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* Note: The Percentile in Y axis in the above snapshots correspond to cumulative probability

Figure 3. Numerical Simulation of Max and Mini for 2" Order Two-sided Statistics from 100
Test Cases of Each of 221 Code Run
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Abstract

This paper discusses an approach called Integrated Methodology for Thermal-Hydraulics Uncertainty
Analysis (IMTHUA) to characterize and integrate a wide range of uncertainties associated with the
best estimate models and complex system codes used for nuclear power plant safety analyses.
Examples of applications include complex thermal hydraulic and fire analysis codes. In identifying
and assessing uncertainties, the proposed methodology treats the complex code as a “white box”, thus
explicitly treating internal sub-model uncertainties in addition to the uncertainties related to the inputs
to the code. The methodology accounts for uncertainties related to experimental data used to develop
such sub-models, and efficiently propagates all uncertainties during best estimate calculations.
Uncertainties are formally analyzed and probabilistically treated using a Bayesian inference
framework. This comprehensive approach presents the results in a form usable in most other safety
analyses such as the probabilistic safety assessment. The code output results are further updated
through additional Bayesian inference using any available experimental data, for example from
thermal hydraulic integral test facilities. The approach includes provisions to account for uncertainties
associated with user-specified options, for example for choices among alternative sub-models, or
among several different correlations. Complex time-dependent best-estimate calculations are
computationally intense. The paper presents approaches to minimize computational intensity during
the uncertainty propagation. Finally, the paper will report effectiveness and practicality of the
methodology with two applications to a complex thermal-hydraulics system code as well as a complex
fire simulation code. In case of multiple alternative models, several techniques, including dynamic
model switching, user-controlled model selection, and model mixing, are discussed.

Keywords: Model Uncertainty, Code Structure, IMTHUA, Thermal-Hydraulics System Code
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Nomenclature
CSAU Code Scaling, Applicability and Uncertainty Evaluation
ECCS Emergency Core Cooling System

GRS Gesellschat Fur Anlagen- und Reaktorsicherheit
HTC Heat Transfer Coefficient

IMTHUA Integrated Methodology for TH uncertainty analysis
ITF Integrated Test Facility

LBLOCA Large Break Loss of Coolant Accident
LOCA Loss of Coolant Accident
MCMC  Markov Chain Monte Carlo

PCT Peak Clad Temperature

PIRT Phenomena ldentification and ranking Process
PWR Pressurized Water Reactor

SET Separate Effect Test

TH Thermal-Hydraulics

UMAE  Uncertainty Analysis Methodology based on Accuracy Extrapolation
USNRC  United States Nuclear Regulatory Commission

1. Introduction

The importance of more comprehensive treatment of uncertainties in complex computational codes
has been recognized by the technical community and also in regulatory applications. An example is
USNRC’s ECCS licensing rules that require characterization of uncertainties in the use of best
estimate computer codes % An effective uncertainty analysis methodology in complex system models
requires a comprehensive treatment of many uncertainty sources in its transient behavior. Code
structure (model) is a crucial source of uncertainty in TH analysis results. The structure refers to such
model features as the assembly of sub-models and correlations for simulating the various physical
phenomena, system components for fluid and structural simulation, and cases where multiple sub-
models may be available for code calculations. The model uncertainty is assessed in several of the
existing TH code uncertainty analysis methodologies. For example, CSAU® uses correction multipliers
for code assessment and applicability adjustments of the models based on the available models.
UMAE"® assesses the models qualitatively to account for code structure model uncertainty. The
uncertainty approach proposed by GRS? considers the alternative models estimates as the major source
of model uncertainty. For example, the models for critical heat flux were sampled based on three
available models (total of three models) based on their applicability and credibility weights.

Uncertainty expressed probabilistically by using probability density functions is the most prevalent
formal approach to quantitatively characterize unknowns. Using all available knowledge, including
data, models, and expert opinion one may formally derive the corresponding uncertainties. In the case
of TH code uncertainty analysis, this requires a number of qualitative and quantitative steps to
consider the state of knowledge in the various contexts of interest®.

The approach described in this paper, called IMTHUA, provides a formal way to assess the
uncertainty of the best estimate TH system code calculations. Code structure in this research is limited
to physical models with corresponding parameters implemented in the codes to simulate TH
characteristics of accident scenarios. Numeric-related issues, including numerical resolution,

2 USNRC (1989), “Best-Estimate Calculations of Emergency Core Cooling System Performance”, USNRC Regulatory Guidance 1.157.

® Technical Program Group (1989), “Quantifying Reactor Safety margins: Application of Code Scaling, Applicability, and Uncertainty
Evaluation Methodology to a Large Break Loss of Coolant Accident,” Technical report NUREG/CR-5249 EG&G ldaho, Inc.

* CSNI (1998), “Uncertainty Analysis Study,” NEA-CSNI/R(97)35/V.2-2.1 report

®D’Auria F. et al, (1998), “Overview of Uncertainty Issues and Methodologies,” Proceeding ECD/CSNI Seminar on Best Estimate Methods
in Thermal Hydraulic Analysis, Ankara, 437-458.
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convergence methods, and styles, are not explicitly assessed as part of the code structure. However
these issues are part of the IMTHUA methodology for uncertainty assessment, and have been
addressed implicitly by code output updating step of the IMUTHA methodology for consideration of
the missing/screened out sources of uncertainties. Figure 1%’ shows the overall steps involved in
IMUTHA.

FPhenomena
|dentification

TH Ranking Uncertainty Ranking
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Soreening
¥
Code Modek
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Uncertainty Assessment
Models & Parameers

Propagation

¥
Uncerfminty
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Figure 1: IMTHUA Methodology Flowchart Input-Based Phase Main Steps

2. Structure of TH codes and Complexities

A key characteristic of the TH systems codes is their complexity. This complexity has its roots in the
composite structure of these systems consisting of many different elements (or sub-systems) whose
state inevitably affects the state of the whole system. Its main implication is the dynamic (i.e. variable
in time) and/or non-linear behavior. Systems with many interdependent elements (such as
sophisticated modern process systems with multiple feedback loops) exhibit an unpredictable highly
nonlinear behavior that can sometimes result in sudden output changes following a minor variation in
the input (i.e., the so-called “butterfly effect””). TH codes are complicated because of their structures’
inherent complexity, which is described below:
e Limited user control over code structure
e Lack of appropriate data and information about the basis of models, sub-models, and actual
variables, such as HTC
e Large number of models and correlations (thousands) involved in the computations
e Dynamic code behavior in which only a small portion of the code models may be active
during each time step, depending on the underlying simulation and system conditions
e Many horizontal and vertical regime phases in the code calculation, with fuzzy borders
between them

® Pourgol-Mohamad, M., Modarres, M. and Mosleh A., (2009), Integrated Methodology for Thermal Hydraulics Uncertainty Analysis with
Application, Volume 165/ No. 3/March 2009/ 333-359.

7 [8] Pourgol-Mohamad M., Mosleh M., Modarres M., (2006), “Treatment of Uncertainties; Output Updating in Complex thermal-hydraulics
(TH) Computational Codes”, Proceedings of ICONE14 Conference, Miami, FL.
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o Deficiency in precisely solving field equations for specific configurations due to coarse
average nodes; for example, choked flow model is called in TH codes calculation when the
results of momentum equation calculation is unsatisfactory. The code calls for a choked flow
model for velocity calculation and replaces it with the previous calculation. For better
resolution, TH codes are recently coupled with CFD codes for the sake of precise calculation
where needed®.

3. Code User Assumptions and Input Deck

The user input and user options for input preparation have great impact on code model uncertainties.
User assumptions and decisions in preparing the input deck in how code models (structure) is utilized
are critical with respect to the quantitative assessment of the code uncertainties. The user has a
significant influence on the input deck, given the many options for the executable code preparations;
the user also affects the computation in the various stages of code calculation, some of which are listed
in Table 1, where user choices influences the overall calculation.

Table 1: TH Code Input Deck Preparation and User Options in Model Uncertainty®

User Domains Impacts

System Nodalization -Node Size
-Component Selection
-Node Numbers

Code Options -Input parameters related to specific system characteristics

-Input parameters needed for specific system components

-Specification of initial and boundary conditions

-Specification of state and transport property data

-Selection of parameters determining time step size

-Choice between engineering or alternative models, e.g., critical flow models
-Efficiency of separators Parameter

-Two-phase flow characteristics of main coolant pumps

-Pressure loss coefficient for pipes, pipe connections, valves, etc.

Code Source Adjustments | -Multipliers (correlation coefficients)

-Choice between engineering or alternative models, e.g., critical flow models
in a specific time

-Numerical scheme

4. TH System Code Structure

All uncertainty sources should ideally be explicitly considered in the analysis; however, this is
impractical, due to a lack of knowledge and/or limited resources. These limitations are mainly due to
access and scarcity of empirical data. Limitation in data sources is a significant barrier, especially
with limited field data for studying nuclear facility dynamic (transient) behavior, and causes
difficulties in quantifying uncertainties in the code structure. In cases where data were obtained from
scaled-down experimental facilities, the model evaluations rely exclusively on the subjective
interpretation of the information available at the time of the analysis. This leads to the conclusion that

8 Aumiller D.L. at el, (2000), “A Coupled Relap5—3D/CFD Methodology with a Proof-of-Principle Calculation” 2000 International RELAP5
Users Seminar, Jackson Hole, Wyoming.

o Aksan, S.N., at el, (1994), “User Effects on the Transient System Code Calculations”, NEA/CSNI/R(94)35
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any attempt to address the issue of model uncertainty in a quantitative manner will rely mainly on
expert judgment.

There are different approaches to modeling code structure uncertainties. The approach may view the
structure as a “black box”, with no knowledge of the inner code structure, or as a “white box”, with
explicit characterization of the internal code structure. A structural, or “white box” uncertainty
assessment, allows the user to peek inside the code structure and focusing specifically on the internal
sub-models and the state of data, information and knowledge that supports the inner structure of the
code. The degree of model uncertainty varies among available methodologies, and is treated as a
weight assignment for the alternative models and correlations in the GRS . Code uncertainty
assessment is also used in CSAU® and ASTRUM™ for treating model uncertainties. IMTHUA
considers the code structure shown in Figure 2 by treating the uncertainties associated with code’s
sub-models and alternatives models, as well as the interaction between them®.

Bayesian Model
Unc. Assessment

TH Code Structure

| |
User Effects [y / |
Nodalization | Alternative Alternative l
| Model 1 Model A :
|
Analytical Solution I : |
Field Data | Alternative Alternative |
| Model 2 Model B I
ITS Test Data Parameter 1 '
SET Test Data Parameter 2 — |
J/v Parameter n / L |
Expert Opinion A l
Model X :
|
|
|
|
|
|

> Bayesian
Updating C
Prior | Bayesian .
Assignment | Updating ‘Brﬁploﬁgit'f 777777777777777777777
A 4
Output
B Representation

Figure 2: Code Structure Treated in IMTHUA Methodology for Uncertainty Quantification®

Treatment of the code structure uncertainty is shown in Step A of Figure 2. A key objective of the
proposed method is the quantification of uncertainties due to model form (structure) as well as model
parameters. In relation to model structure uncertainty, the methodology attempts to explicitly account
for identifiable sources of structural uncertainty. This is applied both at the sub-model levels and also
the entire TH code®. Input parameter uncertainty quantification is performed via the Maximum
Entropy and/or and expert judgment methods, depending on the availability and type of information®
(Step B in Figure 2). Hybrid of Input-Based and Output-Based Uncertainty Assessment (Step C in
Figure 2) uncertainty analysis in IMTHUA is two-step uncertainty quantification. Table 2 lists the
features of IMTHUA methodology in dealing with different aspects of TH system codes uncertainty.

10 Glasaer H. et al., (1988), “NEA-CSNI Report; GRS Analyses for CSNI Uncertainty Methods Study (UMS),” Nuclear Energy Agency—
Committee on the Safety of Nuclear Installations.

Y Frepolli C., et al., (2004), “Realistic Large Break LOCA Analysis of AP1000 with ASTRUM,” Proc. 6th Int. Conf. Nuclear Thermal
Hydraulics, Operations and Safety (NUTHOS-6), Nara, Japan.
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IMTHUA was developed as a comprehensive framework for the assessment of uncertainties in TH
system code results. Details of the methods and steps of IMTHUA as well as a discussion on some of
its limitations are provided in reference 6. Key characteristics of IMTHUA are:

1.

5.

Modified PIRT*%: A modified form of the PIRT process® is proposed. The two-step method
identifies and ranks phenomena based on their (a) TH influence (using AHP'), and (b)
uncertainty rating based on an expert judgment procedure.

White Box Treatment (Step A in Figure 2): A key objective of the proposed method is the
quantification of uncertainties due to model form (structure) as well as model parameters. In
relation to model structure uncertainty, the methodology attempts to explicitly account for
identifiable sources of structural uncertainty. This is applied both at the sub-model levels and
also the entire TH code.

Methods for input parameter uncertainty quantification via the Maximum Entropy and/or and
expert judgment, conditioned on availability and type of information®® (Step B in Figure 2).
Bayesian methods were used to update such uncertainty distributions with new evidence when
available. The information could be in the form of fully or partially relevant data, expert
opinions, or gqualitative assessments.

The two-step Hybrid of Input-Based and Output-Based Uncertainty Assessment (Step C in
Figure 2). The first step quantifies code output uncertainties associated with identified
structural and parametric uncertainties at input and sub-model levels. The second step updates
this uncertainty distribution with any available integrated experimental data and validation
information. This “output uncertainty correction” phase (the subject of this paper) is intended
to at least partially account for code user choices (user effects), numerical approximations, and
other unknown sources of uncertainties (model and parameter) not considered in the first
phase.

Efficient uncertainty propagation through the use of modified Wilks’ tolerance limits sampling
criteria to reduce the number of Monte Carlo iterations for the required accuracy.

Through assessing and propagating these uncertainties various output values are obtained, an example
of which is shown in Figure 3 for LOFT Facility's fuel clad temperature. The code was executed 93
times. The uncertainty range was resulted by propagation of a set of parameter uncertainties and model
uncertainties as discussed in detail in ® The fuel clad temperature uncertainty range was benchmarked
with LOFT LB-1 experiment data.

12 Pourgol-Mohamad M, Modarres M., Mosleh A. Modified Phenomena ldentification and Ranking Table (PIRT) For Uncertainty Analysis,
Proceedings of 14th International Conference on Nuclear Engineering, July 17-20, 2005, Miami, Florida, USA.

13 Pourgol-Mohamad M (2007a), “Integrated Methodology on Thermal Hydraulics Uncertainty Analysis (IMTHUA),” Ph.D Thesis,
University of Maryland, College Park.

 Saaty T.L., “Models, methods, concepts & applications of the analytic hierarchy process,” Kluwer Academic Publishers, Boston 2001.
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LOFT LOB-1 Uncertainty Analysis
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Figure 3: Input-Based Uncertainty Propagation Results vs. Experimental Data
Table 2: Features of IMTHUA Methodology

Locati Property for which
ocation of .
. Unce rtainty was Methodology
Uncertainty
Developed
Parameters Use of Data in
Probabilistic Methods
Models Expert Judgment,
Corrective
Factors/Biases
Input Parameter No
Input Restriction?
Dependency on No
No. of Code
Calculations?
Dependency No
Consideration
Input Uncertainty Maximum
Assignment Entropy/Bayesian
Parameters Order Statistics-Based
Propagation Wilks Tolerance Limit
Models Order Statistics-Based
Wilks Tolerance Limit
Parameters NA
Models Use of Integrated
Data/Bayesian
Approach
Output Consideration of Yes
Missed/Screened
Out Sources of
Uncertainty
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5.0 Concluding Remarks

Structural models have important contributions to the quantified results of TH codes. This paper
discusses strategies in structural model uncertainty assessment, along with other sources of
uncertainty. The main thrust of the methodology is to efficiently utilize all available types of data to
identify important sources of uncertainty, and to assess the magnitude of their impact on the
uncertainty of the TH code output values. Single sub-model uncertainties, as well as alternative
models, were treated in code structure. Depending on the conditions and on the availability of
information and data, different solutions are proposed for uncertainty assessment of the models. A
Bayesian solution was proposed for single and multiple models’ structure uncertainty assessment
along with mixing, switching, maximization/minimization, and user effect consideration for
alternative models. Future work could cover the following areas:
e A method for systematic separation of aleatory and epistemic uncertainties in the final results.
e The ability to account for temporal uncertainties, since in some cases uncertainty of physical
phenomena has magnitude as well as temporal dimensions.
e Representation of uncertainty in temporal dimensions, i.e., interpreting and representing the
output uncertainty results correctly for time-variant output parameters.
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of the BEMUSE Results

J. Baccou, E. Chojracki and S. Destercke
Institut de Radioprotection et de Sdreté Nucléaire,
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1. Introduction

To demonstrate that the nuclear power plants are designed to respond safely at numerous postulated
accidents computer codes are used. The models of these computer codes are an approximation of the
real physical behaviour occurring during an accident. Moreover the data used to run these codes are
also known with a limited accuracy. Therefore the code predictions are not exact but uncertain.

To deal with these uncertainties, “best estimate” codes with “best estimate” input data are used to
obtain a best estimate calculation and it is necessary to derive the uncertainty associated to their
estimations. For this reason, regulatory authorities demand in particular to technical safety
organization such as the French Institut de Radioprotection et de SOreté Nucléaire (IRSN) to provide
results taking into account all the uncertainty sources to assess safety quantities are below critical
values. Uncertainty analysis can be seen as a problem of information treatment and a special effort on
four methodological key issues has to be done.

The first one is related to information modelling. In safety studies, one can distinguish two kinds of
uncertainty. The first type, called aleatory uncertainty, is due to the natural (such as spatial) variability
of an observed phenomenon and cannot be reduced by the arrival of new information. The second
type, called epistemic uncertainty, can arise from imprecision (a variable has a fixed value which is
badly known due to systematical error in measurement or lack of data, knowledge or experiment).
Contrary to the previous one, this uncertainty can be reduced by increasing the state of knowledge (use
of devices giving more precise measurements, expert providing a more informative opinion,...)..
Performing a relevant information modelling therefore requires to work with a mathematical
formalism flexible enough to faithfully treat both types of uncertainties.

The second one deals with information propagation through a computer code. It requires to run the
codes several times and it is usually achieved thanks to a coupling to a statistical software. The
complexity of the propagation is strongly connected to the mathematical framework used for the
information modelling. The more general (in order to faithfully represent the real state of knowledge
on uncertainties) the mathematical framework, the more time consuming the propagation should be.
Therefore, the key point is het® construct a numerical treatment for uncertainty propagation which
reduces the computational cost and can be applied to complex models used in.practice

In nuclear safety studies, different uncertainty analyses using different codes and implying different
experts are generally performed. Deriving benefits from these analyses appears to be a problem of
information synthesis which is the third key issue. Indeed each uncertainty study can be viewed as an
information source on quantities of interest. It is then ugefdefine formal methods to combine all

these information sources in order to improve the reliability of the results and to detect possible
conflicts (if any) between the sources

The efficiency of an uncertainty analysis requires a reliable quantification of the information
associated to uncertainty sources. This quantification is addressed in the fourth key issue. It consists
in exploiting the information related to available experiments and to the comparison code/experiment
to infer the uncertainty attached to the code input parameters. Therefore, the crucial pointgtstand in
choice of an experimental database sufficiently representative and exhaustive of the considered
phenomenon and in the construction of an efficient treatment (numerical procedure, experts’
judgement) to perform this inference.

The two first points have been deeply studied in the frame of the OECD BEMUSE Program. In
particular, it came out that statistical approaches, based on Monte-Carlo techniques, are now
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sufficiently robust for the evaluation of uncertainty on a LB-LOCA transient. Concerning the mixing
between aleatory and epistemic uncertainties, we refer to [1] and [2] for a full description of a new
methodology to combine these two types of uncertainties and its application to nuclear study as well.
In this paper, we focus on the third issue and present some recent developments proposed by IRSN to
derive formal tools in order to improve the reliability of an analysis involving different information
sources. It is applied to exhibit some important conclusions from the two BEMUSE benchmarks. For
sake of completeness, we recall that the last key issue is the main topic of the new OECD PREMIUM
Program where IRSN is involved.

This work is organized as follows. Section 2 is devoted to a quick overview of the BEMUSE Program
and to the problem of information synthesis that we have to cope in order to analyse the results
provided by each participant. Two formal tools proposed by IRSN to evaluate and combine
information are then introduced in Section 3. They are finally applied to derive some important
conclusions from the two BEMUSE benchmarks.

2. BEMUSE Program and information synthesis

A wide spectrum of uncertainty methods applied to Best Estimate codes exists and is used in research
laboratories but their practicability and/or validity is not sufficiently established to support general use
of codes and acceptance by industry and safety authorities. In this context, the OECD BEMUSE
Program represented a step for a reliable application of high-quality best-estimate and uncertainty
evaluation methods. The activity of the Program consisted in two main steps devoted to applications of
uncertainty methodologies to Large Break LOCA scenarios. The first step is related to best-estimate
and uncertainty/sensitivity analyses of the LOFT L2-5 test (Phases 2 and 3). LOFT is the only integral
test facility with a nuclear core where safety experiments have been performed. The second step
concerns best-estimate and uncertainty/sensitivity analyses of a nuclear power plant (Phases 4 and 5).
They were performed on the nuclear Zion reactor that was shut down in 1998 following 25 years in
service.

2.1 Uncertainty analysis

Most of the BEMUSE participants, except UNIPI ([3]), followed the same statistical uncertainty
analysis methodology. It consists in choosing a probability distribution function (pdf) to represent each
uncertain parameter. If dependencies between uncertain parameters are known, they are quantified by
correlation coefficients. Uncertainty propagation through the computer code is performed thanks to
Monte-Carlo simulations ([4]). In Monte-Carlo simulation, the computer code is run repeatedly, each
time using different values for each of the uncertain parameters. These values are drawn from the
probability distributions and dependencies chosen in the previous step. In this way, one value for each
uncertain parameter is sampled simultaneously in each repetition of the simulation. The results of a
Monte-Carlo simulation lead to a sample of the same size for each output quantity. Using the law of
large number, the output sample is used to get any typical statistics of the code response such as mean
or variance and to determine the cumulative distribution function (CDF). The CDF allows one to
derive the percentiles of the distribution (if X is a random variable andtsFCDF, ther -
percentileg [1[01] , is the deterministic value ¢ such that k (X g )=Proba(*< X g)=a). These

percentiles then lead to quantitative insight on the likelihood of the code response to exceed a critical
value but are also used to exhibit the so-called uncertainty margins.

2.2 Uncertainty results

An uncertainty analysis was performed by each participant for the two benchmarks LOFT and Zion.

Six output parameters were considered by all participants. They were of two kinds: scalar output

parameters (First Peak Cladding Temperature, Second Peak Cladding Temperature and Time of
accumulator injection, Time of complete quenching of fuel rods) and time trend output parameters

(Maximum cladding temperature and Upper plenum pressure). Figure 1 displays the uncertainty

margins obtained by each participant for the four scalar outputs in the Zion case ([5]). They are

summarized by a lower and upper bound. The best-estimate calculation is provided as well.
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Figure 1: Uncertainty margin and reference calculation given by all participants for the
Zion benchmark.

A straightforward analysis of the results depicted by Figure 1 points out a large discrepancy between
reference calculations (250 K between EDO and UNIPI1 for PCT1). Moreover, some differences
between the width of uncertainty margins are noticeable (for PCT1: 294 K for NRI2 and 96 K for
UNIPI2). As a result, there is no overlapping when taking into account the information given by all
participants. However, there might be some groups of participants (the users of the same code for
example) that provided some results that are in agreement. This information is difficult to extract from
Figure 1 since there are 4 output variables and 14 participants. Therefore, for the remaining of the
paper, we propose to construct and apply formal tools in order to provide a more complete and reliable
synthesis when multiple information sources are involved.

3. Formal tools to synthesize uncertainty margins coming from multiple sources of information
3.1 Construction

Most of the formal approaches proposing to handle information given by multiple sources consist in
three main stgs

* Modelling of information provided by each source: it consists in choosing a mathematical
framework b represent the available information such that the lower and upper bounds of an
uncertainty margin as well as some particular values within this interval (reference
calculation).
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» Evaluation of the quality of the information: it requires to define and compute numerical
criteria in order to take into account the precision of the information and its coherence with
observed reference values (if any).

* Information fusion: it implies the definition and the application of fusion operators to build a
summary of all information provided by the sources.

We describe in what follows how to perform these different steps in the frame of the probability and
possibility theories. Full details and ampler discussions can be found in [6], [7] and [8].

In the following, we will consider thaN sourcess;...sy provide information abouV different
variables X... Xy

3.1.1 Information modelling

Probabilistic approach

For each variable of interest, information provided by sources is modelled by a finite Bet of
percentils with thek% percentile denoted,g. If the sameB+1 percerites are provided for each
variable X;...Xy , then the information on each variable can be modelled by an histogram or
probability desity p = (p,, . . . , B ) made ofB interpercatiles. In the following, we will denotg g

0o and @ = Chooos the entire range of variation of one variable.

The figure lelow represents the cumulative distribution function (CDF) corresponding to a
temperature for which available information g, 500 K, go = 600 K,Gos = 800 K,gse, = 900 K,

Oio0% = 1000 K. The corresponding probability density p = (0.05, 0.45, 0.45, 0.05) is pictured in
dashed lines.

L o0
dosy, 100%

1+ b
E}:}f"ﬁm}‘%
Q0% I5% Mo
0 = | | |
500 K 600 K 800 K 900 K 1000 K

CDF
Density (up to rescaling)

Figure 2: Example of information modelling within the probabilistic framework.

Possibilistic approach

A possibility distribution is formally a mapping: [1 — [0, 1]. From this distribution, we can define
two (conjugate) measures describing the likelihood of events:

+ the possibility measure: (H) = Sup,, n(x)

« the necesty measure: N (A) =1 - (A°)
with A® the @mplement of A. To every valuel] [0, 1] we can associate arcut A, which is the set
A= {X|n(x) > o}. When inerpreted as a family of probability distributions ([9]), a possibility

distribution can be seen as a collection of nested intervals with lower confidence levels, that)is P (A
>N (A;) (N (A,) = 1- o), with P an imprecisely known probability.
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The figure below represents a possibility distribution corresponding to a temperature where
information consists of four intervals [750 K, 850 K], [650 K, 900 K], [600 K, 950 K], [500 K, 1000
K] which have respective confidance levels of 10%, 50%, 90% and 100%.

(0.9

00 K 600 K 700 K 800 K 900 K 1000 K
Figure 3: Example of information modelling within the possibilistic framework.
3.1.2 Information evaluation

The information provided by the sources is evaluated by two different criteria, measuring different
gualities:
» Informativeness: it measures the precision of the information. The more precise a source is,
the more useful it is
e Calibration: it measures the coherence between information provided by the source and a
reference (such as experimental) value.

Probabilistic approach

Informativeness:letp = (p., . . ., B ) be the probability density modelling the source information for
a variabé X, andu = (u;, . . ., @) be the uniform density for the same variable on the same range of
variation (u= (0.20, 0.40, 0.20, 0.20) for the example of Figure 2). The informativéipagsfor this
source on variable X is simply the relative entropy

I(p,u)= ZB] P log(%j

and if the source gives information ®hvariables, the global informativeness is simply the mean of
informativeness scores over all these variables.

Calibration: given a set oV variablesX; ... Xy for which the source has provided information and for
which we haveeference values, calibration scores assume that, for a perfectly calibrated zétirce,
of the true alues will fall in interpercentile 10,% in interpercentile 2, ... Now, if in realityV values
fall in interpercentile 1, 4V in interprecentile 2, we can build an empirical distribution p;5 (p ., B

), and compute thdivergence op fromr. (i.e., the surprise of learnimgwhenp is thought to be the
right answer)

L ¢p)=rlog -
(r.p) Zl‘,r og(pij
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which is minimal (=0) if and only ifr=p. As it is known that2*N*I(r,p) tends to a chi-square
distribution withB-1 degree of freedonmN(being the number of observed values), the final value of
the calibration for a given sourcéss

Cal(9 =1 - x2,.* N*1(r,p))

The final score is then obtained as the product of both calibration and informativeness (the product is
used as a “good” source has to be informative and well calibrated)

Possibilistic approach

Informativeness: let ns be the distribution modelling soursénformation br one variable and, the
distribution coresponding to interval [@] ( mgn(X)=1 if x LI [q,0], zero otherwise). Then, the
informativeness of sourceis simply

_ | =72

|(77,5)

72,

dy
with || the a@rdinality of z, which reads|m|= .[n(x)dx. This is simply the area under the

q
distribution. If a source provides information for multiple variables, the final informativeness is simply
the average of all informativeness over all variables.

Calibration: assume the (true, reference) value x* of a variable is available. Then, the calibration of
sources is simply the valueny(x*), that is how much the value x* is judged plausible by the
information gven by the source. If information is given for multiple variables, the final calibration
score is again the average of all calibration scores. Note that, in the case of possibilistic approach,
calibration is computed individually for each variable (whereas it was done globally in the
probabilistic approach).

3.1.3 Information fusion

As for information fusion, it is common to distinguish three main kinds of behaviors:

e conjunctive equivalent to take the intersection between the information provided by the
sources, conjunctive fusion assumes the reliability of all sources, and allows to quantify the
conflict among them. It produces precise but potentially unreliable results in case of strong
conflict,

» disjunctive: equivalent to take the union between the information provided by the sources,
disjunctive fusion makes the conservative assumption that at least one source is reliable. It
produces in general imprecise but reliable results,

» arithmetic (weighted) mean: assumes independence between sources and produces a result
between disjunction and conjunction.

The probability approach as tool of information modellimgnathematically well-founded and its
practical nterest has been confirmed by many applications over the years. The arithmetic weighted is
the usual approach to synthesize probability distributions ([6]). Also, there are no real counterparts to
set intersections and unions in the probability field, therefore conjunction and disjunction are difficult
to formally define. Moreover, it is not always meaningful to relate the uncertainty attached to
information by a probability especially in case of epistemic uncertainty. Therefore, we propose to
perform information fusion in the framework of possibility theory ([9]).
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Let {m }=1,. nDbe a set of possibility distributions (for example, each distribution corresponds to the
choice of an expe to represent the uncertainty attached to a given uncertain parameter), one
associates to each of the three different previous behaviors the following fusion operator:

Disjunction: 7 (X) = max=y, (@ (X)) ,
Conjunction: ®(X) = min;=; N (m (X)) ,

N
Arithmetic men: mean(X) = > (m (X)).
i=1
Probabilistic(arithmetic mean) and possibilistic fusions are illustrated in Figure 4 when two sources
provide information.

F2 ' 5 h A 2

4 s
- T i
0 _-r P g

Figure 4: Examples of fusion operators. Left, probabilistic framework (arithmetic mean,
CDF), right, possibilistic framework (disjunction, conjunction and arithmetic mean, possibility
distributions)

\
y
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Note that the possibility-based approach offers a greater flexibility than the probabilistic one since it
allows a clearer distinction between disjunction and conjunction, making easier the detection of
possible conflicts between the sources (the conflict is quantified on Figure 4 by the distance h). This is
emphasized by the application to the BEMUSE benchmark which is described in the following
section.

3.2 Synthesis of the results provided by the BEMUSE participants on the Ziobenchmark

We have limited this study to the following four scalar outputs: First Peak Cladding Temperature
(PCT1), Second Peak Cladding Temperature (PCT2), Accumulator Injection Time (Tinj) and
Complete Core Quenching Time (Tq).

It should be kept in mind that this study is preliminary and that its main purposes are to show that such
methods can be useful in the analysis of the information and to make some first conclusions about the
benchmark. A full study would require a longer and deeper work, but interesting conclusions were
already drawn from this preliminary study. All the results have been computed by the means of the
SUNSET software developed by IRSN.

First step:

The first step was to model the information provided by each source. Thus, for each variable, the
entire variation domain [@,] was chosen to be the entire variation between the minimal and maximal
values giverby all participants (e.g., for PCT1, the minimum/maximum value among all participants
was 991K/1393K and therefore,[j]=[991K,1393K]). Then for eacparticipant iand for each safety
quantity g, a triplet (g d>, ds) of values was defined from its uncertainty range and its reference
value. At tle end, the information relative to a quantity g and provided by the participant i was
modelled by a quintuplet (cp(1, d2, d3 qu). We thenchoose two different mathematical modellings to
represent thismformation.
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Probabilistic modelling: the quintuplet (g d1, d2, ds qu) of values was respectively assigned to the
percentiles0%, 5%, 50%, 95% and 100%. For example, for PCT1, if a participant has provided an
uncertainty range of [1142K,1379K] with a reference value of 1218K, we hgve 891K, Gy =
1142K, Goy = 1218K, @so, = 137K, Q1009 = 1393K. S

Possibilisic modelling: in the same way, we used the quintuplet ¢4, d>, ds q,) to defire a
possibility digribution: 0%, 5%, 100%, 5% and 0%.

The second step is source evaluation (informativeness and calibration). It allows us to evaluate the
guality of the information delivered by each sourlteis possible provided we possess, for each
variable, an experimental value, which is not the case for the Zion benchmark. However, this
evaluation has been performed in a previous study in the frame of BEMUSE phase 3 (LOFT L2-5

experiment, [10]).

Second step: source evaluation on the LOFT L2-5 benchmark

We summarize in what follows the main results of this evaluation keeping in mind that it is a primary
study in order to illustrate how new tools coming from uncertainty theories can help in the analysis of
information. More details can be found in [8]. Table 1 provides the results obtained for the four
considered variables. The global score has been computed by product between the informativeness and
the calibration. Indicated are the ranks for each participant and each criterion.

Table 1. Evaluation of the results provided by each participant on the LOFT L2-5 benchmark
(in the “participants” columns, the used code is given)

Participants Prob. Approach Poss. Approach
Inf. Cal. Global Inf. Cal. Global
CEA (CATHARE) 8 5 6 8 6 7
GRS (ATHLET) 4 1 1 3 7 6
IRSN (CATHARE) 5 2 2 6 1 1
KAERI (MARS) 9 5 7 9 8 8
KINS (RELAP5) 3 5 5 7 3 3
NRI-1 (RELAPS5) 7 2 3 5 5 4
NRI-2 (ATHLET) 6 8 8 4 2 2
PSI (TRACE) 1 10 10 1 10 10
UNIPI-1 (RELAPS5) 10 2 4 10 4 5
UPC (RELAPS5) 2 9 9 2 9 9

Several conclusions can be drawn from this table:

e User effect on results: from Table 1, it can be seen that users of a same code (KINS, NRI1,
UPC, UNIPI-1 for RELAP5, CEA and IRSN for CATHARE, GRS and NRI2 for ATHLET) can
receive very different scores. This indicates that the user expertise, as well as how uncertainties
are modeled, play important roles in the quality of the final result.

¢ Uncertainty underestimation: both PSI and UPC have received very good informativeness
scores with bad calibration scores. This indicates and confirms (from previous reports) that they
probably both tend to underestimate the uncertainties in the input parameters.

e Uncertainty overestimation: in both approaches, UNIPI-1 has the lowest rank as for
informativeness, while having a good calibration score. This indicates that, compared to other
participants, its method has in this case a tendency to overestimate final uncertainties, while
guaranteeing a good accuracy.

The four “most reliable” sources (i.e. the four institutes with the highest global score) identified from
Table 1 are recalled in Table 2.
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Table 2. The four “most reliable” sources on the LOFT benchmark identified by both methods.

Rank Prob. approach Poss. approach
1 GRS IRSN
2 IRSN NRI-2
3 NRI-1 KINS
4 UNIPI-1 NRI-1

Third step:

The different fusion operators defined previously are applied in the sequel to synthesize the
information provided by each participant. Concerning the quenching time output, we did not integrate
KAERI results since they do not obtain complete core quench in the upper bound case of the
uncertainty band.

We first integrate the previous ranking (Table 2) in the analysis of the Zion results to check if the
information provided by the “most reliable” sources of the LOFT benchmark is still in agreement for
this new benchmark keeping in mind that the number of participants is not the same in Phase 3 (11
participants) and 5 (14 participants).

Figure 5 displays the resulting CDF after a probabilistic arithmetic mean fusion.

PCT1 PCT2

== All participants =& All participants

=84 "most reliable" =4 "most reliable”

L
980 1080 1180 1280 1380
PCT1 (K)

955 1055 1155 1255 1355 1455
PCT2 (K)

Tinj Tq

=& All participants == All participants

=4 "most reliable” == 4 "most reliable”

0 +—iiF 0+l
4 9 1 19 2 100 200 300 400 500 600
Tinj (5) Tq(s)

Figure 5: Fusion of the ZION results following the probabilistic approach (arithmetic mean,
cumulative distribution function), in pink, provided by the four “most reliable” sources on the
LOFT benchmark, in blue, all participants.

It appears that for the four outputs of interest, the probability distributions associated to the four “most
reliable” sources of the LOFT benchmark is close to the distribution aggregated from all participants.
It is due to the arithmetic mean that tends to average the resulting distribution. Note that, in the case of
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Tinj, the two CDFs lead to narrow uncertainty margins. This could be expected since this output only
depends on the depressurization parameter which has a narrow uncertainty margin at the beginning.

In order to exhibit a potential conflict between participants, it is easier to work in a possibilistic
framework with a conjunctive fusion operator (Figure 6).

PCTL PCT2
1 1
09 09
08 N 08 == All participants
== All participants
07 07 =i 4 "most reliable”
=4 "most reliable”

980 1030 1080 1130 1180 1230 1280 1330 1380 0

R 955 1055 1155 . 1255 1355 1455
Tinj Tq
: 1
09 09
08 08 =& All participants
07 —#=All participants 07 =4 "most reliable”
06 =4 "most reliable” 05
05 05
04 04
03 03
02 02
01 01
0 0 1D R EONE——ar- * o ——m

4 9 14 19 24 100 200 300 400 500 600
Tinj (s) Tq(s)

Figure 6: Fusion of the ZION results following the possibilistic approach (conjunction,
possibillity distribution), in pink, provided by the four “most reliable” sources on the LOFT
benchmark, in blue, all participants.

Several relevant results come out from this figure:

» The results provided by all the participants are highly conflicting for every output variable.

» Considering the four “most reliable” participants identified from the LOFT benchmark
increases the coherence of the results for variables related to temperature (first and second
peak cladding temperatures).

» Participants are more conflicting as for time variables. In this case, the only reliable synthesis
is, according to us, the one based on the union of information provided by each participant
(i.e. imprecise but reliable fusion) (Figure 7).
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Tinj Tq

02 02
01 01 )
0 0

4 9 14 19 24 100 200 300 400 500 600
inj () Ta(s)

Figure 7: Fusion of the ZION results provided by all participants following the possibilistic
approach (disjunction, possibillity distribution).

Note that for the accumulator injection time, the uncertainty margins are very narrow
indicating that the uncertainties which have been taken into account don’'t impact this output
variable.

Moreover, Figure 7 left also shows that half of the participants provided close reference
calculations (AEKI, IRSN, KINS, NRI1, UNIPI1, UNIPI2 and UPC). These participants are
expected to be in agreement in their analysis and their results can be combined to increase the
coherence of the synthesis as for Tinj (see Figure 8).

Tinj
14
0,9
o0s | =— AEKI, IRSN, KINS, NRI1,
' UNIPI1, UNIPI2, UPC
0,7
0,6 |
$

0,5 T
0,4
0,3
0,2
0,1

01— eo—t ‘ ——t- 00— ‘ — —

4 9 14 19 24
Tinj (s)

Figure 8: Fusion of the ZION results provided by the 7 participants with close reference
calculation, fdlowing the possibilistic approach (conjunction, possibillity distribution).

* The four “most reliable” participants identified from the LOFT benchmark are usually less
coherent fotthe Zion one. Moving from a small scale test facility to a real nuclear reactor is
not straightforward in term of result prediction.
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It is also interesting to study the influence of the used code on the derivation of uncertainty margins.
This is done in the rest of this section (Figure 9). This comparison does not take into account the
number of users that can differ from one code to another as well as the difference in modelling (e.g.
1D/3D modelling of the reactor vessel) that can be used in the various versions of a same code.

PCT1
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Figure 9: Fusion of the ZION results with respect to the used code and following possibilistic
framework (conjunction, possibility distribution).

It appears that:

» Code effect is not negligible in the computation of reference calculation and in the derivation
of uncertainty margins: For PCT1, TRACE users tend to provide reference calculations lower
than the other code users (a difference of 40 K, resp. 70 K, compared to CATHARE, resp.
ATHLET). Moreover, CATHARE users get the largest uncertainty band width for most of the
variables of interest which leads to a large support for the resulting distribution of Figure 9.

» For a large majority of codes, users are coherent when estimating uncertainty related to the
first and second peak cladding temperatures. Concerning time variables, only one code among
four exhibits a low degree of conflict (RELAPS for Tinj and CATHARE for Tq). This can be
explained by the dispersion of reference calculations among users of a same code (for example
as for Tinj, 14.9-12.9=2s for CATHARE IRSN and CEA users) and a narrow uncertainty band
(1.2s). This arises again the question of reliability in the prediction of accumulator injection

time and complete core quenching time.
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4, Conclusion

Information synthesis is a key issue in nuclear safety studies integrating uncersanugedifferent
uncertainty analyses using different codes and implying different experts are generally performed. In
order to improve the reliability of the results, we described in this paper some recent developments
performed by IRSN related to the construction of formal tools to synthesize uncertainty margins
coming from multiple sources of information. They are based on probability or possibility theory.
They allow one to quantify the quality (exactness and precision) of the provided information and to
combine all the information sources in order to exhibit some common features or detect possible
conflicts between them.

These tools were then applied in the frame of the BEMUSE Program for the Zion benchmark. It
appeared that the information given by all participants is highly conflicting for the four outputs of
interest (first and second peak cladding temperature, injection and quenching time). Considering sub-
groups of participants has increased the coherence of the results related to temperature which is not the
case for time variables. Each sub-group has been identified according to the quality of the given
information or with respect to the used computer code. In this last case, one could emphasize the effect
of the code, which is not negligible.
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Abstract

Uncertainty evaluation constitutes a key feature of BEPU (Best Estimate Plus Uncertainty) process. The
uncertainty can be the result of a Monte Carlo type analysis involving input uncertainty parameters or the
outcome of a process involving the use of experimental data and connected code calculations. Those
uncertainty methods are discussed in several papers and guidelines (IAEA-SRS-52, OECD/NEA
BEMUSE reports).

The present paper aims at discussing the role and the depth of the analysis required for merging from one
side suitable experimental data and on the other side qualified code calculation results. This aspect is
mostly connected with the second approach for uncertainty mentioned above, but it can be used also in the
framework of the first approach.

Namely, the paper discusses the features and structure of the database that includes the following kinds of

documents:

1. The” RDS-facility” (Reference Data Set for the selected facility): this includes the description of the
facility, the geometrical characterization of any component of the facility, the instrumentations, the
data acquisition system, the evaluation of pressure losses, the physical properties of the material and
the characterization of pumps, valves and heat losses;

2. The “RDS-test” (Reference Data Set for the selected test of the facility): this includes the description
of the main phenomena investigated during the test, the configuration of the facility for the selected
test (possible new evaluation of pressure and heat losses if needed) and the specific boundary and
initial conditions;

3. The “QP” (Qualification Report) of the code calculation results: this includes the description of the
nodalization developed following a set of homogeneous techniques, the achievement of the steady
state conditions and the qualitative and quantitative analysis of the transient with the characterization
of the Relevant Thermal-Hydraulics Aspects (RTA);

4. The EH (Engineering Handbook) of the input nodalization: this includes the rationale adopted for each
part of the nodalization, the user choices, and the systematic derivation and justification of any value
present in the code input respect to the values as indicated in the RDS-facility and in the RDS-test.
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1. Introduction

The present paper discusses the role and the depth of the analysis required for merging from one side
suitable experimental data and on the other side qualified code calculation results. The availability of an
experimental qualified database is of outmost importance for the validation and qualification of code
calculation. Such database can be used to demonstrate that the code results are reliable', it can constitute
the basis for an independent code assessment® and finally the basis for an uncertainty evaluation
methodology™*. As discussed in several papers and guidelines an uncertainty methodology must rely on
the availability of a qualified code and qualified procedures. The development of a documentation
including the Reference Data Set (RDS) of the facility and of the tests, the Qualification Report (QR) of
the code calculations and the Engineering Handbook (EH) constitutes an approach, envisaged by IAEA™°,
to set up a qualified experimental database.

In order to frame and to outline the role of a qualified database for performing a best estimate and
uncertainty analysis, section 2 summarizes first the approach for performing the uncertainty analysis,
whereas section 3 gives more details about the UMAE' (Uncertainty Methodology Based on Accuracy
Extrapolation) process for qualifying code calculations and about the CIAU>* (Code with the capability of
Internal Assessment of Uncertainty) method that needs a qualified set of experimental and code
calculation results as input for performing a qualified uncertainty analysis. Section 4 presents the features
the database shall have to be considered qualified and finally section 5 provides short conclusions.

2. Approaches for performing Uncertainty Analysis

The features of two independent approaches for estimating uncertainties are reviewed below. The
propagation of code input errors (Fig. 1): this can be evaluated as being the most adopted procedure
nowadays, endorsed by industry and regulators. It adopts the statistical combination of values from
selected input uncertainty parameters (even though, in principle an unlimited number of input parameters
can be used) to calculate the propagation of the errors throughout the code. To this approach belongs the
so-called “GRS method”” and the majority of methods adopted by the nuclear industry. Although the
entire set of the actual number of input parameters for a typical NPP (Nuclear Power Plant) input deck,
ranging up to about 10° input parameters, could theoretically be considered as uncertainty sources by these
methods, only a ‘manageable’ number (of the order of several tens) is actually taken into account in
practice. Ranges of variations, together with suitable PDF (Probability Density Function) are then
assigned for each of the uncertain input parameter actually considered in the analysis. The number of
computations needed for obtaining the desired confidence in the results can be determined theoretically by
the Wilks formula®. Subsequently, the identified computations (ca. 100) are performed using the code
under investigation to propagate the uncertainties inside the code, from inputs to outputs (results). The
logical steps of the approach are depicted in Fig. 1.

The main drawbacks of such methods are connected with: (i) the need of engineering judgment for
limiting (in any case) the number of the input uncertain parameters; (ii) the need of engineering judgment
for fixing the range of variation and the PDF for each input uncertain parameter; (iii) the use of the code-
nodalization for propagating the uncertainties: if the code-nodalization is wrong, not only the reference
results are wrong but also the results of the uncertainty calculations and (iv) the process of selecting the
(about) 100 code runs is not convergent.
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Figure 1. Uncertainty methods based upon propagation of input uncertainties (GRS method).

The second approach (Fig. 2), reviewed as the propagation of code output errors, is representatively
illustrated by the UMAE-CIAU (Uncertainty Method based upon Accuracy Extrapolation' ‘embedded’
into the Code with capability of Internal Assessment of Uncertainty>®). Note that this class of methods
includes only a few applications from industry. The use of this method depends on the availability of
‘relevant’ experimental data, where here the word ‘relevant’ is connected with the specific NPP transient
scenario under investigation for uncertainty evaluation. Assuming such availability of relevant data, which
are typically Integral Test Facility (ITF) data, and assuming the code correctly simulates the experiments,
it follows that the differences between code computations and the selected experimental data are due to
errors. If these errors comply with a number of acceptability conditions', then the resulting (error)
database is processed and the ‘extrapolation’ of the error takes place. Relevant conditions for the
extrapolation are:

- Building up the NPP nodalization with the same criteria as was adopted for the ITF nodalizations;

- Performing a similarity analysis and demonstrating that NPP calculated data are “consistent” with

the data measured in a qualified ITF experiment.
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Figure 2. Uncertainty methods based upon propagation of output uncertainties (CIAU method).
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The main drawbacks of this method are as follows: (i) the method is not applicable in the absence of
relevant experimental information; (ii) a considerable amount of resources is needed to establish a suitable
error database, but this is a one-time effort, independent of subsequent applications of this method; (iii)
the process of combining errors originating from different sources (e. g, stemming from different ITF or
SETF (Separate Effect Test Facility), different but consistent nodalizations, different types of transient
scenarios) is not based upon fundamental principles and requires detailed validation.

The development and availability of a supporting qualified database for performing the uncertainty
evaluation is mostly connected with the second approach (propagation of output uncertainties), but it is
strictly recommended also in the framework of the first approach (propagation of input uncertainties) for
demonstrating the quality level of the analysis.

3. UMAE-CIAU Method
3.1 The UMAE Methodology: the Engine of the CIAU Method

The UMAE', whose flow diagram is given in Fig. 3, is the prototype method for the description of “the
propagation of code output errors” approach. The method focuses not on the evaluation of individual
parameter uncertainties but on the propagation of errors from a suitable database calculating the final
uncertainty by extrapolating the accuracy from relevant integral experiments to full scale NPP.
Considering ITF of reference water cooled reactor, and qualified computer codes based on advanced
models, the method relies on code capability, qualified by application to facilities of increasing scale.
Direct data extrapolation from small scale experiments to reactor scale is difficult due to the imperfect
scaling criteria adopted in the design of each scaled down facility. So, only the accuracy (i.e. the
difference between measured and calculated quantities) is extrapolated.

Experimental and calculated data in differently scaled facilities are used to demonstrate that physical
phenomena and code predictive capabilities of important phenomena do not change when increasing the
dimensions of the facilities (see right loop FG in Fig. 6). Other basic assumptions are that phenomena and
transient scenarios in larger scale facilities are close enough to plant conditions. The influence of user and
nodalizations upon the output uncertainty is minimized in the methodology. However, user and
nodalization inadequacies affect the comparison between measured and calculated trends; the error due to
this is considered in the extrapolation process and gives a contribution to the overall uncertainty.

The method utilizes a database from similar tests and counterpart tests performed in ITF, that are
representative of plant conditions. The quantification of code accuracy (step ‘f” in Fig. 3) is carried out by
using a procedure based on the Fast Fourier Transform Based Method (FFTBM®) characterizing the
discrepancies between code calculations and experimental data in the frequency domain, and defining
figures of merit for the accuracy of each calculation. Different requirements have to be fulfilled in order to
extrapolate the accuracy. Calculations of both ITF experiments and NPP transients are used to attain
uncertainty from accuracy. Nodalizations are set up and qualified against experimental data by an iterative
procedure, requiring that a reasonable level of accuracy is satisfied. Similar criteria are adopted in
developing plant nodalization and in performing plant transient calculations (see left loop FG in Fig. 6).
The demonstration of the similarity of the phenomena exhibited in test facilities and in plant calculations,
accounting for scaling laws considerations (step ‘k’ in Fig. 6), leads to the Analytical Simulation Model,
i.e. a qualified nodalization of the NPP.
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Figure 3. UMAE flow diagram (also adopted within the process of application of CIAU).

The qualified database, constituted by the RDS, QR and EH, is at the basis for a consistent application of
the UMAE methodology and in particular for the steps characterizing the red loop FG that are pre-
requisites for deriving the uncertainty by the CIAU. In fact, the availability of a RDS of the facility is
mandatory for the step ‘c’ related with the development of the nodalization and the RDS of the selected
test represents the specific experimental data at step ‘d’. The QR demonstrates the fulfillment of the
acceptability criteria at steps ‘t” and ‘g’ of the code calculation for the selected test and thus the
acceptance and the associated quality level of the input nodalization. The EH documents all the values of
the qualified input (i.e. all steps in loop FG) in a systematic way.

3.2 The CIAU Method

The basic idea of the CIAU*” can be summarized in two parts:

. Consideration of plant status: each status is characterized by the value of six “driving” quantities
(their combination is the “hypercube”) and by the time instant when those values are reached
during the transient;

. Association of uncertainty (quantity and time) to each plant status.

A key feature of CIAU is the full reference to the experimental data (see loop FG in Fig. 3). Accuracy
from the comparison between experimental and calculated data is extrapolated to obtain uncertainty. A
solution to the issues constituted by the “scaling” and “the qualification” of the computational tools is
embedded into the method'” " through the UMAE methodology that constitutes the engine for the
development of CIAU and for the creation of the error database.

51



NEA/CSNI/R(2013)8/PART2

OECD/CSNI Workshop on Best Estimate Methods and Uncertainty Evaluations
Barcelona, Spain, 16-18 November 2011

Assigned a point in the time domain, the accuracy in predicting the time of occurrence of any point is
distinguished from the accuracy that characterizes the quantity value at that point. Thus, the time-domain
and the phase-space are distinguished: the time-domain is needed to characterize the system evolution (or
the NPP accident scenario) and the phase-space domain is used to identify the hypercubes.

Quantity and time accuracies are associated to errors-in-code-models and uncertainties-in-boundary-and-

initial-conditions including the time sequence of events and the geometric model of the problem. Thus,

a) The ‘transient-time-dependent’ calculation by a code resembles a succession of steady-state values at
each time step and is supported by the consideration that the code is based on a number and a variety
of empirical correlations qualified at steady-state with assigned geometric discretization. Therefore,
quantity accuracy can be associated primarily with errors-in-code-models.

b) Error associated with the opening of a valve (e.g. time when the equivalent full flow area for the
flow passage is attained) or inadequate nodalization induce time errors that cannot be associated to
code model deficiencies. Therefore, time accuracy can be associated primarily with uncertainties-in-
boundary-and-initial-conditions.

Once the Time Accuracy (Uncertainty) Vector, TAV (TUV), and the Quantity Accuracy (Uncertainty)

Matrix, QAM (QUM) are derived, the overall accuracy (and uncertainty) is obtained by the geometric

combination of the two accuracies (and uncertainties) values, i.e. time and quantity, in the two-

dimensional space-time plane.

An idea of the architecture of the CIAU methodology can be derived from Fig. 4. Two processes can be
distinguished: the “Error Filling Process” (similar to path FG in Figure 3) by which the NPP statuses are
filled with the values of the error database, and the “Error Extraction Process” by which the uncertainty
values (derived from the extrapolation process of accuracy) are picked up from the NPP statuses.

The qualified database constituted by the RDS, QR and EH is the supporting tool to the “Error Filling
Process”.
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Figure 4. CIAU Method: “Error Filling Process” and “Error Extraction Process”.
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4. The Qualified Database for Uncertainty Evaluation

The experimental database for the nuclear technology is mainly constitutes by the experiments available
through the OECD/CSNI Integral Test Facility (ITF)'? and Separate Test Facility Effect (STF)"'* matrix.
Those database collect over thirty years of experiments: separate effects test for individual phenomena,
integral test for large break LOCA, small break LOCA, transients, beyond design basis accidents and
accident management in PWRs, BWRs and WWERs type of reactor. The enormous amount of
information has been used for the code assessment in the framework of V&V activities. The availability
of the experimental database constitutes also the pre-requisite for the creation of a qualified ‘error’
database of system thermal-hydraulic responses to be used for the uncertainty evaluation in the method
based on “extrapolation of output errors”.

The information contained in the experimental reports together with the code input nodalization are the
sources to be elaborated in a systematic way by a qualified database made up of the following documents:
1) The Reference Data Set for the selected facility, RDS-facility;

2) The Reference Data Set for the selected test of the facility, RDS-test;

3) The Qualification Report, QR;

4) The Engineering Handbook, EH.

Figure 5.Figure 5 shows the link between the RDS, the Input deck, the QR and the EH. The black lines
indicate the time sequence of the activities, the blue lines constitutes the feedback for review and the red
lines are the necessary input to developed the input deck and the EH. The whole process is based on
continuous review and exchange of information between the analysts involved in the activities. An
independent review of each report is guarantee by the fact that the developer of the EH is different by the
input deck developer, and the input deck developer is different from who work on the RDS.
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Figure S. Flow chart of the RDS, Input Deck, QR and EH interconnections.
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Block A in Fig 5 is related to the collection of relevant drawings and reports of the selected facility. This
documentation constitutes the basis for writing down the RDS (block B). The writing of the RDS is also
the first step of the review process, each documents is checked against is consistency with other source of
information till the creation of a final documentation set for the particular facility.

The subsequent block of the chart (block C) is related to the creation of a RDS for the selected test that has
to be analyzed. The RDS of the test will contain the definition of test conditions, the set points and the
boundary conditions. The RDS of the facility and of the test are at the basis of the code input
development. The development of an input (block D) must follow a preconfigured set of nodalization
strategies described in a dedicated document whose goal (not described here) is to collect the nodalization
strategies, user choices and model selections to be used for the development of any other input. A review
process of the RDS took place in this phase: the input developer uses the RDS to extract the necessary
information for the input preparation together with the availability of the original documentation already
collected. Potential errors and misinterpretations maybe identified and corrected in the RDS. The writing
down of the RDS-test also constitutes a review process of the RDS-facility, in deed the RDS-facility is
continuously used to check the consistency of the two reports.

One of the reasons for the need of the RDS is connected with the duration of the experimental campaign
that usually takes place in each facility (more or less from five to ten years). During those years, different
modifications can be made to the facility configuration in order to improve the fidelity of the facility to the
reference plant, to reduce the heat losses, to install a more detailed instrumentation apparatus, etc... Such
information and modifications are obviously not part of the original documentation and in general could
be only partially reflected in separated reports and documents. Thus, the goal of the RDS is to analyze the
enormous amount of available documentation and to solve possible contradictions coming out from
different reports in order to produce a consistent and homogenous set of data of the facility.

Once the code input file has been produced, there is the need to qualify the achieved code results
following appropriate procedures as discussed in the UMAE methodology. The QR (block H) collects the
results of the qualification procedures of the code input.

The engineering handbook (block E) constitutes the final step for the set up of a qualified database useful
for the uncertainty methodology. The IAEA report® states that a “document contains a full description of
how the database has been converted into an input data deck for a specific computer code” should be
available. This is the goal of the EH: it not only describes the nodalization of the facility based on the
input file and the calculation notes made available by the input developer but it also provides the
engineering justifications of the user choices and the explanation of possible discrepancies with the
general nodalization strategies.

At this step, a final review process of the three set of documents is also performed: any entry in the input
deck is checked between the calculation notes and the RDS of the facility, errors or inconsistencies found
in the input are tracked and reported and appropriate countermeasures are taken. For the criterion of the
independence of the review process, it is of outmost importance that the engineer in charge of the EH is
different from the input deck developer (the last one is involved in the preparation of the EH only for the
description of the “nodalization rationale” and for the “user choices”).
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4.1 The RDS-facility and the RDS-test

The first step for the database creation is constituted by the collection of the relevant experimental
information in a document called Reference Data Set handbook. The relevant design data of the facility
and of the test are organized in order to be ready to be used for the development of the code input data file.
The data and the organization of the data are not dependent on the code selected for the analysis.

To perform a proper data collection, the IAEA suggest to:
e Check the quality of input data,
Resolve the contradiction coming out from the data,
Explain information on geometry, thermal and hydraulic properties,
Perform an independent review,
Carry-out a quality control of the database by means of relevant quality assurance procedures,
Developed a database in a code independent form.

Two kinds of RDS are necessary to the creation of an input deck: the RDS of the facility (RDS-facility)
and the RDS of each test (RDS-test) that has to be included in the database. Figure 6 shows the
relationship between those documents.

The RDS related with the design of a facility may consists of the following sections'’:

e Layout of the facility,

e Collection of geometrical data (length, volumes, areas, elevations) for each subsystem and
component of the facility,

e (Collection of specific data for complex component (pumps, valves, heaters, etc...),

¢ [dentification of geometrical discontinuities and evaluation of pressure loss coefficients (normal
operation),

e Material properties,

e Measurement system,

¢ Nominal heat losses.

The RDS of a particular test in a facility may consists of the following sections'®:
e Description of the test and phenomena occurring in the experiment,

Characterization of the Boundary and Initial Conditions (BIC),

Characterization of trips and logic signals occurring during the transient,

Measurement data,

Specific heat losses,

Evaluation of possible additional pressure loss coefficients,

Thermal hydraulic system behaviour description.

4.2 The Input Deck

A preliminary consideration to set up a nodalization should first addresses the kind of facility and the
related type of problem to be investigated. It should be noted that in the present context the word “facility”
is here intended both as a real plant and as a test rig. The level of detail of both full or reduced scale
facilities should be comparable even though, in case of an experimental rig, some auxiliary or ancillary
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Figure 6. The RDS-facility and the RDS-Tests.

systems are simplified or even not reproduced, rather in case of a real plant “side” systems consumes code
resources.

The set up of a nodalization passes through different steps:
e Nodalization preparation: main choices of the model characteristics and preliminary code
resources distribution;
¢ Nodalization schematization: build up of the discretization of the various parts of the considered
facility;
¢ Input writing: translation into the code language of the schematization.

The input data file is developed starting from the RDS-facility and RDS-test. Together with the data file,
calculation notes to document modelling decisions have to be elaborated by the code input developer.
Input data file and calculation notes pass through a peer review process (see Figure 5 and Figure 8) before
the final version of the input is issued.

The process of nodalization preparation includes the analysis of the facility lay-out, its main geometrical
characteristics and its working modalities. In addition the analyst shall have in mind which phenomena are
expected to occur in the considered facility (due to geometrical specificities and/or constraints) and in the
specific (or set of) transient. At this regard, the OECD code validation matrixes'> '* ' constitute an
irreplaceable tool in which most of the ITF and SETF operated in the world are considered.

An assessment on code resources distribution shall be made by the analyst prior to set up the related
model, to ensure that sufficient level of details (e.g. number of active channels, number of equivalent U-
tubes, etc.) is put in relevant part of the plant without neglecting or making too simple the rest of the plant.
Definition of sufficient level of detail shall take into account the objectives of the analysis. As an example
the detailed simulation of a RPV could be enough in case of very short term core analysis, but it is
completely insufficient in case of global plant reproduction.
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Outcome of this initial stage of the code input development is a draft of the nodalization sketch with the
indication of the main features of the nodalization (e.g. number of active channels, number of equivalent
U-tubes, etc.).

The nodalization development is the logical subsequent step of the nodalization preparation during which
the basic idea of the model are fully developed up to design a complete nodalization. Feedbacks on the
previous stage could come out during the development of the nodalization, especially when the code user
starts to have a more complete picture of the model. Iterative paths could be requested if basic changes
influence relevant or wide zones of the facility. The availability of the report containing the guidelines for
the development of the nodalization and the main strategies to be adopted (block F in Figure 8) is a
fundamental supporting tool for the code input developers.

The writing of the input deck consists in the translation of the developed nodalization into the code
language. In principal it needs ‘just’ the knowledge of the code’s syntax and the use of the related manual.
Attention shall be put in order to avoid typing error (very difficult to be detected in case of plausible value
from the code internal check point of view). In addition a rational in the deck structure shall be followed:
readability of the input deck may suggest to clearly identifying the main sections which include trips;
hydrodynamic data; heat structures data; ODNK cards; control variables; additional requested variable (if

any).
4.3 The Qualification Report

The Qualification Report (QR) is necessary to demonstrate that the code results are qualitative and
quantitative acceptable with respect to fixed acceptance criteria’. In particular for the method based on
extrapolation of output error, the availability of QR is a pre-requisite to demonstrate the qualification level
of the ‘error’ database.

Without going into the details of the qualification procedures® (illustrated in Figure 7), it is however

important to outline the minimum amount of information shall be contained in a qualification report:

¢ The demonstration of the geometrical fidelity (block e in Figure 7) of the model respect to the facility.
A non exhaustive list of the characteristic to be verified is given here: primary and secondary volume,
active and non-active structure heat exchange area, volume versus height curves, component relative
elevation, flow area of specific components, etc...;

¢ The qualification at steady-state level (block d in Figure 7), i.e. the demonstration of the capability of
the model to reproduce the steady-state qualified condition of the test;

e The qualification at transient level (block % in Figure 7). This activity is necessary to demonstrate the
capability of the code nodalization to reproduce the relevant thermal-hydraulic phenomena expected
during the transient. This step also permits to verify the correctness of some systems that are in
operation only during transient events. Criteria, both qualitative and quantitative, are established to
express the acceptability of the transient calculation.

When the acceptability criteria at blocks ‘f” and ‘j* are met the input deck is considered qualified.
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Figure 7. Flow chart of the nodalization qualification procedure.
4.4 The Engineering Handbook

The creation of a plant model for computer codes is an interactive procedure that includes the selection of
the nodalization scheme, the preparation of the code input deck and the associated documentation of the
activities.

The engineering handbook constitutes the technical rationale for the input model. It summarizes for each
component of the model’s input file the documentation used and provides engineering justification of the
adopted assumptions. Each input’s entry is fully described and documented and the calculation notes of
the input developer are included in the EH allowing an easier understand of the input values. It finally
makes a cross link between the RDS (both for the facility and for the test), the code and the input data
files.

As the EH documents in detail how the RDS have been converted into an input deck for the particular
computer code, one can say that the final goal of the EH is to preserve and make easier the transfer of
knowledge about the input (i.e. the user choices and the technical rationale behind the development of the
input) from one group to an other one.

A typical EH shall contain:

(a) The methods and the assumptions used to convert the RDS information into the code input data;

(b) All calculations made to convert the technical plant data to the necessary format for the input deck
(i.e. the traceability of the information);

(c) The nodalization schemes of the components as well as for the complete system being modeled;

(d) The adequate description and explanation of all adopted modeling assumptions.

The EH is set up once the input deck has been qualified and frozen, any changes to the input deck, prior
peer review approval, must be documented in the EH.
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In the process described in the present paper, the writing down of the EH constitutes the final step of the
review activities for the whole process (from the blue prints to the input deck and the EH). The availability
of the calculation notes (block G in Figure 8), prepared by the input developer, allows to check possible
inconsistencies in the input deck respect to the RDS data and any revealed discrepancy is carefully

reviewed and

The structure

solved through the proper corrective action that has to be documented.

proposed for the EH is similar to the organization of a typical (RELAPS) code input file in

order to result as much as possible user friendly. A non-exhaustive list for the content of the EH is give

here below:

e Introduction;
e Nodalization description:

O

O
O

Primary side, with subsections related to relevant primary circuit zones, i.e. hot leg, cold
leg, etc... Each zone has a description of the rationale, user choices, models, geometry,
junctions and heat structures entries;

Secondary side, with subsections related to relevant secondary circuit zones, i.e. steam
generator downcomer, steam generator riser, separator, etc... Each zone has a description
of the rationale, user choices, models, geometry, junction and heat structures entries;
Primary and Secondary Side Boundary Conditions;

Primary and Secondary Side heat Losses;

e General table:

O
O

Core power;
Heat Losses;

e Material Property;
e Logical and Control System:
o Control variables;
o Artificial controllers;
o Logical and variables trips.
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Figure 8. Flow Chart of the Input Development, Review and Qualification Procedures.
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5.

Conclusions

The paper presents the features and structure of the database that includes a series of documents whose
goal is to demonstrate the qualification level of the achieved code results. This aspect is mostly connected
with a Best Estimates Plus Uncertainty analysis based on “propagation of code output errors” approach.
Such qualified database is a fundamental pillar to justify the qualification level of the error database, but
its availability should be also a mandatory requirement for any analysis based on best estimate approach.
By-product of this activity is the concrete possibility to make traceable any input’s value and any user
choice respectively derived and taken from the blue prints to the final achieved code results.
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Abstract

In the last years various methodologies were proposed to evaluate the uncertainty of Best Estimate (BE)
code predictions. The most used method at the industrial level is based upon the selection of input
uncertain parameters, on assigning related ranges of variations and Probability Distribution Functions
(PDFs) and on performing a suitable number of code runs to get the combined effect of the variations on
the results.

A procedure to characterize the variation ranges of the input uncertain parameters is proposed in the paper
in place of the usual approach based (mostly) on engineering judgment. The procedure is based on the use
of the Fast Fourier Transform Based Method (FFTBM), already part of the Uncertainty Method based on
the Accuracy Extrapolation (UMAE) method and extensively used in several international frameworks.

The FFTBM has been originally developed to answer questions like “How long improvements should be
added to the system thermal-hydraulic code model? How much simplifications can be introduced and how
to conduct an objective comparison?”. The method, easy to understand, convenient to use and user
independent, clearly indicates when simulation needs to be improved.

The procedure developed for characterizing the range of input uncertainty parameters involves the

following main aspects:

a) One single input parameter shall not be ‘responsible’ for the entire error |exp-calc|, unless exceptional
situations to be evaluated case by case;

b) Initial guess for Max and Min for variation ranges to be based on the usual (adopted) expertise;

c) More than one experiment can be used per each NPP and each scenario. Highly influential parameters
are expected to be the same. The bounding ranges should be considered for the NPP uncertainty
analysis;

d) A data base of suitable uncertainty input parameters can be created per each NPP and each transient
scenario.
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1. Introduction

Several approaches have been proposed to quantify the accuracy of a given code calculation™ ?**. Even
though these methods were able to give some information about the accuracy, they were not considered
satisfactory because they involved some empiricism and were lacking of a precise mathematical meaning.
Besides, engineering subjective judgment at various levels is deeply inside in proposed methods.

Generally, the starting point of each method is an error function, by means of which the accuracy is
evaluated. Some requirements were fixed which an objective error function should satisfy:

at any time of the transient this function should remember the previous history;

engineering judgment should be avoided or reduced;

the mathematical formulation should be simple;

the function should be non-dimensional;

it should be independent upon the transient duration;

compensating errors should be taken into account (or pointed out);

its values should be normalized.

The Fast Fourier Transform Based Method (FFTBM) has been developed taking into account the above
requirements and to answer questions like “How long improvements should be added to the system
thermal-hydraulic code model? How much simplifications can be introduced and how to conduct an
objective comparison?”. The method, easy to understand, convenient to use and user independent, clearly
indicates when simulation needs to be improved.

The objective of the paper is to propose a procedure to characterize the ranges of variation of the input
uncertain parameters in place of the usual approach based (mostly) on engineering judgment for the
uncertainty methods based on the propagation of input error. The proposed procedure is based on an
alternative way to use the FFTBM respect to its common application inside the UMAE approach.

In order to give a full picture about the framework where the FFTBM is used, in section 2 a short
description about the approaches to perform uncertainty analysis is given. More details about the methods
that need the FFTBM and the existing interconnections between these tools is provided in section 3,
whereas section 4 contains the description of the FFTBM. Section 5 presents the use of the FFTBM as a
tool for characterizing the ranges of variation of the input uncertain parameters.

2. Approaches for performing Uncertainty Analysis

The features of two independent approaches for estimating uncertainties are reviewed below. The
propagation of code input errors (Fig. 1): this can be evaluated as being the most adopted procedure
nowadays, endorsed by industry and regulators. It adopts the statistical combination of values from
selected input uncertainty parameters (even though, in principle an unlimited number of input parameters
can be used) to calculate the propagation of the errors throughout the code. To this approach belongs the
so-called “GRS method™ and the majority of methods adopted by the nuclear industry. Although the
entire set of the actual number of input parameters for a typical NPP (Nuclear Power Plant) input deck,
ranging up to about 10° input parameters, could theoretically be considered as uncertainty sources by these
methods, only a ‘manageable’ number (of the order of several tens) is actually taken into account in
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practice. Ranges of variations, together with suitable PDF (Probability Density Function) are then
assigned for each of the uncertain input parameter actually considered in the analysis. The number of
computations needed for obtaining the desired confidence in the results can be determined theoretically by
the Wilks formula®. Subsequently, the identified computations (ca. 100) are performed using the code
under investigation to propagate the uncertainties inside the code, from inputs to outputs (results). The
logical steps of the approach are depicted in Fig. 1.

The main drawbacks of such methods are connected with: (i) the need of engineering judgment for
limiting (in any case) the number of the input uncertain parameters; (ii) the need of engineering judgment
for fixing the range of variation and the PDF for each input uncertain parameter; (iii) the use of the code-
nodalization for propagating the uncertainties: if the code-nodalization is wrong, not only the reference
results are wrong but also the results of the uncertainty calculations and (iv) the process of selecting the
(about) 100 code runs is not convergent.

Multiple Input Multiple Output
n ~ 105 m ~ 103
1 (typical, irrelevant)
| 1 1
| ) 2
|— BIC CODE INPUT
DECK fee===s==sse==s >
I n ” = == — m
I/ L A
1 b ‘\
Selection of input Vi N
uncert:ink)la(;zameters I \ \ Predicted
\ / UNCERTAINTY A NPP transient
N / PROPAGATION SCEnario
ID ofgange & PDF
per each n*

Figure 1. Uncertainty methods based upon propagation of input uncertainties (GRS method).

The second approach (Fig. 2), reviewed as the propagation of code output errors, is representatively
illustrated by the UMAE-CIAU (Uncertainty Method based upon Accuracy Extrapolation’ ‘embedded’
into the Code with capability of Internal Assessment of Uncertainty®®). Note that this class of methods
includes only a few applications from industry. The use of this method depends on the availability of
‘relevant’ experimental data, where here the word ‘relevant’ is connected with the specific NPP transient
scenario under investigation for uncertainty evaluation. Assuming such availability of relevant data, which
are typically Integral Test Facility (ITF) data, and assuming the code correctly simulates the experiments,
it follows that the differences between code computations and the selected experimental data are due to
errors. If these errors comply with a number of acceptability conditions’, then the resulting (error)
database is processed and the ‘extrapolation’ of the error takes place. Relevant conditions for the
extrapolation are:

- Building up the NPP nodalization with the same criteria as was adopted for the ITF nodalizations;

- Performing a similarity analysis and demonstrating that NPP calculated data are “consistent” with

the data measured in a qualified ITF experiment.
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Figure 2. Uncertainty methods based upon propagation of output uncertainties (CIAU method).

The main drawbacks of this method are as follows: (i) the method is not applicable in the absence of
relevant experimental information; (ii) a considerable amount of resources is needed to establish a suitable
error database, but this is a one-time effort, independent of subsequent applications of this method; (iii)
the process of combining errors originating from different sources (e. g, stemming from different ITF or
SETF (Separate Effect Test Facility), different but consistent nodalizations, different types of transient
scenarios) is not based upon fundamental principles and requires detailed validation.

The FFTBM procedure here proposed to characterize the ranges of variation of the input uncertain
parameters is mostly connected with the second approach (i.e. the propagation of output uncertainties).

3. UMAE-CIAU Method
31 The UMAE Methodology: the Engine of the CIAU Method

The UMAE’, whose flow diagram is given in Fig. 3, is the prototype method for the description of “the
propagation of code output errors” approach. The method focuses not on the evaluation of individual
parameter uncertainties but on the propagation of errors from a suitable database calculating the final
uncertainty by extrapolating the accuracy from relevant integral experiments to full scale NPP.
Considering ITF of reference water cooled reactor, and qualified computer codes based on advanced
models, the method relies on code capability, qualified by application to facilities of increasing scale.
Direct data extrapolation from small scale experiments to reactor scale is difficult due to the imperfect
scaling criteria adopted in the design of each scaled down facility. So, only the accuracy (i.e. the
difference between measured and calculated quantities) is extrapolated.

Experimental and calculated data in differently scaled facilities are used to demonstrate that physical
phenomena and code predictive capabilities of important phenomena do not change when increasing the
dimensions of the facilities (see right loop FG in Fig. 6). Other basic assumptions are that phenomena and
transient scenarios in larger scale facilities are close enough to plant conditions. The influence of user and
nodalizations upon the output uncertainty is minimized in the methodology. However, user and
nodalization inadequacies affect the comparison between measured and calculated trends; the error due to
this is considered in the extrapolation process and gives a contribution to the overall uncertainty.
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Figure 3. UMAE flow diagram (also adopted within the process of application of CIAU).

The method utilizes a database from similar tests and counterpart tests performed in ITF, that are
representative of plant conditions. The quantification of code accuracy (step ‘f” in Fig. 3) is carried out by
using a procedure based on the Fast Fourier Transform Based Method (FFTBM™) characterizing the
discrepancies between code calculations and experimental data in the frequency domain, and defining
figures of merit for the accuracy of each calculation. Different requirements have to be fulfilled in order to
extrapolate the accuracy. Calculations of both ITF experiments and NPP transients are used to attain
uncertainty from accuracy. Nodalizations are set up and qualified against experimental data by an iterative
procedure, requiring that a reasonable level of accuracy is satisfied. Similar criteria are adopted in
developing plant nodalization and in performing plant transient calculations (see left loop FG in Fig. 6).
The demonstration of the similarity of the phenomena exhibited in test facilities and in plant calculations,
accounting for scaling laws considerations (step ‘k’ in Fig. 6), leads to the Analytical Simulation Model
(ASM), i.e. a qualified nodalization of the NPP.

32 The CIAU Method

The basic idea of the CIAU® ® can be summarized in two parts:

o Consideration of plant status: each status is characterized by the value of six “driving” quantities (their
combination is the “hypercube”) and by the time instant when those values are reached during the
transient;

e Association of uncertainty (quantity and time) to each plant status.
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A key feature of CIAU is the full reference to the experimental data (see loop FG in Fig. 3). Accuracy
from the comparison between experimental and calculated data is extrapolated to obtain uncertainty. A
solution to the issues constituted by the “scaling” and “the qualification” of the computational tools is
embedded into the method ™ through the UMAE methodology that constitutes the engine for the
development of CIAU and for the creation of the error database.

Assigned a point in the time domain, the accuracy in predicting the time of occurrence of any point is
distinguished from the accuracy that characterizes the quantity value at that point. Thus, the time-domain
and the phase-space are distinguished: the time-domain is needed to characterize the system evolution (or
the NPP accident scenario) and the phase-space domain is used to identify the hypercubes.

Quantity and time accuracies are associated to errors-in-code-models and uncertainties-in-boundary-and-

initial-conditions including the time sequence of events and the geometric model of the problem. Thus,

a) The ‘transient-time-dependent’ calculation by a code resembles a succession of steady-state values at
each time step and is supported by the consideration that the code is based on a number and a variety
of empirical correlations qualified at steady-state with assigned geometric discretization. Therefore,
guantity accuracy can be associated primarily with errors-in-code-models.

b) Error associated with the opening of a valve (e.g. time when the equivalent full flow area for the
flow passage is attained) or inadequate nodalization induce time errors that cannot be associated to
code model deficiencies. Therefore, time accuracy can be associated primarily with uncertainties-in-
boundary-and-initial-conditions.

Once the Time Accuracy (Uncertainty) Vector, TAV (TUV), and the Quantity Accuracy (Uncertainty)

Matrix, QAM (QUM) are derived, the overall accuracy (and uncertainty) is obtained by the geometric

combination of the two accuracies (and uncertainties) values, i.e. time and quantity, in the two-

dimensional space-time plane.

An idea of the architecture of the CIAU methodology can be derived from Fig. 4. Two processes can be
distinguished: the “Error Filling Process” (similar to path FG in Figure 3) by which the NPP statuses are
filled with the values of the error database, and the “Error Extraction Process” by which the uncertainty
values (derived from the extrapolation process of accuracy) are picked up from the NPP statuses.

Accuracy
Extrapolation j

NP STATYUS

NEPRP CAECUEANTION
Error extraction

process

HYPERCUBE|FSl TIME INTERVAL

SETF

RELEVANT % ITE
EXPERIMENTS f—_

(NPP)

"ERROR’
DATABASE CODE APPLICATION
, RESULTS UMAE

Figure 4. CIAU Method: “Error Filling Process” and “Error Extraction Process”.
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4. The FFTBM Tool

The simplest formulation about the accuracy of a given code calculation, with reference to the
experimental measured trend, is obtained by the difference function:

AF (t) = FcaJc (t) - I:exp (t) (1)

The information contained in this time dependent function, continuously varying, should be condensed to
give a limited number of values which could be taken as indexes for quantifying accuracy. This is allowed
because the complete set of instantaneous values of DF(t) is not necessary to draw an overall judgment
about accuracy.

Integral approaches satisfy this requirement, since they produce a single value on the basis of the
instantaneous trend of a given function of time. On the other hand, searching for functions expressing all
the information through a single value, some interesting details could be lost. Therefore, it would be
preferable to define methodologies leading to more than one value in order to characterize the code
calculation accuracy.

Information that comes from the time trend of a certain parameter, be it a physical or a derivate one, may
be not sufficient for a deep comprehension of a concerned phenomenon; in such a case, it may be useful to
study the same phenomenon from other points of view, free of its time dependence. In this context, the
complete behaviour of a system in periodic regime conditions (periodic conditions due to instability
phenomena are explicitly excluded), can be shown by the harmonic response function that describes it in
the frequency domain.

Furthermore, the harmonic analysis of a phenomenon can point out the presence of perturbations
otherwise hidden in the time domain.

41 The FFT algorithm

It is well known that the Fourier transform is essentially a powerful problem solving technique. Its
importance is based on the fundamental property that one can analyze any relationship from a completely
different viewpoint, with no lack of information with respect to the original one. The Fourier transform
can translate a given time function g(t), in a corresponding complex function defined, in the frequency
domain, by the relationship:

+00

§(f)= [ g(t)-e™*"dt @)

Afterwards, it is assumed that the experimental and calculated trends, to which the Fourier transform is

applied, verify the analytical conditions required by its application theory; i.e., it is assumed that they are
continuous (or generally continuous)® in the considered time intervals with their first derivatives, and

@ j.e. discontinuous only in a finite number of points. The existence of the Fourier Transform is guaranteed if g(t)
is summable according to Lebesgue on the real axis.
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absolutely integrable in the interval™® (-oo, +00) @. This last requirement can be easily satisfied in our case,
since the addressed functions assume values different from zero only in the interval ( 0, T). Therefore:

§(f)=[g(t)- e "dt 3)
0

The Fourier integral is not suitable for machine computation, because an infinity of samples of g(t) is
required. Thus, it is necessary to truncate the sampled function g(t) so that only a finite number of points
are considered, or in other words, the discrete Fourier transform is evaluated. Truncation introduces a
modification of the original Fourier transform (the Fourier transform of the truncated g(t) has a rippling);
this effect can be reduced choosing the length of the truncation function as long as possible.

When using functions sampled in digital form, the Fast Fourier Transform (FFT) can be used. The FFT is
an algorithm that can compute more rapidly the discrete Fourier transform. To apply the FFT algorithm,
functions must be identified in digital form by a number of values which is a power of 2. Thus, if the
number of points defining the function in the time domain is:

N=2m )

the algorithm gives the transformed function defined in the frequency domain by 2™+1 values
corresponding to the frequencies f,,, in which T is the time duration of the sampled signal:

f :% n=01, .. 2" ©)

Taking into account the fact that the adopted subroutine packages evaluate the FFT normalized to the time
duration T, from Egs. (3) and (5) it can be seen that |§j (O)| represents the mean value of the function g(t)
in the interval (0,T), while |§(fi)| represents the amplitude of the i-th term of the Fourier polynomial

expansion for the function g(t). Generally, the Fourier transform is a complex quantity described by the
following relationship:

g(f)=Re(f)+j-Im(f)=|g(f)-e"" (6)

where:
- Re(f) is the real component of the Fourier transform
- Im(f) is the imaginary component of the Fourier transform

- |g(f)| is the amplitude or Fourier spectrum of g(t)

- O(f) is the phase angle or phase spectrum of Fourier transform.
It is well known that:

@:ie [ |g(t)|dt <o
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§(6)|=Re(1))7 + (im(F))’ @
o(f) - 1g* 1)

Re(f)
4.2 The FFTBM algorithm
The method developed to quantify the accuracy of code calculations is based on the amplitude of the FFT
of the experimental signal and of the difference between this one and the calculated trend. In particular,
with reference to the error function AF(t), defined by the Eq. (1), the method defines two values

characterizing each calculation:

1. The Dimensionless Average Amplitude, AA:

i‘ZF(fn]

AA =2 (8)
2 ~
o I:exp (fn X
2. The Weighted Freguency, WF:
2" ~
> |AF(E, )-f,
WF="-2= 9)

o2m -
;‘AF(fn)(

The AA factor can be considered a sort of "average fractional error” of the addressed calculation,
whereas the weighted frequency WF gives an idea of the frequencies related with the inaccuracy®.

The accuracy of a code calculation can be evaluated through these values, by representing the
discrepancies of the addressed calculation with respect to the experimental data with a point in the WF-
AA plane. The most significant information is given by AA, which represents the relative magnitude of
these discrepancies; WF supplies a different information allowing to better identify the character of
accuracy. In fact, depending on the transient and on the parameter considered, low frequency errors can be
more important than high frequency ones, or vice versa.

@) In fact, it really represents the centre of gravity of the amplitude spectrum of Fourier transform of the difference

function AF(t); therefore, it evaluates the kind of error of the addressed calculation (which can be more or less
relevant depending on the characteristics of the analyzed transient)
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Trying to give an overall picture of the accuracy of a given calculation, it is required to combine the
information obtained for the single parameters into average indexes of performance. This is obtained by
defining the following quantities:

(10)

(WF)tot = Z (WF)i (Wf )i (11)

Nvar
with: > (w,); =1 , where:
i=1
- Nyar is the number of parameters selected (to which the method has been applied);
- (wy)j are weighting factors introduced for each parameter, to take into account their importance from the

viewpoint of safety analyses.

The need of (w,), definition derives from the fact that the addressed parameters are characterized among
other things by different importance and reliability of measurement. Thus, each (w,), takes into account
of:
o experimental accuracy": experimental measures of thermalhydraulic parameters are characterized by
a more or less sensible uncertainty due to:
- intrinsic characteristics of the instrumentation;
- assumptions formulated in getting the measurement;
- un-avoidable discrepancies existing between experimental measures and the code calculated ones
(mean values evaluated in cross-sections, volume centers, or across junctions, etc.);
o ‘"safety relevance": particular importance is given to the accuracy quantification of calculations
concerned with those parameters (e.g. clad temperature, from which PCT values are derived) which
are relevant for safety and design.

Last, a further contribution is included in the weighting factors definition; this is a component aiming at
accounting for the physical correlations governing most of the thermalhydraulic quantities. Taking as
reference parameter the primary pressure (its measurement can be considered highly reliable), a
normalization of the AA values calculated for other parameters with respect to the AA value calculated for
the primary side pressure is carried out. Doing thusly, the weighting factor for the generic j-th parameter,
is defined as:

=

(Wf )j = exp )j ’ (Wsaf )j ’ (W norm )j (15)

_ (Wexp )J- ) (Wsaf )j ’ (W norm )j

and:
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D (wy) =1 (16)

where:
-Nyar s the number of parameters to which the method is applied,;

- (Wexp); s the contribution related to the experimental accuracy;

- (Wgr);  is the contribution expressing the safety relevance of the addressed parameter;

- (Wnorm); Is component of normalization with reference to the average amplitude evaluated for the
primary side pressure.

This introduces a degree of engineering judgment that has been fixed by a proper and unique definition of
the weighting factors™ (see Table 1)). The most suitable factor for the definition of an acceptability
criterion, therefore, for using the method, is the average amplitude AA. With reference to the accuracy of a
given calculation, it has been defined the following acceptability criterion:

(AN <K (17)

where K is an acceptability factor valid for the whole transient. The lower the (AA), Vvalue is, the better
the accuracy of the analyzed calculation (i.e., the code prediction capability and acceptability is higher).
On the other hand, (AA): should not exceed unity in any part of the transient (AA = 1 means a calculation
affected by a 100% error). Because of this requirement, the accuracy evaluation should be performed at
different steps during the transient.

With reference to the experience gathered from previous application of this methodology, K = 0.4 has

been chosen as the reference threshold value identifying good accuracy of a code calculation. In addition,
in the case of upper plenum pressure, the acceptable threshold is given by K = 0.1.

Table 1. Selected weighting factor components for typical thermalhydraulic parameters.

Parameter 1D Wexp Wsaf Wnorm
Primary pressure PP 1.0 1.0 1.0
Secondary pressure SP 1.0 0.6 1.1
Pressure drops PD 0.7 0.7 0.5
Mass inventories MS 0.8 0.9 0.9
Flow rates FR 0.5 0.8 0.5
Fluid temperatures FT 0.8 0.8 2.4
Clad temperatures CT 0.9 1.0 1.2
Collapsed levels LV 0.8 0.9 0.6
Core power PW 0.8 0.8 0.5
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5. Characterization of the Ranges of Variation of the Input Uncertain Parameters by FFTBM
51 The FFTBM procedure

A procedure to characterize the boundaries of the input uncertain parameters shall give emphasis to the
connection between the “objective sources’ of uncertainty® and the list of input uncertain parameters.

It is worth noting that ‘objective sources’ of uncertainty and “suitable lists’ of input uncertain parameters
should be considered for uncertainty method design and application, respectively. Moreover, both sets of
parameters (i.e. ‘objective sources’ of uncertainty and ‘suitable lists”) are part of recognized international
documents. Namely, reference is made for the sources of uncertainty to an OECD/CSNI (Organization for
Economic Cooperation and Development / Committee on the Safety of Nuclear Installations) document
issued in 1998 and to a more recent IAEA (International Atomic Energy Agency) document, issued in
2008. The lists of input uncertain parameters are derived from the application of various uncertainty
methods in the UMS’and BEMUSE projects™ completed or nearly completed under the umbrella of
OECD/CSNI.

The proposed procedure is based on the use of the FFTBM plus series of considerations as the one here
below:

a) One single input parameter shall not be ‘responsible’ for the entire error |exp-calc|, unless
exceptional situations to be evaluated case by case;

b) Initial guess for Max and Min for variation ranges have to be based on the usual (adopted)
expertise;

c) More than one experiment can be used per each NPP and each scenario. Highly influential
parameters are expected to be the same. The bounding ranges should be considered for the NPP
uncertainty analysis;

d) A data base of suitable uncertainty input parameters can be created per each NPP and each
transient scenario.

Once the facility and the experiment has been chosen based on the selected NPP transient, the main steps
of the procedure proposed in Figure 5 are:
To run the Reference Case (RC),
To select the Responses (R),
e Toderive the AALT for each selected response by FFTBM,
e To select a set of Input Uncertainty Parameters (IP),
To run sensitivity cases for which identified input parameter,
e Toapply FFTBM to the sensitivity cases to obtain AAL",
e To apply the criteria for identifying the range [Min, Max],
e To discard not relevant Input Uncertainty Parameters.

About the criteria to be applied for the identification of the range of the input parameters, seven different

criteria are under investigation to test the procedure. Each criterion includes a set of statements to be
satisfied. The seven proposed criteria are listed hereafter:
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Figure 5. FFTBM procedure for identifying the range of variation of input uncertain parameters.
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CR4: CR4a AA " <0.1

N
CR4b: AAZ" /N -1<T1  AAZ® = \/Z(AA;:P JAAEET )2
CR5: CR5a AA " <0.1

p

CR5.b: AAZ® -1<T1

CR6: CR6a AA " <0.1

CR6b: AALPIAARF —1<T1 AALT =

CR7: CR7.a AA" <0.1

CR7.b: AAG" -1<T1 AALP = |

w; FFTBM weighting factors (see Eq. 15 and Table 1)

5.2 Sample applications of FFTBM procedure

The FFTBM procedure has been applied to three tests so far:
1. Marviken Test CFT04,
2. Edwards pipe,
3. LOBI tests A1-83 (analysis currently on going).

In this section the summary of the results achieved for the “Edwards pipe” application is provided. The
sketch of the nodalization and of the boundary conditions of the experiment are given in Figure 6. The
responses of interest are the pressure and the void fraction measured at about middle length of the pipe.
The input parameters that have been initially investigated were about 10. Through the use of the FFTBM,
the input parameters that determine a little variation of AA values in correspondence of large variations of
those parameters were discharged (e.g. the pipe roughness and the thermal non-equilibrium constant in the
Henry-Fauske critical flow model). Finally the analysis was reduced to investigate the following input
parameters:

1. The form loss coefficient (Kloss),

2. The initial fluid temperature,
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Figure 6. Nodalization and Boundary condition of the Edward pipe.

3. The break area,
4. The “Henry-Fauske” choked flow model, discharge coefficient.

Figure 7 shows the results of the application of the FFTBM procedure in relation with the statement “‘a’ of
each criteria (i.e. AA" <0.1) for the four selected input parameters. The attention shall be focused on

the AA value for the pressure (AAp) and its limit equal to 0.1. The corresponding ranges of variation
[Min(IP), Max(IP)], for each of the four input parameters satisfying the statement ‘a’ are then identified.
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Figure 7. Values of AAr and ranges of variation of input parameters.
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In order to consider the overall accuracy of a calculation, one of the seven criteria proposed in section 5.1
can be applied. The results are shown in Figure 8 together with different values for the acceptability
thresholds T. It shall be noted that the y-axis represents the values of the left side of the inequalities and
that the statement criteria CR1.b is the same of the statements CR2.c and CR3.c. The corresponding
ranges of variation [Min(IP), Max(IP)],. for each of the four input parameters satisfying the statements
‘b’ and ‘¢’ are then identified. The final range of variation [Min(IP), Max(IP)] for each input parameter is
then calculated by the intersection of the ranges of variation derived for the statements ‘a’, ‘b’ and ‘¢’ for

each criterion.
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Figure 8. Results of the FFTBM procedure and ranges of variation of input parameters
depending on different criteria.

6. Conclusions
The FFTBM allows a guantitative judgment for a given calculation. Each set of two curves constituted by
a calculated and a measured time trend can be processed by FFTBM. The transformation from time to the

frequency domain avoids the dependence of the error from the transient duration. Weight factors are
attributed to each time trend to make possible the summing up of the error and the achievement of a
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unique threshold for accepting a calculation. The quantitative accuracy evaluation by FFTBM must be
carried out following the demonstration that the calculation is qualitatively acceptable.

The objective of the paper is to propose a FFTBM-based procedure to characterize the ranges of variation
of the input uncertain parameters in place of the usual approach based (mostly) on engineering judgment
for the uncertainty methods based on the propagation of input error. The application to a simplified
problem like Edwards pipe has been discussed.
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Abstract

Within licensing procedures there is the incentive to replace the conservative requirements for code
application by a “best estimate” concept supplemented by an uncertainty analysis to account for
predictive uncertainties of code results. Methods have been developed to quantify these uncertainties.
The Uncertainty Methods Study (UMS) Group, following a mandate from CSNI (Committee on the
Safety of Nuclear Installations) of OECD/NEA (Organization for Economic Cooperation and
Development / Nuclear Energy Agency), has compared five methods for calculating the uncertainty in
the predictions of advanced “best estimate” thermal-hydraulic codes.

Most of the methods identify and combine input uncertainties. The major differences between the
predictions of the methods came from the choice of uncertain parameters and the quantification of the
input uncertainties, i.e. the wideness of the uncertainty ranges. Therefore, suitable experimental and
analytical information has to be selected to specify these uncertainty ranges or distributions.

After the closure of the Uncertainty Method Study (UMS) and after the report was issued comparison
calculations of experiment LSTF-SB-CL-18 were performed by University of Pisa using different
versions of the RELAP 5 code. It turned out that the version used by two of the participants calculated
a 170 K higher peak clad temperature compared with other versions using the same input deck. This
may contribute to the differences of the upper limit of the uncertainty ranges. A ‘bifurcation’ analysis
was also performed by the same research group also providing another way of interpreting the high
temperature peak calculated by two of the participants.

1. I ntroduction

Some computer codes that model reactor accidents contain deliberate pessimisms and unphysical
assumptions. It is then argued that the overall predictions are worse than reality (for example,
calculated fuel temperatures are higher than reality). These conservative evaluation models, for
example, were provided to satisfy US licensing requirements for such pessimistic calculations up to
1988, ref. [1] (see below for a historical outline of the subject).
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The other approach is to design a code to model all the relevant processes in a physically realistic way
with the intention that the predictions are not biased either in a pessimistic or optimistic direction
("best estimate”). The main motivations for the development of advanced best estimate thermal
hydraulic codes were:

0 To describe the physical behavior realistically without individual conservative assumptions.
This should calculate the mean of the data rather than providing a bound to the data.

0 To obtain more economical operation of reactors by relaxing technical specifications and core
operating limits set by conservative evaluation model calculations. This might include
prolonging fuel cycles, up-rating power and justifying the continued operation of some
reactors against modern safety standards.

0 To develop effective accident management measures based on realistic analysis.

These realistic computer codes can approximate the physical behavior with more or less accuracy.
The inaccuracies are stated during the usual code validation process. Agreement of calculated results
with experimental data is often obtained by choosing specific code input options or by changing
parameters in the model equations. These selected parameters usually have to be changed again for
different experiments in the same facility or a similar experiment in a different facility in order to
obtain agreement with data. A single “best estimate” calculation with an advanced realistic code
would give results of one code run of unknown accuracy. To make such results useful, for example if
they are to be compared with limits of acceptance, the uncertainty in the predictions then has to be
calculated separately. Uncertainty analysis methods therefore had to be developed to estimate safety
to justify reactor operation. A particular stimulus was the U.S. Nuclear Regulatory Commission
(USNRC) revision of its regulations in 1989 to permit the use of realistic models with quantification
of uncertainty in licensing submissions for Emergency Core Cooling Systems, ref. [2]. This kind of
approach to the licensing is identified as BEPU (Best Estimate Plus Uncertainty) and requires the
application of qualified Uncertainty methods.

In addition uncertainty analysis can be used to assist research prioritization. It can help to identify
models that need improving and areas where more data are needed. It can make code development
and validation more cost-effective.

The Uncertainty Methods Study (UMS) compares different methods to estimate the uncertainty in
predictions of advanced best estimate thermal hydraulic codes by applying the methods to a particular
experiment. This paper summarizes the comparison reported in ref. [3] and includes a discussion from
more recent evaluations of the results. An outline of the milestones for the application of BEPU is
given in advance.

2. A Historic Outlinefor Accident Analyses

Accidents and related scenarios in nuclear power plants were considered to demonstrate the safety of
NPP in the ‘50s when computers did not exist. Experiments, pioneering thermal-hydraulics models
and engineering evaluations (this can be expressed as engineering judgment, consideration of lack of
knowledge, introducing conservative safety margins, etc.) were the basis of the reactor safety analyses
accepted by regulators at the time.

More systematic thermal-hydraulic studies and experiments were conducted in the ‘60s, noticeably
concerning individual ‘physical’ phenomena like Two-Phase Critical Flow, Critical Heat Flux,
Depressurization/Blow-down, etc. New findings from those researches were considered in reactor
safety and licensing documents.

Massive use of computers for nuclear reactor safety started in the *70s. The accident analysis could
also benefit of primitive numerical codes and of results of lately called integral-system experiments.
The nuclear regulatory point-of-view was well established with the publication of the ‘Interim
Acceptance Criteria for ECCS’, by the USNRC (US AEC at the time), ref. [4]. This triggered a wide
variety of researches aimed at the evaluation of safety margins focusing on the estimation of the
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maximum temperature on the surface of fuel rods following Large Break Loss of Coolant Accident
(LB-LOCA). The Appendix K to the paragraph 10-CFR-50.46 of the Code of Federal Regulation,
followed (i.e. the ‘Interim Criteria’) in 1974, ref. [1], basically confirming the structure of the
document by USNRC, 1971 (10 CFR 50, including the Appendixes, is a continuously updated
document). ‘Conservatism’ is the key-word which characterizes the application of Appendix K in
licensing analyses. During the same decade, the WASH-1400 or the “Rasmussen Report” was issued
addressing the relevance of PSA also producing significant results from the execution of probabilistic
analyses, see ref. [5].

Robust, user-friendly versions of lately called system-thermal-hydraulic codes (or computational
tools) were available in the ‘80s. The importance of V & V (Verification and Validation), soon
became clear (see e.g. ref. [6]) as a mandatory process to be completed before application of those
computational tools to safety and licensing. In this context, the bases were set for addressing the
scaling issue, e.g. see ref. [7], for a summary status on the subject. International activities were
conducted at CSNI (Committee on the Safety of Nuclear Installations of OECD/NEA, Organization
for Economic Cooperation and Development / Nuclear Energy Agency) to propose viable ways for V
& V, e.g. refs. [8], [9] and [10], also involving the evaluation of the user effect, ref. [11], and the
recognition of the role of the input deck (or nodalization) and qualification, e.g. ref. [12]. Appendix K
to 10 CFR 50.46 continued to be used during the decade for licensing purposes.

The need for uncertainty methods suitable for predicting unavoidable errors to be added to the results
of calculations performed by system thermal-hydraulic codes became clear at the beginning of ‘90s
(or even at the end of ‘80s). Working approaches were proposed, e.g. by USNRC, ref. [13] 1989, by
GRS, ref. [14] and by University of Pisa, ref. [15]. Research and Development (R & D) activities
started to have robust (e.g. with results independent of the user) and qualified uncertainty methods,
e.g. ref. [3] (the UMS report concerned in the present paper). The US NRC issued the Regulatory
Guide (RG) 1.157, ref. [16]: the application of system thermal-hydraulic codes was envisaged, even
though recommending the use of selected conservative models. Those models should be applied in
phenomenological areas where the knowledge was not considered satisfactory. Requirements in the
RG 1.157 gave guidelines how to perform uncertainty analysis when using best estimate codes in
licensing. 10 CFR 50.46 opened the possibility to use best estimate codes for LOCA analyses in
licensing, however, in that case uncertainty analysis is required. The acronym BEPU for “best
estimate plus uncertainty” started to circulate.

Applications of BEPU approaches in licensing processes definitely started in the ‘00s. The following
key events (not an exhaustive list, not in the order of importance) give an idea of the technology
development in the area:

a) AREVA proposed a BEPU methodology to analyze the LBLOCA for the licensing of Angra-
2 NPP in Brazil, ref. [17] (the method is noticeably different from what is described by
Martin and O’Dell, in ref. [18]). The submission was analyzed by the Regulatory Authority of
Brazil which also requested the application of different uncertainty methods by assessors
independent from AREVA, e.g. see refs. [19] and [20].

b) USNRC issued the RG 1.203, ref. [21], and opening for the possibility of adopting the BEPU
approach in licensing.

¢) CSNI launched and completed the six-year project BEMUSE, e.qg. ref. [22]. The general aim
of BEMUSE was to demonstrate the maturity of uncertainty methods and approaches with
main concern to LBLOCA applications. The objective was basically achieved, but differences
in the results by participants mainly in predicting reflood time caused the need for a careful
interpretation of results. The difficulty in harmonizing, from the side of applicants of
uncertainty methods, the choice of input uncertainty parameters and the related ranges of
variations was an outcome from the project.
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d) Two key documents were issued by IAEA, i.e. refs. [23] and [24]. The former (Safety Report
Series, SRS 52) deals with the description of workable uncertainty approaches and methods.
The latter (Specific Safety Guide, SSG-2 on deterministic safety analysis) proposes the BEPU
approach in licensing as consistent with the technological state of art in the area of accident
analysis.

e) Best Estimate (BE) conferences (BE-2000 and BE-2004) were held under the auspices of the
American Nuclear Society (ANS) in 2000 and 2004, i.e. refs. [25] and [26]. The series of
conferences was continued by V & V Workshops held in Idaho Falls and in Myrtle Beach, i.e.
refs. [27] and [28], respectively. The importance given by the international community to
BEPU methods was evident from those conferences.

f) A variety of BEPU applications all over the world during the concerned decade, mostly
within the license renewal framework, are summarized in ref. [29].

Definitely, the first decade of the current millennium is characterized by the breakthrough for the
use of BEPU methods in licensing of NPP. The ‘10s decade started with the submission of
Chapter 15 of the FSAR of the Atucha-11 NPP to the Regulatory Authority in Argentina, by the
NA-SA utility. In this case, the entire FSAR is based on the BEPU and the approach itself was
submitted in advance (and endorsed by the Regulatory Body), e.g. ref. [30]. In this case the
adopted uncertainty method was the CIAU (Code with capability of Internal Assessment of
Uncertainty), ref. [31]. The approval process from the side of the Regulatory Authority at the time
of the present paper is still on-going.

3. Objectivesof UMS

The CSNI Task Group on Thermal Hydraulic System Behaviour held a Workshop to discuss the
different uncertainty methods in 1994. The Workshop recommended that there should be an
international comparison exercise between the available uncertainty analysis methods with the
objectives, ref. [32]:

1. Togaininsights into differences between features of the methods by:
e comparing the different methods, step by step, when applied to the same problem;
e comparing the uncertainties predicted for specified output quantities of interest;
e comparing the uncertainties predicted with measured value;
¢ and so allowing conclusions to be drawn about the suitability of methods.

2. To inform those who will take decisions on conducting uncertainty analyses, for example
in the light of licensing requirements.

The CSNI approved the Uncertainty Methods Study (UMS) at its meeting in December 1994, with
these objectives. The UK was given the task of leading the study. The study was performed from May
1995 through June 1997.

4, Uncertainty Methods applied

The methods compared in the UMS are summarized in Table 1. The methods (and those discussed at
the 1994 Workshop) may be divided into three groups according to their basic principles, refs. [3],
[33] and [34]:
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— The University of Pisa method, the Uncertainty Method based on Accuracy Extrapolation
(UMAE), extrapolates the accuracy of predictions from a set of integral experiments to the
reactor case or experiment being assessed (e.g. see also ref. [15]).

The other methods rely on identifying uncertain models and data and quantifying and combining the
uncertainties in them. They fall into two kinds:

— The AEA Technology method that characterises the uncertainties by “reasonable uncertainty
ranges” and attempts to combine these ranges with a bounding analysis.

— Methods which assign probability distributions to uncertainty ranges for uncertain input
parameters and sample the resulting probability density at random in the space defined by the
uncertainty ranges. In the UMS, the GRS, IPSN and ENUSA methods are of this kind; so also
is the Code Scaling Applicability and Uncertainty Evaluation (CSAU) Method as
demonstrated in ref. [35]. The probability used here is due to imprecise knowledge and is not
probability due to stochastic or random variability.

Table 1. Summary of Methods Compared in the UM S Study.

Code
Used

RELAPS/MOD3.2

Participant Version| Method Name and Type

AEAT Method.
Phenomena uncertainties
selected, quantified by
ranges and combined.

Uncertainty Method
based on Accuracy
Extrapolation (UMAE).
Accuracy in calculating
similar integral tests is
extrapolated to plant.

AEA Technology, UK

University of Pisa, Italy | RELAP5/MOD2 cycle

36.04, IBM version

CATHARE 2 version 1.3U
revs

Gesellschaft fur
Anlagen- und
Reaktorsicherheit

ATHLET Mod 1.1 Cycle A

GRS Method.
Phenomena uncertainties
quantified by ranges and

(GRS), Germany probability distributions

(PDs) and combined.

IPSN Method.
Phenomena uncertainties
quantified by ranges and
PDs and combined.

ENUSA Method.
Phenomena uncertainties
quantified by ranges and
PDs and combined.

CATHARE 2 version 1.3U
revs

Institut de Protection &t
de S0reté Nucléaire
(IPSN), France

Empresa Nacional del RELAP5/MOD 3.2
Uranio, SA (ENUSA),

Spain

5. Experiment used for UMS

The participants and the Task Group of Thermal Hydraulic System Behavior agreed that the
International Standard Problem (ISP) 26 experiment, LSTF SB-CL-18, should be used. LSTF SB-CL-
18 is a 5% cold leg small break LOCA experiment conducted in the ROSA-IV Large Scale Test
Facility (LSTF). The LSTF is located at the Tokai Research Establishment of JAERI and is a 1/48
volumetrically scaled, full height, full pressure simulator of a Westinghouse type 3423 MWth
pressurized water reactor. The experiment simulates a loss of off-site power, no high pressure
injection (HPIS), the accumulator system initiates coolant injection into the cold legs at a pressure of
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4.51 MPa, the low pressure injection system initiates at 1.29 MPa. Thus, the experiment considers a
beyond design basis accident. Because of the ISP the experiment was already well documented. Much
helpful information has been provided by Y. Kukita of the Japan Atomic Energy Research Institute
(JAERI).

Although ISP 26 was an open ISP participants in the UMS have not used experimental measurements
from the test, for example the break flow or the secondary pressure. In the same way other
experiments performed in the LSTF were not used. This means not allowing the related measurements
to influence the choice of input uncertainty ranges and probability distributions of the input
uncertainties. Submissions included a written statement of the justification used for input uncertainty
ranges and distributions used and were reviewed at workshops. All other assumptions made were
listed and reviewed.

Two dry-out situations at different timing (see below) characterize the ISP 26 experiment: this makes
challenging the application of uncertainty methods.

6. Comparison of the uncertainty methods

A detailed description of the methods is given in refs. [3], [33] and [34], see also ref. [36]. An excerpt
from comparison tables provided in those documents is given in Table 2. In this way a step by step
comparison is performed and the main similarities and differences between the methods are
characterized.

Table 2. Comparison between the uncertainty methods adopted in UM S: an excer pt from

comprehensivetables (refs. [3], [33], [34] and [36]).

of uncertainties

uncertainty ranges

between prediction and

Feature AEA Technology University of Pisa Statistic methods -
GRS, IPSN, ENUSA
Characterization | Reasonable Accuracy: difference Ranges and probability

distributions

measurement
Selection of Yes No GRS, IPSN: No
important (9 and 7 in two (52 and 25 here)
uncertainties demonstration ENUSA: PIRT (25)
studies)

Combination
and propagation
of uncertainties

Analyst explores
uncertainty space
and decides when
to stop

Measured accuracy can be
extrapolated to plant if:

- criteria on integral test
data satisfied

- data, nodalization, users
are qualified

- relevant thermal hydraulic
aspects are in data base

- measured/calculated ratio
scattered about 1.0;

Uncertainty space sampled at
random according to combined
probability distribution

Number of code
runs

22 and 30 in two
studies

One for each test in the
data base and one for the

For one sided 95%/95%
tolerance/confidence limit: 59;

results

plant for two-sided interval: 93
Use of specific During code Yes During code validation
data for scaling validation
Use of response | No No No
surface to
approximate
result
Use of biases on | No Possibly No

The results from the comparison among the methods can be summarized as follows:
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7.

b)

c)

d)

f)

Three of the methods (i.e. GRS, IPSN and ENUSA) are based upon the approach
‘propagation of input uncertainties’; one method (i.e. UMAE) is based upon the approach
‘extrapolation of output error’ (this classification was introduced about one decade after the
end of the UMS, i.e. see ref. [23]). All these methods make use of statistics at different levels.

One method (i.e. AEAT), based on the approach ‘propagation of input uncertainties’, is fully
based upon the control by analysts at each step of the adopted procedure and makes no use of
statistics. It is an unfortunate situation that this method has no (openly available) application
other than the UMS.

Engineering judgment is needed by all methods; however, in the case of UMAE engineering
judgment is used in the development phase and in the case of other methods this is needed for
each application. The expert judgment in setting up an input deck can be checked by applying
acceptance criteria by use of the Fast Fourier Transform in the UMAE method.

Experimental data are used for validation of computer codes selected for uncertainty
evaluation. However, in the case of UMAE experimental data are strictly needed to derive
uncertainty. A similar statement can be applied in relation to the scaling issue: indirectly, all
methods require the consideration of scaling, but in the case of UMAE, the availability of
scaled data from experiments is mandatory to derive uncertainty. However, the gap between
integral test facilities to reactor size is significant.

Among the methods which use statistics, see item a), the GRS method takes benefit of a
theoretical derivation (i.e. the Wilks formula, ref. [37]) to identify the number of needed
calculations (or code runs). Vice-versa expert judgment at various extents is needed by the
AEAT method for each application, except in the case of UMAE where only one calculation
is needed (actually, more code runs may be needed in the cases when ‘biases’ are concerned,
ref. [15]), and to optimize the nodalization.

All methods which are based on the approach ‘propagation of input uncertainties’ have to
identify proper input uncertainty parameters and related ranges of variation (see also the
conclusions and the PREMIUM - Post BEMUSE REflood Models Input Uncertainty Methods
- project). For those methods, the propagation of uncertainty occurs by code calculations
varying the identified input uncertainties. In the case of UMAE, either an unqualified code or
nodalization is causing large uncertainty bands. However, the extrapolation of accuracy to
get the uncertainty requires a specific qualification process.

Comparison of resultsfrom the application of the methods

Results from the UMS comparison project are comprehensively described in ref. [3] and summarized
in ref. [38]. In the following, a synthesis of the discussion in ref. [38] is presented.

The participants were asked to make uncertainty statements, based on their calculation results, for:

1 Functions of time:

e Pressurizer pressure.
e Primary circuit mass inventory.
e Rod surface temperature for one assigned position

2 Point quantities:

First peak clad temperature.

Second peak clad temperature.

Time of overall peak clad temperature (the higher of the two).
Minimum core pressure difference at an assigned position.
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As a result of the short time-scale of the UMS project and of limited funding, some of the uncertainty
ranges adopted for methods following the ‘propagation of input uncertainty’ approach may have been
less well defined and, as a consequence, wider than would have been the case, for example, if the
calculations were for a plant safety analysis. This had consequences to the AEAT and the ENUSA
uncertainty predictions.

71 Resultsfor thetime functions

The uncertainty ranges calculated for the point quantities and for the functions of time, i.e. pressurizer
pressure, primary system mass inventory and hot rod surface temperature for the assigned location are
given in graphical form in refs. [3] and [38]. Here, results are discussed only in relation to the rod
surface temperature, Fig. 1.

h—— & <TREL

= TR o = = e
et o4 i/ 'l'\ -t 4+ —— LT
o { E 00 - 380
r LTt
! ]
5 1 - L]
g w0 i II~._ g ™ - g
g |'Ir A E I | E ]
T . / - —2
2 e i H I 1 ] | [
£ | \ Iﬁ-‘ I E 4 ] |
Y \ ra I
A "H ; \_I- 3 wo L.‘:J L | I|| i o %J.I I lII,rl |
! B = A
i e iy L'“h:-h""
3 -— e 50 e T ——]
30 I‘l"\h_'-__bl__n___q S By P
1] "o ang
[ 208 am o1 a6 ¢ Mo 480 B H | 2 o w0 He
Tims {2} Time (®) Time (&)
AERT Figs [RELAF) Fisa A TRARE}
103 I 1980 e | e T——r—
= TBLE el 141" + - TEE
ol LR —SHiFue | —— TR e
o ] W = L] A
! =y f .
| of ]
& "o o g o .| s W0t I I,-.\M
3 Fole # 1 & ! B
3 am "‘ a | LA - -] I L
E f Fi (A - A | & 1
= a
& [ L " i l
it r £ e} 3
Persly AV 1T M e
! {
—— IL | "r'-lt—grl J | e L_
o o 2. o L e - H'v:_}’-j..___:: __1'- =n - _-“"1—— -
| — = R
igd im 4 + aed t t + ¥
1] (1i4] L3 12 ann 0 0 480 (e BED ] H] M (401] aE
T Tiee (8 Time (e
Tame {2} ~H .

Fig. 1-UMSresultsrelated to rod surfacetemperature.

7.1.1 Overall evaluation

The AEAT and ENUSA predictions are remarkably similar. The same code (RELAPS5), the same base
input deck and mostly the same input uncertainties were used. However, they applied different
methods, i.e. bounding (AEAT) versus probabilistic treatment (ENUSA) of the uncertainties, and the
numbers of adopted input uncertainty parameters are different (7 by AEAT and 25 by ENUSA).

The two applications of the Pisa (UMAE) method using different computer codes (RELAP and
CATHARE) are broadly similar. The clad temperature ranges for the second dry-out are similar.
Those ranges for the first dry-out calculated by CATHARE gave a narrower range because the base
case calculation did not predict the dry-out (ref. [38]).

Of the probabilistic methods, IPSN gave the narrowest ranges. This is attributed to the choice of
parameters made and to the narrow ranges adopted for the input uncertainty parameters. The
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characterization of input uncertainty parameters, of the number of those parameters and of the related
ranges of variation could not be optimized owing to the time constraints of the UMS project. An
actuation of the CCFL option in the CATHARE code (at the upper core plate and at the inlet plena of
the steam generators) was needed to predict the first dry-out.

The large uncertainty ranges for clad temperature calculated by AEAT, ENUSA and GRS prompted
discussion among the participants about the reasons for them.

In the case of AEAT and ENUSA this may be due to unrealistically large uncertainty ranges for
CCFL parameters, agreed upon in order to complete the study on time (as already mentioned).
Another contribution may come from the used RELAP5 version MOD 3.2, as discussed in chapter 8.

The measured maximum clad temperature during the second heat-up is well below that of the first
one. In the GRS calculations, many of the calculated time histories exhibit the contrary, namely a
maximum during the second heat-up. The uncertainty of the maximum temperature during the second
heat-up is about double of that during the first. In some code runs a partial dry-out occurs due to fluid
stagnation in the rod bundle which causes an earlier second heat-up, and as a consequence, a larger
increase of the clad temperature.

The large uncertainty is striking, and the sensitivity measures indicate which of the uncertainties are
predominantly important. These sensitivities are presented in VVolume 2 of ref. [3]. Main contributions
to uncertainty come from the critical discharge model and the drift in the heater rod bundle. Other
contributions that are worth mentioning come from the bypass cross section upper down-comer -
upper plenum. As a consequence, improved state of knowledge about the respective parameters would
reduce the striking uncertainty of the computed rod surface temperature in the range of the second
core heat-up most effectively.

7.1.2 Adding detailsto the evaluation

Problems were identified in predicting the first dry-out by AEAT, by the UMAE application with
CATHARE and by IPSN: this is due to the physical phenomenon of loop seal filling and clearing.
Proposed solutions when performing the uncertainty analyses had minor impact on the overall results.

The occurrence of late quench times predicted for the upper uncertainty band, up to about 600 s (see
Fig. 1) was questioned since the issuing of the report ref. [3]. AEAT analyzed cases where quench
times at the concerned rod surface location was calculated after 570 s. This occurred when:

— there was a third dry-out, or

— when loop seal B (broken loop) does not clear (or clears late) which is associated with low
break flow or modeling the off-take at the top of the cold leg, or

— when loop seal A (intact loop) did not clear combined with CCFL parameters maximize the
hold-up of water in the Steam Generator (SG) and SG inlet plenum, or

— in cases where the CCFL parameters that maximize the hold-up of water were used in the SG
and SG inlet plenum combined with relative low break flow.

Namely, in 17 out of the 50 cases reported by AEAT a third dry-out was detected. The third dry-out
leads to relatively small temperature transients which are localized at the top of the core. This is not
correlated with high peak clad temperatures.

The third dry-out conditions were also calculated by ENUSA and GRS. GRS found a third dry-out in
2 out of 99 calculations. They were associated with high bypass flow cross section and high
condensation. High condensation keeps the pressure low so the accumulators inject continuously.
However the accumulator water is discharged through the break. Although the input uncertainties
leading to these cases differ from those found by AEAT, they also do not calculate clearance of the
broken loop seal. Some other GRS calculations without loop seal clearance do not predict a third dry-
out, however.
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8. ‘Post-UM S evaluations

The information provided in chapters 3 to 7 above considers the original summary of UMS in ref. [3],
and the key evaluations from refs. [33], [34], [36] and [38]. In the following, results from
computational activities with regard to UMS, and performed after the end of the UMS project, are
outlined.

8.1 Use of different code versions at UNIPI

University of Pisa performed comparison calculations of experiment LSTF-SB-CL-18 using different
versions of the RELAP 5 code as reported in Fig. 2, i.e. MOD 2 (old code in Fig. 2), MOD 3.2
(intermediate code in Fig. 2) and MOD 3.2.2 (new code in Fig. 2), ref. [39]. The MOD 2 code version
was used by the University of Pisa and MOD 3.2 by AEA Technology as well as by ENUSA in the
UMS. It turned out that MOD 3.2 calculated a 170 K higher peak clad temperature compared with
MOD 2 and MOD 3.2.2 using the same input deck. This may contribute to the relative high upper
limit of the uncertainty ranges calculated by AEAT and ENUSA. That explanation is also in
agreement with the AEAT peak clad temperature of 787 K at 300 s for their reference calculation
using nominal values for the input parameters, without calculating the first heat-up. The measured
second peak is 610 K at 500 s.
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Fig. 2—UNIPI UMS reference calculation performed with different versions of the Relap5 code.

8.2 New GRS calculation

A new application of the GRS method to the UMS problem was performed by GRS using revised
probability distributions for the most important uncertain parameters. These were identified by
sensitivity measures in the original UMS analysis: contraction coefficient of critical discharge flow
and drift in the heater rod bundle. A newer ATHLET version Mod 1.2, cycle A was used instead of
Mod 1.1, Cycle A. The result was a shorter duration of the second heat-up and lower peak clad
temperatures during the second heat-up, as shown in Fig. 3. More details can be found in ref. [40].
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Fig. 3— GRSUMSrevised calculated uncertainty range compared with measured minimum
and maximum values of rod clad temperature.

8.3 Bifurcation analysis performed at UNIPI

Thermal-hydraulic transient scenarios in NPP can occur when bifurcations bring the transient
evolution far from the best-estimate deterministic prediction, thus invalidating the original uncertainty
evaluation. Therefore a bifurcation analysis may be necessary. The related results should be intended
to be “outside’ the 95% confidence level which characterizes the results from the ‘normal’ uncertainty
analysis.

An activity was completed at University of Pisa as discussed in ref. [41]. The selected reference
transient for the analysis is the same experiment (and related calculation) as for UMS.

Starting points for the bifurcation analysis are:
= The identification of type ‘1’ and type *2’ bifurcations.
= The knowledge of the uncertainty characterizing the parameters which affect the bifurcation.

Namely, type ‘1’ and type ‘2’ bifurcations are associated with the actuation of any system during the
concerned transient (e.g. scram, valve opening-closure, pump-trip, accumulator intervention, etc.) and
with the occurrence of cliff-edge type thermal-hydraulic phenomena (primarily CHF occurrence),
respectively. Furthermore, the knowledge of the uncertainty characterizing the parameters which
affect the bifurcation is the result of the uncertainty study.

For instance, in the case of accumulator intervention, let us consider the diagram pressure versus time
where upper and lower uncertainty lines are reported. Then, the accumulator start may come at any
time identified by the intercepts defined by the horizontal line drawn at the nominal accumulator
pressure and the upper and the lower pressure boundary curves. Similarly, the actuation of a steam
relief valve, e.g. in the secondary side of SG, having reached the opening pressure, may occur during
a time interval depending upon the width of the uncertainty bands for SG pressure.

Once “n’ possible bifurcation points have been identified on the boundaries of the uncertainty bands,
‘n” new calculations are performed starting from the initial conditions: by properly fixing input
parameters the ‘n’ bifurcation points are reached. Branches are calculated starting from each of the ‘n’
points, thus creating a bifurcation tree. More details can be found in ref. [41].
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In the case of the UMS test scenario, the envelope of the bifurcation calculations can be seen in Fig. 4:
the bifurcation envelope ‘resembles’ the AEAT and the ENUSA upper uncertainty boundaries in Fig.
1, thus supporting the conclusion that those boundaries are “conservative’.
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Fig. 4 — UNIPI bifurcation analysis performed in relation to UM Srefer ence calculation.

8.4 Application of CIAU

The CIAU procedure, see chapter 2 and refs. [23] and [31], has been applied to the UMS task
producing the results in Fig. 5. Predicted uncertainty bands appear similar to those predicted by the
UMAE in Fig. 1 and by the GRS method in Fig. 3.
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Fig. 5—UNIPI CIAU application to UMS.
0. Conclusion

Five uncertainty methods for advanced best estimate thermal hydraulic codes have been
compared. Most of the methods identify and combine input uncertainties. Three of these, the
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GRS, IPSN and ENUSA methods, use probability distributions and one, the AEAT method,
performs a bounding analysis. One of the methods, the University of Pisa method, is based on
accuracy extrapolation from integral experiments. To use this method, stringent criteria on
the code and experimental data base must be met.

Firstly, the basis and the characteristics of the methods were compared within UMS,
secondly, the uncertainty predictions obtained with these methods applied to the LSTF small
break LOCA test SB-CL-18 were compared.

Three (out of 5) methods, GRS, ENUSA and IPSN follow the approach ‘propagation of code
input uncertainty’. The selection of input uncertainty parameters and related range of
variations constitutes a challenge for those methods. One method, AEAT, is based on a
number of steps controlled by the analyst: the challenges in this case are the availability of
suitable expertise and the reproducibility of results. One method, UMAE proposed by
University of Pisa, follows the approach later on identified as ‘extrapolation of code output
error’. The method is based upon processing of the error in calculating experimental transient
scenarios which are relevant to the specific application. The challenges are the availability of
suitable experimental data and the demonstration that those data are actually ‘relevant’ to the
specific application.

The presented uncertainty bands for the concerned transient predicted by the different
methods and users leads to the following conclusions:

a) Differences in calculating the wideness of the time-dependent uncertainty bands by
the various methods are significant and may cause misleading conclusion by a reader
(of the UMS report) not familiar with the (UMS) activity.

b) Large band wideness is calculated by AEAT and ENUSA which may raise concerns
related to the capability of codes and their applicability to the prediction of NPP
transients.

c) In contrast to the above large bands, a very small band wideness is calculated by
IPSN: those bands are small compared with the spread of results observed in the
conduct of ISP 26 where several qualified participants calculated the same transient
applying state-of-the-art qualified codes.

d) The set of results calculated by UMAE (2 applications within UMS), by GRS (post-
UMS calculation) and by CIAU (post-UMS calculation) show similar results and are
consistent with the current capabilities of codes. These might be considered as
reference results from the UMS.

Explanations have been provided and can be found or can be evaluated from the various
reports (see the list of references) in relation to items a) to c). These may be synthesized as
follows:

= Resources (man-power) invested in the UMS analysis is not consistent with the
needed resources.

= Too much judgement applied for determining the input uncertain parameters and
the related ranges of variation without sufficient use of validation experience.
Mainly, too much conservatism was introduced to the ranges of uncertain input
parameters (except in the IPSN application).

. Use of a “non-frozen’ or not sufficiently verified version of one code.

As a follow-up of UMS, the OECD/CSNI BEMUSE project was promoted and has recently
been completed. The inadequacy related to input uncertainty parameters, 2" bull item above,
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was also identified in BEMUSE. Then, the OECD/CSNI PREMIUM project has just been
launched addressing the issues of selection of input uncertain parameters and determining
(possibly by an analytical approach) the related ranges of variation.
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Abstract

The BEMUSE (Best Estimate Methods Uncertainty and Sensitivity Evaluation) Programme
promoted by the Working Group on Analysis and Management of Accidents (WGAMA) and
endorsed by the Committee on the Safety of Nuclear Installations (CSNI) represents an important step
towards reliable application of high-quality best-estimate and uncertainty and sensitivity evaluation
methods. The methods used in this activity are considered to be mature for application, including
licensing processes. Skill, experience and knowledge of the users about the applied suitable computer
code as well as the used uncertainty method are important for the quality of the results.

1. Objectives of the programme

The CSNI BEMUSE programme is focused on the application of uncertainty methodologies to Large
Break Loss of Coolant Accident (LB-LOCA\) scenarios in Pressurized Water Reactors (PWR).

The objectives of the programme are:
- To evaluate the practicability, quality and reliability of Best-Estimate (BE) methods including
uncertainty and sensitivity evaluation in applications relevant to nuclear reactor safety.
- To develop common understanding from the use of those methods.
- To promote and facilitate their use by the regulatory bodies and the industry.

Operational objectives include an assessment of the applicability of best estimate and uncertainty

and sensitivity methods to integral tests and their use in reactor applications. The justification for
such an activity is that some uncertainty methods applied to BE codes exist and are used in
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research organisations, by vendors, technical safety organisations and regulatory authorities. Over
the last years, the increased use of BE codes and uncertainty and sensitivity evaluation for Design
Basis Accident (DBA), by itself, shows the safety significance of the proposed activity.
Uncertainty methods are used worldwide in licensing of loss of coolant accidents for power
uprates of existing plants, for new reactors and new reactor developments. End users for the results
are expected to be industry, safety authorities and technical safety organisations.

2.

Main steps

The programme was divided into two main steps, each one consisting of three phases. The first step is
to perform an uncertainty and sensitivity analysis related to the LOFT L2-5 test, and the second step is
to perform the same analysis for a Nuclear Power Plant (NPP) LB-LOCA) The programme started in
January 2004 and was finished in September 2010.

Phase 1: Presentation “a priori” of the uncertainty evaluation methodology to be used by the
participants; lead organization: IRSN, France.

Phase 2: Re-analysis of the International Standard Problem ISP-13 exercise, post-test analysis
of the LOFT L2-5 large cold leg break test calculation; lead organization: University of Pisa,
Italy [1].

Phase 3: Uncertainty evaluation of the L2-5 test calculations, first conclusions on the methods
and suggestions for improvement; lead organization: CEA, France [2].

Phase 4: Best-estimate analysis of a NPP-LBLOCA, lead organization: UPC Barcelona, Spain
[3].

Phase 5: Sensitivity analysis and uncertainty evaluation for the NPP LBLOCA, with or without
methodology improvements resulting from phase 3; lead organization: UPC Barcelona, Spain
[4].

Phase 6: Status report on the area, classification of the methods, conclusions and
recommendations; lead organization: GRS, Germany [5].

The participants of the different phases of the programme and the used computer codes are given in

Table 1.
Table 1 Participants and used codes

No. | Organisation Country Code Participation in Phases
1 AEKI Hungary ATHLET2.0A 1,2,4,5
2 CEA France CATHARE2V25 1 | 1,2,3,4,5
3 EDO “Gidropress* Russia TECH-M-97 2,4,5
4 GRS Germany ATHLET1.2C/2.1B | 1,2,3,4,5
5 IRSN France CATHARE2V25 1 | 1,2,3,4,5
6 JNES Japan TRACE ver4.05 1,2,3,4,5
7 KAERI South Korea MARS 2.3/ 3.1 2,3,4,5
8 KINS South Korea RELAPS5 mod3.3 1,2,3,4,5
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9 NRI-1 Czech Republic RELAP5 mod3.3 2,3,4,5

10 NRI-2 Czech Republic ATHLET2.0A/2.1A | 1,2,3,5

11 PSI Switzerland TRACE v4.05 5rc3 1,2,3,4,5

12 UNIPI-1 Italy RELAP5 mod3.2 1,2,3,4,5

13 UNIPI-2 Italy CATHARE2V25 1 | 4,5

14 | UPC Spain RELAP5 mod3.3 1,2,3,4,5
3. Used methods

Two classes of uncertainty methods were applied. One propagates “input uncertainties” and the other
one extrapolates “output uncertainties”.

The main characteristics of the statistical methods based upon the propagation of input uncertainties is
to assign probability distributions for these input uncertainties, and sample out of these distributions
values for each code calculation to be performed. The number of code calculations is independent of
the number of input uncertainties, but is only dependent on the defined probability content (percentile)
and confidence level. The number of calculations is given by Wilks” formula [6]. By performing code
calculations using variations of the values of the uncertain input parameters, and consequently
calculating results dependent on these variations, the uncertainties are propagated in the calculations
up to the results. Uncertainties are due to imprecise knowledge and the approximations of the
computer codes simulating thermal-hydraulic physical behaviour.

The methods based upon extrapolation of output uncertainties need available relevant experimental
data, and extrapolate the differences between code calculations and experimental data at different
reactor scales [7]. The main difference of this method compared with statistical methods is that there
is no need to select a reasonable number of uncertain input parameters and to provide uncertainty
ranges (or distribution functions) for each of these variables. The determination of uncertainty is only
on the level of calculation results due to the extrapolation of deviations between measured data and
calculation results.

The two principles have advantages and drawbacks. The first method propagating input uncertainties
is associated with order statistics. The method needs to select a reasonable number of variables and
associated range of variations and possibly distribution functions for each one. Selection of
parameters and their distribution must be justified. Uncertainty propagation occurs through
calculations of the code under investigation. The “extrapolation on the outputs” method is based on
fundamental statistics to derive uncertainties, and needs to have “relevant experimental data”
available. In addition, the sources of error cannot be derived as result of application of the method.
The method seeks to avoid engineering judgement as much as possible.

In BEMUSE, the majority of participants used the statistical approach, associated with Wilks’
formula. Only University of Pisa used its method extrapolating output uncertainties. This method is
called the CIAU method, Code with (the capability of) Internal Assessment of Uncertainty. The
reason why this method is not used by other participants is the high effort needed to get the data base
for deviations between experiment and calculation results in CIAU. That time and resource
consuming process has been performed only by University Pisa for the codes CATHARE and
RELAPS for the time being. The data base is available only there.
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4. Selected results
4.1 Application to LOFT L2-5 experiment

Based on procedures developed at University of Pisa, a systematic qualitative and quantitative
accuracy evaluation of the code results have been applied to the calculations performed by the
participants for LOFT test L2-5 in BEMUSE phase 2. The test simulated a 2 x 100% cold leg break.
LOFT was an experimental facility with nuclear core. A Fast Fourier Transform Based Method
(FFTBM) was performed to quantify the deviations between code predictions and measured
experimental data [1]. The proposed criteria for qualitative and quantitative evaluation at different
steps in the process of code assessment were carefully pursued by participants during the development
of the nodalisation, the evaluation of the steady state results and of the measured and calculated time
trends. All participants fulfilled the criteria with regard to agreement of geometry data and calculated
steady state values.

The results of uncertainty bands for the four single-valued output parameters first peak cladding
temperature (PCT), second peak cladding temperature, time of accumulator injection and time of
complete quenching for the calculations of the LOFT L2-5 test are presented in Figure 1 [2]. It was
agreed to submit the 5/95 and 95/95 estimations of the one-sided tolerance limits, that is, to determine
both tolerance limits with a 95% confidence level each. They are ranked by increasing band width. It
was up to the participants to select their uncertain input parameters.

The following observations can be made:

e First PCT: The spread of the uncertainty bands is within 138-471 K. The difference among
the upper 95%/ 95% uncertainty bounds, which is important to compare with the regulatory
acceptance criterion, is up to 150 K and all but one participant cover the experimental value.
One participant (UPC) does not envelop the experimental PCT, due to a too high lower bound.
Two reasons can explain this result: Among all the participants, on the one hand, UPC has the
highest reference value; on the other hand, its band width is among the narrowest ones. KINS
attribute their low lower uncertainty bound to a too high value of maximum gap conductance
of the fuel rod.

e Second PCT: In this case, one participant (PSI) does not envelop the experimental PCT, due
to a too low upper bound. The reasons are roughly similar to those given for the first PCT:
PSI, as several participants, calculates a too low reference value, but has also the specificity to
consider an extremely narrow upper uncertainty band. The spread of the uncertainty bands is
within 127-599 K. The difference among the upper 95%/ 95% uncertainty bounds, which is
important to compare with the regulatory acceptance criterion, is up to 200 K.

e Time of accumulator injection: Four participants among ten calculate too low upper bounds
(KINS, PSI, KAERI and UPC), whereas CEA finds an upper bound just equal to the
experimental value. These results are in relationship with the prediction of the cold leg
pressure reaching the accumulator pressure 4.29 MPa. The band widths vary within 0.7-5.1 s
for all the participants except for UNIPI which finds a much larger band, equal to 15.5 s. This
is mainly due to the consideration of time error for the pressure transient calculated by UNIPI.
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Figure 1 Uncertainty analysis results of LOFT L2-5 test calculations for four single-valued
output parameters compared with experimental data
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Time of complete quenching: All the uncertainty bands envelop the experimental value, even if the
upper bound is close to the experimental value for one participant. The width of the uncertainty range
varies from 10 s to more than 78 s. If the core is not yet quenched at the end of the calculation as it is
the case for two participants (KAERI, KINS), or if there are several code failures before the complete
guenching (IRSN), the upper bound is plotted at 120 s in Figure 1.

First suggestions for improvement of the methods have not been proposed as result of the exercise;
however, recommendations for proper application of the statistical method were given, see under
“Conclusions”.

4.2 Application to Zion nuclear power plant

The scope of phase 4 was the simulation of a LBLOCA in a Nuclear Power Plant using experience
gained in phase 2. Reference calculation results were the basis for uncertainty evaluation, to be
performed in the next phase. The objectives of the activity are 1) to simulate a LBLOCA reproducing
the phenomena associated to the scenario, and 2) to have a common, well-known basis for the future
comparison of uncertainty evaluation results among different methodologies and codes [3].

The activity for the Zion Nuclear Power Plant was similar to the previous phase 2 for the LOFT
experiment. The UPC team together with UNIPI provided the database for the plant, including
RELAPS and TRACE input decks. Geometrical data, material properties, pump information, steady
state values, initial and boundary conditions, as well as sequence of events were provided. The
nodalisation comprised generally more hydraulic nodes and axial nodes in the core compared with the
LOFT applications.
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It is important to point out that, as the plant was in permanent shutdown condition from 1998, no
detailed information could be made available if needed during the development of the project. In

order to work on this problem along with plant parameters, the main features of the LBLOCA
scenario were specified in order to ensure common initial and boundary conditions.

Figure 2 Calculated time trends for the Zion NPP
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Results of reference calculations

Most of the events related to the scenario (see Figure 2) are strongly dependent on primary pressure
time trend. Despite of the dispersion shown in some of the figures, some events are predicted in a
consistent way by participants among these:
e Subcooled blowdown ended
Cladding temperature initially deviated from saturation (DNB in core)
Pressurizer emptied
Accumulator injection initiated
LPIS injection initiated

Events related to the partial top-down rewet (see Figure 3) need some explanation. After analyzing the
corresponding figures, despite of a non-negligible dispersion, the shape of the curves shows some
consistency. All participants predict a first PCT, a temperature decrease (at the initiation of the partial
rewet) and a further temperature increase (at the end of the partial rewet). These events are not so
clearly shown when participants are asked to define a time quantity related to each event but there is a
general agreement on the shape of the curves. Clearly the time trend analysis (instead of the simple
comparison of the time of occurrence of the events) is the best way to show the discrepancies and
similarities among results.

The calculated maximum cladding temperatures versus time are shown in Figure 3. The highest
difference in calculated maximum peak cladding temperatures (PCT) between the participants is 167
K (EDO “Gidropress”: 1326, KAERI: 1159 K), what is lower than the difference of BEMUSE phase
2 calculations of the LOFT test.

Results of uncertainty analysis

Phase 5 dealt with a power plant [4], like phase 4. There was no available documentation concerning
the uncertainties of the state of the plant, initial and boundary conditions, fuel properties, etc. To solve
this situation, it was agreed to provide common information about geometry, core power distribution
and modelling. In addition, a list of common input parameters with its uncertainty was prepared. This
was done due to the results of phase 3, calculating the LOFT experiment, showing quite a significant
dispersion of the uncertainty ranges by the different participants. This list of common uncertain input
parameters with their distribution type and range was prepared by the CEA, GRS and UPC teams for
the nuclear power plant. These parameters were strongly recommended to be used in the uncertainty
analysis when a statistical approach was followed. Not all participants used all proposed parameters.
Some considered only those without any model uncertainty. The list is shown in Table 2.

Table 2 Common input parameters associated with a specific uncertainty, range of variation
and type of probability density function.

Phenomenon | Parameter Imposed range | Type of Comments
of variation pdf
Flow rate at | Containment [0.85, 1.15] Uniform | Multiplier.
the break pressure
Fuel thermal | Initial core [0.98; 1.02] Normal Multiplier affecting both nominal
behaviour power power and the power after scram.
Peaking factor | [0.95; 1.05] Normal Multiplier.
(power of the
hot rod)
Hot gap size [0.8; 1.2] Normal Multiplier. Includes uncertainty
(whole core on gap and cladding
except hot rod) conductivities.
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Phenomenon | Parameter Imposed range | Type of Comments
of variation pdf
Hot gap size [0.8; 1.2] Normal Multiplier. Includes uncertainty
(hot rod) on gap and cladding
conductivities.
Power after [0.92; 1.08] Normal Multiplier
scram
uo2 [0.9, 1.1] Normal Multiplier. Uncertainty depends
conductivity (Truat <2000 K ) on temperature.
[0.8,1.2]
(Tfuel >2000 K)
UO2 specific [0.98, 1.02] Normal Multiplier. Uncertainty depends
heat (Truo <1800 K ) on temperature.
[0.87,1.13]
(Tfuel >1800 K)
Pump Rotation speed | [0.98; 1..02] Normal Multiplier.
behaviour after break for
intact loops
Rotation speed | [0.9; 1.1] Normal Multiplier.
after break for
broken loop
Data related | Initial [-0.2; +0.2] Normal
to injections | accumulator MPa
pressure
Friction form [0.5; 2.0] Log- Multiplier.
loss in the normal
accumulator
line
Accumulators | [-10; +10] °C Normal
initial liquid
temperature
Flow [0.95; 1.05] Normal Multiplier.
characteristic
of LPIS
Pressurizer Initial level [-10; +10] cm Normal
Initial pressure | [-0.1; +0.1] Normal
MPa
Friction form [0.5; 2] Log- Multiplier.
loss in the normal
surge line
Initial Initial intact [0.96; 1.04] Normal Multiplier. This parameter can be
conditions: loop mass flow changed through the pump speed
primary rate or through pressure losses in the
system system.
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sensitivity analysis with simulations for safety analysis. The OECD LWR UAM benchmark activity is
designed to address current regulation needs and issues related to practical implementation of risk
informed regulation. Establishing such internationally accepted LWR UAM benchmark framework
offers the possibility to accelerate the licensing process when using coupled best estimate methods.
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values. In addition the differential pressure drop along the test section can be compared as an
important boundary condition for the heat transfer and quenching process. The correspondence of
measured values with determined uncertainty limits can be estimated using the method proposed by
IRSN [12]. If necessary the sensitivity analyses can be included for clarification of reasons of potential
differences between results obtained with different codes.

The comparison will confirm or not the input uncertainty ranges quantified in the previous steps of the
benchmark. The results should enable to elaborate some conclusions concerning the applicability and
quality of methodologies used for input uncertainties quantification. It is expected that on this basis
some recommendations for quantification of model uncertainties can be formulated.

For the confirmation/validation step five test runs from the 2-D PERICLES reflood experiment have
been chosen. The selected tests runs have not been published up to now. This enables performing of
blind analyses as it was desired in the benchmark specification.

The reflood 2-D PERICLES experiment

PERICLES [4] has been carried out to study reflood, with a special focus on 2D effects in a PWR core
where the rod power is not identical from one assembly to the other. The experiment consists of three
different assemblies. These assemblies are contained in a vertical housing with a rectangular section,
each assembly containing 7*17 = 119 full length heater rods. Thus, the total number of heater rods is
357. The fuel rod simulators are without gap, with stainless steel cladding, boron nitride as insulator
and Nichrome V as heating material.

The rods are heated by two independent electrical power sources, giving the possibility to heat more
the central assembly B (the ‘hot’ assembly) than the two lateral ones A and C (the ‘cold’ assemblies).
The length of the rods is equal to the length of the channel (3656 mm) and their diameter is equal to
9.5 mm. The axial power distribution has a cosine profile approximated by 11 steps of different power
density in the axial direction.

In the REFLOODING tests of the PERICLES experiment, the three assemblies are initially empty of
water. During a first stage, the rods are electrically heated in order to bring the cladding temperatures
to some initial values. When these values are reached, water is injected with a constant rate at the
bottom of the test section in order to reflood the three assemblies, the rod power being kept constant.
During the reflooding stage, a quench front goes up in each assembly. The reflooding stage is finished
when in all three assemblies the quench fronts reach the top of the assemblies (the velocities of the
three quench fronts may be slightly different because of the different rod power between the hot and
the cold assemblies). The arrangement of fuel assemblies in PERICLES test section is shown in Figure
3 and the cross-sectional view of one fuel assembly in the Figure 4.

Roughly 40 tests have been conducted. For the validation step, it was proposed to consider only 5 out
of them, the features of which are given in the table 4 below. In this table, Nyom(HA) and Ny,,m(CA) are
the nominal heat fluxes in the Hot and Cold Assemblies respectively, Fxy is their ratio, GO is the inlet
mass velocity entering the bottom of each assembly during the reflooding stage, Ty; is the initial
cladding temperature in the middle of each assembly (at the beginning of the reflooding stage), DT is
the sub-cooling of water entering in the assemblies and P is the pressure of the test section.
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Figure 3. Arrangement of fuel assemblies in 2-D PERICLES experiment
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Figure 4. PERICLES assembly.
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Table4
Selected 2D PERICLES test runs

Test No Nrom Nnom Fxy GO GO Twi Twi DT P (bar)
(HA) (CA) (HA) (cA) (HA) (CA) °C
W/cm? | W/em? g/cm’s | g/em?s |  °C °C
RE0062 2.93 2.93 1 3.6 3.6 600 600 60 3
REOO64 4.2 2.93 1.435 3.6 3.6 600 475 60 3
RE0O069 2.93 2.93 1 3.6 3.6 475 475 60 3
REO0O79 4.2 2.93 1.435 3.6 3.6 600 475 90 3
REOO80 4.2 2.93 1.435 5 5 600 475 60 3

Test RE0064 is the reference test, each of the other tests are obtained by changing one parameter. The
test REO069 allows investigating the effect of the radial peaking factor Fxy. In tests RE0062 and
REO0069 the effect of the imposed initial cladding temperature T,; at the beginning of the reflooding
stage (for a radial peaking factor Fxy equal to 1) is investigated. The test RE0080 shows the effect of
the inlet mass velocity GO. The test RE0079 shows the effect of the value of the sub-cooling of the
water entering the test section.

Another important point is the large number of measured cladding temperatures in the test section. Per
assembly, there are roughly 30 fuel rods with thermocouples at 6 elevations, including 3 elevations far
from the spacer grids. As a consequence, we can easily have at our disposal 50 to 60 independent
temperature measurements. Considering the progression of the quench fronts in the hot assembly and
in the cold assemblies provides also valuable data.

Of course, it is advisable to use a 2-D modelling of the experiment. Nevertheless, 3 parallel channels
can also be used, if cross-flows are taken into account.

Conclusions - Objectives and benefits of the benchmark

The main objective of the benchmark is to compare existing approaches, estimate their quantification
capabilities and to give recommendation for quantification of model uncertainties, which describe
phenomena for which no single effect tests exist. The benefit of the benchmark is additionally
evaluation of uncertainties quantification performed by each participant for reflooding modelling in
their codes. Reflooding is one of the key issues of LOCA simulation and even participants using
engineering judgement would profit from the validation of their probability distribution functions.
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Even if they will not apply an advanced methodology they can at least improve their probability
distribution functions.

It is expected that on the basis of benchmark results some recommendations for quantification of
model uncertainties can be formulated. If desired, an attempt of a “good praxis” guide elaboration for
model uncertainties quantification can follow the finalisation of the benchmark.
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Abstract

Regulatory environment is characterized by its prevention to change. Any move has to be solidly
founded. Application in licensing of Best Estimate Plus Uncertainty (BEPU) methods is not an
exception. Typically a fully deterministic approach as described in IAEA SSG-2 is used for
design bases accident analyses in current Nuclear Power Plants. In recent years the use of BEPU
methodologies is gaining favor in the nuclear technology community as a way to optimize design
and operation while preserving full compliance with applicable regulation.

This paper has its focus on the regulatory relevance of the use of BEPU in licensing practices. A
regulatory analysis describing the rationale of the evolution from classic deterministic methods to
BEPU as well as a selected set of topics around the implications of the use of BEPU methods is
shown.

To finalize some conclusions and thoughts of possible further developments of these methods are
drawn.

1. I ntroduction.

Regulatory environment is characterized by its prevention to change. The reasons of this
prevention are manifold. It is in the benefit of the licensing process to have a stable and coherent
regulation such that the expectations can be reasonably predicted both in resources and results;
that is, a well defined regulatory framework is needed. Secondly and perhaps more relevant it is
the fact that moving from a regulation that has proved to adequately fulfill the mission to protect
people, as is the case of classic deterministic assessment, to a new one like the Best Estimate Plus
Uncertainty (BEPU), calls for further justification.

Utilities” economical reasons arising from the overconservatism of classic Deterministic Safety
Assessment (DSA) may justify the move to BEPU methods, but in no way prevail upon safety.
Only if it is proved that, with the current knowledge, the level of safety achieved by the
application of BEPU is acceptable, while filling the gaps in the current deterministic methods, a
regulatory change may be justified.
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IAEA SSG-2 [1] describes in sufficient detail the different analytical approaches to deal with
deterministic safety assessments of nuclear power plants. Typically a fully deterministic
approach, Options 1 or 2 as described in the aforementioned guide, is used for design bases
accident analyses in current Nuclear Power Plants (NPP). Nevertheless, in recent years the use of
BEPU methodologies is gaining favor in the nuclear technology community as a way to optimize
design and operation, while preserving full compliance with applicable regulation.

In the following sections, a regulatory analysis around the use of BEPU in licensing practices
describing the evolution from classic deterministic methods to BEPU and its consistency with
fundamental safety principles, as well as a selected set of topics around the implications of the
use of BEPU methods is shown.

2. Regulatory analysis.

Nuclear safety regulation is not an exception to other industrial activities heavily regulated
because of their potential impact in terms of health and safety of the people i.e.: chemical,
transport, pharmaceutical, food, etc. All these industries have in common the existence of basic
safety principles developed in legally binding regulations to protect the affected patrimony (life,
environment, property) as a result of the unwanted effects resulting from accidents, use or any
other means.

The set of basic safety principles can be derived from applicable regulation in different countries
with origin on international treaties or constitutional mandates. Focusing in nuclear power
industry, IAEA “Fundamental Safety Principles” SF-1[2] compiles and develops these safety
principles for the case of civil nuclear activities. Obviously IAEA agreements like the Nuclear
Safety Convention (NSC) [3] and Vienna Convention on Civil Liability for Nuclear Damage
(VCCLND) [4] make explicit provision to the fulfilment of those principles i.e.: NSC art.1 states
its objective of protecting individuals, society and environment by means of prevention and
mitigation, and VCCLND establishes as objective to repair by means of indemnification and
reinstatement.

Although not explicitly present in these Conventions, it is also of relevance to BEPU methods to
mention the controversial precautionary principle i.e.: as established in Art.174 of the Treaty
establishing the European Community and developed in COM(2000)1 [5] which elaborates the
manner in which the Commission intends to apply the precautionary principle when faced with
taking decisions relating to the containment of risk. A precautionary action is defined as: “a
decision exercised where scientific information is insufficient, inconclusive, or uncertain and
where there are indications that the possible effects may be potentially dangerous and
inconsistent with the chosen level of protection”. So it is important to note how the application of
such principle calls for the acquisition of scientific knowledge in order to determine with
sufficient certainty the risk in question, as well as observe how once the certainty level is
guantified and risk reduction is feasible to a societal acceptable level a decision can be adopted.

All these principles: precaution, prevention, mitigation, indemnification and reinstatement,
materialize in each NPP licensing basis, whereas the design basis conforms, in broad terms, the
technical targets to fulfil the licensing basis. Two complementary and systematic methods i.e.:
deterministic and probabilistic, are the relevant tools to assess in an integrated way the plant
safety. NPP have been originally licensed based on the deterministic design of the safety related
Structures, System and Components (SSC). On the other hand Probabilistic Safety Assessment
(PSA) methodologies have given a new perspective to safety analysis when hypothesis of the
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deterministic design break down and so go beyond the basis for the design of those SCC (i.e.:
concurrent independent failures, escalation, etc).

The challenge faced by the designers of the current fleet of NPP was immense, and it is fair to
recognise the good job they did as they had to deal with a new technology plagued of new
questions and need for answers. Basically a theory of protection had to be built from scratch and
concepts like defence in depth, redundancy, diversity, etc. were introduced in the design [6].
Similarly the corresponding accident analysis with the associated methodology of classification,
acceptance criteria and analytical tools was developed. For the case of USA regulation, this
process resulted in the issue of the well known 10CFR 50 app.A (1971) [7], 10CFR 50.46 app.K
(1974) [8] (interesting because of its prescriptive nature), R.G. 1.70 (1972)[9] and technical
standards like ANSI/ANS 18.2 (1973)[10]. For the case of the European Union the Nuclear
Regulators Working Group contributed since its creation in 1972 to develop a set of safety
principles later compiled in COM(81)519 [39].

It is clear that engineering capabilities at that time (early 70’s) were heavily conditioned by the
limited scientific and technology knowledge, limited data and computing capacity. As a result a
common engineering practice was adopted making use of the so called worst case scenario as
well as the use of large safety margins together with the adoption of defence in depth principles.
All of that resulted in the deterministic methodology.

Consistently with that environment, IAEA Glossary [40], defines deterministic analysis as:

“-Analysis using, for key parameters, single numerical values (taken to have a
probability of 1), leading to a single value of the result.

-In nuclear safety, for example this implies focusing on accident types, releases and
consequences, without considering the probabilities of different event sequences.

-Typically used with either “best estimate” or “conservative” values, based on expert
judgement and knowledge of the phenomena being modelled”

Without going into a deeper critical analysis of the definition, it is apparent that no room for
BEPU methods based on the propagation of uncertainties is considered, while otherwise it is
consistent with Options 1 and 2 as defined in [1].

As nuclear technology matured and especially after the Three Mile Island accident, extensive
experimental work was made in order to gain data and so to reduce the scientific uncertainty
associated to complex thermal-hydraulic phenomena. International programs like LOFT [11] and
a multitude of International Standard Program (ISP) under the auspice of the Organisation for
Economic Co-operation and Development (OECD), largely contributed to the development of a
data base suitable for code validation and verification [12], all that resulting in the development
of Thermal Hydraulic (TH) realistic system codes representing the best available knowledge. This
new generation of codes pretend to be a realistic image of the physics involved in real plant
transients or accidents, but as a result of the imperfect knowledge of nature, as well as from the
mathematics formalism reduction (averaging process, discretization, numerics, etc.) they produce
uncertain results. The improved knowledge of TH phenomena supported by a qualified
experimental data base [13] allowed for the relaxation of prescriptive regulation like [8], giving
room to Best Estimate (BE) methods accompanied by an uncertainty analysis (see 10.CFR 50.46
(@)(2)(1)). This was recognised in the so called Code Scalability Application and Uncertainty
(CSAU) method [14] where a structured approach for the licenciability of this sort of methods
compatible with such rule was described and supported in R.G.1.157 [15] and more recently
R.G.1.203 [36].
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As a recognition of the relevant role that BEPU methods were to take in nuclear safety analysis,
international organisations like OECD and the International Atomic Energy Agency (IAEA)
adopted an strategy to advance in the qualification of the different methods (e.g. Uncertainty
Methods Study (UMS) [16], Best Estimate Methods Uncertainty and Sensitivity Evaluation
(BEMUSE) [17], Uncertainty Analysis in Modelling (UAM) [18] OECD benchmarks), and to
assess the integration of BEPU methods in design and operation of Nuclear Power Plants (NPP)
as collected in the following set of IAEA references [19, 1, 37, 38]). These efforts continue and
the present workshop is a good example of it.

3. Selected topics

In this section a number of different topics are developed. All of them relate to the implications,
mainly regulatory, that derive from the use of BEPU methods with regard the conservative
deterministic methods traditionally used. A more detailed description can be found in [20, 21,
22].

31 Determinigtic safety analysis and probabilistic safety margin

From a regulatory perspective it is important to note how BEPU methods have an impact on the
widely used concept of safety margin, and in particular the move from a traditional concept of
safety margin mainly based on the discrepancy between a maximum design load and the capacity
at which a safety function is lost. The use of BEPU methods derives into a definition of the safety
margin based on likelihood measures, typically probabilities. The use of the Traditional Safety
Margin (TSM) has the benefit to allow for both significant simplifications on design methods and
an easy way to build up conservatism, typically verified by extensive sensitivity analyses. On the
contrary, because of the nature of the metrics it does not allow for a collective assessment of
safety margins, and an improper use may give a misleading view of “having enough margin”.

The use of a probabilistic definition of safety margin is not entirely new in the deterministic
safety analysis. Acceptance criteria are established, in the regulation of different countries, with
regard to the failure probability of individual fuel rods and failure probability of a given number
of fuel rods against anticipated operational occurrences.

The definition of “probabilistic safety margin” was proposed in early works related to the
combination of best-estimate analysis and Level 1 probabilistic safety assessment [44].

Following [21], the probabilistic safety margin (PSM) associated to a safety output V during a
transient or accident A is defined as:

PSM(V |A)=PR(V eR, | A) )

, where Ry is the “‘acceptance region’’ established by the regulator for output V. The
complementary of Ry can be termed the “forbidden region”. These regions are bounded by the
safety limits. (1) is a probability conditioned to the occurrence of A.

The difference to 1 of the PSM is the probability of “exceeding the limits”:

Poc(V] A)=1-PSM(V| A)= PR\ < R | A) @
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, where R’y is the forbidden region for V.

Defining the safety margin as a probability has several advantages, because it is nondimensional,
ranges in the interval [0, 1], and can be applied to both escalar and multidimensional safety
outputs. Furthermore, probabilistic margins can be combined according to the laws of probability.

As an example, let us suppose a safety barrier B having several failure modes, the k-th failure
mode being typified by a scalar safety output V\ with an upper safety limit L, k=1,... F. A
safety margin can be assigned to the barrier, conditioned to the accident A:

PSM (B| A)= PRI((V¥ < L*)| A -

=
k=1

, Which is the probability of no failure conditioned to A. It is an example of PSM for a
multidimensional safety output.

Similarly and for a given initiating event (IE) with derived sequences A;,..., A, the definition (1)
can be extended to the IE:

PSM(V|IE)=PRV eR, | IE) @

, expressible, according to the law of total probability, as:

(2]

PSM (V| IE)

ij PSM(V|A1> (5)

j=1

That is, the margin for the initiator is a weighted average of the margins for sequences, the
weights being the conditional probabilities:

p, =PR(A | IE)

An example of this may be a LOCA analysis with several combinations of single failures, giving
rise to different sequences to analyze.

Consider now that all the initiating events which induce transients of V could be grouped into M
categories IE;, i =1, ...M . The frequency of V exceeding the limits is:

v(VeRj)=é:Vi[1—PSV|(V||Ei)] (6)
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, Where v; is the frequency of IE;. In (6) the frequencies of initiators combine with the exceedance
probabilities:

1—PSI\/I(V|IEi)zipi,—[l—PSM(VMj)] ™

j

Ajj being the j-th sequence evolving from the i-th initiator, and pj; its conditional probability:

P = PR(AJ | 'Ei)

In (6) the uncertainty about V, represented by the PSM, merges with the aleatory uncertainty
represented by the frequencies vi. We conclude that probabilistic safety margins can combine
with initiator frequencies and produce exceedance frequencies, which constitute the plant risk.

Let us analyse how PSM and consequently BEPU methods fit within a deterministic safety

analysis methodology. With this aim, we suppose that V is a scalar safety output upon which an
upper safety limit L has been imposed. The PSM for V given an initiating event IE is:

PSM(V |IE)=PRV < L|IE) (8)
, and can be expressed in terms of the probability distributions of both V and L.:
+00

PSM(V |IE)= [ f (s)F,(s|IE)ds -

, Where f_ is the probability density function (pdf) of L and Fy is the cumulative distribution
function (cdf) of V conditioned to the occurrence of A. (9) is a convolution integral.

Let us now suppose that V, is a large value of V obtained from a limiting scenario evolving from
IE and calculated with a conservative methodology. Typically, V, would correspond to a Design
Basis Transient (DBT). This means that the probability of V being less than V,, conditioned to IE
is very close to 1. Notice that such probability is formally a PSM of V with respect to V,, and
therefore has the sense of an analytical safety margin. As proved in [22], from (9) derives the
following inequality:

PSM(V |IE)>PSM(V | DBT)-PR\V <V, | IE) 10)

, with
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PSM (V |DBT)=PR(V, < L|IE)

, which is the PSM for the design basis transient.

(20) illustrates that a high margin for V in the DBT assures a high margin in the enveloped IE

Considering, as in (6), M categories of initiating events, and using (10), we obtain an upper bound
for the exceedance frequency of L

M
vV >L)< ka PRV <V, PRV, > L)+ sz PRV >V, ) (11)

,where a DBT has been defined for each category. The first addend in the right hand side of (11)
represents the contribution of the transients enveloped by the DBTs (those within the design
basis) and the second one is the residual contribution stemming from the not enveloped fraction
(beyond design basis sequences, BDBS). Notice that, in order to obtain a general result, the limit
L has been considered as uncertain

The right hand side of (11) gives the exceedance frequency of L supposing that the BDBS result
in a limit violation (i.e. progress beyond design basis assumptions).

If the DBT is adequately chosen, the residual term can be neglected against the main one, and the
maintenance of the safety margin is assured through the enveloping character and the safety
margin of the DBTs. This is the basis of the deterministic design approach. In the realistic
methodologies of DSA, the value V, of the output V in the enveloping transient is an uncertain
rather than a constant value. But the cornerstone of the method still remains: the high safety
margin is assured through the definition of an enveloping transient with a safety margin high
enough.

Note that (11) reduces to the classical fully deterministic approach when PR(Vy > L) = 0 and
PR(V<Vy ) = 1 (a_strong statement that calls for proof) and as a result the frequency of
exceedance for a given IE is that of the BDBS (e.g. several independent single failures). Also
note that a traditional safety margin, defined as L minus V, may be misleading as it carries no
information on the probability to exceed the safety limit, so it needs to be supplemented by a
validation against a BEPU method. This in fact has been a driving force for the development of
BEPU methods, and justifies a regulatory move as said before. Proof like this has been
incorporated into regulation. An example are the “requirements for LOCA safety analyses” of
RSK [23]

As a result of this analysis it is demonstrated that the use of BEPU methods, termed Option 3 in
[1], is fully compatible with a deterministic methodology. It is possible to move from option 3 to
option 2 (BE code plus conservative single valued hypothesis) by being more conservative in the
assignation of probability distributions to uncertain inputs, thus producing a “Better Estimate”
approach. As a limit case, fixed conservative values (i.e. degenerate probability distributions) can
be assigned to all the uncertain inputs, and therefore a single calculation will carry all the
information (option 1).
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3.2 Probabilistic acceptance criteria.

As for any other hazardous industry, NPP risk analysis is based on a societal acceptable risk in
terms of damage to public and individuals, and the risk is measured in terms of frequency of
exceedance of the allowed damage, which is built as the cumulative frequency of individual
events. Current NPP deterministic design is characterized by a strategy of events classification
[10, 24, 25, 26, 27], mostly using the frequency of the initiating event as the criterion to establish
the category. An exception is [25].

Given the frequency of the IE, it is allocated to a corresponding category and by means of the
accident analysis verified the fulfilment of the applicable acceptance criteria in terms of barriers
damage and dose limits i.e. consequence analysis.

Under a fully deterministic approach the probability of an accident progressing beyond the
deterministic design basis of the affected SSC is negligible (partially verified by means of PSA
level 1 analysis). For BEPU analyses, generally a non-zero probability exists to surpass the safety
limit and as a consequence an escalation in the damage to happen. In order to estipulate a limit to
the PSM it is basic to constrain the allowable damage for the residual cases that under a BEPU
method will violate the limit. In other words, the probability to exceed the safety limit should be
commensurate to the consequences in terms of damage arising from those cases.

An acceptance criterion for the PSM of the enveloping transient should read:
PR{PSM(V |DBT)>M,}>1-«a 12

, that is, the margin must be higher than My, a value close to 1, and a high statistical confidence («
is a low value).

The requirement of high statistical confidence is due to the finite size of the random samples used
in the calculation of the PSM. The values of both My and o are imposed by the regulatory
authority. Typically MO and 1-a have been both set to 0.95

Recalling the definition (1) of PSM, the criterion (12) may be expressed in a fully probabilistic
fashion:

PRIPRV eR,}>M,}>1-a 13)

, SO that the presence of V in the acceptance region is required with high levels of probability and
statistical confidence.

An alternative formulation of (13) is
PRIPRV e R )<1-M, }>1-a ”

, how in terms of the probability of “exceeding limits” (i.e. entering the forbidden region)
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Assessing the PSM by a pure Monte Carlo procedure can be envisaged as a computational
binomial experiment. Each Monte Carlo run has two possible outcomes: “success” if V falls
inside the acceptance region, and “fail” otherwise. This is captured by a random variable S taking
one the value 1 for success and 0 for fail. S is a Bernoulli random variable, with parameter
PSM(V|DBT)

Thus, the PSM is the expected value of S:

PSM (V | DBT)=E[S] (15)

The acceptance criterion may be multidimensional, i.e. a condition on a multidimensional safety
output, or a set of conditions on scalar safety outputs. Very well-known examples are the criteria
about the LOCA-ECCS analyses, imposed on Peak Clad Temperature (PCT), Core Wide
Oxidation (CWO) and Local Clad Oxidation (LCO). In this case, pure Monte Carlo runs are also
binomial experiments producing an index S.

33 PSM calculation methods: uncertainty methodology.

When uncertainty is taken into account, DSA acceptance criteria adopt the probabilistic form
stated in (12)-(14). There is no regulatory prescription about the methodology to use in the check
of such criteria.

As stated in [20] there are two basic procedures for checking the acceptance criteria with the form
(12-(14), from a random sample of the output V:

1) Construction of a tolerance region for V, with coverage/confidence levels of at least
Mo/(1-a), and check that such region is inside the acceptance region RV.

2) Construction of a lower confidence limit, with level 1-a, and check that it is higher than
Mo

BEPU methods, almost unanimously, focus on the procedure 1). Pioneering works as [13, 14, 28,
29] followed multistep methodologies to qualify and perform a quantification of reactor safety
margin, all of them having in common the use of Monte Carlo sampling of a response surface
metamodel. Most of current models perform the uncertainty analysis by propagation of the
uncertainty embedded in probabilistic density functions of input and model variables through the
evaluation model i.e.: a qualified code and plant model, to produce an uncertain output. The
method described in [30] make use of the accuracy quantification of the output by means of an
elaborated treatment of applicable experimental data bases.

The aforementioned methodologies are mostly nonparametric (i.e. distribution-free) in the sense
that do not assume any parametric form for the probability distribution of V. All methodologies
based on Wilks” method, pioneered by [31] have a nonparametric approach.

In some methodologies, parametric methods are used, assuming a parametric distribution for the

outputs (mainly the normal one). Such assumptions require demonstration, mainly by using
goodness-of-fit tests.
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Now we will refer to the check of acceptance criteria by the procedure 2), based on the
construction of a confidence limit of the PSM from a simple random sample (SRS) of V. This is
the simplest sampling procedure, and will be assumed here because it is almost unanimously used
in the current BEPU methodologies. The SRS is supposed to be obtained by repeatedly running
the code for a SRS of inputs. To simplify, we will assume a fixed acceptance region, so that the
acceptance limits are not uncertain.

A lower confidence limit with level 1-a for the PSM is a statistic P_ such that:

PR{P. <PSM(V | DBT)}=1-« 16

That is, (0, P_) is a one-sided (1-a)-confidence interval

If the obtained Py is higher than My, the criterion (12) is fulfilled.

Methods to set up confidence limits on a probability (as PSM) can be parametric or
nonparametric, and a survey of them is found in [42]. Nonparametric (i.e. distribution-free)
methods can be classified as frequentist (or classical) and Bayesian.

Frequentist methods only make use of the information provided by R and N, where R is the
number of values in the SRS of V falling inside the acceptance region. So, R is a binomial
variable for N runs and a *“success probability” equal to the PSM. We mention the Clopper-
Pearson interval (the so-called “exact method™), which gives as lower confidence limit

P = beta(R,N - R+1) )

, that is, the a-quantile of the beta distribution with parameters R and N-R+1.

Bayesian methods can accommodate “a priori” information about the parameter to be estimated,
in the form of a prior probability distribution. The application of Bayes’ theorem combines the
information of the random sample with that of the prior, producing a posterior probability
distribution for the parameter. The simplest case is when the prior is a beta distribution, beta(y,d),
because it produces a posterior which is also beta, beta(y+R , 3+N-R). Then, it is immediate to
find a lower credible limit as

P =_beta(y + R 5+ N-R) 18)

Both (17) and (18) tend to the single value R/N when N—oo. But for small or moderate N both
methods can give quite different values, depending on the chosen prior. Of course, the main
problem in the Bayesian method is precisely the election of the prior. The information conveyed
by a beta(y,5) prior could be described as “y successes in y+5 runs”. The prior information about a
PSM could be obtained from previous or analogous analyses, in NPPs or integral facilities, and
experts’ elicitation.
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The Bayesian formulation can even represent the complete lack of “a priori” information”, by
using the so-called noninformative priors, for instance the uniform distribution, beta(1,1), or the
Jeffreys prior, beta(1/2 ,1/2)

Parametric methods can also be used in the confidence limit estimation, when parametric
distributions are assumed for V and L. Goodness-of-fit tests must be applied to the data, before
confidently assigning the distributions.

When the expected value of the PSM is quite large (i.e. very close to 1), it is clear that the
acceptance limits are located in the tails of the V distribution. In such cases, there are sampling
procedures to check (12)-(14) more efficiently than SRS, mainly stratified sampling and
importance sampling, which focus on the tail regions of V close to the acceptance limits.

34 BEPU methodologies and validation.

BEPU methodologies must undergo a verification and validation process before being accepted
for the licensing task. In the validation process, real data, from experimental facilities and plants,
are compared with predictions of the methodology.

The relevance of Integral Effect Tests (IET) in validation must be stressed. They were formerly
planned as a means to qualify the predictive capacities and accuracy of codes [32], but they also
play a fundamental role in the verification of uncertainty methodologies itself.

It may be argued that model uncertainty results against IET data will be affected by scale
distortion, particularly when some models have been qualified against 1:1 power to volume
mockups. On the other hand, it is not evident [33] that the magnitude of scale distortions could
suffice to discard the outcome of the BEPU method validation against IET.

IET have as peculiarity the controlled environment in which the experiments are performed. This
means that uncertainties about initial and boundary conditions are reduced with regard to those
from a NPP, whereas the model uncertainties remain.

Once verified and valicated, BEPU methodologies may also be used to validate other
methodologies, aimed to obtain bounding results. The use of a BEPU methodology for validating
a bounding methodology is quite similar to that in licensing; in both cases there are acceptance
criteria, focused on the non exceedance of a safety limit or a conservatively calculated value.

On the other hand, the validation of realistic model is a different exercise from both the licensing
and the conservative validation. Now the acceptance criteria are focused on the closeness of the
calculated values of the important outputs to their real values, taking into account both prediction
and measurement uncertainties. These important outputs can be different physical magnitudes, or
magnitudes in different spatial locations and/or in different time instants.

There are many techniques to make the comparison between predicted and real values. When we
have a Monte Carlo random sample of the outputs, a possibility is to formulate the validation
exercise as a statistical hypothesis test. As a very simple example, let us suppose a experiment
where a scalar output V is measured, giving a value E with a negligible uncertainty. The
validation process could be based on testing the following hypothesis:

141



NEA/CSNI/R(2013)8/PART2

Ho: “E is compatible with the distribution of V*

For testing Ho, an acceptance interval may be set up as follows. Given a SRS of size N for V, the
probability that a new observation of V is bracketed by two OS is [43].

S—r
N +1 (49)

i.e. it only depends on the two orders and N. If the probability (25) equates to 1- a, [Vin , Ven] 1S
an acceptance interval for testing Ho with significance level o. If we decide to use the sample
extremes (s=N , r=1), the minimum size needed for the sample is obtained by equating (25) to 1-
a and solving for N:

I:)R{\/:N <V <\/r:N }:

r

2—a

min a (20)

For a=0.05, (20) gives a minimum size of 39. So, if a random sample of size 39 is obtained for V,
and the measured value E is between the extremes of the sample, we accept the hypothesis Hy.

This is a simple example, using order statistics. Several other approaches exist.

The validation is performed for the class of accident scenarios dealt with by the methodology.

35 Characterisation of models uncertainty

At the core of most BEPU methods it is the characterisation of the uncertainty of models relevant
to the dominant phenomena of the scenarios being simulated. This uncertainty is epistemic in
nature, due to lack of knowledge and imperfection of models. The calculation of model
uncertainty from experimental data has been recognised [17] as an element of improvement of the
methodologies. Some international exercises are being set up about this topic [34].

From the regulatory standpoint this concern has also been subject to discussion. The use of
probability theory to model epistemic uncertainty has been called into question, especially when
the information is scarce. Even when probability distributions are used, the combination of
epistemic and aleatory uncertainties is questioned. Anyway, probability distributions should be
assigned with a certain degree of conservatism to be acceptable in the BEPU analysis.

As an example, when probability distributions are assigned to model parameters from a sample of
experimental values, the statistical uncertainty (stemming from the finite size of the sample)
should be taken into account. A possibility is to obtain the empirical cumulative distribution
function (ecdf) supplemented with confidence bands (see fig 1), either one-sided or two-sided.
Furthermore, such bands can be either pointwise or global.
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Fig.1 Uncertainty on the empirical cumulative distribution
3.6 Impact on Technical Specifications

Technical Specifications (TS) and methodologies of accident analyses are closely connected. It is
by means of the accident analysis that the operational space and systems operability requirements
are verified against the fulfilment of acceptance criteria. In that sense those process variables that
are initial conditions of the design bases events are incorporated to their extreme values into the
limiting conditions for operation (LCO), thus defining the safe boundaries for operation. This is
clearly shown in the CNS [3], art.19 ii) “ operational limits and conditions derived from the safety
analysis, tests and operational experience are defined and revised as necessary for identifying
safe boundaries for operation.”

Current interpretation is compatible with options 1 & 2 from ref [1], where LCO values of
variables or parameters part of a Design Basis Transient (DBT) are used, that is, DBT envelops
extreme values of the operation space.

BEPU methods often include uncertainty on the operational parameters dealt with in the
Technical Specifications as LCO so that probability distributions are assigned to such parameters.
Typically the LCOs are located in the tails of the real density functions (pdfs) of the parameters.
Because of that, BEPU methodologies based on pure Monte Carlo propagation (i.e. simple
random sampling of the inputs) with a small or medium number of runs will not provide a real
exploration of the regions close to the LCOs. In that sense, BEPU results do not strictly bound the
allowed operation space, e.g. operation with all variables, or a number of them, sufficiently close
to their LCO is not demonstrated to be a safe initial condition for the corresponding initiating
event.

The crucial point is that safety analyses must prove not only that the real operation is safe, but
also that the allowed operation of the plant is safe. BEPU methodologies are not fit for obtaining
TS limits; rather, their compatibility with them must be proved. A strict procedure to do that
should fix the TS parameters on their limit values upon performing the BEPU analysis. But looser
procedures could be envisaged [41], by assigning to the operational parameters probability
distributions which are not based on the real operation, but on the allowed operation of the plant,
so that they assign a non negligible, or even significant value to the probability of violating the
operating limits (see fig. 2). For BEPU methodologies based on pure Monte Carlo, the goal is a
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significant exploration of the regions close to the TS limits. In [41] several criteria are proposed
to accomplish such goal.

These modified probability distributions assigned to the operational parameters must be object of
surveillance, to check that they really bound the measured values in the plant

LCO Non
A C technical
specificatio
Technical ns
specifications parameters
parameters

® A + C = validation
of expected operation

® B + C = validation
LCO of LCOs

B

Technical
specifications
parameters

Fig 2 Treatment of uncertain variables and Technical Specifications.

3.7 Code accuracy and user qualification.

Prior to the development of an uncertainty method, code eligibility should be performed and
accuracy determined through a verification and validation process.
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Code accuracy should be evaluated for the selected application scenarios for a “nominal case”
avoiding unjustified “tuning”. Modeled physics (including special models), spatial and time
discretization as well as numerical solutions must rely on sound principles and be consistent
with the code functional requirements through a validation process. Code accuracy can only
be claimed if confirmed through an exhaustive contrast against experimental, operational data
and even analytical solutions.

As full scale validation is rarely possible, claimed code accuracy may be subject to
questioning because of scale distortion between real plant and experimental facilities. It is
important to confirm that code accuracy is preserved through scale variations or in other case
identify the reason, e.g. special models, empirical correlations, etc and quantify the impact.

Code user effect has long been recognized as an important if not limiting element to consider
in any nuclear safety application of thermal hydraulic system codes [35]. In order to limit
such effect, appropriate training of the individuals, technology competence and resources are
basic. For the case of licensing calculations, strict design procedures should be required.

Conclusions
1. Nuclear safety assessment based on classical Deterministic Safety Assessment (DSA) has
proved to be a robust methodology in support of current Nuclear Power Plants Design
2. Evolution towards Best Estimate Plus Uncertainty (BEPU) methods was a lengthy process
result of a coherent effort from the nuclear safety technology community and fully

consistent with regulation.

3. The move from classic DSA to BEPU methods implied the adoption of probabilistic
acceptance criteria, and the definition of probabilistic safety margins (PSM)

4. The probabilistic definition of safety margin allows the use of combination rules derived
from probability theory.

5. BEPU methods rigorously allow for the confirmation of the conservative nature of classic
deterministic methods.

6. A variety of uncertainty treatment methods possibilities exist which are in principle
compatible with regulation.

7. Verification of BEPU methods against Integral Effect Tests (IET) is needed. Development
of specific methods to deal with that would be desirable.

8. Special care should be exercised when developing probability distributions for model
parameters. OECD PREMIUM benchmarks will hopefully test different methods to deal
with the issue.

9. Implementation of BEPU methods with licensing purposes should appropriately consider
its impact on Technical Specifications of the nuclear power plant.
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10. Code accuracy should be demonstrated to be scale independent for licensing scenarios
where the BEPU method is intended to be applied.

11. Strict rules with regard to code user qualification and design procedures should be part of
the methodology assessment process.
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TRACE Thermal-Hydraulics Code by the U.S.NRC
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U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Washington, D.C 20555-0001, USA

1. Introduction

The Code of Federal Regulations, Title 10, Part 50.46 requires that the Emergency Core Cooling
System (ECCS) performance be evaluated for a number of postulated Loss-Of-Coolant-Accidents
(LOCAS). The rule allows two methods for calculation of the acceptance criteria ; using a realistic
model in the so-called “Best Estimate” approach, or the more prescriptive following Appendix K to
Part 50. Because of the conservatism of Appendix K, recent Evaluation Model submittals to the
NRC used the realistic approach. With this approach, the Evaluation Model must demonstrate that
the Peak Cladding Temperature (PCT), the Maximum Local Oxidation (MLO) and Core-Wide
Oxidation (CWO) remain below their regulatory limits with a “high probability.” Guidance for Best
Estimate calculations following 50.46(a)(1) was provided by Regulatory Guide 1.157. This Guide
identified a 95% probability level as being acceptable for comparisons of best-estimate predictions to
the applicable regulatory limits, but was vague with respect to acceptable methods in which to
determine the code uncertainty. Nor, did it specify if a confidence level should be determined. As a
result, vendors have developed Evaluation Models utilizing several different methods to combine
uncertainty parameters and determine the PCT and other variables to a high probability.

In order to quantify the accuracy of TRACE calculations for a wide variety of applications and to
audit Best Estimate calculations made by industry, the NRC is developing its own independent
methodology to determine the peak cladding temperature and other parameters of regulatory interest
to a high probability. Because several methods are in use, and each vendor’s methodology ranges
different parameters, the NRC method must be flexible and sufficiently general. Not only must the
method apply to LOCA analysis for conventional light-water reactors, it must also be extendable to
new reactor designs and type of analyses where the acceptance criteria are less well defined. For
example, in some new designs the regulatory figure of merit (FOM) has been the reactor vessel level
rather than PCT or MLO. Thus, the methods developed by the NRC must be capable of being used
for a wide range of plant designs and potential FOMs.

Development and selection of an uncertainty methodology for the NRC was based on a review of
available methods and a set of criteria considered important to agency goals and objectives. The
criteria included regulatory acceptance of the statistical method, feasibility of implementation,
extensibility of the methodology, ease of use and effort to perform analyses, and the effort to
implement the methodology. Based on these criteria, an overall approach consistent with Code,
Scaling, Applicability and Uncertainty (CSAU) but using order statistics is being adopted. To
implement the methodology in an efficient manner, the Symbolic Nuclear Analysis Package (SNAP)
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has been modified to perform a Monte Carlo sampling of code input parameters, submit multiple
cases for execution, and statistically evaluate the results. SNAP performs the statistical analysis using
DAKOTA (Design and Analysis Toolkit for Optimization and Terascale Applications), which is a
code developed by the SANDIA national laboratories specifically for sensitivity and uncertainty
analyses. This paper outlines the NRC approach to uncertainty, describes the tools and activities in
progress, and presents the rationale for several decisions.

2. Regulatory Needs and Usage

The TRACE nuclear systems analysis computer code is being developed by the NRC to be used to
perform analyses for loss-of-coolant accident (LOCA) and other transients for a wide range of
existing and new reactor plants. Licensees and vendors are making increasing use of various
uncertainty methods in combination with realistic licensing calculations submitted to the NRC. To
assist in the review and approval of these submittals, the U.S. Nuclear Regulatory Commission (NRC)
is developing capabilities for a generalized uncertainty method. Use of an uncertainty methodology
has the advantage of yielding a quantitative margin to safety limits, along with a measure of the
confidence that can be placed on the results. Sensitivity studies making use of uncertainty methods
are also expected to provide useful insight on code development priorities. Models and correlations
that can be identified as having dominant effects on analysis results due to their uncertainty become
candidates for improvement and additional research.

Various methods have been developed to assess uncertainty in thermal-hydraulic systems codes. In
general, the focus has been on the uncertainty in computer code predictions to obtain the plant
response during a loss-of-coolant-accident (LOCA). The output parameter of interest has usually
been the peak clad temperature (PCT). However, as new plant designs and new analysis applications
are received by the NRC it is becoming apparent that other output parameters are of significant
regulatory interest. In some new plant designs with passive safety systems, the figure-of-merit (FOM)
has been the liquid level in the reactor vessel. Demonstrating, with certainty, that the coolant level
remains above the top of the core assures that the more typical regulatory criteria (peak cladding
temperature, local cladding oxidation, and core-wide oxidation) are satisfied. In other applications,
DNBR margin is an important FOM. Thus, as uncertainty method must be adaptable as the regulatory
FOM change from application to application.

To accommodate these expected needs, the thermal-hydraulic code TRACE and the user interface
SNAP are being developed so that code uncertainty can be determined. Flexibility is being built-in to
the NRC tools, so that the staff can examine the effect of individual uncertainty contributors and also
estimate the uncertainty in several different output parameters. This paper describes the initial NRC
efforts and overall development effort.

3. Uncertainty Methods

Selection and development of an uncertainty process for TRACE started with a review and evaluation
of available methods. Of particular interest are the practical aspects of uncertainty methods, and how
they are applied in an analysis. Overall code uncertainty was the subject of the Code Scaling,
Applicability, and Uncertainty Evaluation Methodology (CSAU) approach, which was developed to
provide a general and systematic methodology to quantify thermal hydraulic code uncertainty.
Although the method was developed in the 1980s, much of the CSAU approach is used today,
particularly with the Phenomena Identification and Ranking Table (PIRT) as a means of defining the
overall problem. Details of the CSAU approach are presented in NUREG/CR-5249",

One of the important contributions that came from CSAU was the use of a Phenomena Identification
and Ranking Table (PIRT) to guide development of an uncertainty methodology. PIRTS are
developed by a group of technical specialists who have expertise in the reactor system and are

! Boyack, B., et al., Quantifying Reactor Safety Margins, NUREG/CR-5249, December 1989
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knowledgeable in the thermal hydraulic behavior expected during the class of transients being
considered. As described in NUREG/CR-5249, the ranking technique is designed to direct the
examination of uncertainty to those processes that have the most significant impact on the parameter
being analyzed. Technical specialists involved with the PIRT development examine the transients in
question to identify the underlying thermal hydraulic processes and phenomena. Then, the processes
and phenomena are ranked with respect to the expected effect on the transient.

There are numerous approaches to analyze uncertainty. Most have been developed within the field of
statistics and several of these approaches have been considered and applied in the field of nuclear
safety. Nuclear systems codes present a challenge, however, since these codes can require large
computational times for a single transient. If one had the ability of making an “infinite” number of
computer runs, one could develop and analyze the exact distribution of the output variable to
determine uncertainty. Since that ability does not exist in a practical sense when using nuclear
systems codes, the issue becomes the number of runs needed to quantify uncertainty. Thus, a key
aspect of selection of an uncertainty method is the number of code runs that needed to quantify the
uncertainty of a code output parameter as defined by the probability of exceeding a given value to a
certain confidence limit.

In the CSAU study, a response surface was used to determine the uncertainty in the peak clad
temperature. Response surface methodology is a powerful tool for the development of empirical
models of process variables for which little is known. It is widely used for optimization of chemical
or biological industrial processes. Sampling of response surfaces was among the earliest methods for
determining the uncertainty in computer code results. A response surface is basically a polynomial fit
to the data. The number of experiments required to create the response surface depends on the
complexity of the polynomial and the number of inputs selected. Unfortunately, a LOCA and most
other transients related to nuclear safety is complex and can involve processes that are difficult to
simulate. This creates difficulty in selecting parameters for the polynomial and adequate coverage of
all processes that influence the result.

It is noteworthy that the CSAU calculation matrix was based on a 7 factor, mixed (3 to 5) level
experimental design that utilized a total of 184 TRAC runs (NUREG/CR-5249, p 82). The CSAU
report also notes that a complete three-level design would require more than 2000 TRAC calculations.
With modern computer “clusters”, making 180+ TRACE runs is feasible, although for some
applications this would still require a great deal of time. A key aspect of uncertainty methods is to
evaluate other approaches used in uncertainty and make the number of TRACE runs required
manageable. Hence, a method that requires 180+ calculations is at least suspect, especially so in
considering other issues related to response surface methodology.

More recently, non-parametric methods have been used to determine the uncertainty in code output
variables. Non-parametric methods were first developed in the 1940’s and have been used in a variety
of fields, including manufacturing. The methods published by S.S. Wilks #*in the early 1940s have
been used as the basis for the non-parametric statistical approaches.

Of particular interest is the method by Guba, et al.* who discuss a statistical approach in the context of
best-estimate analysis, that can be formulated as:

Xae(licensing) = Xpase case + Plant uncertainty + Code uncertainty

2 Wilks, S. S., Determination of Sample Sizes for Setting Tolerance Limits, Annals of Mathematical Statistics,
Vol. 12, No. 1, pp. 91-96, 1941.

3 Wilks, S. S., Statistical Prediction with Special Reference to the Problem of Tolerance Limits, Annals of
Mathematical Statistics, Vol. 13, No. 4, pp. 400-409, 1942

* Guba, A., Makai, M., and Pal, L., Statistical Aspects of Best Estimate Method — |, Reliability Engineering and
System Safety Volume 80, pg 217-232, 2003
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where the purpose of the uncertainty evaluation is to provide assurance that Xge which has a
probability of 95% or more will not exceed the acceptance criteria for a given accident. Guba et al.
focuses on the determination of code uncertainty in his paper. Guba’s basic premise is that the
observed randomness of the code output variable is due to randomness of the code input variables.
He does discuss the possibility of nonlinearities due to chaotic behavior in the computer model,
however he assumes that there is no chaotic behavior in the computer code. Given N independent
calculations of the random code output and a continuous probability density function with an
unknown distribution, using Wilkes, Guba proposes that the upper one-sided tolerance interval is

p=1-y"

where [ is the confidence level, y is the probability and N is the number of computer runs. For a

95% probability and 95% confidence level, the value of N becomes 59. This equation is applicable to
the case where there is a single code output parameter of interest. Thus, a code methodology with this
formulation may reduce the number of calculations (compared to the response surface approach in
CSAU) and also provide a confidence level.

To meet the requirements of 10CFR50.46, the criteria for peak clad temperature (< 2200 °F), total
oxidation of the cladding (0.17 of the total cladding thickness before oxidation, and the total hydrogen
generation (0.01 of the total amount of the fuel cladding were to oxidize and produce hydrogen) must
be met. As a result, there are three code output parameters of interest. According to Guba, the sample
size must be increased to account for the additional parameters. The equation used to determine the
number of computer runs needed for three parameters, assuming a one-sided tolerance interval is

N-p N . .
— T(= )N
P Ew ¢

where p is the number of parameters. For the case where p = 3, and for a 95% probability and 95%
confidence level, the value of N becomes 124. While still a large number of calculations, this is
feasible provided the code is robust and has few failures due to numerical difficulties.

To determine an appropriate uncertainty method for the Next Generation Nuclear Plant (NGNP),
these and other potential approaches to the treatment of code uncertainty were examined and
evaluated. It was concluded that that an order statistics based methodology be used in the NGNP
EM uncertainty analysis based on considerations of:

Regulatory Acceptance

Feasibility of implementation

Extensibility of methodology

Ease of use and effort to perform analyses

Effort to implement methodology

Regulatory acceptance was considered to the acceptability of the method in past and present licensing
applications. Ordered statistics is an approach that is being used by some applicants and international
regulatory bodies®®’. Another key factor in the suitability of the proposed methodology was its

% C. Frepoli, “An Overview of the Westinghouse Realistic Large Break LOCA Evaluation Model”, Science and
Technology of Nuclear Installations, Vol. 2008.
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extensibility — the ability of the methodology to be adapted to changes in the structure, codes, and
inputs. Since in any of the available methods a large number of calculations is anticipated, the “ease
of use” was likewise an important consideration. While the focus of the uncertainty method
evaluation was its application to the NGNP, the findings were considered general and can be applied
to other systems such as light-water reactors (LWR). Thus, an ordered statistics based approach was
selected for TRACE applications. Because 10 CFR50.46 requires that three parameters be within
specified limits (peak cladding temperature, maximum local oxidation, and total core-wide oxidation)
the method proposed by Guba et al. will be used. The framework for code uncertainty using TRACE
will allow a user to specify the number of desired output variables, along with the desired probability
and confidence level and the expression by Guba will determine the necessary number of calculations.
This will allow users to calculate multiple output parameters and also examine the sensitivity of the
results to one’s definition of a “high probability.”

4. Uncertainty Contributors

The effort to implement an uncertainty methodology depends on several factors; the need to create
new tools and/or the necessary modification of existing tools, and the resources required to
accomplish these tasks. The effort is seen to involve the type and number of uncertainty contributors.
The approach in CSAU was, in effect, to use the PIRT to reduce the number of input parameters that
require uncertainty quantification to a manageable set. While the PIRT process is enlightening,
PIRTSs are subjective as they are based on the judgment and experience of the participating group of
engineers. In addition, PIRTs are specific to a particular plant design and transient. Thus, in GRS
method®, the guidelines suggest that the use of judgment to determine which parameters are important
is not required and all inputs with uncertainty should be included, “because, the number of
calculations is independent of the

number of uncertain parameters, no a priori ranking of input parameters is necessary to reduce their
number in order to cut computation cost.”. Guidelines similar to the GRS approach put more effort
on eliminating uncertain input parameters based on a PIRT, such that the number of code runs and
number of input parameters requiring uncertainty information is limited® .

In the NRC uncertainty methodology currently under development, the CSAU approach of using a
PIRT is being followed. However, as the NRC’s objective is to develop a tool by which an
applicant’s method can be evaluated, the uncertainty parameter selection is being expanded beyond
what might be contained in an individual PIRT. Rather, for each transient applicable PIRTs were
reviewed, a comprehensive PIRT containing processes for a particular transient and plant type was
developed. Large break LOCA (LBLOCA), small break LOCA (SBLOCA), and Main Steamline
Break (MSLB) transients were considered. Plant types included Westinghouse 2-loop PWRs with
upper plenum injection, Westinghouse 3 and 4 loop PWRs, Combustion Engineering PWRs, Babcock
& Wilcox PWRs, General Electric BWRs, AP1000, EPR, APWR, ESBWR, and the ABWR. For
major plant type (PWR or BWR) and transient (LBLOCA, SBLOCA, MSLB) a comprehensive PIRT
was established.

®R.P. Martin and L. D. O’Dell, “AREVA’s realistic large break LOCA analysis methodology”, Nuc. Eng. And
Design, Vol. 235, 2005.

L. Blake, G. Gavrus, J. Vecchiarelli, and J. Stoklosa, “Best Estimate Plus Uncertainty Analysis of LBLOCA
for a Pickering B CANDU Reactor”, ASME 2010 3rd Joint USEuropean Fluids Engineering Summer Meeting,
August 2010.

8 H. G. Glaeser, “Uncertainty Evaluation of Thermal-Hydraulic Code Results”, ANS International Meeting on
Best Estimate Methods in Nuclear Installations Safety Analysis, Washington, November 2000.

° “Report on the Uncertainty Methods Study”, NEA/CSNI/R(97)35, June 1998.
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These comprehensive PIRTs identified two overall categories of uncertainty parameters:
e TRACE Code Model Parameters
e Input Model Parameters

That is, the PIRTs were used to identify which uncertainty terms could be ranged by varying input to
TRACE, and which terms could be varied only with a modification of the TRACE executable. Input
model parameters also included parameters such as break discharge coefficient, containment back-
pressure and power shape, each of which could be considered as boundary conditions to the analysis.
This helped to define the overall framework and approach. Parameters that should be varied as part of
the input can be addressed using SNAP, which is the NRC’s tool for input deck preparation. Model
parameter changes must be made in TRACE, but with new input parameters to provide instructions to
the code for a particular run. Preparations are now being made to modify TRACE so that models and
correlations can be ranged. Specifics on how this is to be accomplished, is described in the next
section on SNAP and the framework for making uncertainty calculations.

5. SNAP Interface and Implementation

The framework to be employed in uncertainty analyses is comprised of three principle items. These
items specify and define the means through which the analysis is performed and the uncertainty in the
selected FOM calculated. In broad terms the required items are:

e Specification of an uncertainty quantification methodology
o A means of performing any calculations required for the uncertainty and sensitivity analyses

e Atool or set of tools for executing the analysis, including the uncertainty analysis and linked
code executions

The framework for uncertainty analyses is based on SNAP and DAKOTA. SNAP is used to
coordinate the analysis and facilitate communication between each of the component of an evaluation
model. DAKOTA is used to perform the quantification of uncertainty and the sensitivity analyses.

SNAP™ (Symbolic Nuclear Analysis Package) is a framework created to simplify analysis for
supported engineering codes. SNAP provides utilities for graphically setting up models/input as well
as facilities for running and monitoring supported codes. SNAP has been designed to allow users to
create custom plug-ins for the support of additional codes. SNAP also contains functions to allow for
the coupling of codes (using Job Streams) under SNAP™. It is possible to include codes that do not
have SNAP plug-ins (Black box applications); however, full advantage of the features in SNAP
cannot be utilized in these applications. SNAP also supports parametric inputs and has support for the
DAKOTA code. The uncertainty quantification (UQ) features implemented in SNAP makes heavy
use of the DAKOTA code.

10 Applied Programming Technology, Inc., “Symbolic Nuclear Analysis Package (SNAP), User's Manual”,
April 2007.

11 Applied Programming Technology, Inc., “Symbolic Nuclear Analysis Package (SNAP), Job Stream Design”,
DRAFT, July, 2010.
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DAKOTA® (Design and Analysis Toolkit for Optimization and Terascale Applications) is a code
developed by the SANDIA National Laboratory that is designed to perform sensitivity and uncertainty
analyses. DAKOTA provides a means of performing detailed sensitivity and uncertainty analyses for
general simulation codes. DAKOTA acts as an interface that permits the imposition of uncertainty on
code inputs, the execution of a simulation code, and post processing to perform detailed sensitivity
and uncertainty calculations. The structure of DAKOTA allows for the execution of simulation codes
through a direct library interface, system calls, or a process fork.

DAKOTA is capable of generating samples (either random or using a Latin hypercube design) from a
variety of distributions. These distributions include uniform, normal, triangular, gamma, beta, gumbel,
and others. In addition, discrete parameters can be drawn from binomial, hypergeometric, Poisson,
and others. A correlation matrix can be supplied to DAKOTA which specifies the relationship
between the uncertain parameters.

DAKOTA is capable of performing both local and global sensitivity results on the FOM. DAKOTA
is also capable of generating a variety of surrogate models relating the input parameters to the FOM.
These include, least squares polynomial regression and Gaussian surfaces.
Sensitivity methods include:

o Morris One-At-Time (OAT) (used as a data screening technique in DAKOTA)

e Variance based approaches (similar to the Sobol method)

e Correlation (both Pearson and Spearmann)

o Local gradients
The process flow showing the communications between SNAP and DAKOTA is shown in Figure 1.

The SNAP graphical-user-interface simplifies the required user inputs for DAKOTA as well as
controlling and gathering the output from the DAKOTA processes. A soon to be available feature of
the SNAP UQ implementation allows for multiple interactions with DAKOTA after the Monte-Carlo
sampled runs have been completed, thus permitting SNAP to use DAKOTA’s more advanced
uncertainty analysis features such as reliability methods; FORM (First Order Reliability Method) and
SORM (Second Order Reliability Method), nested (or second order) methods, as well as others.

6. Using SNAP to Perform an Uncertainty Quantification (UQ) Analysis
The process that an analyst must go through when using the SNAP uncertainty quantification (UQ)
plug-in is straightforward. In fact, certain aspects of the process may be implemented as SNAP based

“templates” to allow faster processing of common types of analysis.

Under the current design of the SNAP UQ plug-in a UQ analysis procedure would follow the
following steps, also shown conceptually in Figure 2.

1) Select appropriate plant model

2) Identify model input parameters relevant to the transient. SNAP engineering templates could be
useful here to recommend to the analyst what parameters are important for particular transients.

128 M. Adams, et. al., “DAKOTA. A Multilevel Parallel Object-Oriented Framework for Design Optimization,
Parameter Estimation, Uncertainty Quantification, and Sensitivity Analysis: Version 5.0 Developers Manual”,
Sandia , SAND2010-2185, May 2010.
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3) Use SNAP to “Tag” input parameters to designate the range and distributions to be used in the
UQ process. Again, SNAP engineering templates can be used to suggest useful ranges and
values.

4) Specify the parameters of the UQ, such as identifying the outputs of interest for this UQ and
specifying the desired probability and confidence limits.

5) Start the SNAP UQ job-stream. The SNAP UQ job-stream then:

Generates the input to DAKOTA,

DAKOTA then generates the random variates

SNAP integrates the random variates into the model

SNAP then spawns a TRACE run corresponding to each set of variates

SNAP collects the results and generates another DAKOTA input deck

DAKOTA performs the requested analysis

SNAP collects the DAKOTA results and formats then into a report as specified by the analyst

A visualization of the SNAP UQ job-stream is shown in Figure 3.
7. Status of the SNAP UQ plug-in Capabilities
The following features and capabilities are currently present in the SNAP UQ plug-in:

1. Automatic calculation of the number of samples required for an order statistics uncertainty
analysis

2. Implementation of all DAKOTA Distribution types

3. Report the Results of Uncertainty Analysis

4. Implement Uncertainty Analysis in Engineering Templates (this provides the capability for
UQ on a group of codes)

The following features are being actively developed and should be available in SNAP by mid-2012"2:

1. Inclusion of Sensitivity Analysis Options

2. Inclusion of Variance Based and Morris Sensitivity Analysis Capability
3. Inclusion of Local Sensitivity Analysis Capability

4. Implement Looping Capability in Engineering Templates

Summary

The framework for an uncertainty methodology to be used with TRACE has been formulated and is
under active development. The framework makes use of SNAP to rapidly perform the numerous
individual calculations that must be performed. DAKOTA is used to perform the statistics. While the
PIRT process originally developed as part of CSAU is used to identify uncertainty parameters, the
methodology is not restricted, nor dependent on the parameters that may have been selected. A user
will be able to add (to reduce) the number of parameters, if that is needed as part of the investigation.
Recommended sets for each plant and transient will be developed as default, however, the user will
have the ability to examine assumptions on the bias and uncertainty of a selected parameter. Both
plant input parameters and code model parameters can be ranged. Flexibility is being built in to the
framework to allow evaluation of most plant types of interest to the NRC.

'3 Applied Programming Technology, Inc., “Symbolic Nuclear Analysis Package (SNAP), Uncertainty Analysis
Plug-in Design”, DRAFT, August 2010.
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Figure 1. Process flow showing the communications between SNAP and DAKOTA.

Analyst SNAP

Select plant type: 3 | (Recommended) Parameter List
* PWR /BWR /AP1000/ ESBWR/ etc. On/Off PARAMETER Min Max Dist.
X Fuel Conductivity -20% +20% Uniform
X Gap Conductance -50% +50% Normal
Select transient : X Wall HT Co.efficient -30% +10% Un?form
) X ACCUM Init. Temp. -20 +20 Uniform
¢ LBLOCA /SBLOCA /MSLB/ etc. X T na na Bound
etc.

(Modified) Parameter List

Modify: On/Off PARAMETER Min Max Dist.
« Add or Turn off Parameters > | X Fuel Conductivity 20% +20% Uniform
« Change range or distribution X Gap Conductance -50% +50% Normal
X Wall HT Coefficient -30% +10% Uniform
X ACCUM Init. Temp.  -20 +20 Uniform
X Tt -50  +50 Normal
etc.

Figure 2. SNAP UQ plug-in analysis procedure.
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Westinghouse Experience in Licensing and Applying Best-Estimate LOCA
Methodologies within the Industry: Past, Present and Future

Cesare Frepoli
Westinghouse Electric Company LLC, Pittsburgh, U.S.A.

Katsuhiro Ohkawa
Westinghouse Electric Company LLC, Pittsburgh, U.S.A.

Abstract

Since the amendment of the 10 CFR 50.46 rule in 1988, Westinghouse has been developing and applying
realistic or best-estimate methods to perform Loss of Coolant (LOCA) safety analyses for PWRs. Then
main focus has been historically on a large break rupture postulated to occur in the cold leg of the reactor
coolant system (RCS). Such scenario, called Large Break LOCA is still considered the design basis
accident (DBA) by the current rule. A realistic analysis requires the execution of various realistic LOCA
transient simulations where the effect of both model and input uncertainties must be accounted for by
propagating these uncertainties throughout the transients. The outcome is typically a range of results with
associated probabilities.

Westinghouse realistic Large Break LOCA methodology is based on the use of the WCOBRA/TRAC
code. The methodology follows the Code Scaling, Applicability and Uncertainty (CSAU) methodology
(Boyack et al., 1989)". The original Westinghouse implementation of the CSAU methodology was
approved by the NRC? in 1996 after an extensive review. The technique used to combine the uncertainties
evolved over the years. In its original implementation Westinghouse methodology followed strictly CSAU
where the use of response surface was suggested as a practical means to combine the various uncertainty
components. A Monte Carlo sampling of uncertainties was applied to the surrogate model to obtain a
probabilistic statement for the purpose of showing compliance with regulatory acceptance criteria. More
recently the Westinghouse methodology® was updated using the non-parametric method which has become
a standard within the industry since GRS, AREVA, GE, etc. adapted similar methods for combining the
uncertainties. This paper will discuss some of advantages but also challenges encountered in applying
these methodologies for licensing application.

Since its approval, Westinghouse Best Estimate Large Break LOCA Evaluation Model has applied to more
than 75% of the Westinghouse PWR fleet in the US and also licensed for several international applications.

! Boyack, B. E., et al., 1989, “Quantifying Reactor Safety Margins,” NUREG/CR-5249.

2 Jones, R.C. (USNRC), Letter to Liparulo, N.J. (Westinghouse), 1996. Acceptance for referencing of the topical report
WCAP-12945(P). Westinghouse Code Qualification Document for Best Estimate Loss of Coolant Analysis, 28 June.

3 Nissley, M. E., Frepoli, C., Ohkawa, K., and Muftuoglu, K., 2003, “Realistic Large-Break LOCA Evaluation Methodology
Using the Automated Statistical Treatment of Uncertainty Method (ASTRUM),” Technical Report WCAP-16009-NP,
Westinghouse Electric Company, Pittsburgh, PA.
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Recently changes in the regulatory environment toward a risk informed approach combined with more
efficient and demanding fuel power cycles, and utilization of margins put more emphasis in scenarios
traditionally defined as Small and Intermediate Break LOCA. As a result, Westinghouse made several
upgrades for the purpose of extending the EM applicability to smaller break sizes. Also the uncertainty
methodology was upgraded to reflect a larger coverage of scenarios. The new EM is called Westinghouse
Full Spectrum LOCA (FSLOCA™') Methodology and is intended to be applicable to a full spectrum of
LOCAs, from small to intermediate break as well as large break LOCAs. A section in this paper provides a
high level overview of the FSLOCA™ and how it will be utilized in the future.

Keywords: Thermal hydraulics, LOCA, Evaluation Model, Safety Analysis
1. Introduction

The 1988 amendment of the 10 CFR 50.46 rule allowed the industry to use best-estimate evaluation
models with realistic physical models for the purpose of analyzing Loss of Coolant Accidents
(LOCA). A group of experts (referred to as the technical program group or TPG) under the
sponsorship of the USNRC undertook to demonstrate that practical best-estimate plus uncertainty
methods could be developed and applied in the licensing space. Shortly after its completion, the Code
Scaling, Applicability and Uncertainty (CSAU) methodology and its demonstration were described in
a series of papers appearing in Nuclear Engineering and Design by Boyack®, Wilson®, Wulff®,
Lellouche and Levy’, and by Zuber and Wilson®.

The methodology was reviewed by the technical community, and comments were published in
Nuclear Engineering and Design (Letters to the Editors, by Wickett and Brittain’, Hochreiter'®, Hofer
and Karwat'', Holmstrom and Tuomistlz, Sursock 2, Petrangeli 14, Shibals, and Yadigaroglulé).
Although there was agreement that the methodology described many of the key steps required for an
acceptable methodology, there was also technical criticism and some skepticism on the practical
applicability of the methodology. The comments and questions raised were responded by TPG'”.

4 Boyack, B.E., 1990, “Quantifying Reactor Safety Margins-Part 1: an overview of the code scaling, applicability, and
uncertainty evaluation methodology,” Nuclear Eng. Des. 119, 1-15.

3 Wilson, G. E., 1990, “Quantifying Reactor Margins — Part 2: Characterization of Important Contributors to Uncertainty,”
Nuclear Eng. Des. 119, 17-31.

6 Wulft, W., 1990, “Quantifying Reactor Safety Margins Part 3: Assessment and Ranging of Parameters,” Nuclear Eng. Des.
119, 33-65.

! Lellouche, G. S., and Levy, S., 1990, “Quantifying Reactor Safety Margins Part 4: Uncertainty Evaluation of LBLOCA
Analysis Based on TRAC-PF1/MOD 1,” Nuclear Eng. Des. 119, 67-95.

§ Zuber, N., and Wilson, G. E., 1990, “Quantifying Reactor Safety Margins Part 5: Evaluation of Scale-up Capabilities of
Best Estimare Codes,” Nuclear Eng. Des. 119, 97-107.

’ Wichett, A. J., and Brittain, 1., 1992, “Quantifying reactor safety margins: what remains to be done,” Nucl. Eng. Des. 132,
405-408.

10 Hochreiter, L.E., 1992. “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 409-410.

1 Hofer, E., Karwat, H., Werner, W., 1992, “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 411-414.
12 Holmstrom, H, Tuomisto, H.., 1992, “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 415-416.

13 Sursock, J., 1992, “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 417-418.

14 Petrangeli, G., 1992, “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 419-422.

15 Shiba, M., 1992, “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 423.

6 Yadigaroglu, G., 1992, “Comments on ‘Quantifying Reactor Safety Margins’,” Nucl. Eng. Des. 132, 425-429.

17 Boyack, B.E., et al., 1992. TPG response to the foregoing letters-to-the-Editor. Nuclear Eng. Des. 132, 431-436.
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Westinghouse development of the best-estimate methodology showed that many of these concerns
could be addressed'®. Acceptance of the methodology was achieved in 1996, after a rigorous review
spanning three years. During this time, additional analysis and methodology developed during
rigorous, extensive, and sometimes contentious discussions and reviews with the Advisory Committee
for Reactor Safeguards ultimately would provide the basis for acceptance by the USNRC of the
overall methodology. A summary of the technical review and the conditions of acceptance was issued
by the USNRC?). In 1996, this was the first Best-Estimate (BE) LOCA evaluation model approved
within the industry'® and nowadays BE LOCA methods are extensively employed within the nuclear
industry overall.

Since the amendment of the 10 CFR 50.46 rule in 1988, Westinghouse has been applying realistic or
best-estimate methods to perform Loss of Coolant (LOCA) safety analyses for PWRs. Then main
focus has been historically on a large break rupture postulated to occur in the cold leg of the reactor
coolant system (RCS). Such scenario, called Large Break LOCA is still considered the design basis
accident (DBA) by the current rule.

An overview of Westinghouse realistic Large Break LOCA methodology is presented by the author in
other paper”. The methodology is based on the use of the WCOBRA/TRAC code'®. Westinghouse
acquired the COBRA/TRAC computer code which was originally developed at Pacific Northwest
Laboratory by Thurgood et al. *' for the US Nuclear Regulatory Commission (USNRC).
COBRA/TRAC was the result of coupling the COBRA-TF * and the TRAC-PD2 * codes.
Westinghouse continued the development of COBRA/TRAC through an extensive assessment against
several Separate Effect Tests (SETs)* and Integral Effect Tests (IETs). The code was then renamed to
WCOBRA/TRAC after a successful validation of the code.

A realistic analysis requires the execution of various realistic LOCA transient simulations where the
effect of both model and input uncertainties must be accounted for by propagating these uncertainties
throughout the transients. The outcome is typically a range of results with associated probabilities.

In its original form as approved in 1996, the uncertainty methodology was based on the response
surface technique'®. Subsequently the uncertainty methodology was significantly improved and
streamlined by replacing the response surface technique with a direct Monte Carlo convolution of the
uncertainty components. The new “Automated Statistical TReatment of Uncertainty Method”
(ASTRUM)**° was approved by the US NRC in November 2004.

Westinghouse has applied the methodology extensively for licensing application in the US market as
well as internationally, for operating plant as well as for the Design Certification of new plants
(AP600 and AP1000). Currently BE LBLOCA safety analyses support more than 75% of W-design
PWR fleet.

18 Bajorek, S. M., et al., 1998, “Code Qualification Document for Best Estimate LOCA Analysis,” Technical Report WCAP
12945 NP-A, Volume 1, Revision 2, and Volumes 2 through 5, Revision 1, Westinghouse Electric Company, Pittsburgh, PA.

19 Young, M. Y., Bajorek, S. M., Nissley, M. E., and Hochreiter, L. E., 1998, “Application of code scaling applicability and
uncertainty methodology to the large break loss of coolant,” Nuclear Engineering and Design 186 (1998) 39-52.

20 Frepoli, C., 2008, “Review Article - An Overview of Westinghouse Realistic Large Break LOCA Evaluation Model,”
Science and Technology of Nuclear Installations, Vol. 2008, Hindawi Publishing Corporation, Article ID 498737.

2 Thurgood, M. J., et al., 1983, “COBRA/TRAC - A Thermal-Hydraulics Code for Transient Analysis of Nuclear Reactor
Vessels and Primary Coolant systems,” NUREG/CR-3046.

2 Thurgood, M. J,, et al., 1980, “COBRA-TF Development,” 8th Water Reactor Safety Information Meeting.

2 Liles, D. R., et al., 1981, “TRAC-PD2, An Advanced Best Estimate Computer Program for Pressurized Water Reactor
Loss-of-Coolant Accident Analysis,” NUREG/CR-2054, Los Alamos National Laboratories, NM.

24 Paik, C.Y. and Hochreiter, L.E., 1986, “Analysis of FLECHT-SEASET 163 Rod Bundle Data Using COBRA-TF,”
NUREG/CR-4166.

25 Nissley, M. E., Frepoli, C., Ohkawa, K., and Muftuoglu, K., 2003, “Realistic Large-Break LOCA Evaluation
Methodology Using the Automated Statistical Treatment of Uncertainty Method (ASTRUM),” Technical Report WCAP-
16009-NP, Westinghouse Electric Company, Pittsburgh, PA.

160



NEA/CSNI/R(2013)8/PART2

Recently changes in the regulatory environment toward a risk informed approach combined with more
efficient and demanding fuel power cycles, and utilization of margins put more emphasis in scenarios
traditionally defined as Small and Intermediate Break LOCA. As a result, Westinghouse made several
upgrades and added several new functionalities to the code, which has now been renamed to
WCOBRA/TRAC-TF2, for the purpose of extending the EM applicability to smaller break sizes.

The new EM is called Westinghouse Full Spectrum LOCA (FSLOCA™) Methodology and is
intended to be applicable to a full spectrum of LOCAs, from small to intermediate break as well as
large break LOCAs. Section 4 in this paper provides a high level overview of the FSLOCA™ and
how it will be utilized in the future.

2. Regulations, Regulatory Guides, Acceptance Criteria and its Compliance

A LOCA event is categorized as a Design Basis Accident. The current safety regulations of the United
States Nuclear Regulatory Commission (US NRC) are stipulated in 10 CFR Part 50, Section 50.46.
Based on the 10 CFR 50.46 rule, an emergency core cooling system (ECCS) design is required to
satisfy prescriptive criteria. The regulation identifies the following five criteria:

1. Peak clad temperature (PCT) should be less than 2200 F

2. Local maximum oxidation (LMO) should be less than 17%

3. Core-wide oxidation (CWO) should be less than 1% (to limit the maximum amount of
hydrogen generated).

4. The core should maintain a coolable geometry

5. Long term cooling should be demonstrated

The acceptance criteria above were established following an extensive rulemaking in 1973. The issue
has been to demonstrate with high confidence that such limits are not exceeded would a LOCA event
occur. The original regulations governing the methods and assumptions to be used in the analysis of
the loss of coolant accident (LOCA) in LWR’s, described in Appendix K of 10CFR 50.46, required
conservative assumptions and prescriptive rules for the analysis. This resulted in very conservative
estimates of the consequences of such accidents, forcing unnecessary restrictions on plant operation.
At the time the intent of the regulation was to account of potentially unknown phenomena and
recognizing lack of knowledge of fundamental physical phenomena. Several conservative “Required
Features,” were mandated in Appendix K to 10 CFR 50. To cite some, the decay heat was based on
ANS 1971 model + 20%; the metal-water reaction calculation was based on the conservative Baker-
Just model; the heat transfer was limited to steam only for low flooding rates; etc.

It was the recognition of this burden on plant operations that led the US Nuclear Regulatory
Commission (USNRC), during the 1970’s and 1980’s, to sponsor an extensive international program
to develop realistic physical models and supporting data to more accurately predict the evolution of
the loss of coolant accident. The effort was both on the experimental side and analytical side
(computer codes, evaluation models). The major contributor to this international development effort
was the 2D-3D program which focused on multi-dimensional phenomena and scaling considerations.
The test facilities are: Full-scale Upper Plenum Test Facility (UPTF); Large-scale Cylindrical Core
Test Facility (CCTF); Slab Core Test Facility (SCTF).

Westinghouse played a significant role in this effort; among others notably is the FLECHT program.
Beginning in the mid 1970’s, these test programs generated a vast amount of fundamental heat
transfer data and reactor coolant system response data during the most critical period of the LOCA in
a PWR. These data were used to develop improved physical models that were incorporated into
advanced computer codes also being developed during this time period® **.

The knowledge gained over the years is really what led the industry to consider a more realistic
approach for the analyses of the LOCA scenario. Note that for the 1988 rule amendment (10 CFR

2 Hochreiter, L. E., “FLECHT SEASET Program: Final Report”, EPRI NP-4112, September 1986.
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50.46) the acceptance criteria were not changed (PCT=2200 F, LMO=17% and CWO=1%), however
certain physical models were identified as acceptable but not prescribed. Acceptable data sources
were identified and documentation requirements specified (Regulatory Guide 1.157). Any realistic
calculation requires the assessment of the uncertainties. Overall requirements for quantifying
uncertainties were specified and the Code Scaling, Applicability and Uncertainty (CSAU) method'
was cited as an acceptable methodology framework.

More recently the CSAU approach was further formalized and endorsed in the Evaluation Model
Development and Assessment Process (EMDAP) which was published in Standard Review Plan®’ and
Regulatory Guide 1.203* in 2005. The EMDAP process is depicted in the flowchart of Figure 1.

2.1 The Evaluation Model Development and Assessment Process (EMDAP)

Similarly to the CSAU, the EMDAP is divided in four main elements. In Element 1, the scenario is
characterized and the nuclear power plant broken down into relevant regions (e.g., fuel rod, core,
lower plenum, etc.). Then potentially important phenomena/processes are identified for each time
period and region. An expert’s panel performs ranking and document basis for consensus. Results are
compiled in the Phenomena Identification and Ranking Table (PIRT). The PIRT is a critical element
of CSAU-based methodologies. It is designed to focus on the prioritization of code assessment which
helps facilitate the decisions on physical model and methodology development.

The PIRT is a practical and useful method but its shortcomings were recognized since its introduction.
In particular, the human judgment factor and the fact that knowledge gained is not always factored
back into final documentation were seen as weakness. Soon after its introduction, the CSAU
methodology was reviewed by the technical community. Although there was agreement that the
methodology described many of the key steps required for an acceptable methodology, there was also
technical criticism and some skepticism on the practical applicability of the methodology®"”.

One important issue raised was whether the PIRT procedure eliminated too many important processes
from consideration. This concern is heightened by the fact that since every additional process which is
included increases the complexity and cost of subsequent steps, there is the possibility of
‘rationalizing’ a short list of contributors. However there are three conditions preventing such an
occurrence: first, detailed independent review of the methodology by the USNRC’s experts eventually
brings to light important processes which may have initially been ignored. Second, Reg. Guide
1.157% provides a complete list of all the processes known to affect the LOCA transient, and requires
a detailed assessment of each one. Third, the CSAU methodology requires thorough assessment of a
‘frozen’ version of the computer code with a wide variety of experiments. Since these experiments are
specifically selected to cover the expected range of conditions, important phenomena will be
identified.

Overall, an important claim made by the TPG was that the methodology was structured, traceable, and
practical and therefore it was ideally suited for application in the regulatory and design arenas. This
has been definitely demonstrated by several successful implementations of the CSAU-based
methodologies currently licensed and applied to safety analysis in the industry over the past three
decades.

Elements 2, 3 and 4 describe a suitable process for the development and the assessment of the
evaluation model (EM), sometimes referred to as Verification and Validation (V&V). An assessment
matrix is established where Separate Effect Tests (SETs) and Integral Effect Tests (IETs) are selected
to validate the code against the important phenomena identified in the PIRT. The code biases and
uncertainties are established and the effect of scale determined.

7 NUREG-0800, “Standard Review Plan - 15.0.2 Review of Transient and Accident Analysis Methods”, December 2005.
28 USNRC, “Transient and Accident Analysis Methods,” Regulatory Guide 1.203, December 2005.

2 USNRC, “Regulatory Guide 1.157 (Task RS 701-4), Best-Estimate Calculations of Emergency Core Cooling System
Performance”, May 1989.
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One topic of debate in the V&V process is that there is an apparent incongruence between the
‘attempt’ of modelling thermal-hydraulic processed at a very fine scale with semi-mechanistic models
while both PIRT, SET and IET are only able to characterize an aggregate of such sub-processes. First
the code models are still empirical and based on a collection of correlations (closure relationships)
which essentially are data fit and really not solving the fundamental physics underneath. Second, the
data from the experiments is not even detailed enough to characterize all those sub-process at the
same level of the current computer code describes them.

This ‘gap’ is resolved by indentifying macroscopic controlling parameters whose bias and uncertainty
is shown to aggregate the uncertainty associated with various individual sub-process modelled by the
computer code. At the end the code is shown to capture bias and uncertainty which results from
comparing the code prediction of rather ‘integral’ SETs. The robustness of such approach often
resides upon a detailed compensating error analysis which demonstrates that either the code is capable
of predicting the right results for the right reasons, or, if distortions are found, they are determined to
be in the conservative direction to help the safety case for the plant under study.

The key output from the EMDARP is to demonstrate the code’s ability to correctly predict all the
dominant physical processes during the transient which leads to the adequacy decision of the
evaluation model overall. Another important output from EMDAP is the establishment of probability
distributions and biases for the important contributors identified in the PIRT.

Once the EM is judge to be adequate for its intended purpose, the next step is to decide on method to
model the plant and combine model and input uncertainties in order to generate a probabilistic
statement that satisfy the intent of the rule (10 CFR 50.46).

The influence of the user on the results has been recognized as another potential source of
uncertainty **. To eliminate such variability several engineering safeguards or procedures are
considered as part of the methodology. A rigorous consistency between the noding utilized to model
prototypical SET and IET and PWR is enforced. Calculation of plant-specific inputs and set up of
initial and boundary condition follow a very prescriptive standard guidance which is formulated in
standard procedures. Frequent engineering and peer reviews are implemented to assure adherence to
this guidance. In this framework, plant-to-plant variations are limited as much as practical. Steady-
state criteria are established to minimize variability of initial conditions. Following these procedures,
consistency with the code assessment conclusion is ensured and “user effects” are virtually
eliminated.

2.2 Best-Estimate Plus Uncertainty (BEPU) within a Statistical Framework and its
Challenges

The key step in a realistic analysis is the assessment of uncertainties associated with physical models,
data uncertainties, and plant initial and boundary condition variability. The issue is how results are
interpreted to demonstrate compliance with the 10 CFR 50.46 requirements. As an additional
requirement/clarification 10 CFR 50.46 states that “[...] uncertainty must be accounted for, so that,
when the calculated ECCS cooling performance is compared to the criteria set forth in paragraph (b)
of this section, thereis a high level of probability that the criteria would not be exceeded.” Paragraph
(b) of 10 CFR 50.46 contains the list of the acceptance criteria. 10 CFR 50.46 does not explicitly
specify how this probability should be evaluated or what its value should be.

Additional clarification as to the US NRC expectations on the acceptable implementation of the “high
probability” requirement is provided in Section 4 of Regulatory Guide 1.157 (Best Estimate
Calculations of Emergency Core Cooling System Performance) that states: “a 95% probability is
considered acceptable by the NRC staff [...] .

The development of the uncertainty methodology is probably the most straightforward of all the
CSAU elements. Once the dominant contributors and their probability distributions are properly

30 Aksan S. N., D'Auria F., Staedtke H, “User Effects on the Thermal-hydraulic Transient System Codes Calculations” J.
Nuclear Engineering & Design, Vol 145, Nos. 1&2, 1993.
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identified and quantified and the computer code, through assessment and comparison with data, is
shown to accurately predict the effect of variations in input variables on the output result, several well
established methods are available to perform the uncertainty propagation step. The choice of method
is basically a practical one, controlled by a trade-off between a stable estimator (in a statistical sense)
and expenses incurred in performing and documenting several computer calculations. The methods
utilized evolved over the last two decades.

The CSAU originally suggested the use of response surfaces methods. Data points are generated by
running the code with specific input variables to perform parametric studies on selected uncertainty
contributors. Then response surfaces are fit calculation to these data points. The response surfaces are
treated as a ‘surrogate” of the code which reflects the functionality (transfer function) between let’s
say the PCT and a set of values for the uncertainty attributes. Finally these response surfaces are used
in a Monte Carlo simulation to generate the output distribution (PCT Cumulative Distribution
Functions (CDF) for instance).

An advantage of this approach is that the generation of response surfaces requires a well organized
matrix of calculations in which single and multiple effects are evaluated. These calculations allow the
analyst to understand how each important contributor affects the PCT. On the other hand, the actual
implementation is not as straightforward. The uncertainty contributors have to be grouped together to
limit the size of the run matrix which is a strong function of the number of parameters ranged in the
uncertainty analysis. At the same time, it is important to ensure that the run matrix or matrices can
adequately highlight key interactions. The first Westinghouse realistic LOCA methodology'® was
based on the use of response surfaces. The final embodiment of the response surface technique as part
of the original 1996 Westinghouse LBLOCA evaluation model was cumbersome and significantly
more sophisticated than what the original CSAU developers had envisioned.

Another criticism on the use of response surfaces is that polynomials could not pick up discontinuities
in results or properly identify cliff effects or bifurcations in the results.

Ideally the uncertainty propagation model could be solved with a direct Monte Carlo method. The
implementation of the method is straightforward where it simply requires sampling of the input
distributions n times, then by using the computer code directly generating n outputs which are used to
estimate the actual distribution. The issue is to define how many runs are required to accurately define
the distribution of the outcome (PCT for instance).

Several years ago, this approach was considered impractical due to the number of calculations
involved (on the order of thousands). This may not be true today, however. While there are still
several issues to be resolved with this approach, particularly the number of calculations required to
adequately represent the output distribution and extract knowledge about the importance and effect of
each contributor, this approach could be considered today.

A more practical approach that has become widely used in the industry in the last decade uses a direct
Monte Carlo method for the uncertainties convolution but to infer probabilistic statements with
reduced sample sizes. These methods are based on non-parametric order statistics procedures. Instead
of attempting in obtaining information with regard to underneath probability distribution function
(PDF) of the measure (say PCT), the PDF is ignored (thus distribution-free) and non-parametric
statistics is used to determine a bounding value (tolerance limits) of the population with a given
confidence level.

Non-parametric methods started to be applied in realistic calculations of LOCA/ECCS analysis in the
late 90°s>". Although, there are some conceptual similarities, most of these methods, started to be
employed in Europe in the late 90’s by Glaeser et al.******. In US, both AREVA-NP in 2003* and

3 Wickett, T. (editor), et al., 1998, “Report of the Uncertainty Methods Study for Advanced Best Estimate Thermal
Hydraulic Code Applications,” NEA/CSNI/R(97)35.

32 Glaeser, H., “User effects in application of thermal-hydraulic computer codes”, paper presented at IAEA Specialists Mtg
on User Qualification for and User Effect on Accident Analysis for NPPs, Vienna, 1998.
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Westinghouse in 2004*° have developed NRC-licensed Best-Estimate LOCA Evaluation Models
based on the use of these methods. Other applications seen in the industry are the Extended Statistical
Method (ESM) by AREVA/EDF in France® and the GE’s application to non-LOCA events®’. While
all of these implementations utilized essentially the same technique to combine the uncertainties, there
are fundamental differences with regard to the interpretation of how these calculation results are used
to satisfy the regulatory acceptance criteria.

Westinghouse embodiment of the methodology is based on Guba et al.*®, which required the
extension of the sample size beyond the 59 runs suggested by Wilks®’ to bound a multi-variate
population. Accordingly to Guba®’ the general formula applicable to one-sided populations with
multiple outcomes (p>1) is the following:

f= N_pLW (1-y) (1)
S(N=j) !

The number of runs can be found solving the equation for N, by substituting a y = 0.95 and = 0.95,
and p = 3. The number of computer runs, N is found equal to 124. This method was implemented in
the Westinghouse Realistic Large Break LOCA evaluation model, also referred to as “Automated
Statistical TReatment of Uncerainty Method” (ASTRUM)®. The ASTRUM Evaluation Model and its
approach to the treatment of uncertainties was approved by the US NRC in November 2004.

Further insights on the robustness of the statistical method employed in the current Westinghouse
realistic large break LOCA methodology (ASTRUM) are provided in a previous paper’.

From a licensing stand point, the challenges within the industry was that regulatory guides (both in the
US and oversea) was not developed to the point of explicitly considering a statistical approach to the
uncertainties treatment, which would also require a statement with regard to the confidence level
associated with a statistical estimate of the uncertainty. Regulatory Guide 1.157 introduced the
concept of confidence level as a possible refinement to the uncertainty treatment, but did not expand
further on this concept.

As statistical methods are implemented to perform LOCA safety analyses, a statistical statement based
on a 95% confidence level has been suggested by the NRC and other international regulators as
acceptable. In practice, a 95% confidence that the 95" percentile of PCT, LMO and CWO populations
is within the specified acceptance criteria is considered acceptable by the US NRC to demonstrated

33 Glaeser, H., Hofer, E., Kloos, M., and Skorek, T., 1998, “GRS Analyses for CSNI Uncertainty Methods Study (UMS),” in
CSNI Report NEA/CSNI/R(97)35, Volume 1, June 1998.

34 Glaeser, H., 2000, “Uncertainty Evaluation of Thermal-Hydraulic Code Results,” Proc. Int. Mtg. on Best-Estimate.

33 Martin, R. P. and O’Dell, L. D., 2005, “Framatome ANP’s Realistic Large Break LOCA Analysis Methodology”, Nucl.
Eng. Des., Vol. 235, pp. 1713-1725.

36 Sauvage, J.-Y., Keldenich, 2005 “ESM-3D: A Fully-Extended Statistical Method Based on CATHARE 3D for Loss of
Coolant Accident Transient Analysis”, Proceedings of ICONE-13 International Conference on Nuclear Engineering, May
16-20, 2005, Beijing, China.
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the required “high probability”. In particular the Safety Evaluation Report (SER) of the Westinghouse
Best-Estimate Large Break LOCA methodology (ASTRUM) states the following: “the staff
determined that a 95th percentile probability level based on best approximations of the constituent
parameter distributions and the statistical approach used in the methodology is appropriately high.”

The main reason that a 95/95 statistical statement is accepted lies in the defense-in-depth phylosophy.
It is recognized that many other layers of conservatisism are included in any licensed realistic
evaluation model. For example the following is stated by the NRC in ASTRUM SER: “ Because this
application only applies to LBLOCA design basis analyses (which assume a single failure), a higher
probability [..] is not needed to assure a safe design.” Note that the single failure assumption is not
the only conservative bias/assumption included in the Westinghouse methodology. The use of this and
other conservative assumptions further supports the conclusions that a 95/95 statistical statement is
adequate to satisfy the acceptance criteria, for the proposed evaluation model.

In practice there are many ‘unresolved’ challenges with these methods. Regardless the different
embodiments that can be found within the industry, the general approach is to rely on the minimum
sample size and use the extreme case (rank k=1) as upper tolerance limit that statistically bounds a
prescribed fraction of the population (typically 95%) with a high confidence (typically 95%). There is
nothing wrong mathematically in the formulation. The issue is that the extreme case is subject to large
variability. This presents two problems:

1) The estimator is affected by the seed selected during the Monte Carlo procedure. This requires the
applicant to develop ‘robust’ seed (or re-seed) procedures that provides confidence to the
regulator that the exercise is performed in fairness.

2) When we aim to a 95/95 upper tolerance limit, we are willing to accept that we can have 5%
probability of being in error. In other words there is 5% probability that the estimate is actually
lower than the 95% of the population (unknown). The heart of the matter is that we do not know
by how much we are under-predicting. This presents some challenges to some regulators. The
problem is somewhat alleviated within the Westinghouse embodiment (ASTRUM) because the
procedure aims on a 95/95 for three variables (max of 124 instead of max of 59). In that case, on a
single output the probability of underestimation is reduced to 0.2%.

3) It is often not practical to perform parameter sensitivities, or regressions analyses with small
sample sizes. The sample size is often insufficient relative to the magnitude of the spread of the
data in the sample.

Many of these issues are alleviated by simply increasing the sample size.

3. Next Generation of Westinghouse Realistic LOCA Evaluation Model:
The Full Spectrum LOCA (FSLOCA™) Methodology

Westinghouse has historically maintained separate evaluation models (EM) for analyzing design-basis
small and large break loss-of-coolant accidents (LOCA). This is due to the differences in the physical
phenomena of importance for different break sizes, and the challenges in developing a single
computer code which is robust enough to cover the entire break spectrum. Advances in
computational tools and the use of statistical methods have also tended to be focused on the large
break LOCA, as it has traditionally been more limiting from a design perspective than the small break
LOCA.

Safety analysis of Small Break LOCA scenario has always used the conservative or bounding
Evaluation Models as stipulated in Appendix K of 10 CFR 50.46 rule. However, regulatory initiatives
to risk-inform the 10 CFR 50.46 rule, combined with operational initiatives that call for increased
margins to support power uprates and improved operational flexibility, have increased the interest in
improved and more realistic analytical capabilities for the small and intermediate break portion of the
LOCA spectrum. Furthermore, while historically the focus in LOCA analysis have been on assessing
system performance in term of Peak Clad Temperature (PCT) reached during the postulated transient,
more emphasis is now given to the Maximum Local Oxidation (MLO) and its impact in maintaining a
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coolable geometry during a LOCA. At the same time, the MLO during a small break LOCA can
‘artificially’ challenge the limits for certain classes of Pressurized Water Reactors (PWRs) when the
analysis is performed with conservative Appendix-K methods. Finally, data-driven best-estimate plus
uncertainty methods are now preferred both by regulators and industry overall since they provide a
more realistic representation of the physics and phenomena involved in such analyses.

In order to respond to these needs, it was desirable to have the capability to have a single analytical
method, or EM, that covers the entire spectrum of break sizes, in a realistic fashion. In 2005
Westinghouse initiated a development program to fulfill this objective which resulted in extending the
code applicability to smaller break sizes such that the same code can be applied to a full spectrum of
LOCAs, from small to intermediate break as well as large break LOCAs. In order to properly model
the Small Break LOCA scenario the code was subject to a significant amount of changes which led to
the creation of the advanced WCOBRA/TRAC-TF2 computer code. The development of
WCOBRA/TRAC-TF2 started by combining the 3D module of the current WCOBRA/TRAC
MOD7A, Rev. 7 with the TRAC-P V.5.4.8. More detailed on the development of the new code can be
found in several recent papers by the authors*!-#243-44:42-46-:47.48.49

The development of the new evaluation model, called Westinghouse Full Spectrum LOCA
(FSLOCA™), was just completed and submitted to the US NRC for their review and approval in
November 2010.

The scenario being addressed by the FSLOCA methodology is a postulated loss of coolant accident
that is initiated by an instantaneous rupture of a reactor coolant system (RCS) pipe. The break size
considered for a split break ranges from the break size at which the break flow is beyond the capacity
of the normal charging pumps up to a size equal to the area of a double ended guillotine rupture. The
term ‘Full Spectrum’ specifies that the new EM is intended to resolve the full spectrum of LOCA
scenarios which result from a postulated break in the cold leg of a PWR

The FSLOCA uncertainty methodology is also based on a direct Monte Carlo sampling of the
uncertainty contributors. The process is overall similar to the approved methods — ASTRUM.

4 Ohkawa, K., 2007, “Development of Homogeneous Non-equilibrium Relaxation Critical Flow Model with
Non-condensable Gas,” Paper-151, The 12th International Topical Meeting on Nuclear Reactor Thermal-
Hydraulics (NURETH-12), Pittsburgh, Pennsylvania, USA, September 30 — October 4.

42 Frepoli, C. “Need of a Coherent and Consistent Phenomena Identification and Ranking Table (PIRT) To Address Small,
Intermediate and Large Break LOCA in PWRs”, Transaction American Nuclear Society, Winter meeting and Nuclear
technology Expo, November 12-16, 2006, Albuquerque, NM.

* Frepoli, C., Ohkawa, K. and Nissley, M., “Development of WCOBRA/TRAC-TF2 Computer Code: Coupling of the 3D
Module (COBRA-TF) with the 1D Module of TRAC-PF1/MOD2”, Proceedings of the 17" International Conference on
Nuclear Engineering ICONE17 July 12-16, 2009, Brussels, Belgium, USA

# Frepoli, C., Ohkawa, K. “The Development of a Realistic LOCA Evaluation Model Applicable to the Full Range of
Breaks Sizes: Westinghouse Full Spectrum LOCA (FSLOCA™) Methodology”., The 14th International Topical Meeting on
Nuclear Reactor Thermalhydraulics, NURETH-14 Toronto, Ontario, Canada, September 25-30, 2011.

4 Liao, J., Frepoli, C., Ohkawa, K., “Condensation in the Cold Leg As Results of ECC Water Injection During a LOCA:
Modeling and Validation”. The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011.

46 petkov, N., Frepoli, C., Ohkawa, K., “WCOBRA/TRAC-TF2 Simulation of ROSAIV/LSTF Natural Circulation Test ST-
NC-02”. The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14 Toronto, Ontario,
Canada, September 25-30, 2011.

4 Shockling, M., Frepoli, C., Ohkawa, K., “Best-Estimate LOCA Analysis over the Full Spectrum of Postulated Breaks
Using Westinghouse FULL SPECTRUM™ LOCA Methodology”. The 14th International Topical Meeting on Nuclear
Reactor Thermalhydraulics, NURETH-14 Toronto, Ontario, Canada, September 25-30, 2011.

“ Liao, J., Frepoli, C., Ohkawa, K., “Horizontal Stratified Flow Model for the 1-D Module of WCOBRA/TRAC-TF2:
Modeling and Validation”. The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011.

4 Frepoli, C., Ohkawa, K., et al., “Realistic LOCA Evaluation Methodology Applied to the Full Spectrum of Break Sizes
(FULL SPECTRUM™ LOCA Methodology),” WCAP-16996-NP, Revision 0, November 2010.
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However some of the implementation details have been re-worked to properly address some concerns
relative to the sample size and the need of providing an adequate coverage and consideration of all
break sizes which are considered by the Full Spectrum LOCA EM.

FSLOCA™ development followed the Evaluation Model Development and Assessment Process
(EMDAP) which is outlined in the Regulatory Guide (RG) 1.203 and the Standard Review Plan (SRP)
discussed in the NUREG-0800 (2005).

4. Summary and Conclusions

Since the amendment of the 10 CFR 50.46 rule in 1988, Westinghouse engaged in three decades of
continuous development and application of realistic or best-estimate methods to perform Loss of
Coolant (LOCA) safety analyses for PWRs in the industry. Then main focus has been historically on a
large break rupture postulated to occur in the cold leg of the reactor coolant system (RCS). Such
scenario, called Large Break LOCA is still considered the design basis accident (DBA) by the current
rule. However recent interest in Intermediate and Small Break LOCA scenario was the driver behind
further developments over the last five years which resulted in the new evaluation model, called
Westinghouse Full Spectrum LOCA (FSLOCA™) Evaluation Model recently completed and
submitted to the US NRC for their review and approval in November 2010.

The framework of these methods has been the CSAU, more recently reformulated in the Evaluation
Model Development and Assessment Process (EMDAP) by the USNRC.

This paper presented an historical review of the advances. Many lesson learned during the extensive
use of these methods for licensing application within the industry have been captured within the
methodology.

However many challenges still lie ahead and there is significant room for further improvement. We
believe these methods still retain significant conservatism in their model and how they are applied for
nuclear power plant safety analysis. Also applications of approved methods are valid only within the
constraints of the class of plants and scenarios for which they are certified. Therefore, as new designs
and new scenarios are identified, this requires further development and assessment.

The area of uncertainty, particularly the use of non-parametric order statics has been a success story
within the industry; however both applicants and regulators are aware of its shortcomings briefly
discussed in this paper.

o
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Abstract

An experiment simulating a PWR intermediate-break loss-of-coolant accident (IBLOCA) with 17%
break at cold leg was conducted in OECD/NEA ROSA-2 Project using the Large Scale Test Facility
(LSTF). In the experiment, core dryout took place due to rapid drop in the core liquid level before
loop seal clearing (LSC). Liquid was accumulated in upper plenum, steam generator (SG) U-tube
upflow-side and SG inlet plenum before the LSC due to counter-current flow limiting (CCFL) by high
velocity vapor flow, causing further decrease in the core liquid level. The post-test analysis by
RELAP5/MOD3.2.1.2 code revealed that cladding surface temperature of simulated fuel rods was
underpredicted due to later major core uncovery than in the experiment. Key phenomena and related
important parameters, which may affect the core liquid level behavior and thus the cladding surface
temperature, were selected based on the LSTF test data analysis and post-test analysis results. The
post-test analysis conditions were considered as ‘Base Case’, for sensitivity analysis to study the
causes of uncertainty in best estimate methodology. The RELAPS5 sensitivity analysis was performed
by changing the important parameters relevant to the key phenomena within the ranges to investigate
influences of the parameters onto the cladding surface temperature. It was confirmed that both
constant C of Wallis CCFL correlation at the core exit and gas-liquid inter-phase drag in the core, as
parameters that need to consider for the evaluation of safety margin, are more sensitive to the cladding
surface temperature than other chosen parameters.

1. Introduction
The occurrence frequency of the pipe break has been found to depend on the pipe size such that
complete rupture of a smaller pipe or non-piping component is more likely to occur than double-ended

guillotine break (DEGB) of a larger pipe, through the investigation on pipe integrity during long-term
operation and for life extension of light water reactors (LWRs). Frequency of DEGB of main piping in
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the primary system of pressurized water reactors (PWRs), leading to large-break loss-of-coolant
accident (LOCA), would then be quite low. The consideration of complete rupture of the largest
branch pipe connected to the main piping should become relatively more important than ever in risk
informed regulation-relevant safety analyses (Tregoning et al., 2008).

The United States Nuclear Regulatory Commission (2005) proposed risk informed changes to
LOCA technical requirements, Appendix K to 10 CFR Part 50, that intermediate-break LOCA
(IBLOCA) is chosen as a design basis event (DBE) for the assessment of emergency core cooling
system (ECCS) effectiveness. Many test facilities have produced experimental data on small-break
LOCA (SBLOCA) for code assessment and development. The experimental data, however, have been
scarcely obtained for IBLOCA, although the thermal-hydraulic responses should differ from those for
SBLOCA and LBLOCA. For the evaluation of safety margin in the case of IBLOCA in a realistic
manner, detailed thermal-hydraulic data prepared by systematic tests simulating IBLOCA are desirable
to understand the phenomena and to validate analysis methods including best-estimate computer code
(e.g., RELAPS code).

An experiment was conducted for OECD/NEA ROSA-2 Project with the Large Scale Test Facility
(LSTF) (The ROSA-V group, 2003), simulating a PWR 17% cold leg IBLOCA (Takeda et al., 2011).
The LSTF simulates a Westinghouse-type four-loop 3423 MW (thermal) PWR by a full-height and
1/48 volumetrically-scaled two-loop system. An upward long nozzle was mounted flush with the inner
surface of cold leg to simulate DEGB of ECCS nozzle. Single-failure of diesel generators related to
flow rates of both high pressure injection (HPI) and low pressure injection (LPI) systems as well as
total failure of auxiliary feedwater were assumed.

Post-test analysis for the LSTF experiment was performed by RELAP5/MOD3.2.1.2 code (Carlson
et al., 1990) to validate the predictability of the code to be used as a platform for best estimate plus
uncertainty (BEPU) study (Wilson and Boyack, 1998; Yamaguchi et al., 2009). Key phenomena and
related important parameters, which may affect the core liquid level behavior and thus the cladding
surface temperature, were selected based on the LSTF test data analysis and post-test analysis results.
The post-test analysis conditions were considered as ‘Base Case’, for sensitivity analysis to study the
causes of uncertainty in best estimate methodology. The RELAP5 sensitivity analysis was conducted
by varying the important parameters within the ranges to investigate influences of the parameters onto
the cladding surface temperature. This paper describes major observations in the LSTF experiment
during the cold leg IBLOCA with the RELAPS5 post-test analysis and sensitivity analysis results.

2. OECD/NEA ROSA-2 Project

The JAEA started OECD/NEA ROSA-2 Project in 2009 following the ROSA Project (Nakamura et
al., 2008) to resolve issues in thermal-hydraulic analyses relevant to LWR safety by using the LSTF of
JAEA. Eighteen organizations from 14 NEA member countries have joined the ROSA-2 Project to
date. In particular, the ROSA-2 Project intends to focus on the validation of simulation models and
methods for complex phenomena such as multi-dimensional mixing and stratification of highly safety
relevance for thermal-hydraulic transients in DBEs and beyond-DBE transients.

The experimental program is defined to provide valuable and broadly usable database to achieve the
objectives agreed among participants. The ROSA-2 Project consists of six LSTF experiments that
mainly include two groups of experiments which are IBLOCAs and steam generator tube rupture
(SGTR) accidents. IBLOCA with a break at either hot leg or cold leg of PWR is dealt with as one of
important safety issues. A SGTR accident induced by main steam line break is simulated further as
well as a SGTR to evaluate amount of fission product (FP) release and to consider better accident
management (AM) actions to minimize the FP release. New collaboration with other OECD/NEA
Project: PKL-2 is also conducted focusing on the effectiveness of core exit temperature as an
important indicator to start the AM actions.
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3. ROSA/LSTF

The LSTF simulates a Westinghouse-type four-loop 3423 MWt PWR by a two-loop system model
with full-height and 1/48 in volume. The reference PWR is Tsuruga Unit-2 of Japan Atomic Power
Company (JAPC). Figure 1 shows the schematic view of the LSTF that is composed of pressure
vessel, pressurizer (PZR) and primary loops. An active steam generator (SG) with 141 full-size
U-tubes (inner diameter of 19.6 mm each), primary coolant pump, hot and cold legs are included in
each loop. The hot and cold legs, 207 mm in inner diameter, are sized to conserve the volumetric
scaling (2/48) and the ratio of the length to the square root of the diameter to simulate the flow regime
transitions in the horizontal legs (Zuber, 1980).

The LSTF core, 3.66 m in active height, consists of 1008 electrically heated rods in 24 rod bundles
to simulate the fuel rod assembly in the reference PWR. Axial core power profile is a 9-step chopped
cosine with a peaking factor of 1.495. The radial power profile is achieved by providing three different
power rod bundles (high, middle and low) with a maximum peaking factor of 1.51 for high-power rod
bundle. The LSTF initial core power of 10 MW corresponds to 14% of the volumetric-scaled (1/48)
PWR nominal core power because of a limitation in the capacity of power supply. The core power
after the test initiation is then kept constant at 10 MW for a little while before the core power starts to
follow pre-determined decay power curve.

4. LSTF Experiment and Code Analysis Results

4.1. LSTF Test Conditions

The 17% break was simulated by using a nozzle, upwardly mounted flush with the cold leg inner
surface, in the broken loop without PZR, as shown in Fig. 2. The break simulation nozzle is 41 mm in
inner-diameter (d) and 492 mm in straight portion length (L). The ratio of L to d is designed to be 12
to avoid significant influences of the length onto mass flux through the nozzle (Henry, 1968). The
nozzle flow area corresponds to 17% of the volumetrically-scaled cross-sectional area of the reference
PWR cold leg.

The experiment was initiated by opening a break valve located downstream of the break nozzle at
time zero. The PZR pressure, fluid temperatures in hot and cold legs during initial steady-state
conditions were 15.5 MPa, 598 K and 562 K, respectively, according to the reference PWR conditions.
The LSTF core power was maintained at the initial value of 10 MW for 18 s after a scram signal until
the scaled PWR core decay power dropped to 10 MW. The LSTF core power started to decay
afterwards according to the specified core power. To obtain prototypical initial fluid temperatures with
this core power, core flow rate was set to 14% of the scaled nominal flow rate. Initial secondary
pressure was raised to 7.3 MPa from nominal value of 6.1 MPa to limit the primary-to-secondary heat
transfer rate to 10 MW. Set point pressures for opening and closure of SG relief valves (RVs) are 8.03
and 7.82 MPa respectively, referring to the corresponding values in the reference PWR. The
experiment assumed loss of off-site power concurrent with scram and total failure of auxiliary
feedwater.

As for ECCS conditions, high pressure injection (HPI), accumulator (ACC) and low pressure
injection (LPI) systems were actuated in the intact loop only to simulate the ECCS line break. Further
assumption was single-failure of diesel generators related to both the HPI and LPI flow rates.

4.2. Major Phenomena Observed in the Experiment

The LSTF test results are shown in Figs. 3 through 11 as a comparison with RELAPS post-test
analysis results. Break flow turned from single-phase liquid to two-phase flow in a very short time
after the break. Rather large size of break caused a fast primary depressurization. The SG
secondary-side pressure increased rapidly up to about 8 MPa after the closure of the main steam
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isolation valves following the scram signal, causing that the SG RVs were opened for about 30 s. The
primary pressure soon became far lower than SG secondary-side pressure. The SG U-tube liquid level
started to decrease greatly due to the fast primary depressurization and steam flow from the inlet
plenum soon after the break. The liquid level decrease in the SG U-tube downflow-side continued
down to the crossover leg to cause loop seal clearing (LSC). Core dryout took place at about 35 s due
to rapid drop in the core liquid level before the LSC. Liquid was accumulated in upper plenum, SG
U-tube upflow-side and SG inlet plenum before the LSC due to counter-current flow limiting (CCFL)
by high velocity vapor flow, causing further decrease in the core liquid level. Water remained on the
upper core plate in the upper plenum due to CCFL because of continuous upward steam flow from the
core. The HPI system was started almost simultaneously with the core dryout, but was ineffective on
the core cooling because the injection flow rate was far smaller than break flow rate. The core
bottom-up quench started after the incipience of ACC coolant injection at 4.51 MPa. However, a large
temperature excursion appeared in the core, which induced actuation of automatic core power decrease
to protect the LSTF core after the maximum cladding surface temperature exceeded pre-determined
criterion of 958 K. The peak cladding surface temperature (PCT) of 978 K was observed at Position 6
(=about 0.4 m above the core center). The core power decreased down to 5% of the pre-determined
power level as the PCT reached 978 K. Whole core was quenched due to reflooding.

4.3. RELAPS5 Code Analysis

4.3.1. RELAPS5 Analysis Conditions

Figure 12 shows a noding schematic of LSTF for RELAP5 analysis. The LSTF system is modeled
in one-dimensional manner including pressure vessel, primary loops, PZR, SGs and SG
secondary-side system.

The break unit connected to the top of the broken cold leg (Fig. 2) was modeled by a vertical pipe,
horizontal pipe and oblique pipe between them to simulate corresponding facility configuration. The
break nozzle in the vertical pipe was represented by five equal-volume nodes. The analysis employed
RELAPS critical flow model, which may correctly predict the discharge rate through the long break
nozzle, with a discharge coefficient (Cd) of 1.0.

The core was represented by vertically-stacked nine equal-height volumes according to 9-step
chopped cosine power profile along the length of the core. The radial power distribution was then
given considering the peaking factor and the number of high-, mean- and low-power rod bundles.

Following Wallis correlation (Wallis, 1969) was applied to simulate CCFL at core exit, U-tubes and
inlet plena of SGs;

jG*1/2 + mjL*ll2 — C (1)
where j is the non-dimensional volumetric flux. Subscripts G and L denote gas and liquid phases,
respectively. Constants of m and C for core exit, U-tubes and inlet plena of SGs were set to 1 and 0.75,
respectively, obtained from LSTF experiment on CCFL at the SG U-tube inlet (Yonomoto et al., 1991).
These values were selected as the constants in the post-test analysis considering a tendency that water
remains on the upper core plate in the upper plenum, though flow channel structure of the core exit is
different from that of the SG U-tube inlet.

Kumamaru et al. (1999) have pointed out that the RELAP5 code should overpredict gas-liquid
inter-phase drag in the core. Larger inter-phase drag in the core results in overprediction of the core
liquid level. In the post-test analysis, inter-phase drag in each node of core was thus reduced to 1/10.
No core power control depending on the PCT was made in the post-test analysis. Other initial and
boundary conditions were determined according to the LSTF test data.
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4.3.2. Comparison of Post-test Analysis Results with Experimental Observations

The RELAPS5 code roughly predicted the overall trend of the LSTF test as has been compared in
Figs. 3 through 11. Significant drop in the cold leg liquid level started slightly later than in the
experiment due to a bit later LSC. The primary pressure was overpredicted probably due to smaller
steam discharge through the break because of overprediction of cold leg liquid level resulting in later
ACC coolant injection, though break flow rate and HPI flow rate were predicted reasonably well.

Major core uncovery following significant drop in the core liquid level before LSC started slightly
later than in the experiment. The core liquid level was underpredicted after around 50 s due to
overprediction of the upper plenum liquid level probably because of coolant remain in the crossover
leg upflow-side under effects of CCFL at the core exit. The cladding surface temperature was
underpredicted due to later major core uncovery than in the experiment. Then the PCT was about 963
K at Position 5 (=core center). Liquid accumulation in the SG U-tube upflow-side and SG inlet
plenum before LSC was well calculated, though with tendencies that the U-tube upflow-side was
slightly overpredicted and the inlet plenum was slightly underpredicted.

5. Sensitivity Analysis of LSTF Experiment

5.1. Selection of Key Phenomena and Related Important Parameters

Key phenomena which may affect the core liquid level behavior and thus the cladding surface
temperature were selected based on the LSTF test data analysis and RELAPS post-test analysis results,
referring to high-ranked PWR LOCA phenomena (Boyack and Ward, 2000). The followings were the
key phenomena: critical flow at the break, decay heat and stored heat of the fuel rod, mixture level in
the core, liquid accumulation in the upper plenum, SG U-tube upflow-side and SG inlet plenum due to
CCFL, and steam condensation on HPI or ACC coolant in the intact cold leg. The key phenomena
include liquid accumulation in the upper plenum, SG U-tube upflow-side and SG inlet plenum due to
CCFL as phenomena peculiar to the cold leg IBLOCA.

The key phenomena were ranked as shown in Table 1. Critical flow at the break, decay heat of the
fuel rod, mixture level in the core, liquid accumulation in the upper plenum and SG U-tube
upflow-side were identified as high-ranked phenomena which may have great influences onto the core
liquid level behavior and thus the cladding surface temperature. Stored heat of the fuel rod and steam
condensation in the intact cold leg as well as liquid accumulation in the SG inlet plena were identified
as medium-ranked phenomena which may have somewhat or little influences onto the core liquid level
behavior and thus the cladding surface temperature.

Sensitivity analysis should be necessary for both the high- and medium-ranked phenomena.
Important parameters relevant to the key phenomena were selected as shown in Table 1. The
important parameters were classified into three groups: code’s physical model, boundary condition and
material property. The post-test analysis conditions with Cd of 1.0 and reduction of inter-phase drag to
1/10 in the core as well as application of the Wallis CCFL correlation to the core exit, U-tubes and
inlet plena of SGs were considered as ‘Base Case’, for the sensitivity analysis. Coefficients of mand C
for the CCFL correlation are then given as 1 and 0.75, respectively.

5.2. Selection of Ranges of Important Parameters

The ranges of the important parameters were selected referring to the values of ‘Base Case’, as
shown in Table 2. As for the parameter conditions concerning the high-ranked phenomena, the range
of the Cd was set to 1.0+0.05 to clarify influences of small difference in the Cd. The band of the core
decay power was +0.07 MW according to the measurement uncertainty. The range of the inter-phase
drag in the core was 1/10 of value by RELAP5 original model (as ‘Base Case’) and 1 (as original
value) to clarify influences of the inter-phase drag. The common range of the constant C of the Wallis
CCFL correlation at the core exit and SG U-tubes was set to 0.75+0.1 to clarify influences of small
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difference in the coefficient C of the CCFL correlation. As for the parameter conditions concerning the
medium-ranked phenomena, on the other hand, the bands of the thermal conductivity and heat
capacity of the fuel rod were £10% and +1% respectively referring to databases by Boyack et al.
(1989) and by Takeuchi and Nissley (2000). The range of the condensation heat transfer with Shah’s
model was set to 1+0.5 to clarify influences of large difference in the condensation heat transfer. The
range of the constant C of the Wallis CCFL correlation at the SG inlet plena was set to 0.75+0.1,
similar to those at the core exit and SG U-tubes. The bands of the ECCS injection conditions were
decided based on the measurement uncertainty. The ranges of the injection pressure and temperature
were thus 12.27+0.11 MPa and 310+2.4 K respectively for the HPI system, while those were
4.51+0.05 MPa and 320£2.3 K for the ACC system.

5.3. Sensitivity Analysis Results

The RELAPS5 sensitivity analysis was conducted by varying the important parameters relevant to
the key phenomena within the ranges. The sensitivity analysis conditions are the same as the post-test
analysis conditions as ‘Base Case’, except for the parameter to be surveyed. Influences of the
parameters onto the cladding surface temperature were investigated through Figs. 13 through 18. In
the ‘Base Case’, the PCT was about 963 K at Position 5 (=core center).

In the case with Cd of 1.05, the PCT of about 990 K at Position 5 was higher and appeared earlier
than in the ‘Base Case’ due to a bit larger break flow rate. In the case with specified core decay power
plus 0.07 MW, the PCT of about 980 K at Position 5 was higher than in the ‘Base Case’. In the case
with specified thermal conductivity plus 10% of the fuel rod, the PCT of about 973 K at Position 5
was higher than in the ‘Base Case’. In the case with original inter-phase drag different from ‘Base
Case’, the cladding surface temperature at Position 5, where the PCT appeared, started to increase at
about 45 s but the whole core was once quenched due to temporary recovery of the core liquid level
and thus temporal overprediction of the core liquid level. The cladding surface temperature began to
increase again after about 90 s due to the core liquid level decrease. The PCT of about 820 K was thus
much lower than in the ‘Base Case’. In the case with constant C 0.65 of the Wallis CCFL correlation at
the core exit, the PCT of about 998 K at Position 5 was higher than in the ‘Base Case’ due to more
significant CCFL effects. In the case with constant C 0.85 of the Wallis CCFL correlation at the SG
U-tubes, the PCT of about 990 K at Position 5 was higher than in the ‘Base Case’ while it appeared
after the SG U-tubes became empty of liquid.

On the other hand, the following parameters had little influences onto the cladding surface
temperature: heat capacity of the fuel rod, condensation heat transfer with Shah’s model and constant
C of the Wallis CCFL correlation at the SG inlet plena as well as ECCS injection conditions (not
shown). The sensitivity analysis revealed that the phenomena concerning these parameters should be
reconsidered as the low-ranked phenomena.

Anyhow, it was confirmed that both the CCFL at the core exit and the reduction of gas-liquid
inter-phase drag in the core affect the cladding surface temperature significantly. Both the constant C
of Wallis CCFL correlation at the core exit and the inter-phase drag in the core, as parameters that
need to consider for the evaluation of safety margin, were more sensitive to the cladding surface
temperature than other chosen parameters. In the future work, further sensitivity analysis will be
performed to investigate influences of combination especially for the parameters related to the
high-ranked phenomena onto the cladding surface temperature.

6. Summary
An LSTF experiment was performed for OECD/NEA ROSA-2 Project, simulating a PWR 17% cold

leg IBLOCA. The results of the LSTF experiment were compared with the post-test analysis results by
the RELAP5/MOD3.2.1.2 code. Key phenomena and related important parameters, which may affect
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the core liquid level behavior and thus the cladding surface temperature, were selected based on the

LSTF test data analysis and post-test analysis results. The RELAPS5 sensitivity analysis was performed

by changing the important parameters relevant to the key phenomena within the ranges to investigate

influences of the parameters onto the cladding surface temperature. Obtained results are summarized
as follows;

(1) Core dryout took place due to rapid drop in the core liquid level before loop seal clearing (LSC).
Liquid was accumulated in upper plenum, steam generator (SG) U-tube upflow-side and SG inlet
plenum before the LSC due to counter-current flow limiting (CCFL) by high velocity vapor flow,
and enhanced the core liquid level decrease. The core bottom-up quench started after the
incipience of accumulator coolant injection. However, a large temperature excursion appeared in
the core, which induced actuation of automatic core power decrease to protect the LSTF core. The
peak cladding surface temperature (PCT) of 978 K was observed at Position 6.

(2) The post-test analysis showed that the cladding surface temperature was underpredicted due to
later major core uncovery than in the experiment. Then the PCT was about 963 K at Position 5.
Critical flow at the break, decay heat of the fuel rod, mixture level in the core, liquid accumulation
in the upper plenum and SG U-tube upflow-side were identified as high-ranked phenomena which
may have great influences onto the core liquid level behavior and thus the cladding surface
temperature. The post-test analysis conditions were considered as ‘Base Case’, for the sensitivity
analysis. As a result, both constant C of Wallis CCFL correlation at the core exit and gas-liquid
inter-phase drag in the core, as parameters that need to consider for the evaluation of safety margin,
were more sensitive to the cladding surface temperature than other chosen parameters.
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Table 1  Selection of key phenomena and related important parameters
Component Key Phenomenon | Rank* Important Parameter Classification
Break Critical flow H Break discharge coefficient (Cd) Physical
model
Decay heat H Core decay power Boundary
Fuel rod condition
Stored heat M Thermal conductivity of fuel rod Material
Heat capacity of fuel rod property
Core Mixture level H Gas-liquid inter-phase drag in core
Upper plenum Liquid H Constant C of Wallis CCFL correlation at core exit
SG U-tubes accumulation H Constant C of Wallis CCFL correlation at SG U-tubes Physical
SGinlet plena | due to CCFL** M Constant C of Wallis CCFL correlation at SG inlet plena model
Steam Condensation heat transfer with Shah’s model
Cold leg/ condensation Injection pressure of HPI system
HPI or ACC on HPI'or ACC M Injection temperature of HPI system Boundary
system coolant Injection pressure of ACC system condition
Injection temperature of ACC system

*H; High-ranked phenomenon, M; Medium-ranked phenomenon  **Phenomenon peculiar to cold leg IBLOCA

Table 2  Selection of ranges of important parameters
Important Parameter Range
Break discharge coefficient (Cd) 1.0+0.05
Core decay power Specified+0.07 MW*
Thermal conductivity of fuel rod Specified+10%
Heat capacity of fuel rod Specified+1%
Gas-liquid inter-phase drag in core 1/10, 1
Constant C of Wallis CCFL correlation at core exit 0.75+0.1
Constant C of Wallis CCFL correlation at SG U-tubes 0.75+0.1
Constant C of Wallis CCFL correlation at SG inlet plena 0.75+0.1
Condensation heat transfer with Shah’s model 1+0.5
Injection pressure of HPI system 12.27+0.11 MPa*
Injection temperature of HPI system 310+2.4 K*
Injection pressure of ACC system 4.51+0.05 MPa*
Injection temperature of ACC system 320+2.3 K*

*Measurement uncertainty
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Abstract - Since 1980’s, Tractebel Engineering (TE) has being developed and applied a multi-
physical modelling and safety analyses capability, based on a code package consisting of the best
estimate 3D neutronic (PANTHER), system thermal hydraulic (RELAPS), core sub-channel thermal
hydraulic (COBRA-3C), and fuel thermal mechanic (FRAPCON/FRAPTRAN) codes. A series of
methodologies have been developed to perform and to license the reactor safety analysis and core
reload design, based on the deterministic bounding approach. Following the recent trends in research
and development as well as in industrial applications, TE has been working since 2010 towards the
application of the statistical sensitivity and uncertainty analysis methods to the multi-physical
modelling and licensing safety analyses. In this paper, the TE multi-physical modelling and safety
analyses capability is first described, followed by the proposed TE best estimate plus statistical
uncertainty analysis method (BESUAM). The chosen statistical sensitivity and uncertainty analysis
methods (non-parametric order statistic method or bootstrap) and tool (DAKOTA) are then presented,
followed by some preliminary results of their applications to FRAPCON/FRAPTRAN simulation of
OECD RIA fuel rod codes benchmark and RELAP5/MOD3.3 simulation of THTF tests.

1. I ntroduction

The use of best estimate codes and methods is necessary to meet the increasing technical, licensing
and regulatory requirements for major plant changes (e.g. steam generator replacement), power
uprate, core design optimization or cycle extension, as well as Periodic Safety Review.

Since 1980’s, Tractebel Engineering (TE) has developed and applied a deterministic bounding
approach to FASR accident analyses1, using the best estimate system thermal hydraulic code
RELAPS5/MOD?2.5 and the sub-channel thermal hydraulic code COBRA-3C. In this approach, the
corrective methods are used to overcome the relevant known code deficiencies and to bound
uncertainties, and the worst initial and boundary conditions, as well as the licensing conservatisms are
deterministically combined. Later on in the 2000’s, it has been extended to accident analyses using
coupled neutronic and thermal hydraulic codes package RELAP/PANTHER/COBRA2.

13, Zhang, “The Tractebel Deterministic Bounding Approach to Accident Analysis,” Proc. OECD Exploratory Meeting of
Experts on Best Estimate Calculations and Uncertainty Analysis, 13-14 May, Aix-en-Provence, France (2002).

2J. Zhang and C. R. Schneidesch, "Development, qualification and application of the coupled RELAP5/PANTHER/COBRA
code package for integrated PWR accident analysis", |AEA Technical Meeting on Progress in Development and use of
coupled Codes for Accident Analysis, Vienna (Austria), 26-28 November, (2003).

184


mailto:jinzhao.zhang@gdfsuez.com�

NEA/CSNI/R(2013)8/PART2

This deterministic bounding approach has been applied to most of the existing non-LOCA accident
analyses, and has been accepted by the Belgian Safety Authorities. While proving to be a cost-
effective approach for licensing, this approach involves a number of un-quantified conservatisms, and
hence a loss of licensing margins to the acceptance criteria3.

Therefore, following the recent trends in research and development (R&D) as well as in various
industrial applications, TE has been working since 2010 towards the application of statistical
sensitivity and uncertainty analysis method to multi-physical modelling and licensing safety analyses.
In this approach, the code bias and uncertainties for relevant models are first quantified via code
verification and validation (V&YV) or defined, and a simple and robust uncertainty analysis method
based on the non-parametric order statistic tolerance limit or the bootstrap method is used to
statistically treat uncertainties related to plant/core/fuel Initial and Boundary Conditions (IC/BC),
models and modelling options.

The final objective is to apply the non-parametric order statistic method to develop a TE best estimate
plus statistical uncertainty analysis methodology (BESUAM) for reloads safety evaluation and safety
analysis, which will allow TE to provide more economic and flexible core design and more effective
margin management for our customers. It will also allow TE to keep in pace with the changing
regulatory requirements and the industry development trends.

In this paper, the TE multi-physical modelling and safety analyses capability is first described,
followed by the proposed TE best estimate plus statistical uncertainty analysis method (BESUAM).
The chosen statistical sensitivity and uncertainty analysis method (non-parametric order statistic
tolerance limit or bootstrap) and tool (DAKOTA) are then presented, followed by some preliminary
uncertainty analysis applications and results (FRAPCON/FRAPTRAN simulation of OECD RIA fuel
rod codes benchmark and RELAP5/MOD3.3 simulation of THTF tests). The perspectives for future
development are also given.

2. TE multi-physical modelling and safety analysis capability
2.1. TE Multi-physical code package
The TE multi-physical code package mainly consists in the following codes:

e The 3 dimensional (3D) nodal neutronic code PANTHER, which has been used for core reload
design and neutronic safety analysis under the license agreement with British Energy since the
1990°s;

e The best estimate system code RELAP5/MOD?2.5 (and recently MOD3.3), which has been used
as the principle code for nuclear power plant system thermal-hydraulic analysis under the
agreement with USNRC since the 1980’s;

o The sub-channel thermal hydraulic analysis code COBRA-3C, which has been used for core
reload design and safety analysis since the 1980’s;

e The fuel rod thermal mechanic codes FRAPCON/FRAPTRAN, which has been used for fuel
design verification and safety analysis under the agreement with Battelle since 2001.

In order to obtain an integrated plant system thermal-hydraulics and neutron kinetics package, TE
uses the external dynamic coupling of two existing codes, RELAPS and PANTHER, by means of the
TALINK interface developed by the former British Energy (BE). In this approach, both client codes
perform in parallel their calculations as separate processes, while the TALINK interface controls the
data transfers between the two processes (Figure 1).

Optionally, a dynamic coupling between PANTHER and COBRA-3C_TE has been developed, via the
socket interface. An additional interface between PANTHER code and the sub-channel thermal-

3 J. Zhang, "Perspectives on the Application of Statistical Uncertainty Analysis Methods," Proceedings of the OECD/NSC
Workshop on Uncertainty Analysis in Modelling (UAM-2006), Pisa, Italy, 28-29 April, (2006).
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hydraulic analysis code COBRA-3C was developed in order to calculate online the Departure from
Nucleate Boiling Ratio (DNBR) during coupled RELAP5-PANTHER transient calculations.

—_—————

|RELAPSMOD2.5 ] <> ITALINK! T

PANTHER

| coBra-3c_TE | "

Figure 1. The TE coupled code package.

The TE coupled code package has been qualified for licensing applications4. It has been applied to
develop accident analysis methodologies for main steam line break (MSLB)> and feedwater line
break (FLB). Currently, the coupled PANTHER-COBRA code package is being used to develop a
methodology  for  verification of Rod Ejection Accident (REA) analysis, using
FRAPCON/FRAPTRAN for fuel rod behaviour analysis.

2.2. TE deterministic bounding approach to non-LOCA accident analysis

The TE deterministic bounding approach to non-LOCA accident analysis has been described in details

. 1 . .

in reference . In this approach, corrective methods are used to overcome the relevant known code
deficiencies and to bound code uncertainties, and the worst initial and boundary conditions, as well as
the licensing conservatisms are linearly combined.

The development of such a methodology for accident analysis requires a large number of parametric
sensitivity studies to identify the most limiting initial and boundary conditions, and needs a high level
of expertise for setting-up the plant model and to assess the results. This bounding treatment of
uncertainties is consistent with the Belgian regulatory requirements.

Moreover, since most of the non-LOCA accident analysis methodologies using RELAP5 code adapt

the decoupled approach for the core conditions, the analysis results involved often too large un-

quantified margins, due to:

e simplistic approximations for asymmetric accidents with strong 3D core neutronics - plant
thermal hydraulics interactions;

e additional penalties introduced from incoherent initial/boundary conditions for separate plant and
core analyses.

The TE deterministic bounding approach has been also extended to accident analysis methodology

>

using the TE coupled code package3

3. TE Best Estimate plus Statistical Uncertainty Analysis Method (BESUAM)

Following the recent trends in research and development as well as in industrial applications, TE
plans to move towards the application of statistical sensitivity and uncertainty analysis method to the
multi-physical modelling and licensing safety analyses.

As shown in Figure 2, the proposed TE best estimate plus statistical uncertainty analysis method
(BESUAM) for multi-physics accident analysis will be based on six basic elements:

1. the current licensing basis (FSAR);

4C. R. Schneidesch and J. Zhang, “Qualification of the Coupled RELAP5/PANTHER/ COBRA Code Package for
Licensing Applications,” Proc. of the Int. Meeting on Updates Best-Estimate Methods in Nuclear Installation Safety Analysis
(BE-2004), Washington, D.C., USA, (2004).

5J. Zhang, et al, “Coupled RELAP5/PANTHER/COBRA Steam Line Break Accident Analysis in Support of Licensing Doel
2 Power Uprate and Steam Generator Replacement,” Proc. Int. Meeting on Updates Best-Estimate Methods in Nuclear
Installation Safety Analysis (BE-2004), Washington, D.C., USA, (2004).
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2. the applicable licensing rules (10CFR50, RG, SRP, ...), as well as industry standard and codes
(ANSI, ASME, ANS, ...);

3. a Best Estimate frozen version of code, qualified through a wide scope of developmental
verification and validation, independent code assessment, as well as TE participation in the
international standard problems and benchmarks;

4. arealistic standard plant/core/fuel model with integral neutronics, hydrodynamics, heat structures,

control logics and trips components, built according to generic and specific code user guidelines

and experience from code assessment including specific real plant transient data.

a quantification of the coupled code package bias and uncertainties for relevant models;

6. a simple and robust uncertainty analysis method to statistically treat uncertainties related to
plant/core/fuel Initial and Boundary Conditions (IC/BC), models and modelling options.

v

Current licensing basis
FSAR

Applicable
licensing rules
CFR, RG, SRP
A 4

Realistic standard

frozen version plant/core/fuel model

Best-Estimate
PANTHER/COBRA code

Quantification of code
uncertainties

Uncertainty
analysis

Figure2. The TE Best Estimate plus Statistical Uncertainty Analysis M ethod (BESUAM)6.

6v. Bellens, “Assessment of the Coupled PANTHER COBRA Code Package for Development of a Rod Ejection Accident
Analysis Methodology,” Master Thesis, Belgian Nuclear Higher Education Network, Belgium, August (2010).
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The proposed BESUAM approach consists of nine steps:

1. a well-defined accident scenario, consistent with the initial design basis and current licensing
basis analyses;

2. awell-defined acceptance criterion, also consistent with current licensing basis analyses;

3. an identification of key physical phenomena, for which the coupled code package and the
standard pant and core model are shown to be applicable for their simulation, through Best
Estimate calculations in a wide range of operational and transient conditions during the code
verification and validation;

4. an identification of relevant input parameters including plant/core/fuel initial conditions, and

boundary condition and model uncertainties;

a definition of uncertainty distribution for all relevant input parameters;

6. arandom sampling of all relevant input parameters, leading to the definition of N cases according
to the non-parametric tolerance limit theory;

7. preparation and run of N P/C specific transient calculations for each set of input parameters (each
case);

8. a statistical uncertainty analysis of the N calculations;

9. a definition of the Llcensing Case (LIC) that envelopes the results of the N runs (including all
uncertainties), which must satisfy the acceptance criteria.

b

It is expected that this statistical approach will remove the need for numerous parametric sensitivity
calculations and a linear combination of all uncertainties, as the uncertainties on initial plant, core and
fuel states are propagated simultaneously through the sampled N cases to obtain the final licensing
case. This should greatly increase the efficiency of the accident analysis for complicated accidents
such as REA.

However, this approach requires considerable efforts to identify, quantify and define the ranges and
distributions of all relevant uncertainty attributors, and needs a robust and transparent uncertainty and
sensitivity analysis method and tool.

4, Choice of the uncertainty analysis method and tool
4.1. The uncertainty analysis methods
4.1.1. The non-parametric order statistics method

Among all the available uncertainty analysis methods, the non-parametric order statistics method is
so-far the most widely used in the nuclear safety analysis. In this method, the thermal-hydraulic,
neutronic and thermal mechanic computer codes are treated as “black boxes”, and the input
uncertainties are propagated to the simulation model output uncertainties via the code calculations
with sampled input data from the known distributions (as shown in Figure 3).

The method consists in the following steps:

(1). All relevant uncertain parameters for the codes, plant modelling schemes, and plant operating
conditions are identified;

(2). Any dependencies between uncertain parameters are quantified or defined, and the variation
ranges and/or probabilistic distribution functions (PDFs) for each uncertain parameter are quantified
or defined, based on engineering judgment and experience feedback from code applications to
separate and integral effect tests and to full plants simulation.

(3). The uncertainty ranges of input parameters are randomly and simultaneously sampled N times by
a simple Monte Carlo simulation, according to the combined subjective probability distribution of the
uncertain parameters.

(4). Code calculations are performed using the sampled N sets of parameters as inputs. By performing
code calculations using variations of the values of the uncertain input parameters, and consequently
calculating results dependent on these variations, the uncertainties are propagated through the
calculations, and the calculated results include the total uncertainty at the defined probability content
(quantile or percentile) and confidence level.
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(5). The calculation results are ranked by order and a certain rank is selected as the estimator of the
output of interest (i.e., selected key safety variables or figures of merits, such as peak-cladding
temperature or PCT) at the defined probability content and confidence level. Statistical evaluations
are also performed to determine the sensitivity of input parameter uncertainties on the uncertainties of
key results (parameter-importance analysis).

Input

Distributions Qutput

N samples of X Distributions

N realizations of Y

S o

Qutput 1

~

Figure 3. The uncertainty analysis method by propagation of input uncertainties?.

The order statistics method needs to select a reasonable number of input uncertainty parameters and
associated range of variations and possible distribution functions for each one. Selection of
parameters and their distribution must be justified.

The number of code calculations (N) is determined by the requirement to estimate the probability
content or tolerance (quantile)-confidence level interval for the calculation output results of interest. It
is currently a common practice to rely on the non-parametric tolerance limits procedure to determine
the minimum sample size. The so-called Wilks’ formula8 is used to determine the minimum number
of calculations needed for deriving the one-sided tolerance limits (with top rank as the upper limit):

1=y =B [Eq. 1]
or the two-sided tolerance limits (with top rank as the upper limit, and lowest rank as the lower limit):
L=y N9y~ =p [Eq. 2]

Where B x 100 is the confidence level (%) that the maximum code result will not be exceeded with the
probability y x 100 (%) (quantile) of the corresponding output distribution, which is to be compared to
the acceptance criterion. A more general formulation was given by Guba and Makai?.

The confidence level is specified to account for the possible influence of the sampling error due to the
fact that the statements are obtained from a random sample of limited size. N is representing the
number of calculations such that the maximum calculated value in the sample is an upper-bound
statistical tolerance limit. As an example, for a 95th/95th percentile (y= f= 0.95), a minimum number
of N=59 calculations should be performed for the single-sided, and 93 for the double-sided tolerance
limit.

The non-parametric tolerance limits are used since nothing should be known about the distribution of
the random variable except that it is assumed continuous. Moreover, the number N of code runs is
independent of the number of the selected input uncertain parameters, but only depending on the
tolerance limit quantile and on the desired confidence-level. The number of code runs for deriving
sensitivity measures is also independent of the number of input parameters.

7 Sandia National Laboratories, “DAKOTA Uncertainty Quantification,” SAND 2009-0511P, (2009).

8'S. S. Wilks, “Determination of Sample Sizes for Setting Tolerance Limits,” The Annals of Mathematical Satistics, Vol.
12, pp. 91-96 (1941).

9 A. Guba, M. Makai, and L. P"al, “Statistical aspects of best estimate method—I,” Reliability Engineering and System
Safety, vol. 80, no. 3, pp. 217-232, (2003).
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This method is very robust and simple to implement, which makes it extremely interesting for
licensing applications to nuclear safety analyses. Several such methodologies have been licensed and

currently applied in the industry for best estimate large-break LOCA analysis10°11,

However, it has been shown that this method may lead to rather conservative results (in particular
when using the first rank) and variability (e.g., outliers). One way to improve the method is to
increase the number of code calculations, and take higher ranks as the estimators for the given
probability content (quantile) and confidence levell2. However, it may be limited by the requested
large calculation efforts in case of complex coupled code systems.

Due to its simplicity, robustness and transparency, this method will be implemented for most of the
TE intended applications. However, an optimised number of calculations will be determined to
improve the accuracy (see Section 5.1.1).

4.1.2. The bootstrap method

The use of a single order statistic (top rank or higher order) is subject to several limitations. First, it
does not explicitly use potential information contained in other order statistics. Secondly, it may be
subject to variability. Therefore, an alternative procedure based on confidence intervals obtained by
the Bootstrap method13 has been suggested to improve the accuracy 14 15:16,

The basic idea of bootstrap is to generate an empirical distribution for the calculation output results of
interest by re-sampling the original samples with numerous replacements '>. The method consists of:

(1). Random sampling repeatedly the calculation output results of interest to form Bootstrap samples
of the same size as the original data sample.

The number of bootstrap samples can be as few as 100 for parameter estimation and up to more than
1000 for confidence interval estimation, and should be increased until the standard deviation error is
acceptable.

The eclements of each Bootstrap sample are randomly chosen from the original data, with
replacements. Thus, a particular sample data point may be chosen several times or perhaps not at all in
any particular bootstrap sample.

(2). The parameter of interest is then evaluated from each of the bootstrap samples generated.

(3). The numerous bootstrap replicates of the parameter can be used to estimate a probability
distribution for the parameter. This is an estimate of the parameter sampling distribution, and from
this distribution, confidence intervals may be approximated. Section 5.2.3 develops some situations
that occur when replicating the probability distribution of a selected output.

The Bootstrap method allows one to assess the accuracy and uncertainty of estimated parameters from
limited samples (e.g., the N Wilks’ samples from order statistics) without any prior assumptions about
the underlying distribution (e.g., the sample need not to be necessarily normally distributed). It also

10 K. Muftuoglu, K. Ohkawa, C. Frepoli, M.E. Nissley, “Comparison of Realistic Large Break LOCA Analyses of a 3-Loop
Westinghouse Plant Using Response Surface and Statistical Sampling Techniques,” Proceedings of ICONE (International
Conference on Nuclear Engineering)-12, Arlington, Virginia (Washington D.C.), U.S.A., April 25-29, (2004).

11 R. P. Martin and L.D., O’Dell, “Framatome ANP’s Realistic Large Break LOCA Analysis Methodology”, Nucl. Eng.
Des,, Vol. 235, pp. 1713-1725 (2005).

12 A. de Crécy, et al., “The BEMUSE Programme: Results of the First Part Concerning the LOFT L2-5 Test,” Proceedings
of 14th International Conference on Nuclear Engineering, Miami, Florida, USA, 17-20 July, (2006).

13 B. Efron, R.J. Tibshirani, “An introduction to the Bootstrap”; Chapman and Hall, (1993).

14 1. JOUCLA and P. PROBST, “Rank Statistics and Bootstrap: A More Precise Evaluation of the 95" Perecentile in
Nuclear Safety LB-LOCA Calculations,” Proceedings of 14th International Conference on Nuclear Engineering, Miami,
Florida, USA, 17-20 July, (2006).

15 E. Zio and F. DiMaio, “Bootstrap and Order Statistics for Quantifying Thermal-Hydraulic Code Uncertainties in the
Estimation of Safety Margins,” Science and Technology of Nuclear Installations, Article ID 340164, (2008).

16 C. Frepoli and 1. Satish, “A Comparison of Non-Parametric Tolerance Limits with Linear Combinations of Order
Statistics in Safety Analysis,” Proceedings of ICAPP 2011, Nice, France, May 2-5, (2011).
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allows assessing parameters that may not be expressed mathematically in simple terms (e.g., the
median of a set of data).

It has been shown that, with the increase of computational power allowing running several hundreds
of calculations, bootstrap method gives more precise results compared to the simple order statics
using Wilks’ formula' * . However, a more recent study16 showed that the bootstrap estimators
perform very similar to the Wilks’ estimator. Depending on the selected implementation of the
procedures (e.g., the selection of order statistics that defines the upper bound or the selection of the

smoothing parameters), bootstrap may sometimes fail to ensure that the probability of under-
estimating the quantile of interest is below the target (5%).

In this paper, TE will also compare the Guba&Makai’s estimators and the bootstrap estimators, based
on the application to the RELAPS simulation of the THTF tests (see Section 5.2.3).

4.3. The sengitivity and uncertainty analysistool

The DAKOTA (Design Analysis Kit for Optimization and Terascale Applications) code has been
developed by the Sandia National Laboratory17. As shown in Figure 4, it provides a flexible,

extensible interface between simulation codes and iterative analysis methods, via DAKOTA input
files and executables.

DAKOTA Input File DAKOTA Executable DAKOTA Output Files
+ Commands Sensitivity Analysis, * Raw data (all x- and f-values)
- Options #| Optimization, Uncertainty - Sensitivity info
+ Parameter definitions Quantification, Parameter » Statistics on f-values
« File names Estimation * Optimality info
/’ \
DAKOTA Parameters File DAKOTA Results File
{xl1 = 123.4} 999.888 f1
{x2 = -33.3}, etc. 777.666 £2, etc. i
H A .
: v i :
E Use APREPRO/DPREPRO User-supplied automatic | =
= | to cut-and-paste x-values post-processing of code |
1| into code input file output data into f-values | 1

CALORE thermal analysis
ALEGRA  shock physics
SALINAS  structural dynam
Premo high speed flow
(your code here)

Figure4. The DAKOTA uncertainty/sensitivity analysis processl18.

Among others, DAKOTA contains algorithms for uncertainty quantification (UQ) with sampling
(Monte-Carlo or Latin Hypercube), epistemic uncertainty methods (Second order probability or
Dempster-Shafer theory of evidence), and sensitivity analysis. These capabilities may be used on their
own or as components within advanced strategies.

For the applications presented in this paper, the input uncertainty parameters ranges and distributions,
as well as the uncertainty analysis method and number of samples are defined in the DAKOTA Input
File. Based on the sampled or assigned input uncertainty parameters in the DAKOTA Parameter File,
various scripts have been developed to create the code input files, to execute the simulation jobs, and
to collect the code calculation output data into the DAKOTA Results File. The DAKOTA Executable
will then perform the requested statistical uncertainty and sensitivity analysis, and provide the
information in the DAKOTA Output Files.

17 B. Adams, et al., "DAKOTA, A Multilevel Parallel Object-Oriented Framework for Design Optimization, Parameter
Estimation, Uncertainty Quantification, and Sensitivity Analysis: Version 5.1 User's Manual," Sandia Technical Report
SAND2010-2183, Updated Version 5.1, December (2010). ( http://www.cs.sandia.gov/dakota )

18 B. Adams, “DAKOTA 5.0 and JAGUAR 2.0 Capability Overview,” SAND 2008-7901P, Sandia National Labs. (2008).
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5. Preliminary applications and results
5.1. Application of the non-parametric tolerance limitsto OECD RIA fuel codes benchmark
5.1.1. OECD RIA fuel codes benchmark

OECD/NEA is organising a benchmark of fuel rod codes based on 4 RIA experiments performed in
the NSRR and CABRI test reactors19. The objective is to assess the capability and accuracy of the
existing fuel rod codes to simulate fuel behaviours and evaluate the proposed safety criteria for the
design basis RIA.

TE participates in this benchmark using the FRAPCON/FRAPTRAN codes. In addition the
simulation of the test fuel rods according to the specifications, TE has applied the tolerance limit

uncertainty and sensitivity analysis method to one of the test rods (CIP3-1)20,

The CIP3-1 is a RIA test that will be performed in the CABRI reactor with pressurised water loop, at
a pressure of 155 bars and an inlet temperature of 280 °C. The rodlet used for this experiment has
been refabricated from a fuel rod irradiated for five cycles in the Vandellés 2 PWR nuclear power
plant.

5.1.2. FRAPCON/FRAPTRAN models and assumptions

FRAPCONS3 .4 code is used to simulate the base irradiation of the fuel rod, based on the specifications.
The base irradiation has been performed on a real fuel rod in a nuclear power plant but RIA
experiments have been performed on rodlet taken from these rods. The base irradiation for the test
rodlet is thus performed with some adjustment in the input parameters. The calculation results
(burnup, corrosion thickness) are then compared with the available measured data, in order to validate
the FRAPCON input model and assumptions.

FRAPTRANI1.4 is used to calculate the transient behaviour of the fuel rodlet during the RIA test,
using the base irradiation obtained with FRAPCON3.4.

A base case with nominal values for all input parameters is defined, and the default models in both
FRAPCON/FRAPTRAN codes are chosen in the calculations. The “best estimate” calculation results
will be compared with those made by other organizations using various fuel rod codes, in order to
identify their differences and to propose improvements in the modelling.

5.1.3. Application of the non-parametric tolerance limits method

The tolerance limit uncertainty and sensitivity analysis method based on the Wilks’ formula is then
applied to one of the test rods (CIP3-1). The objective is to test the applicability of the method to fuel
rod behaviour calculations, and to determine the optimal number of calculations to obtain an
acceptable accuracy of the Wilks’ estimator.

The tolerance limit method is chosen because it provides a more realistic range of variation of the
results based on physical considerations and on a well known and robust mathematical tool.

Following the approach presented in §4.1.1, all input parameters and the models that may be subject
to uncertainties are first chosen based on the engineering judgement. Some sensitivity analyses are
then performed on the individual input parameters of the code in order to determine the most
influential ones.

For each of the identified key uncertainty input parameters, a mean value, a standard deviation and a
range of variation (lower and upper limit values) as well as the distribution type must be defined, as
summarized in Table 1.

For the current application, a normal distribution has been assigned to all the considered input
parameters. For the geometrical parameters, this is justified by the fact that a lot of measurements

19 M. Petit et al, “WGFS RIA fuel rod codes benchmark specifications.” NEA/CSNI, OECD, (2011).

20 J. Zhang, T. Helman, Z. Umidova and A. Dethioux, “Statistical Uncertainty Analysis of CIP3-1 Simulation with
FRAPCON/FRAPTRAN - Preliminary Results and Suggestions,” presented at the OECD/WGFS 1% Seminar on RIA fuel rod
codes benchmark, Paris, 19-20 September, (2011).
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have been done during the fabrication. Their standard deviation has been taken as the half of the
maximum of the absolute value of the difference between their nominal value and their upper or lower
bound.

Table 1. Input uncertainty parametersfor statistical uncertainty analysis of CIP3-1
FRAPCON/FRAPTRAN simulation

Input uncertainty parameter Mean Standard deviation |Lower bound |Upper bound |Distribution
Thermal conductivity model 0 1 -2 2 Normal
Thermal expansion model 0 1 2 2 Normal
Fission gas release model 0 1 -2 2 Normal
Fuel swelling model 0 1 -2 2 Normal
Cladding creep model 0 1 2 2 Normal
Cladding corrosion model 0 1 2 2 Normal
Cladding hydrogen uptake model 0 1 -2 2 Normal
Multiplicative factor on the temperature history during base irradiation |1 0,00355 0,9929 1,0071 Normal
Multiplicative factor on the power history during base irradiation 1 0,02 0,96 1,04 Normal
Multiplicative factor on the power pulse 0,92976 0,0186 0,89257 0,96695 Normal
Coolant inlet enthalpy (J/kg) during the transient 1232080 5080 1221920 1242240 Normal
Cladding outside diameter (m) 0,0095 0,000019 0,009462 0,009538 Normal
Cladding inside diameter (m) 0,008357 0,000019 0,008319 0,008395 Normal
Dish radius (m) 0,002475 0,0000625 0,00235 0,0026 Normal
Fuel density (%) 95,5 0,75 94 96,5 Normal
Pellet diameter (m) 0,008192 0,000006 0,00818 0,008204 Normal
Cladding roughness (um) 0,6355 0,31725 0,001 1,27 Normal
Fuel roughness (um) 1,6005 0,79975 0,001 3,2 Normal
Cold plenum length during base irradiation (m) 0,029531 0,000884 0,0278 0,0301 Normal

The coolant inlet temperature as well as the power history (for both the base irradiation and the pulse)
is measured values. They are thus dependent on great number of independent random variables (i.e.
the factors influencing a measure are numerous and random) and the central limit theorem shows that
a variable which is dependent on great number of independent random variable also has a normal
behaviour. Their mean has been taken as the value provided in the specification and their standard
deviation has been taken as the standard measurement error considered in a nuclear power station.

Finally the parameters on the models in FRAPCON have also been chosen as normal for the same
reasons as for the coolant temperature and power history. Since they bias the model to the number of
standard deviation corresponding to the number assigned to them, their mean is zero and their
standard deviation 1. The range of all these variables has been chosen as being their means plus or
minus two times their standard deviations.

The impact of the number of calculations and distributions of the input uncertainty parameters are also
studied.

5.1.5. Results and discussion

For the benchmark purpose, the double-sided tolerance limit is used in order to define the lower and
upper bound of the calculated output values for the whole RIA transient. The objective is to
demonstrate if the experimental data or the calculated mean values are well bounded by them.

From [Eq. 2], for a probability of 95% at a confidence level of 95%, the minimum number of
simulations is determined as N=93, if we take the top rank as the upper bound and the lowest rank as
the lower bound. The so-defined lower and upper bound values, as well as the best estimate values for
the enthalpy increase after steady-state at peak power node (PPN) are shown in Figure 5.

Also shown in the Figure 5 are the results with uniform distribution for all input uncertainty
parameters. It is clear that the calculated best estimate value is well bounded by both lower and upper
limits, and that the uniform distribution tends to give larger differences between the lower and upper
limits.

As discussed earlier, for safety demonstration purpose, one has to verify the compliance of a safety
criterion. In this case, it is important to determine an upper bound on a safety parameter of unknown
continuous distribution. According to the single-sided tolerance limit theory, the minimum number of
simulations is N=59, if we take the top rank as the upper bound. However, it has been shown that the
calculated upper bound with the minimum sample size and order statics (the Wilks’ estimator or
quantile) is often too imprecise.
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Figure5. The statistical uncertainty analysisresultsfor CIP3-1 smulation.

Intuitively, the precision on the calculated quantile increases with the number of simulations. Indeed,
let’s consider the fraction of the sampled values of the output parameter (Z/N) that is inferior to the
real quantile. It is clear that if N becomes very large, the sampled population is near the real
population; and if Z/N becomes close to the desired fraction (f), the calculated quantile is nearer to the
real quantile (or empirical quantile, which can be found from the DAKOTA output files by using the
position of the quantile as being the closest integer from 0.95N)21,

This can be demonstrated by comparing the Wilks’ quantile and the empirical quantile for the
enthalpy increase after steady-state at PPN as shown in Figure 6. It clearly shows that the gap between
the Wilks’ and empirical quantile decreases with the number of simulations as expected.
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Figure 6. Comparison of the Wilks quantile and empirical quantilefor CIP3-1 simulation.

This fact allows enabling a cut-off criterion on the optimal number of calculations applicable for the
safety demonstration. The number of run simulations is obviously dependent on the accuracy that one
wishes to achieve. However, a greater number of simulations imply a higher computer time cost.

A stopping criteria based on those two considerations could be proposed as follows™':

e An absolute maximum number of simulations (N,.) is decided for an acceptable accuracy,
depending on the cost in computer time per simulation.

o If this Ny, is reached and sufficient accuracy has not been achieved, the last calculated quantile
value is kept. If a sufficient accuracy has been achieved, the calculation stops.

The proposed way to determine this “acceptable accuracy” is to consider that the gap between the
empirical quantile and the Wilks’ quantile is sufficiently low and to verify if the variation in the

21 T. Helman, “Application of the statistical uncertainty analysis method to simulation of Reactivity Insertion Accidents
with FRAPCON3.4/FRAPTRAN1.4,” Master Thesis, Free University of Brussels, Belgium, September (2011).
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Wilks’ quantile is not too fast. This could be done by considering a certain number of the previously
calculated quantiles and consider the variation between them.

The impact of the input parameters distributions is also studied. In order to do that, all the
distributions in Table 1 have been changed to uniform distributions with the same variation range.

The results on the maximum mass fuel enthalpy increase for both cases are compared in Figure 7.
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Figure 7. Impact of input uncertainty parametersdistribution for CIP3-1 simulation®,

It can be observed that both the Wilks’ quantile and the empirical quantile increase when uniform
distributions are used for the input uncertainty parameters. This is what was expected since the
uniform distribution favours the sampling of extreme values of the input uncertainty parameters,
which is equivalent to increase the uncertainties on the input parameters, and hence leads to the higher
quantiles which are the uncertainties on the output parameters.

The impact of the input parameters distributions is thus important. Their distributions should therefore
be chosen carefully and more study is needed to determine them precisely (at least for the consequent
input uncertainty parameters).

The DAKOTA code calculates also the Pearson’s correlation between the input and output
parameters. This correlation is used to determine the correlation coefficient not between the
parameters themselves but rather between the ranks of the parameters allowing determining if there is
a monotone relation between them.

The input uncertainty parameters having a strong Pearson’s correlation should be carefully defined
due to their importance. The input uncertainty parameters having a weak Pearson’s correlation
(typically less than 0.3) with every output parameter can be eliminated (or simply keep at best
estimate), after verification on the scatter plots that there is not another type of relation between the
considered input uncertainty parameters and the output parameters (such as a sinusoidal relation). The
scatter plot in Figure 8 below shows that the calculated energy input in the fuel has a strong relation
with the sampled multiplicative factor on the power pulse (Pearson’s correlation coefficient is
approximately equal to 0.94).
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Figure 8. Impact of the power pulse multiplier on CIP3-1 simulation uncertainty21.
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However, the scatter plot in Figure 9 shows that there is effectively no dependency between the fuel
enthalpy increase and the cold plenum length during base irradiation. It can thus be considered as
having a weak influence, and hence can be eliminated as one input uncertainty parameter.

110
103
106

Maximum fuel 104

mass enthalpy 102

increase {calf/g) 100
98
96 "
94 T T 1
0.0275 0.028 0.0285 0.029 0.0295 003 0.0305

Cold plenum length {(m)

Figure 9. Impact of the cold plenum length on CIP3-1 simulation uncertainty21.

The above results show that the DAKOTA sensitivity analysis by Monte Carlo is a simple and
powerful tool to determine the importance of the input parameters in statistical uncertainty analysis. It
is much easier and faster than the sequential sensitivity studies performed to define the input
uncertainty parameters.

5.2. Application of the non-parametric tolerance limits and bootstrap methods to RELAPS
simulation of THTF tests

5.2.1. THTF tests

The experiments were performed in the Thermal Hydraulic Test Facility (THTF), an electrically
heated thermal hydraulic test loop. Two sets of experiments were run; the first to obtain in steady state
conditions both void fraction and uncovered core heat transfer data (tests 3.09.10 I through N) and the
second to obtain only void fraction data (tests 3.09.10 AA through FF)22:23,

The THTF core is a 3.66-m heated length, 64-rod tube bundle. The flow is injected directly in the
lower plenum and do not pass through the downcomer, which is isolated from the primary circuit.

The selected test for the experiment developed in Section 5.2.3 and 5.2.4 is Run 3.09.10 L, which is
part of the uncovered bundle heat transfer assessment tests.

Table 2 shows the test initial and boundary conditions.
Table2. THTF Uncovered Bundle Test 3.09.10 L Conditions

Test p Tinlet G W Q Qloss
[bar] [K] [kg/m2g] | [kg/s] [kKW] [%] / [kW]
3.09.10L 75.2 461 29.1 0.181 476 2% / 10kW

5.2.2. RELAP5 models and assumptions

Figure 10 presents the RELAP5/Mod3.3 THTF model, in which the heat structure #310 (Radial Node
5) represents the simulated fuel rod (electric heater).

The RELAP5/Mod3.3 simulation results are shown in Figure 11, in comparison with the experimental
data. The tendency is well predicted, but the wall temperatures at the top are slightly under-estimated.

22 T M. Anklam, et al., “Experimental investigations of uncovered-bundle heat transfer and two-phase mixture level swell
under high pressure low heat flux conditions”, NUREG/CR-2456, USNRC, April (1982).

23 T M. Anklam and R.F. Miller, “Void fraction under high pressure, low flow conditions in rod bundle geometry”, Nuclear
Engineering and Design, 75, pp. 99-108, (1982).
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Figure1l. Run 3.09.10 L axial cladding temperaturesand REL AP5/M0d3.3 predictions.

5.2.3. Application of the non-parametric order statistics method

The objective is to compare the predictions of different non-parametric estimators, for a given
quantile at a certain confidence level, upon an arbitrary surrogate safety criterion surveying a
parameter; the real aim though, is comparing the goodness of the methods when estimating the 95™
quantile at a 95% confidence level, against a “true” quantile estimated from a very large sample. The
safety criterion is not important per se for this purpose, but just defining a surveyed parameter which
will be “Temperature at the Cladding Node 9”.

The experiments are performed by sampling 4 parameters {inlet mass flow, inlet/outlet pressure, flow
temperature and fouling factors (at the grid spacers in heat structure #310 nodes 6 and 9)}, according
to their uncertainty distribution functions. Those variables are passed automatically by DAKOTA
onto an input deck, which is run and its results collected. This operation is replicated for as many
samples generated.

Four batches of 59, 153, 1000 and 4000 samples are generated by DAKOTA. The k™ rank estimators
(Guba&Makai’s estimator) for those three samples are obtained by applying [Eq. 3], while the 95"
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quantiles are obtained on the basis of a truncated order-statistic [Eq. 4] (guaranteeing that the
estimator is in the upper tail and therefore bounds the target quantile):

— [Eq. 3]

[Eq. 4]

Where =0.95, y=0.95, N is the sample size, and k and t the ranks of the order statistic estimators.
According to [Eq. 3] or [Eq. 4], the estimator is chosen from the ordered sample output:

a(1)<...<a(i®<...<a(tM)<...<a(k)<...<a(ND).

Section 4.1.1 discussed the implementation of non-parametric order statistics method in safety
analysis, which is a very conservative and robust procedure when a given confidence level on a
measure needs to be assured. It is self evident that the Guba&Makai’s estimator will over-predict the
95™ quantile a 5% of the time, and as the population is enlarged Guba&Makai’s k™ estimator will
converge towards the 95 quantile from [Eq. 4]. However, a large population is difficult to generate
from a production point of view. Therefore it is interesting to use bootstrap to exploit all information
available in a reduced size sample.

5.2.4. Application of the bootstrap method

Two examples of the bootstrap method are presented here. The first is based on the quantile
estimation by percentile smoothing, the second is based on the reconstruction of the 95" quantile
density.

Given a sample size N=153, the bootstrapping procedure is applied, generating n resamples of N
elements, with replacement. The number of resamples (n) was first fixed to 100, nonetheless higher
values of n need to be invoked however when estimating farthest quantiles. Another trial with a
resample size of n=200 was generated to check whether we got stable quantile estimates with a
slightly larger bootstrap resample size.

Per centile Smoothing

This method, as developed previously24 25 and recently recalled in", consists of using a single order
statistic with linear combinations of order statistics with weights derived from a Gaussian kernel [Eq.
7]. The normalized weights [Eq. 6] are applied to a linear combination of order statistics a(i) to yield
in the estimator for a target quantile Pgs [Eq. 5]:

[Eq. 5]

[Eq. 6]

[Eq. 7]
The only parameters remaining to set in [Eq. 6] is p = 0.95 (centering the weights on the 95™ quantile)
and in [Eq. 7], the kernel bandwidth, h, which is fixed here as 1/N as suggested in15

These weighting are applied to each of the n samples, yielding in n estimates of the target quantile Pos.
It is then possible to calculate the empirical standard deviation of the replications (o), and an estimate
of the upper confidence bound estimate of the 95" quantile by an L-estimate:

Posios = {Pos} +1.645 [Eq. 8]

where {Pys} is the original sample smoothed 95™ quantile.

24 M. Wand, M. C. Jones, “Kernel Smoothing”, Chapman and Hall, (1995).
25 8.J. Sheather and J. S. Marron, “Kernel Quantile Estimators” J. American Statistical Association, 85, (1990).
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The L-estimate is assumed valid in this case by the central limit theorem applied to the 95" quantile
distribution. However, it could also be claimed that a valid representation of the estimated quantile
would be:

P95/95 = <P95> +1.6450 [Eq 9]
where <Pys> is the average calculated from the resamples smoothed Pos’s.

Non-Parametric Density Estimation

This method disregards the nature of the density function of a given random variable, but estimates
this directly from the data. The simplest way to approximate a density function is by its histogram

or alternatively:
- [Eq. 10]

where {Xi, X>..., Xn} are observations, and w(t, h) are some appropriate weighting functions. These w-
weighting functions are of the form — - and K is a kernel which determines the shape

of the weighting function (function of x, {Xi, X..., Xxx} and of the bandwidth h). For this experiment,

a Gaussian kernel —_— h is used. An appropriate choice of h, suffices to say, is
the most important factor in the reconstruction, rather than the kernel shape itself; for this experiment,

it will be fixed as ——, where § is denoted as the observations standard deviation26.

Let us use the same information as above, coming out from the bootstrapped n resamples: from them,
N Pys quantiles based on [Eq. 4] are determined which will be our observations: {x, X;..., X;}.

By using [Eq. 10], the probability density function of the 95" quantile can be reconstructed, and from
it, its average (<Pys>) and its standard deviation (o) can be estimated in order to produce an L-
estimate, identical to that of the percentile smoothing: Pysgs = <Pys> +1.645 .

However, there is a property that yet needs to be commented: it would be highly desirable that the
estimator has the same support as the real distribution f(x). In other words, if X is a random
variable which takes values restricted to an interval [a, b), then the support of f(x) is [a, b) and as

well needs to be restricted to [a, b), so that for any x such x<a and x>b. This bump
can be simply overcome by reconstructing the density of a variable y = Z(X), which has unbounded
support (by an appropriate change of variable Z), and reversing the variable change afterwards. More
sophisticated methods are available.

It is precisely this property which seems to render not fructuous this approach: there is virtually no
information about the support [a, b) of f(x). Using arbitrary supports {i.c., [0, o)} for a temperature
density reconstruction, for instance, results in the kernel assigning non-zero, though extremely small
probabilities to unphysical values. It can be argued that in a LOCA the clad temperature will never
fall below the ECCS temperature, or that the maximum clad temperature would never be below the
clad temperature at the transient onset.

While it still could be possibly be defended a lower bound in some cases, leaving the upper bound
unassigned would lead to a crude overestimation. In any case, it would be rather more interesting to
no restricting the upper limit and investigating the associated probabilities of extreme values from a
risk-informed standpoint.

Just for comparison sake, the estimation based on kernel regression and percentile smoothing is
presented in Section 5.2.5. For this application, two supports were chosen; the first one [1010, ) was

26 B. W. Silverman, “Density Estimation”, Chapman and Hall, (1986).
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chosen by selecting a lower limit slightly smaller than the smallest of the n Pys’s observed. The second
one [1010, 1220] selected a much larger upper limit than any of the n Pys’s collected.

5.2.5. Results and discussions

Table 3 presents the results of different sizes (N), by using Guba&Makai’s estimator and an order
statistic for estimating the 95™ quantile [Eq. 3] and [Eq. 4]. As expected, the Guba&Makai’s estimator
[Eq. 3] and the truncated estimator from [Eq. 4] converge at a very large population size (4000 runs).

Table 3. Estimation of the 95" quantile by order statistics.

Sample size (N) 59 153 1000 | 4000
k (K™ ~order Saisic | ar gest value) [Eq. 3] 1 4 39 200
Sample 95" quantile/95 confidence —rank k estimator (K) | 1179.8 | 1161.4 | 1150.2 | 1137.3
t (£ ~OreersAsie | ar ger value) [Eq. 4] 2 6 48 202
Sample 95" quantile—rank t estimator (K) 1164.6 | 1151.4 | 1142.7 | 1136.8
Sample smoothed quantile {Pgs} 1156.7 | 1143.6 | 1139.8 | 1137.4

The last section explained the use of two different quantile estimators in order to exploit the
information available in one sample. The results from the approaches exposed in §5.2.4 are presented
in Table 4, in which the difference between using <P95> or {P95} is very small.

Table4. Resamplesize: n= 100, N= 153 (sample 1).

Method Reconstruction (Variablechange) | Percentile smoothing
Support (K) [1010, ) [1010-1220] N/A
<Pgs> (K) 1144.5 1144.2 11419 | 1143.6 (%)
¢ (K) 16.5 16.2 14.5
<Pgs>+1.645 ¢ 1171.6 1170.8 1165.7 1167.5
(*) Corresponds to {Pys} from Table 3.

The resample size n is increased to 200 in order to investigate the stabilization of the estimators and
the results are presented in Table 5.

Table5. Resamplesize: n= 200, N= 153 (sample 2).

Method Reconstruction (Variable change) | Percentile smoothing
Support (K) [1010, ) [1010-1220] N/A
<Pgs> (K) 1142.6 1142.5 1140.6 | 1143.6 (*)
¢ (K) 154 154 13.0
<Pgs>+1.645 ¢ 1167.9 1167.8 1162.0 1165.0
(*) Corresponds to {Pys} from Table 3.

The estimators have seemingly saturated, and the percentile smoothing (with <Pos>) approaches to the
Guba&Makai’s estimator (see Table 3, N=153). This, by comparison, confirms the robustness of
Guba&Makai’s estimator, as stated in Section 4.1.1.

The investigation performed herein does not suffice to conclude upon the variability of the estimators,
which is directly related to the variance and function of the sample size. The bootstrap estimators are
similar in nature, though the reconstruction methods would require more information than what is
available to the analyst and therefore seem not valid for safety analyses purposes.
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6. Conclusions and per spectives

Following the recent trends in research and development as well as in industrial applications, the TE
best estimate plus statistical uncertainty analysis method (BESUAM) has been proposed, based on the
chosen non-parametric order statistic or bootstrap methods, and a sensitivity and uncertainty analysis
tool (DAKOTA).

The proposed method has been applied to some multi-physical simulations in order to demonstrate the
robustness of the order statistic method and the DAKOTA tool.

The order statistic uncertainty analysis method has been used to the FRAPCON and FRAPTRAN

simulation of a RIA test (CIP3-1). It has been shown that:

e This method provides upper and lower bounds on the chosen parameters that can be used to
quantify the accuracy of the RIA fuel rod code simulation results.

e A better accuracy of the calculated quantile can be obtained by increasing the run number.

e A stopping criterion based on the maximum computer time cost acceptable and on the desired
accuracy of the quantile has also been proposed.

e The feasibility of sensitivity analysis based on the sampled calculations is also shown.

The order statistic and the bootstrap uncertainty analysis methods have been used to the

RELAPS5/MOD3.3 simulation of a THTF test. It has been shown that:

e The order statistic (Guba&Makai’s) estimator overpredicts the 95™ quantile at reduced sample
number, and will converge towards the true 95" quantile at higher sample numbers.

e The bootstrap estimator using the percentile smoothing (with <P¢s>) approaches to the
Guba&Makai’s estimator, which confirms the robustness of the order statistics.

e The bootstrap estimators using different approaches are similar in nature, but the reconstruction
method would require more information than what is available to the analyst and therefore seem
not valid for safety analyses purposes.

The non parametric order statistic methods are robust and flexible tools to investigate extreme
quantiles; they have been successfully applied in this paper to two problems of different nature: fuel
rod thermal mechanics and system thermal hydraulics. No knowledge of the output distribution is
needed in any of the methods used, with the exception of the density reconstruction method requiring
the output support data.

As part of the TE’s efforts to mastering the uncertainty analysis in multi-physics simulations, TE will
further apply the non-parametric order statistic method and the DAKOTA tool to the
OECD/NEA/NSC UAM benchmark phase Il on fuel physics (II-1), neutronics (II-2) and bundle
thermal hydraulics (II-3). The preliminary application to COBRA-3C_TE simulation of UAM II-3 27
shows promising results.

The final objective is to apply the proposed BESUAM method for reloads safety evaluation and safety
analysis. This, of course, still requires considerable efforts to identify, quantify or define the ranges
and distributions of all relevant uncertainty attributors. A practical approach to separating and treating
aleatory and epistemic uncertainties is also needed.
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