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Abstract — In 2019, the International Atomic Energy Agency (IAEA) launched the 5-year Cooperative
Research Project (CRP) 131033 to advance the understanding and characterization of sources of uncertainty
and to investigate their effects on the key figures of merit (FOMs: response parameters of interest) of the severe
accident code predictions for water-cooled reactors. Twenty-two institutions from 18 member states partici-
pated in the CRP, and as a result, TECDOCs are being developed for the relevant benchmark exercises. The
respective TECDOCs address a specific exercise and outline relevant research results pointing to best practices
for the uncertainty and sensitivity analyses of the currently available severe accident codes.

For the uncertainty analysis exercise, the CRP participants defined their own analysis scope and
framework, including target plant, severe accident code, accident scenario, and relevant FOMs. According
to each respective framework, participants independently carried out their own exercise, including plant
modeling and nodalization, simulation of reference cases, and relevant uncertainty and sensitivity analyses.

Finally, general conclusions were made based on an analysis of the results in view of the best-practice
application of the uncertainty and sensitivity methods. Among them, this paper summarizes the main results
of the uncertainty and sensitivity exercise performed for both pressurized water reactors and integral light
water small modular reactors in the frame of the IAEA CRP with relevant insights.
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I. INTRODUCTION

Currently available computational codes used for severe
accident (SA) analysis of nuclear power plants (NPPs)!")
include numerous uncertainty models and parameters repre-
senting a wide range of physicochemical phenomena for
a comprehensive plant simulation, consequently, making
relevant uncertainty analysis a nontrivial task. Over
a couple of decades, a variety of studies have been performed
to understand the uncertainties addressed in relevant code
analyses and to numerically capture their impacts,'* *! includ-
ing methodological aspects for uncertainty analysis.” >

Due to the computational resources available at that
time, most of these studies, which relied on sampling-
based probabilistic and statistical approaches, were
greatly burdensome when using a large number of sam-
ples. In recent times, however, as the robustness of the
SA codes has greatly improved and the performance of
computational platforms significantly increased, a larger
number of samples have become available to obtain rele-
vant uncertainty results than before.

Reflecting on the this situation, a few national and
international projects, such as SOARCA (State-of-the-Art
Reactor Consequence Analyses, United States) uncer-
tainty  studies,"* 'Y  MUSA  (Management and
Uncertainty of  Severe  Accidents, European
Commission) project,l'”) and the International Atomic
Energy Agency (IAEA) Cooperative Research Project
(CRP) 131033"®! have been conducted to quantify the
uncertainty addressed in dedicated SA codes, identify
relevant key contributors in a more realistic way, and to
advance relevant methodologies. Among them, this paper
highlights the results of the uncertainty and sensitivity
analyses performed for pressurized water reactor (PWR)
and small modular reactor (SMR) types!'® within the
context of the IAEA CRP and relevant insights into the
best-practice analysis and improvement in the sophistica-
tion and quality of SA analyses through various code
simulations and modeling.

The 5-year IAEA CRP 131033 project, which launched
in 2019,1"® was triggered to advance the understanding and
characterization of sources of uncertainties and their effects
on the predictions of key figures of merit (FOMs: response
parameters of interest) in SA codes for water-cooled reac-
tors (WCRs) and to improve the capabilities and expertise
of member states to perform state-of-the-art uncertainty and
sensitivity analyses with SA codes.

In total, 22 institutions from 18 member states contrib-
uted to two major CRP exercises, named the QUENCH-06
test application uncertainty exercise and the plant application

uncertainty exercise, which was divided into five subtasks
addressing existing reactor lines: PWRs (including water-
cooled SMR designs), boiling water reactors, pressurized
heavy water reactors (CANDU), and water-water energetic
reactors (VVER). The CRP exercises were carried out as per
the flow diagram shown in Fig. 1, with each addressing
a specific plant application exercise and outlining relevant
research results with lessons learned for best practices on
WCRs.

Among them, the plant application exercise was
aimed at consolidating existing experience accumulated
by analysts to develop a strong technical basis for estab-
lishing uncertainty and sensitivity methodologies in SA
analyses with the aim to increase the sophistication and
competency of practitioners in this field. The insights
gained from the plant application exercise may lead to
newly generated knowledge that can be reflected in
uncertainty and sensitivity analyses and methods for SA
codes, with the intent of capturing the best practices and
lessons learned. For reference, the workflow for the prob-
abilistic/statistical uncertainty analyses, which were
employed for the plant application exercise, is summar-
ized in Fig. 2.

The task scopes and methods employed by the
respective institutions and the results of the analyses are
summarized in Secs. II and III, respectively. Relevant
insights and general conclusions in terms of particular
points of interest are summarized in Secs. IV and V,
respectively.

Il. SCOPES AND METHODS

As given in Fig. 1, eight institutions from seven
member states participated in the plant application exer-
cise for PWR- and SMR-type reactors, but this paper
mainly focuses on seven institutions that agreed to share
relevant results and insights. Respective motivations for
the uncertainty and sensitivity analyses and points of
interest are summarized in Table 1.

The task scope and calculation framework for the
analyses covered five types of plants, five different SA
codes, three representative accident scenarios, and three
accident progression phases (in-vessel only, in-/ex-ves-
sel, and all phases, including containment), as shown in
Table II. For reference, the main features and basic
properties of the accident analysis codes employed by
participating organizations are briefly described in
Table III.

The wuncertainty propagation and quantification
(UQ) methods employed by participants included
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Fig. 1. CRP tasks and participants.
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Fig. 2. Workflow for uncertainty and sensitivity analyses in the SA domain.

Monte Carlo methods, simple random sampling (SRS, The UQ tools applied were either based on in-
a type of crude Monte Carlo sampling), and Latin hyper-  house-developed ones or DAKOTA (Design Analysis
cube sampling (LHS), as shown in Table IV. For refer-  Kit for Optimization and Terascale Applications) and
ence, Fig. 3 illustrates key steps for a statistical integrated uncertainty analysis (IUA). The number of
propagation of input uncertainties to deduce relevant  statistical samples N for the uncertainty and sensitivity
FOM uncertainty.!?! analyses per institution was determined, considering



TABLE I

Motivations and Points of Interest

Reactor Type

Institution

Motivations

Points of Interest

Large PWR DNPER

KAERI
assessment support

KINS

SITU SAM support

SMR (iPWR) CNEA SAM support

ENSO

Regulatory safety review support

SAM and Level 2 probabilistic safety

Regulatory safety review support

UoS Best-estimate plus uncertainty in reactor design

Best-estimate plus uncertainty in SA

Exploring how to revise the base analysis
using best-estimated parameters/
conditions with uncertainty analysis.

Identifying difference of the SA-related
uncertainty analysis results predicted
from MELCOR and MAAPS5 and the
influence of relevant SAM strategies.

Assessing uncertainty related to the long-
term corium coolability in reactor cavity
under various SAM actions.

Assessing uncertainty addressed in the
hydrogen source term UQ, and the
influence of relevant SAM actions.

Demonstrating a method proposed to rate
the importance of input parameters
contributing to fuel temperature in the
early phase of an accident.

Determining the time available for human
actions and SAM guideline initiation in
case of a SA.

Demonstrating the RELAP/SCDAPSIM
capability to carry out a best-estimate
plus uncertainty calculation in a SA
scenario.

the computational times, which could be on the order
of several to tens of hours per sample calculation in
the plant application, as well as unexpected code
crashes that may take place relating to the settings of
the sampled input parameters.

A suite of probabilistic sensitivity/importance ana-
lysis methods, which were based on statistical evidence
or simulation results, were applied to this exercise:
Pearson, Spearman, and Kendall correlation coefficients
(CCs), partial correlation coefficient (PCC) or partial

TABLE I
Task Scope and Calculation Framework
Reactor
Type Institution Reference Plant Reference Scenario Computational Codes
Large PWR | DNPER ACP1000 (K-2 NPP) | SBO (in-/ex-vessel, MELCOR1.8.6*"
containment)
KAERI OPR1000 STSBO (in-/ex-vessel, MELCOR2.2?" and MAAP5.051!
containment)
KINS APR1400 SBO (in-/ex-vessel, MELCOR2.2 and COOLAP2*!
containment)
SITU CPR600 SBO (in-/ex-vessel) MELCOR]1.8.52%
UoS APR1400 SBO (in-vessel, early phase fuel | RELAPS/NESTLE-based
temperature) 3KEYMASTER simulator®* and
SCALE6.17
SMR CNEA CAREM-like iPWR | SBLOCA (in-vessel) MELCORI.8.6
ENSO SBO (in-vessel) RELAP/SCDAPSIM/MOD3.512¢27]
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rank correlation coefficient (PRCC), standardized rank
correlation coefficient (SRRC), and the principal com-
ponent analysis (PCA)/parameter space analysis (PSA)
methods, as given in the last column of
Table IV. For reference,*®* 3!l the Pearson correlation
and the PCC are indicators to identify linear relation-
ships between two variables, while the Spearman and
Kendall correlations, PRCC, and SRRC identify mono-
tonic strengths or coherence between two variables
based on nonparametric order statistics as provided in
Table V.

The degree of estimated correlation indicators
(r, |r] < DB is categorized as high (or very strong)
if |[r| > 0.7, moderate (or strong) if 0.3 < |r] < 0.7, low
(or weak) if 0.1 || < 0.3, and little or no relationship
if 7| < 0.1. The aforementioned correlation-based sensi-
tivity indicators, which have been used to capture the
linear relationship between model inputs and outputs,
have the advantage of being robust if they well represent
a given model. Since the forgoing sensitivity indicators
are easy to intuitively understand, they have been widely
used in many science and engineering fields.

Relevant FOMs were defined, as shown in Table VI,
and the underlying uncertainty input parameters and
probability distribution functions (PDFs) that might affect
the defined FOMs were proposed after a careful

screening-out process by each participant, as shown in
Table VII. These PDFs, characterized as the state of
knowledge (epistemic) uncertainty, express that some
values in the uncertainty range are more likely to be the
appropriate parameter values than others; otherwise, alea-
tory uncertainty caused by random failures of the sys-
tems, structures, and components was not included in the
present analyses.

IIl. RESULTS AND FINDINGS

According to the proposed framework for uncertainty
and sensitivity analyses, each participant separately car-
ried out the planned tasks, including plant modeling and
nodalizations, simulation of the reference cases, and
assessment of wuncertainty and sensitivity through
a coupling of the relevant SA codes with the correspond-
ing uncertainty and sensitivity quantification tools. This
section summarizes the analysis results for dedicated SA
phenomena, except for the University of Sharjah (UoS)
study whose scope was limited to the very early phase of
the accident and is thus presented in the Appendix. More
detailed descriptions of the relevant work and results are
given in Ref. [19].

TABLE IV
Uncertainty and Sensitivity Methods
Sensitivity/Importance
Reactor Type Institution UQ Method UQ Tool Analysis
Large PWR DNPER Monte Carlo method SRS: DST (MATLAB-based, in Pearson, Spearman, and
N = 2800 house) Kendall correlations
KAERI SRS: N = 200 DAKOTA,?*) (MELCOR)/ | Pearson and Spearman
MOSAIQUE,[34] and correlations, and PRCC/
(MAAPS, in house) SRRC
KINS LHS: N =100 DAKOTA + in house Pearson and Spearman
correlations
SJTU LHS: N =120 MATLAB (in house) Pearson and Spearman
+ Statistical Package for correlations, and PCC/
the Social Sciences PRCC
UoS SRS: N = 120 (perturbation | DAKOTA + in house, PSA/PCA methods!*”)
of the parameter space) Reduced Order
Modeling-based
Uncertainty/Sensitivity
Estimator!*>!
SMR (iPWR) CNEA SRS: N =59 (Wilks’ one- DAKOTA + in house Pearson and Spearman
sided tolerance limit, correlations, and PCC/
95%/95%)132! PRCC
ENSO IUA package!®! Pearson, Spearman, and
Kendall correlations
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Fig. 3. Key steps for probabilistic statistical uncertainty
propagation.

IIl.LA. DNPER (Directorate of Nuclear Power
Engineering-Reactor)

For a station blackout (SBO) accident of the K-2
NPP  [ACP1000, three-loop  1100-MW(electric)
PWR],[38] an in-house statistical tool, the DNPER statis-
tical tool (DST), was used to generate sample values for
code simulation and to handle uncertainty data, including
statistical analysis. Based on the dedicated plant model-
ing and nodalization schemes, steady-state analysis was
checked until 2000s for the main design parameters of the
plant at the nominal values, where the initiated accident
sequence was a SBO-induced transient scenario.

For 26 uncertainty input parameters, MELCOR
(Methods  of  Estimation of Leakages and
Consequences of Release) simulations for 2800 SRS
samples were made to quantify uncertainties of the
relevant FOMs; among them, 252 simulations led to
failed code runs, representing a failure rate of almost
9%. Thus, the 2548 normal runs were finally used to
assess the uncertainties addressed in the relevant
FOMs, including a 95% probability level and a 95%
confidence level. The uncertainty calculations were
made until 72 h from the start of the SBO. Pearson,
Spearman, and Kendall correlations were analyzed to
determine the key contributors having stronger correla-
tions with each relevant FOM.

As part of the uncertainty and sensitivity results, Fig. 4
illustrates the uncertainty spectra for FOM 8 (Cs release in-
vessel), which exerted their influence at different timings, and
also correlations for the uncertainty parameters. According to
Fig. 4a, the total amount of Cs released in-vessel, which
reached its maximum at the time of a reactor pressure vessel
(RPV) breach (around 4.98 h), ranged from about 18 to 23 kg,
with a mean value of 20 kg and a standard deviation of
0.019 kg. The subsequent small peaks were due to additional
releases of Cs after the reactor/containment building (R/B)
breach (around 23 h). The key contributors having a stronger
correlation with each FOM, which were determined by
equally weighting the relevant CCs, are summarized in
Table VIIL

TABLE V

Sensitivity and Correlation Indicators Tested in the Present Exercise

Indicator

Definition

Pearson CC
Spearman rank CC

results.
PCC/PRCC

PCC.
Standardized regression coefficients (SRC)/
SRRC

Kendall CC

A measure to identify a linear relationship between two variables that is obtained
by dividing their covariance by the product of relevant standard deviations.

A nonparametric measure to identify the monotonic strength between two
variables. The coefficient uses ranks in ascending order instead of simulation

The PCC is used to identify a linear relationship between any two variables
among p variables in multivariate correlation analysis. The coefficient is often
used to avoid masking the effects of correlations between any two variables
while removing the effects of the rest. The PRCC is the corresponding
nonparametric rank correlation measure, which is often used to improve the

The SRC is the coefficient of a multiple regression model where relevant data for
the response variable and input variables have been standardized so that their
variances are equal to 1. The SRRC is the corresponding nonparametric rank
correlation measure, which is often used to improve the SRC.

A nonparametric measure of coherence between randomly chosen input
parameter values and simulation results (or a measure of their disorder), based
on ranks of two variables.




TABLE VI
FOMs of Interest

Institution FOMSs: Code Response Parameters of Interest
DNPER (1) Core uncovery time, (2) RPV LH time, (3) in-vessel H, generation, (4) ex-vessel H,/CO/CO, generation, (5)
in-vessel cesium iodide/Cs generation/release, (6) R/B failure time, and (7) release of total FPs to the
environment: 10 FOMs
KAERI (1) Core uncovery time, (2) RPV LH and R/B failure time, (3) in-vessel H, generation, (4) ex-vessel H,/CO
generation, and (5) Cs release to the environment: 7 FOMs
KINS (1) R/B pressure, (2) cavity concrete ablation, and (3) ex-vessel Hp/CO generation: 3 FOMs
SJTU In-/ex-vessel H, generation: 2 FOMs
UoS Early phase fuel temperature before Zr oxidation (in-vessel): 1| FOM
CNEA (1) Core uncovery time, (2) onset of core degradation, and (3) core relocation time to LP: 3 FOMs
ENSO (1) Time to oxidation >0.1% of the nominal power, (2) time to Tijadding > 1477 K, (3) fuel rupture, debris
formation, and core slumping/creep rupture times, (4) cumulative H, generation, (5) T¢jaqaing When fuel rupture,
and (6) cumulative FP (noncondensable and soluble): 10 FOMs
TABLE VII
Uncertainty Input Parameters and Relevant PDFs
Sources: Code Manual, Open Literature, Expert Judgment, and Deterministic/Parametric Sensitivity Analyses
Institution Whenever Necessary
DNPER MELCORI1.8.6 (26 model parameters, in-/ex-vessel and FPs)
KAERI MELCOR2.2 (26 model parameters, in-/ex-vessel and FPs) and MAAPS5.05 (29 model parameters, in-/ex-vessel
and FPs)
KINS MELCOR2.2 (five model parameters)/COOLAP2 (eight model parameters): ex-vessel/reactor cavity
SJTU MELCORI.8.5 (18 model parameters, in-vessel)
UoS 3KEYMASTER simulator (44 parameters/44 groups the SCALE covariance library for the cross sections
affecting the fuel early phase fuel temperature, in-vessel)
CNEA MELCORI1.8.6 (11 model parameters and 1 for accident management, in-vessel)
ENSO RELAP/SCDAPSIM/MOD?3.5 (15 model parameters for in-vessel and 3 for safety systems)
30+ M Pearson M Spearman Kendall
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) Mean Case ’
—_ % _._ Median Case 04
< 18] g 03
~ g 02
» §
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s g 0 [ . —ty . T PSR T
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Fig. 4. Uncertainty and sensitivity analyses results for FOM 8 in the DNPER study.




TABLE VIII

Key Contributors to Relevant FOMs in the DNPER Study*

FOM Rank 1 Rank 2 Rank 3 Rank 4 Rank 5
FOM 1 SC3200 1 (-0.70) FCEL (0.1) HDBPN (-0.1) SC1020 2 (0.1) TPFAIL (0.1)
FOM 2 SC3200 1 (-0.70) FCEL (-0.12) SC1141 2 (0.12) HDBPN (-0.1) SC1020 2 (0.1)
FOM 3 HDBPN (-0.4) DHYPD (-0.2) SCI1131_2 (0.17) TPFAIL (0.16) SC1141_2 (0.10)
FOM 4 SC3200 1 (0.55) HDBPN (-0.2) DHYPD (0.18) SC1141_2 (-0.10) FCEL (0.09)
FOM 5 SC3200 1 (0.58) HDBPN (-0.2) DHYPD (0.16) FCEL (0.1) SC1141_2 (-0.10)
FOM 6 SC3200 1 (0.70) DHYPD (0.12) FCEL (0.12) SC1141_2 (-0.10) SC1131_2 (0.09)
FOM 7 SC1141_2 (-0.30) DHYPD (0.18)) SC3200 1 (-0.15) SC1131_2 (0.12) -

FOM 8 FCEL (0.45) DHYPD (0.33) — — -
FOM 9 SC3200 1 (-0.9) DHYPD (0.12) - - -
FOM 10 SC3200 1 (0.7) HDBPN (0.11) - - -

*FCEL: radioactive exchange factor for radiation heat transfer, DHYPD: particulate debris equivalent diameter, HDBPN: debris to
penetration heat transfer coefficient, SC1020_2: time constant for the relocation of liquid material, SC3200_1: multiplier for ANS
decay heat curve, SC1131_2: maximum ZrO, temperature to hold up molten Zr in cladding, SC1141_2: maximum melt flow rate
after breakthrough, and TPFAIL: penetrations or LH failure temperature.

The main findings and lessons learned from the ana-
lysis are as follows:

1. In comparison with the base case scenarios, the
best-estimate model and values with uncertainty treat-
ment provided a much better understanding of the safety
and regulatory limits for SAs.

2. Statistical indicators tested for the sensitivity/
importance analyses suggested that uncertainty parameters
exert their influence at different timings, and also that their
effects vary in magnitude. Moreover, their impact of the
selected uncertainty parameters was different for each
FOM; among the 26 model parameters, only 7 parameters
appeared to have more influence on the defined FOMs,
indicating that more detailed analyses could be focused on
the higher-impacting parameters only. According to the
sensitivity analysis, the decay heat multiplier (SC3200 1)
acted as the main contributors to most FOMs; larger decay
heat led to faster boiling, uncovering of the coolant, and
ultimately, containment failure causing the release of fission
products (FPs) into the environment.

3. To obtain more realistic uncertainty results, it is
necessary to identify the proper sources of uncertainties
in different phenomena, models, and their associated
probability distributions. Besides, larger input population
sets seem to be necessary to compensate for the possibly
incomplete executions and divergent cases. For incom-
plete code executions, further investigation is needed to
identify the sources of relevant errors.

4. For in-vessel and ex-vessel phenomena, being two
different phenomena, separate uncertainty parameters should
be explored to avoid unnecessary computational burden.

111.B. KAERI (Korea Atomic Energy Research Institute)

In the KAERI study, three reference scenarios were
considered related to a short-term station blackout
(STSBO) of the reference plant, the OPR1000
[Optimized Power Reactor, two-loop 1000-MW (electric)
PWR],*®! as shown in Table IX. A STSBO is a core
damage sequence induced by a complete loss of all onsite
and offsite alternating current (ac) powers, leading to the
unavailability in this scenario of all safety-related systems
driven by ac power.

Two mitigation scenarios were considered to explore
the influence of relevant severe accident mitigation
(SAM) measures that use mobile equipment provisioned
for emergency situations after the Fukushima Daiichi
NPP accident. The latest versions of two SA codes,
MELCOR2.2 and MAAP5.05 (Modular Accident
Analysis Program Version 5.05), were utilized to com-
pare with the results of interest.

For the dedicated plant modeling and nodalization
schemes, the steady-state analysis showed that the present
input models could simulate within an error bound of
1.8% for MELCOR2.2 and 1% for MAAPS, compared
to the OPR1000 final safety analysis report.l*”! For the
quantification of the relevant uncertainties, two software
tools were utilized for this study: SNAP/DAKOTA for
MELCOR and an in-house code MOSAIQUE (Module
for SAmpling Input and QUantifying Estimator) for
MAAPS. Simple random samples of N = 200 were tested
for the purpose of this study.

The uncertainty calculations were made until 72 h
from the start of the SBO, taking an average run time of



TABLE IX

Three Reference Scenarios for the OPR1000 Analysis

Cases RCS Prebled?

Feed and Bleed Operation

Base case
Mitigation case 1

No mitigation

Mitigation case 2

Opening of two safety depressurization system
valves at the SAM guideline entry condition®

No mitigation

Mobile pump starts at 4 h to inject external water
into RCS.

Mobile pump starts at 4 h to inject external water
into SG.

RCS prebled via the safety depressurization system, which was intended to allow for the utilization of the cooling water inventory

of the safety injection tanks.

almost 51 h in the dedicated PC system for MELCOR
(operating system: MS Windows 2008 R2 Enterprise,
64 bit, RAM: 128 GB, processor: Intel(R) Xeon(R)
CPU E5-2697 v2 @ 2.70 GHz, 2701 Mhz, 12 core/24
logic processor) and almost 1.3 h in the dedicated PC
system for MAAPS (operating system: MS Windows 10
Enterprise, 64 bit, RAM: 64 GB, processor: AMD Ryzen
Threadripper 3960X 24-core 3.79 GHz).

Among the total 200 SRS samples tested for the uncer-
tainty analysis, almost 50 code crashes were observed dur-
ing the MELCOR simulation, leading to a failure rate of
25% without sharing any specific tendency. These errors
might have been due to either physically unreasonable ran-
dom combinations beyond the code capability or
a numerical problem, by which relevant thermal-hydraulic
behavior is often not converged, or both.

Among the normal realizations, N = 100 samples
(slightly exceeding the minimum sample size of 93 required
for the second-order Wilks formula at the one-sided
95%/95% tolerance limit**) were randomly taken for
an analysis of the results. For MAAPS, among the 200
SRS samples, only 2 samples led to code failure.
Accordingly, 198 normal realizations (corresponding to the
fourth-order Wilks formula at the one-sided 95%/99% tol-
erance limit) were used for the final processing. A suite of
sensitivity indicators, namely, Pearson and Spearman corre-
lations, PRCC, and SRRC, were evaluated to identify the
influence of the selected uncertainty inputs on each relevant
FOMs.

As part of the uncertainty and sensitivity analysis
results, Fig. 5 illustrates the time trends of the uncertainties
for the environmental release of Cs (FOM 7) in the base
case scenario, cumulative distribution functions (CDFs) at
72 h after the accident, and key contributors having stron-
ger correlations with each FOM than the others. For the
multiple linear regression—based sensitivity measures (i.e.,
PRCC and SRRC), a coefficient of determination R>
greater than 0.5 was used to determine the final ranks of
the selected uncertainty input parameters.

Figure 6 shows the key contributors, i.e., those having
stronger correlations with each FOM than the others, deter-
mined based on a weighted average of relevant sensitivity
measures. For the multiple linear regression—based sensi-
tivity measures (i.e., PRCC and SRRC), a coefficient of
determination R? greater than 0.5 was used to determine the
final ranks of the uncertainty inputs.

The main findings and lessons learned from the ana-
lysis are as follows.

1. For the explored SBO scenario, both codes simi-
larly predicted the general trend of the SA evolution and
plant responses, implying no significant difference when
implementing a specific accident management strategy.
On the other hand, predictions of the generation of flam-
mable gases by the two codes significantly differed.

2. The sensitivity/importance analysis showed that the
model parameters sensitive to a particular FOM may not have
the same degree of impact on other FOMs, and also that
inputs influencing the uncertainties of relevant FOMs in one
scenario may not necessarily have the same degree of impact
in other scenarios. Moreover, the model parameters having
a very strong correlation with the FOMs of interest were
limited to a few cases for both codes, the decay power (DP)
multiplicative factor was the primarily important contributor
over the various FOMs of interest, compared to the rest.

3. Regarding the code crashes observed during the
simulations, it is necessary to investigate their patterns
from the parameters’ coverage map related to simulations
with relevant errors, and also to identify the types of error
sources in order to better understand model behavior and
to improve model robustness.

4. The correlation/regression methods employed
for the present study were fundamentally based on
a linear relationship between inputs and the relevant
FOMs; consequently, their usability was often limited
for highly complex nonlinear and/or nonmonotonic rela-
tionships between inputs and FOMs, like as in SA codes.
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Fig. 5. Uncertainty and sensitivity analyses results for the base case (FOM 7) in the KAERI study.

For such code cases, it is advisable to additionally
explore sensitivity indicators that provide a more exhaus-
tive picture of the relative importance of each input to the
FOM of interest.

lI.C. KINS (Korea Institute of Nuclear Safety)

In the KINS study, a coupled analysis of MELCOR2.2
and COOLAP was performed for a SBO accident of the
APR1400 [Advanced Power Reactor two-loop 1400-MW
(electric) PWR].M! For this, the COOLAP code was used
to define the initial conditions for the MELCOR analysis. For
the MELCOR analysis, the two-cavity model was used to
overcome the limited capability of the present MELCOR
code to handle the relocation of corium with two different
characteristics, i.e., melted and debris corium. Its basic

concept is to divide the cavity volume into two regions
where the coolable (debris) and noncoolable (melted) corium
are separately placed, depending on the COOLAP analysis
results.

If the ratio of 1 to 9 (1:9) is considered, the cavity area
of the noncoolable corium (cavity 1) becomes 10% and
coolable corium (cavity 2) is 90%. To establish the steady
state, several initial thermal-hydraulic conditions (including
pressurizer pressure, steam pressure, feedwater flow rate,
and temperature) were appropriately adjusted at full power.
Using SNAP/DAKOTA coupled to MELCOR, relevant
uncertainty analyses were made for 13 model input para-
meters. The uncertainty calculations were made until
250 000 s (~70 h) from the start of the SBO. Pearson and
Spearman correlations were used for a sensitivity/impor-
tance analysis of the selected uncertainty input parameters.
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Fig. 6. Key contributors to the relevant FOMs (MELCOR, MAAPS) in the KAERI study. MELCOR parameters include COND.
CRUST: thermal conductivity multiplier for the crust, COR.CHT: candling heat transfer coefficient for UO, or SS, XHTFCL:
atmosphere heat transfer scaling factor, FUOZR: transport parameters for UO, in molten zircaloy, CHI: aerosol dynamic shape
factor, CHEMFORM: Cs fraction transformed to Cs,Mo00,4, SC1601 4: total strain causing failure, VFALL: velocity of falling
debris, and HTRSIDE: debris-to-surface heat transfer multiplier. MAAPS parameters include FACT: reduced hydraulic diameter
multiplier, FAOUT: fraction of SG tubes carrying out flow in the hot-leg natural circulation model, FCRDR: fraction of core mass
below which the remaining core is dumped into the LP, FFRICR: friction for axial gas flow between core and RPV upper plenum,
FFRICX: cross-flow friction for in-vessel natural circulation of the gas flow, FGBYPA: gas flows in the core to the bypass
channel, FGPOOL: geometric factor to define the height of the in-core molten pool, FMOVE: amount of solid U-Zr-O embedded
in liquid U-Zr-O, FPRAT: FP release correlations, IANSI: American National Standards Institute decay heat type, SCALH: scale
factor for heat transfer to passive heat sinks, and TCLMAX: temperature to calculate the Larson-Miller parameter.

For a preflooded cavity condition, taken to retain the
molten core material inside the reactor vessel during a SA
in the APR1400 (i.e., cavity flooding), three case studies
were made to explore the influence of noncoolable and
coolable corium configurations in the reactor cavity: one
base case having a noncoolable/coolable corium mass
ratio of 3:7 (CR-1) over a cavity area of 10% and two
sensitivity cases with the respective corium mass ratios of
2:8 and 4:6 (CR-2 and CR-3). For each case study, 100
LHS samples were tested until 250 000 s (~70 h) from the
start of the SBO, taking the average run time of almost
85 000 s (~24 h) per sample in the dedicated PC system
[Del Precision 7920 Tower, operating system: MS
Windows 10, RAM: 192 GB, processor: Intel(R)

Xeon(R) Gold 5220 CPU @ 2.20 GHz and 2.19 GHz
(two CPUs)]. Among them, eight samples led to code
failure; thus, 92 normal realizations were used for the
final processing.

As part of the uncertainty analysis results, Fig. 7
illustrates the time trends for the uncertainties of the
basemat axial ablation depth (FOM 2) evaluated for the
three cavity conditions. According to the figure, for CR-1
and CR-2, just a few sample cases exceeded a limit of
containment liner melt-through (flat red line). The fore-
going result reflects the impact of the random combina-
tions of the input parameter values selected for the
uncertainty analysis [mainly related to the physical
model parameters and material properties (MPs) of
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corium]: scenarios that resulted in containment liner melt
led to a harsher environment on the containment liner
melt in the reactor cavity.

Of course, it was highly expected that the contain-
ment liner melt would be more for dry cavity conditions
with no mitigation. As part of the subsequent sensitivity/
importance analysis, Table X shows the final rankings of
the key contributors to FOM 2 of CR-1 (base case) based
on the Pearson and Spearman correlations.

The main findings and lessons learned from the ana-
lysis are as follows:

1. The main sources of uncertainty resulted from
the limited understanding of the physical phenomena
associated with the problem addressed in the analysis.
Another source of uncertainty resulted from the wide
combination of parameters associated with the scenario
and the plant design—specific accident progression.

2. MELCOR can provide meaningful predictions
on cavity basemat ablation if it is adequately coupled
with a model that is able to analyze the corium relocation
process and corium coolability in the reactor cavity.
Nonetheless, closely related phenomena, including mol-
ten corium—concrete interaction (MCCI), highly depend
on the intermittent physical phenomena related to the
RPV failure modes and the fuel coolant interaction
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7. Uncertainty results for the cavity basemat axial ablation depth (FOM 2) in the KINS study.

(FCI). The foregoing factors are also closely related to
the remaining two FOMSs, ie., R/B pressurization
(FOM 1) and generation of combustible gases (H,/CO)
(FOM 2).

3. For the sample size of 100, the LHS method
quantified relatively well the uncertainties of the FOMs
of interest. A sensitivity analysis showed that even when
increasing the LHS sample size from 100 to 300, there
was no essential difference in the uncertainties of the
relevant FOMs.

4. More comprehensive analyses with carefully
selected uncertainty input parameters and underlying
PDFs are needed to obtain more robust results. For
incomplete code executions, further investigation is
needed to identify the sources of relevant errors.

l1.D. SJTU (Shanghai Jiao Tong University)

In the SJITU study, for a SBO accident of the reference
plant CPR600 [two-loop 600-MW(electric)y PWR],[**! the
hydrogen source term, whose burning or rapid deflagration
may cause damage to equipment and systems and might even
threaten the integrity of containment, was evaluated using
MELCOR 1.8.5, and the relevant influence on mitigation

TABLE X
Key Contributors to FOM 2 (CR-1) in the KINS Study*
Correlation Rank 1 Rank 2 Rank 3 Rank 4 Rank 5
Pearson COND MET V40 SC2315 2 COND_CRUST SC2315 3
(0.317) (0.085) (0.079) (0.063) (0.044)
Spearman COND_MET SC2315 2 Z0 COND_CRUST SC2315 3
(0.317) (0.151) (0.121) (0.042) (0.027)

*COND_CRUST/MET: melt pool conductivity multiplier (CRUST = crust and MET = metallic layer), SC2315_2/3: melt eruption
and water ingress parameters (2 = debris diameter and 3 = debris layer void fraction), and ZO: axial ray origin.



measures [opening of the pressurizer safety/relief valves
(PSVs)] was explored to provide technical support for
SAM. The reference scenario SBO assumed a loss of all
off-site ac power and failure to operate of the emergency
diesel generators and turbine-driven auxiliary feed pump.
The only means available to cool down the reactor core
were the initial inventory of the reactor coolant system
(RCS) and steam generators (SGs), the pressurizer level con-
trol, the reactor coolant pump (RCP) seal injection, the active
safety injection systems, and the motor—driven auxiliary feed-
water system.

The plant model included primary and secondary
loops, the pressurizer, the pressure relief tank, and the
containment. With a calculation time of 5000 s, the
steady-state analysis carried out for some important
plant variables (e.g., reactor power, average coolant tem-
perature, pressurizer pressure, pressurizer water level,
etc.) showed that the input models were within an error
bound of 1.0% compared to the reference values.

Based on 18 model parameters selected for uncertainty
analysis, MELCOR simulations for 120 LHS samples were
made until 24 h from the start of the SBO; code failures were
not reported for the simulation. Pearson and Spearman CCs,
PCC, and PRCC were analyzed to determine the key con-
tributors influencing the relevant FOMs. As part of the

analysis results, time trends and relevant PDFs for in-vessel
H, generation (FOM 1) are summarized in Fig. 8 and sensi-
tivity results of three mitigation measures of H, generation
from in-vessel and ex-vessel MCCI (FOMs 1 and 2) are
given in Tables XI and XII.

For different pressure relief measures, only a few
uncertainty parameters showed correlation with the
hydrogen source term in the vessel. Among them, the
maximum temperature of the oxidized fuel rod, which
can maintain its geometric shape when there is incom-
pletely oxidized zirconium in the cladding [SC1132(1)],
exhibited a nonnegligible positive correlation with
respect to the hydrogen source term under both nonrelief
and pressure-relief conditions. For the hydrogen genera-
tion ex-vessel, the heat transfer coefficients in the radial and
the bottom direction of the cavity (HTRSIDE/HTRSIDE)
always presented the most important positive correlation
effect on the hydrogen generation ex-vessel.

The main findings and lessons learned from the ana-
lysis are as follows:

1. For a SBO accident, the opened number of PSVs
taken as one of the mitigation strategies obviously influ-
enced H, generation and relevant uncertainty (see Fig. 8).
The opening of three PSVs (leading to a mean value of
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Fig. 8. Uncertainty and sensitivity analysis results for FOM 1 (in-vessel H, generation) in the SJITU study. Terms include C1001
(1,1): constant coefficients of Zircaloy oxidation rate (low temperature range), C1001(3,1): constant coefficients of Zircaloy
oxidation rate (high temperature range), FCELA/FCELR: radiative exchange factors for radiation heat transfer upward axially and
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Key Contributors to FOM 1 to In-Vessel H, Generation in the SITU Study*

TABLE XI

Parameter Importance Ranking

FOM (H, Generation) Rank 1 Rank 2 Rank 3
Base case (no mitigation) SC1132(1) PORDP —
Mitigation case 1 (opening of one PSV) PORDP SC1132(1) FCELA
Mitigation case 2 (opening of two PSVs) C1001(3,1) FCELA SC1132(1)
Mitigation case 3 (opening of three PSVs) TPFAIL SC1132(1) —

*TPFAIL: penetration failure temperature or LH failure temperature, FCELA: radiative exchange factors for radiation heat transfer
upward axially and outward radially (treated as the same parameter), SC1132(1): temperature that an oxidized fuel rod can endure
without unoxidized zirconium in the fuel cladding, C1001(3,1): constant coefficients of Zircaloy oxidation rate (high temperature

range).

TABLE XII

Key Contributors to FOM 2 for Ex-Vessel H, Generation in the SJTU Study*

Parameter Importance Ranking

FOM (H, Generation) Rank 1 Rank 2 Rank 3
Mitigation case 1 (opening of one PSV) HTRSIDE HTRBOT PORDP
Mitigation case 2 (opening of two PSVs) HTRSIDE HTRBOT TPFAIL
Mitigation case 3 (opening of three PSVs) HTRSIDE HTRBOT TPFAIL

* TPFAIL: penetration failure temperature or LH failure temperature, HTRBOT: Debris-to-surface heat transfer treatment on debris
bottom surface, and HTRSIDE: debris-to-surface heat transfer treatment on debris radial surface.

237 kg and an uncertainty range of 5th/95th percentiles
over 210 to 261 kg) had a lower influence than the
opening of two PSVs (leading to a mean value of
282 kg and an uncertainty range over 237 to 331 kg) or
one PSV (leading to a mean value of 368 kg and an
uncertainty range over 252 to 488 kg), as well as no
mitigation measure (leading to a mean value 276 kg and
an uncertainty range over 241 to 336 kg). For reference,
the 5th/95th percentiles estimated for the three mitigation
cases 1, 2, and 3 were equivalent to the H, production
from a zirconium-water reaction of 36%/70.4%, 38%/
48%, and 30%/37.6%, respectively, and 34.7%/48.5%
for no mitigation (base case).

2. The PDF types of the uncertainty parameters may
affect the uncertainty range of the hydrogen source term and
relevant sensitivity results. For instance, when the probabil-
ity distribution of the porosity of debris (PORDP) was
changed from the original normal PDF to uniform, the
median value of FOM 1 decreased from 377 to 361 kg
and the relevant 5th/95th percentiles changed from 252 to
488 kg to 241 to 525 kg, while the median value of FOM 2
decreased from 535 to 533 kg with changes in the 5th/95th
percentiles from 425 to 644 kg to 397 to 675 kg. In
addition,

compared with the normal distribution, PORDP in uniform
distribution showed a stronger correlation with the hydro-
gen source term, reflecting that the PDF type of the model
parameters influences to some extent the relevant FOM:s.

3. For the sample size of 120, the LHS method
quantified relatively well the uncertainties of the FOMs
of interest. A sensitivity analysis showed that even when
increasing the LHS sample from 120 to 300, there was no
essential difference in the mean/median values and uncer-
tainty range of the relevant FOMs. However, it was clear
that a reasonable LHS sample size would be dependent
on the number of selected uncertainty input parameters.

lILLE. CNEA (National Atomic Energy Commission,
Argentina)

In the CNEA study, the reference plant was a CAREM-
like integral PWR (iPWR)*¥ generating a core thermal
power of 100 MW(thermal) and employing 12 identical
mini helical SGs of the once-through type. All the major
components of a typical primary system were located inside
the RPV, the power was removed by natural circulation, and



passive safety systems were implemented by design. The
reference scenario, a small-break loss-of-coolant accident
(SBLOCA), intrinsically included a SBO event with the fail-
ure of all defense-in-depth Level 2 and Level 3 heat removal
and injection systems to strengthen the design to cope with
extreme external events, except for the RPV external cooling
system after core degradation (in-vessel melt retention).

The relevant MELCOR model included the primary
system, containment system, and most of the safety-impor-
tant systems. A simplified secondary-system model was
included as a boundary condition (BC) for steady-state
operation, and a steady-state analysis was made for some
of the main plant characteristic variables, including the
primary system and containment. DAKOTA 6.10 coupled
to MELCOR was employed as the tool for the uncertainty
analysis. Relevant uncertainty and sensitivity analyses were
made for three FOMs: core uncover time (FOM 1), onset of
core degradation (FOM 2), and core relocation time to the
lower plenum (LP) (FOM 3). The uncertainty calculations
were made until 24 h from the start of the accident.

The first order of the Wilks” formulal*?! was applied to
estimate a confidence level of 95% and probability contents
of 5% and 95% of the defined FOMs; for this, a minimum
sample size of N = 59 was required. A total of 73 SRS
samples were tested to obtain the corresponding 59 realiza-
tions, during which 13 simulations failed, leading to a failure
rate of almost 18%. The crashed code runs were mostly
a result of modeling issues in the bypass region of the core.

For the uncertainty calculation, the average run time
of almost 14 h was taken using the dedicated PC system
(operating system: MS Windows 7, 64 bit, RAM: 16 GB,
processor: Intel(R) Core(TM) 17-4770 CPU @ 3.40 GHz,
four Cores/eight Threads). Table XIII and Fig. 9 present
the uncertainty analysis results for the 59 normal samples
based on the assumptions made in the analysis.

A suite of sensitivity/importance indicators, includ-
ing the Pearson correlation, Spearman rank correlation,
PCC, and PRCC, were evaluated to identify the influence
of the selected inputs on each relevant FOM. As part of

the sensitivity/importance analysis, the estimated CCs for
the uncertainty input parameters and relevant FOMs are
summarized in Table XIV.

The main findings and lessons learned from the ana-
lysis are as follows:

1. The tested uncertainty inputs led to an uncer-
tainty of the FOMs ranging from 30% up to 50% of the
best-estimate (base case) value. For all uncertainty inputs,
additional parametric analyses made with uniform PDFs
showed a quite small sensitivity to extreme values of the
relevant FOMs.

2. Statistical indicators tested for sensitivity/
importance analysis showed similar results. The most
influential parameters on the defined FOMs corre-
sponded to the MELCOR physical model parameters
(PM-1 to PM-4), among which the decay heat multi-
plier (PM-1) was the most important.

3. A relatively high rate of code failures was
observed during the MELCOR simulations, ranging
from 6% to 20% depending on the PDF range of the
uncertainty inputs, but no correlation or clustering was
found between the issue and the values of the sampled
parameters. A deeper investigation is needed to identify
the sources of relevant errors. Besides, the 59 samples
employed for the study were primarily good for 95 per-
centile using the Wilks’ formula, but more samples seem
be needed to get more robust mean and median values.

4. Almost 60% of the time required for the present
task was spent on characterizing the uncertainty inputs
(identification, quantification, and screening), as well as
on analyzing the relevant FOMs and implementing the
feedbacks.

III.LF. ENSO (Energy Software, Spain)

As like CNEA, the reference plant in the ENSO study
was a CAREM-like iPWR™! with natural circulation

TABLE XIII
Uncertainty Results for Relevant FOMs of Statistical Values H in the CNEA Study
Tolerance Limit
Mean/Standard Upper Bound (95/
FOM Deviation Base Case Lower Bound (5/95%) 95%)
FOM 1 3.36/0.29 2.44 3.97
FOM 2 5.77/0.47 4.83 6.78
FOM 3 13.6/1.46 10.9 16.9




FOM-1: Start of core uncovery {CDF) FOM-2.

(a) FOM 1: Start of core uncovery

(b) FOM 2: Start of core degradation

Start of core degradation (CDF) FOM:-3: Start of relocation to lower plenum (CDF)

(c) FOM 3: Core relocation to LH

Fig. 9. Uncertainty results for relevant FOMs (PDFs and CDFs) in the CNEA study.

TABLE XIV
Estimated CCs in the CNEA Study*
Input/FOM 1C-1 1C-2 RM-2 AM-1 PM-1 RM-1 PM-2 PM-3 PM-4 RM-3 RM-4
FOM 1 0.099° 0.003 | —0.024 | 0.068 | —0.852 | 0.000 0.001 0.047 0.149 | —0.098 0.116
0.11° | —0.030 | —0.050 | 0.126 | —0.915 | —0.026 | 0.015 0.113 0.110 | —0.009 0.083
0.039° | -0.029 | —0.057 | 0.094 | —0.867 | 0.148 | -0.119 | 0.058 0.278 0.029 0.184
0.163% | —0.022 | 0.009 0.155 | —-0.924 | 0.138 | —0.089 | 0.114 0.249 0.126 0.169
FOM 2 0.074° 0.012 | —0.003 0.011 -0.989 | —0.095 | 0.102 0.098 | —0.054 | —0.099 0.009
0.052° | —0.035 | —0.051 0.077 | —-0.992 | —0.097 | 0.082 0.140 | —0.061 | —0.034 | 0.034
0.095° | -0.012 | 0.094 | -0.230 | —0.995 | —0.174 | 0.418 0.610 | —0.528 | 0.013 | -0.313
0.167¢ | —0.187 | 0.188 0.042 | -0.997 | —-0.069 | 0.349 0.547 | -0.708 | —0.046 | 0.081
FOM 3 0.096* | -0.015 | 0.088 0.043 | -0.801 | —0.085 | 0.421 | -0.330 | 0.082 | —0.059 | —0.042
0.151° | —0.024 | 0.068 0.059 | -0.746 | —0.114 | 0432 | -0.328 | 0.127 | —0.060 | —0.033
0.276° | -0.107 | 0.347 0.013 | -0.945 | 0.035 0.829 | -0.785 | 0.118 | —0.046 | —0.209
0.394% | —0.042 | 0.353 0.099 | -0.923 | -0.014 | 0.798 | -0.769 | 0.148 | —0.169 | —0.157

*AM-1: delay in RPV external water injection time, IC-1: temperature at which oxidized fuel rods can stand, IC-2: maximum ZrO,
temperature to hold up molten Zr, PM-1: DP multiplicative scale factor, PM-2/PM-3: radiative exchange factor for radiation (radial/
axial), PM-4: Zircaloy oxidation rate constant (low temperature range), RM-1: particulate debris equivalent diameter, RM-2:
porosity of particulate debris, RM-3: fraction of channel volume denied to particulate debris, and RM-4: time constant for the

radial relocation of solid material.
#Pearson CC.

bSpearman CC.

°PCC.

4PRCC.

operation. The reference scenario SBO was analyzed using
the RELAP (Reactor Excursion and Leak Analysis
Program)/SCDAPSIM (Severe Core Damage Analysis
Package SIMulator)/MOD3.5 (RS/3.5) code, and the plant
nodalization included the major components of a typical
PWR primary system within the RPV, the passive safety
systems [secondary shutdown system, emergency injection
system, passive residual heat removal system (PRHRS),
pressure relief valves and external core cooling system],
and the environmental heat losses at the top and bottom of
the RPV, as well as in the pipes of the passive safety
systems. The selected uncertainty input parameters were
related to heat transfer, critical heat flux (CHF), interphase
heat transfer, MPs, cladding behavior, radiation, core power,
safety systems, and natural circulation. The code

simulations were terminated by either a trip of the RPV
creep rupture signal or a maximum end time set to 5 days.

The uncertainty analysis was carried out with the
IUA2.0 module™® integrated into the RS/3.5 code using
an input-propagation methodology with a statistical descrip-
tion of the uncertainty and the Wilks’ first-order formula.
Based on the Wilks’ first-order formula, a SRS sample of
N =59, i.e., the minimum sample size required for a con-
fidence level of 95% and probability contents of 5% and
95%,1*21 was explored to quantify the uncertainty of the
FOMs.

An analysis of the accident was divided into two
parts: one to identify the effect of the input uncertainties
on the plant availability, which was related to FOMs O-1
and O-2 in Table XV, and one to identify the effect of the



TABLE XV

Uncertainty Results for Relevant FOM Statistical Values in the ENSO Study
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?Qualitative, only cases with creep rupture.

input uncertainties on the SA phenomena once core
damage occurred, which was related to FOMs O-3
to O-10.

Among the 59 code simulations tested, 1 failure took
placed during the steady-state analysis, 15 failures occurred
right after core slumping, two calculations reached the end
time of the calculation without creep rupture, and one cal-
culation reached the end time of the calculation without core
slumping or creep rupture. For a proper use of the Wilk’s
formula, all code runs need to terminate successfully and
failed simulations cannot be discarded, otherwise the nature
of the random sampling required for the application of the
Wilk’s formula will be lost.

Nevertheless, code failures can be treated conserva-
tively by assuming that their unknown result is the most
adverse (extreme rank) and can therefore be discarded when
applying the Wilk’s formula to higher orders. However, it
was not practical to increase the Wilks’ formula to higher
orders, for instance, because the Wilks’ 4th and 17th orders
would require 153 and 482 samples, respectively, taking an
average run time of almost 36 h in the dedicated PC system
(operating system: MS Windows 10, 64 bit, RAM: 16 GB,
processor: Intel 17-8700 3.2 GHz).

Accordingly, for the present analysis, all code fail-
ures were re-executed by either reducing the time step
(core slumping failures) or by broadening the bounds of
only the active control of the RCS (secondary main feed-
water). With the modifications indicated, the repetition of
the calculations using the same set of random input
values led to a fixed steady-state failure, and four calcu-
lations fixed after core slumping reached creep rupture.

Due to some sample calculations that failed to reach
the creep rupture conditions (or the end time of the
calculations), a quantitative uncertainty analysis was per-
formed up to the core slumping, and uncertainties related
to the creep rupture were qualitatively examined, as sum-
marized in Table XV.

To support the uncertainty analysis, Pearson,
Spearman, and Kendall correlations were analyzed for
the uncertainty input parameters and relevant FOMs.
The statistical significance (SS) of the CCs!**! was tested
against the null hypothesis of no correlation, and the
p-value measuring the probability of observing
a correlation by chance was calculated from the
Student’s #-distribution for Pearson and Spearman, and
from the standard normal distribution for Kendall.

A potential correlation between the input and output
values was identified at the generally accepted signifi-
cance value of 0.05. As part of the sensitivity/importance
analyses, Table XVI presents the CCs along with their
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SS, with highlights in bold for values with a SS equal to
or less than the significance level of 0.05.

The main findings and lessons learned from the ana-
lysis are as follows:

1. The analysis results showed that the correlation
between DP and plant availability (O-1, O-2) was strong.
The correlation of shroud thickness (SA-3) was particularly
strong with fuel cladding rupture (O-3, O-8) and with the
release of FPs (O-9, O-10). The correlation of oxidation
correlations (OXI) and rupture strain (SA-1) also seemed to
have an impact on the progression of the SA. Moreover, the
heat transfer (HT) parameters seemed to play an important
role in SA progression during the cooling of the molten
pool. The correlation of the area of the PRHRS [correlation
for the area of the PRHRS (DSG)] with plant availability
was significant, but this may have been due to the rather
large associated uncertainty. The correlation of the inter-
phase phenomena (IPH) with accident progression was also
identified as significant, whereas the effect of the BCs, MPs,
and CHF was not significant.

2. With regard to the FOMs, it is advisable to care-
fully select between relative and absolute times to avoid
dragging the effect of uncertainties into posterior events.
It is also important to consider that the cumulative release
of FPs and the cumulative generation of H, are also
affected by the uncertainty propagated from design-
basis accident conditions. As mentioned in the CNEA
study, the 59 random samples were primarily good for
95 percentile using the Wilks’ formula, but more samples
seem be necessary to get more robust statistical values,
such as mean and median.

3. Relating to the sensitivity measures, the Kendall
formulation is advisable because it seemed to be less
dependent on singular data points than the Spearman
correlation. To try to avoid the masking effects of strong
correlations, it is advisable to consider other types of
sensitivity coefficients, such as PCC or PRCC.

IV. KEY MESSAGES FOR BEST PRACTICE

From the best-practice uncertainty and sensitivity
analyses for SAs, the key messages of the foregoing
studies are summarized in the following section.

IV.A. Analysis Process

The uncertainty and
a replicative process:

sensitivity analyses are

1. First, do deterministic sensitivity analysis to find
out which input parameters would be important to focus
on for the uncertainty analysis, and then perform uncer-
tainty analysis for those parameters.

2. Next do a probabilistic sensitivity/importance
analysis to identify the probabilistic influence of the
selected input parameters on the relevant FOMs based
on the forgoing uncertainty analysis results.

3. Whenever necessary, conduct additional uncer-
tainty analyses based on higher-influencing input para-
meters identified from the foregoing sensitivity/
importance analysis to get a bit of a different angle on
insights into the relevant uncertainty.

The former type of sensitivity analysis (i.e., determinis-
tic), which is mainly implemented in the preliminary
stage of an uncertainty analysis, simulates the code
a few times with different parameter combinations vary-
ing one at a time for a crude analysis of their impact on
the code output. This method gives only the local infor-
mation around a given parameter or set of parameters,
while the input parameters may often have a wide range
of variation. Whereas the latter type of sensitivity analy-
sis (i.e., probabilistic), as implemented in the present
studies, identifies the global influence of selected uncer-
tainty inputs on the relevant FOMs.

IV.B. Uncertainty Analysis

The selection of the uncertainty input parameters and
relevant PDFs could have a paramount impact on the
uncertainty results. Thus, more relevant inputs in terms
of influencing FOMs should be chosen to get more robust
conclusions on their uncertainty, whereas the influence of
the PDF type on the FOMs of interest would be case
sensitive as implemented in the SJTU and CNEA studies.
Accordingly, a relevant distributional sensitivity
analysis'*” is recommended for the highly influential
uncertainty inputs.

While Monte Carlo sampling is a straightforward
way to perform calculations to study the propagation of
uncertainties associated with the input parameters
through the model and to the output, one of the chal-
lenges encountered in applying such a method is to
determine a sufficient sample size to ensure that the
analysis results well represent their full space of the
population, including their mean and variance. As the
sample size increases, each sample becomes more repre-
sentative of the population, and the sample mean
approaches the actual population mean. However, there



is no generally accepted criterion on how many samples
should be performed to ensure sufficient confidence in
the analysis results.

The following approaches can be utilized to deter-
mine a reasonable number of simulations to adequately
estimate the uncertainty of the code output:

1. The Wilks’ formula,*>**! based on order statis-
tics theorems, allows for precisely determining the smal-
lest sample size required for the distribution-free
tolerance limits o at the desired cumulative probability
(or confidence) level f for the analysis results. However,
the formula should only be applied to independent ran-
dom samples and is most useful for ensuring compliance
with a particular acceptance limit (i.e., o/f) of the simula-
tion results, rather than an estimation of the simulation
result itself.

2. As a measure of the precision of the sample
mean, the standard error of the mean (SEM, o/+/N)-
(47481 measures how precisely a sampling distribution
represents a population, i.e., the degree of dispersion of
sample means around the population mean or
a confidence interval of the mean value. Here, o is
the standard deviation of the sampling distribution
and N is the number of samples. The forgoing idea
underlies the sample size calculation for a controlled
number of samples. The process may be stopped when
increasing the number of samples does not significantly
change the SEM or the SEM reaches a predefined
small error value.

3. The LHS method (also called stratified random
sampling)!**~° is a widely used statistical approach to
control the number of samples in large simulations and
to improve SRS accuracy. This sampling scheme does
not require more samples for more dimensions (input
variables), and thus, even with a significantly smaller
number of samples, the LHS approach ensures a robust
sampling of distributions in a large range of conditions
as compared to the SRS approach. One previous
study®" showed that although it may not adequately
estimate the code output uncertainty, the following
sample size N might give a reasonable convergence
of the statistical estimators for the model response,
such as the mean and standard deviation, and can
adequately identify the sensitive input parameters
N = (4/3)k for time-consuming computer models with
k uncertain input variables; otherwise N = 2k ~ 5k.
However, there might be situations in which the statis-
tical estimators obtained using LHS do not converge

more rapidly than those obtained with SRS, depending
on the model and input parameters. But in general, if
low probability—high consequence tails in the input
distributions are present, LHS is superior to SRS.

In the case of highly complex computational systems
like SA codes, it seems necessary to understand that
the uncertainty input parameters are always affected by
uncertainties coming from different sources and that
they also affect each other, thus leading to some code
crashes during simulations. For such kinds of failed
runs observed in the code simulations, it is necessary
to investigate their patterns from the parameters’ cover-
age map related to simulations with relevant errors, and
to identify the type of error sources in order to better
understand model behavior and to improve model
robustness as well.

The failed runs could be partly resolved through fine
tuning of the relevant code models and/or properly setting
the numerical time step below the minimum time-step
limit wherever effective. When failed code runs are
expected to take place, SRS is more recommended in
general over a stratified random sampling approach
such as LHS, which may distort the statistical meaning
of the relevant FOM results.

IV.C. Sensitivity Analysis

Sensitivity/importance analysis provides potential
insights to find errors in the modeling if the code
calculation results contradict the common understand-
ing of the phenomenon. As mentioned previously, two
types of sensitivity analyses can be implemented:
deterministic (or local) and probabilistic (or global).
If a sufficient number of code simulations have been
done for all identified uncertainty parameters, the cor-
relation- or regression-based probabilistic approaches
are more preferred to conduct global sensitivity/impor-
tance analyses on input parameters, as implemented in
the present study.

Both linear relationships between code inputs and
response parameters and nonlinear effects beyond
them are important in determining the key contribu-
tors to the relevant response parameters. Whereas the
usability of correlation/regression analyses based on
a linear relationship between inputs and relevant
FOMs is often limited for highly complex nonlinear
relationships between inputs and FOMs, like as in SA
codes.

In such a case, employing sensitivity methods that can
capture a more exhaustive picture of nonlinear



relationships, e.g., recursive partitioning coefficient, multi-
variate adaptive regression splines,[w’lﬁ] and alternating
conditional  expectation algorithm-based surrogate
models,>?! may offer more flexibility. Reference [53] may
help understand both the linear and nonlinear relationships
in the reactor accident.

When a suite of correlation/regression methods is used
for better coverage of the potential relations between the
uncertainty inputs and FOMs of interest,>* it is necessary
to understand the nature of the relevant sensitivity
indicators”®>! whose impact can somewhat depend on the
type of uncertainty inputs and the phenomenological time
window, as follows:

1. While some uncertainty inputs have a sensible
correlation with a particular FOM, they may not have
a meaningful correlation with other FOMs and/or the
uncertainty inputs that influence the uncertainties of rele-
vant FOMs in one accident scenario may not necessarily
have the same impact in other scenarios.

2. When strong correlations are observed between
some uncertainty inputs and relevant FOMs, it is advisable
to additionally consider PCC and/or PRCC that indicate the
strength of an association between two variables while
removing the effect of the rest, thereby avoiding the mask-
ing effects of the remaining uncertainty inputs.

3. When the uncertainty inputs are given in the
form of singular or discrete data points, the Kendall
correlation is advisable because it is less dependent on
data points of such a type.

4. 1If there is no preference for particular sensitivity
indicators, a weighted average of several sensitivity indica-
tors can give a general insight into the overall sensitivity.

V. CONCLUSION AND FUTURE IMPLICATIONS

Based on the respective frameworks for the uncer-
tainty and sensitivity analyses employed in the context of
SAs, each CRP participant presented in this paper suc-
cessfully implemented their own planned tasks. As
a result, the ranges of the relevant FOMs were well
estimated per each participant and the key contributors
to the FOMs of interest were clearly identified through
sensitivity/importance analyses.

Despite the insights and lessons learned through the
tasks, a deeper understanding of several aspects is still
required to ensure the applicability of the utilized approaches
in the context of SAs and/or to explore more advanced
methodologies for best practices. More specifically,

1. Understanding the underlying basis of the
sampling-based methods used for a statistical uncer-
tainty analysis (such as SRS, LHS, and the Wilks’
formula) in terms of their merits and disadvantages.

2. Specifying more relevant inputs influencing
the FOMs of interest to get more robust results on
their uncertainties and more relevant PDFs that could
well characterize the uncertainties of given input
parameters.

3. Checking the influence of uncertainty sources
related to plant nodalization schemes and/or code-specific
modeling approaches (e.g., the different submodels and
correlations employed by each code).

4. Checking the influence of the sample sizes
applied to the uncertainty analysis in terms of how
many statistical samples are enough to ensure confidence
in the analysis results, if possible, such that the mean and
standard deviation of the relevant FOMs converge with
the number of samples.

5. Checking the influence of possible code crashes
(failed code runs) and/or biases, including outliers in the
simulation results, that are often observed in sampling-
based uncertainty analyses.

6. Exploring sensitivity/importance indicators that
are less dependent on singular data points (e.g., Kendall
formulation) and able to avoid masking the effects of
strong correlations, which indicate the strength of an
association between two variables while removing the
effect of the rest (e.g., PCC and/or PRCC).

7. Understanding the limitations of the linear
regression-/correlation-based sensitivity measures
employed by the CRP participants, as well as exploring
other types of sensitivity/importance indicators that can
well capture nonlinear relationships between the input
and response variables as a possible alternative.

8. Further investigating possible alternative uncer-
tainty analysis methods, such as machine learning or
high-fidelity surrogate models.

Although the methods, tools, uncertainty inputs, and
FOMs of interest employed for the plant application
exercise were quite heterogeneous across the participants,
as were the different analysis purposes and scopes, the
insights obtained can lead to newly generated knowledge
that can be referred to in uncertainty and sensitivity
analyses and methods for SA codes, with the intent of
capturing the best practices.



APPENDIX

UNIVERSITY OF SHARJAH (UoS) STUDY

In the UoS study of a SBO accident at the APR1400 plant,!*'! an efficient PCA-based Monte Carlo UQ scheme!®”!
was used to assess the contribution of nuclear data cross sections in the uncertainty of the fuel temperature. The
proposed approach paved the way for the inclusion of a large number of sources in UQ practices in SA analyses. The
major steps were as follows:

1. Calculate the reduced uncertainty sources’ space basis.

Determine the suitable space dimension 7 given the error tolerance criteria.

Collect Monte Carlo—based samples for the purpose of UQ.

Calculate the reduced parameters’ perturbation matrix.

Estimate the sensitivity matrix for each relevant FOM with respect to the reduced parameters’ space.

Map the sensitivity matrix from the reduced space to the original space.

e A

Based on the sensitives calculated in step 6, identify the uncertainty contribution of each parameter (uncertainty
source).

The 3KEYMASTER simulator®! was used to simulate the APR1400 plant’s response following the SBO accident,
considering the uncertainties of the cross sections. Since 3KEYMASTER uses a two-group neutronics code, the perturba-
tions were generated and collapsed to the right structure via SCALE6.1 (Comprehensive Modeling and Simulation Suite for
Nuclear Safety Analysis and Design Version 6. 1).[25] Figure A.1 shows the reference case results made until 85 min from the
start of the SBO. According the figure, the fuel temperature continued to increase until the fuel started to melt down, which
was around 1 h into the SBO, the maximum fuel temperature reached ~800°C, and the simulator stopped at this temperature
where the cladding oxidation occurred, which was set as a simulation limit.

Relevant uncertainty calculations were completed with 120 model runs instead of the 2800 runs that would have
been required without the proposed algorithm, taking an average run time of almost 0.5 h in the dedicated PC system
[operating system: MS Windows 10 Enterprise, 64 bit, RAM: 32 GB, processor: 11th Gen Intel(R) Core(TM) i5-
1145G7 @ 2.60 GHz and 1.50 GHz].

The analyses indicated a minor contribution of the cross sections on the FOM of interest, as presented in Fig. A.2
and Tables A.I and A.Il. According to Fig. A.2, the standard deviation decayed over time right after the reactor
shutdown. This might be because the overall reactor heat became more and more dominated by decay heat while the
fission-related heat source became weaker overtime due to the shutdown. The Monte Carlo uncertainty in the FOM
estimated for certain time steps (Table A.I) was then used to segment the overall uncertainty into the various cross-
section uncertainty matrices available in the 44-group cov library (Table A.II).

The main findings and lessons learned from the analysis are as follows:

1. In general, cross sections have a minor effect on the uncertainty of the fuel temperature post shutdown (<1%).
However, as the fuel temperature increases, U>*® uncertainty starts to become the major contributor of the cross
section—related fuel temperature uncertainty.

2. Nuclear data cross sections resulted in a minor uncertainty of the fuel temperature after reactor shutdown as
a response to a SBO accident.

When using PCA and Monte Carlo sampling coupled approaches, relevant uncertainty analysts can efficiently
determine the uncertainty in the FOMs due to the large number of input parameters.



900 TABLE A.l

E 800 FOM Uncertainty due to Cross Sections Only in the UoS Study
é‘ 700
% Reference Fuel Standard
iz 600 Time (min) Temperature (°C) Deviation
z°% 0 590 0.90%
Té— 400 10 352 0.39%
2 30 363 0.37%
300
0 10 20 30 40 50 60 70 80 90 45 385 030%
Time (minutes) 50 414 0.30%
. 60 813 0.10%
Fig. A.1. Reference case results for FOM 1 (fuel tem-

perature) in the UoS study.

TABLE A.II
Top Cross Sections Contributing to the Overall FOM Uncertainty in the UoS Study
Time Top Three Contributors % Contribution, A T/ T,

Just before the SBO U (n, v) 0.41%
U3 (v) 0.35%
U?* (n, fission) 0.15%
60 min after the SBO (once T,,,,. was U (n, y) 0.64%
reached) U (v) 0.52%
U?*® (n, fission) 0.23%
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Fig. A.2. Uncertainty analyses results for cross sections related to the standard deviation in the fuel temperature in the UoS study.
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