new cases are launched and, once they
all finished, the FOM is extracted and stored. Previously defined Python
functions are employed:

while uq_table.check_available():

for row in uq_table.available():

row.apply_values(pwr)
submit_jobs(row)

stream.wait()

for row in uq_table.applied():

calculate_fom(row)

Once the number of completed runs matches the number of runs
defined during the uncertainty configuration, a job is created for the
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generation of the UQ report:

parametric.get_table().generate_report()

As aforementioned, the script here presented is the most basic one.
Additional features can be added to extract different type of data, as
briefly explained in the PyPost documentation (Applied Programming
Technology, Inc., 2019). Moreover, instructions could be added in the
script in order to obtain selected plots by means of AptPlot. The com-
plete Python script is reported in (Mascari et al., 2023).
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