Nuclear Safety
NEA/CSNI/R(2013)8
September 2013

Ocecb/csNI Workshop
on' Best Estimate Methods
and Uncertainty Evaluations

Workshop Proceedings
Barcelona, Spain
16-18 November 2011

Part 3

POLICIES FOR

@)) OECD O Y NEA

GY AGEN

cY



paiIssejouN

€19Vd/8(ET02)H/INSO/VAN

Unclassified NEA/CSNI/R(2013)8/PART3

Organisation de Coopération et de Développement Economiques
Organisation for Economic Co-operation and Development 28-Nov-2013

English text only
NUCLEAR ENERGY AGENCY
COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

OECD/CSNI Workshop on Best Estimate Methods and Uncertainty Evaluations

Workshop Proceedings
Barcelona, Spain
16-18 November 2011

Hosted by The Technical University of Catalonia (UPC) with support from the Spanish Nuclear Safety
Council (CSN)

This document only exists in PDF format.

AJuo 1xa1 ysijbug

JT03349513

Complete document available on OLIS in its original format
This document and any map included herein are without prejudice to the status of or sovereignty over any territory, to the delimitation of
international frontiers and boundaries and to the name of any territory, city or area.




NEA/CSNI/R(2013)8/PART3

ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social
and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help
governments respond to new developments and concerns, such as corporate governance, the information economy and the
challenges of an ageing population. The Organisation provides a setting where governments can compare policy
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international
policies.

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia,
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands,
New Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden,
Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in the work of the
OECD.

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic,
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members.

This work is published on the responsibility of the OECD Secretary-General.
The opinions expressed and arguments employed herein do not necessarily reflect the official
views of the Organisation or of the governments of its member countries.

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists of
31 countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece,
Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, Portugal, the Republic of
Korea, the Russian Federation, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom
and the United States. The European Commission also takes part in the work of the Agency.

The mission of the NEA is:

— to assist its member countries in maintaining and further developing, through international co-operation, the
scientific, technological and legal bases required for a safe, environmentally friendly and economical use of
nuclear energy for peaceful purposes, as well as

— to provide authoritative assessments and to forge common understandings on key issues, as input to government
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable
development.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law
and liability, and public information.

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it
has a Co-operation Agreement, as well as with other international organisations in the nuclear field.

This document and any map included herein are without prejudice to the status of or sovereignty over any territory, to the delimitation of
international frontiers and boundaries and to the name of any territory, city or area.

Corrigenda to OECD publications may be found online at: www.oecd.org/publishing/corrigenda.
© OECD 2013

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD publications, databases and multimedia
products in your own documents, presentations, blogs, websites and teaching materials, provided that suitable acknowledgment of the OECD as source
and copyright owner is given. All requests for public or commercial use and translation rights should be submitted to rights@oecd.org. Requests for
permission to photocopy portions of this material for public or commercial use shall be addressed directly to the Copyright Clearance Center (CCC) at
info@copyright.com or the Centre frangais d'exploitation du droit de copie (CFC) contact@cfcopies.com.
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THE COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

“The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the
activities of the Agency that support maintaining and advancing the scientific and technical knowledge
base of the safety of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-
2016 and the Joint CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.

The Committee shall constitute a forum for the exchange of technical information and for
collaboration between organisations, which can contribute, from their respective backgrounds in research,
development and engineering, to its activities. It shall have regard to the exchange of information between
member countries and safety R&D programmes of various sizes in order to keep all member countries
involved in and abreast of developments in technical safety matters.

The Committee shall review the state of knowledge on important topics of nuclear safety science
and techniques and of safety assessments, and ensure that operating experience is appropriately accounted
for in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in
order to overcome discrepancies, develop improvements and reach consensus on technical issues of
common interest. It shall promote the co-ordination of work in different member countries that serve to
maintain and enhance competence in nuclear safety matters, including the establishment of joint
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee
shall ensure that valuable end-products of the technical reviews and analyses are produced and available to
members in a timely manner.

The Committee shall focus primarily on the safety aspects of existing power reactors, other
nuclear installations and the construction of new power reactors; it shall also consider the safety
implications of scientific and technical developments of future reactor designs.

The Committee shall organise its own activities. Furthermore, it shall examine any other matters
referred to it by the Steering Committee. It may sponsor specialist meetings and technical working groups
to further its objectives. In implementing its programme the Committee shall establish co-operative
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee
on matters of common interest, avoiding unnecessary duplications.

The Committee shall also co-operate with the Committee on Radiation Protection and Public
Health, the Radioactive Waste Management Committee, the Committee for Technical and Economic
Studies on Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on
matters of common interest.”
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QOutline

O NEA contribution to BEPU development and assessment
% International Standard Problems (ISPs)
% Benchmarks
% Validation Matrices
& OECD Joint Safety Research Projects
% Specialist Meetings

O Examples of NEA BEPU related Programmes
% Uncertainty Methods Study (UMS)

&L Best-Estimate Methods — Uncertainty and Sensitivity
Evaluation (BEMUSE)

& Safety Margin Assessment and Application (SM2A)
& Uncertainty Analysis in Modeling (UAM) Benchmark

Q Summary



4.

NEA Structure

@)

D/NEA BEPU PROGRAMMES

Committee structure of the OECD Nuclear Energy Agency (NEA)
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BEPU PATH

IN THE 70s

QO ECCS rule of 1974 recognizes
limited state of knowledge and
Imposes/recommends
conservatisms through Appendix K

%  Atomic Energy Commission
directs research to be
conducted to establish the
magnitude of safety margins
and alleviate conservatisms
where indicated.

& American Physical Society
review of ECCS rule points
out, among others, that
without knowing where the
“realistic” value is, one can
never be sure that a
prediction is conservative.

TODAY

00 O0CO0

SM2A Pilot exercise
SMAP Framework
BEMUSE Conclusions
|AEA SSG-2

10 CFR 50.46 and RG
1.157, RG 1.203
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Nuclear Energy Agency

Conservative

Conservative

B-E plus
Uncertainty

Risk-informed

Today available options

Option Applied BIC System References
Code availability

Conservative code Conservative

(Evaluation
Model)

B-E code

B-E code +
uncertainty
evaluation

B-E code +
uncertainty
evaluation

Conservative

Realistic +
uncertainty;
partly most
unfavourable
conditions

Realistic +
uncertainty

Conservative
assumptions

Conservative
assumptions

Conservative
assumptions

PSA-based
assumptions

10 CFR 8§ 50.46
(@)(1)(ii), Appendix
K

IAEA Guide NS-G-
1.2, 4.89; several
other practices

10 CFR § 50.46
(@) (2)(1), Appendix
A.

IAEA Guide NS-G-
1.2,4.90

Draft change of US
10 CFR § 50.46.
SMAP Framework.



""" OVERVIEW OF OECD/NEA BEPU PROGRAMMES
Q¥ NEA

Today available options

O A consistent BEPU application assumes:

& Use of verified and validated computer code(s)
& Use of a qualified uncertainty method.

QO NEA, through its relevant Committees (CSNI and

NSC) contributed by concrete tasks to the efforts
of:

%, Code validation
% Uncertainty method qualification
& BEPU application according to the different options.

10



" OVERVIEW OF OECD/NEA BEPU PROGRAMMES

Code Validation

ISPs
Benchmarks

Code validation > Validation Matrices

OECD Joint Safety Projects

Specialist Meetings

11
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ISPs (1)

ISPs triggered by the need to have an idea on how the
Thermal-hydraulic codes were capable to simulate
accidents

A need to formalize the definition of an ISP appeared
immediately

% CSNI report N° 17
L Revised 4 times, keeping the same goal
% Last revision: NEA/CSNI/R(2004)5

ISPs were first initiated in 1973 in the area of primary

circuit Thermal-hydraulics, and then were progressively
extended within CSNI to:

% Containment TH
%, Fuel behaviour during a LOCA
&, Severe accidents.

12
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ISPs (2)

QO 50 ISPs so far, the last one recently completed and
addressing a 50%0 DVI Line Break on ATLAS test facility

QO  ISPs contributions

©

S
S

G

ISPs provide an important contribution to the code assessment process and
are good candidates to be included in code validation matrices;

ISPs have been identifier of the user effect;

Benefits to the host organization (e.g., valuable comments and feedback
from the international community; recognition and international consensus
on the conclusions);

Benefits to the participants (e.g., privileged access to information on the
experimental programme; a mean of performing code assessment, detailed
discussion on several technical subjects);

Enhanced scientific discussion between code developers, users in different
countries and experimentalists.

O  Forward looking

G

Need to continue ISPs, in particular to address new designs (e.g., APR1400,

13
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Benchmarks (1)

O Benchmark methodology

& Reference design from a real reactor
& Problem with a complete set of input data

Y Three Benchmark phases
e Phase 1: Point kinetics/ plant simulation
e Phase 2: Coupled 3D Neutronics/ TH evaluation of core response
e Phase 3: B-E coupled core/ plant transient model

Evaluation of HZP and HFP steady states

Simulation of best-estimate and extreme transient
scenarios

& Method for comparison of results from different computer
codes.

& &

14
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Benchmarks (2)

O  Three Benchmarks:

L, OECD/NEA/NRC PWR MSLB Benchmark
&, OECD/NEA/NRC BWR TT Benchmark

%, OECD/DOE/CEA VVER-1000 CT Benchmark (based on
actual Kozloduy 6 plant data):
e V1000CT-1: main coolant pump start-up test
e V1000CT-2: SG isolation experiment.

QO  All the three Benchmarks completed and reports

published

O  The ongoing “Uncertainty Analysis in Modelling” (UAM)

activity started as follow-up of these Benchmarks
%, See below.

15
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CSNI Validation Matrices (1)

QO Tasks initially given to the CSNI PWG-2

% To formulate an internationally agreed validation matrix by
establishing cross reference matrices and selecting well balanced
sets of experiments in the available database;

% Data should follow the standard required for data use-ability set-
up in the CSNI Report N°17.

O Deliverables

& Start of the activity in 1983 with a report issued in March 1987
[CSNI Report N° 132]

&, SET Validation Matrix established between 1988 and 1993

& Revision of the ITF Validation Matrix between 1993 and 1996 in
“CSNI Integral Test Facility Validation Matrix for the Assessment
of Thermal-hydraulic Codes for LWR LOCAL and Transients”
[NEA/CSNI/R(96)17]

& Validation Matrix for the Assessment of Thermal-hydraulic Codes
for VVER LOCAL and Transients issued as [NEA/CSNI/R(2001)4]

16
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OECD

CSNI Validation Matrices (2)

QO  Outcome
% Internationally agreed validation matrices were established
for TH system codes simulating PWR, BWR and VVER LOCA
and transients.

e Phenomena-based set of experiments defined

e Include the major part of world wide experimental work in LWR TH
safety research.

& CSNI ITF and SET Validation Matrices used in establishing
validation matrices for the major TH system codes;

& The creation of the databases and the development of the
TH system codes provided the components to implement
BEPU methodologies.

17
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JOINT SAFETY RESEARCH PROJECTS (1)

~— » HALDEN  Fuel & Materials, 1&C, HOF_ Norway
» CIP Fuel in RIA transients in Cabri France
» SCIP-2 Fuel integrity Sweden
» SFP Fuel hydraulics/ignition phenomena USA
>
» LOFC Loss of Forced Coolant with HTTR Japan (started)
» PRISME-2 Fire safety France
» ROSA-2 System TH Japan
» PKL-2 PWR SG Heat Transfer Germany
» SETH-2 Containment TH (CFD) Swit/Fra (compl.)
>
> BIP lodine chemistry Canada
>
» MCCI-2 Severe Accident (Ex-Vessel) USA (completed)
» SERENA Steam explosion Korea & France
» Databases
» 1.FIRE 2.1CDE 3.0PDE/CODAP 4.COMPSIS 5.CADAK

18
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COMPLETED PROJECTS - SYNTHESIS SUMMARY REPORT

THAI
ROSA
SCIP
PKL

Paks-Phasel

PSB-VVER
MCCI

SETH-Panda

SETH-PKL
MASCA
O-LHF
BubCon
PLASMA
SCORPIO
RASPLAV
TMI2-VIP
LOFT

-------

OVERV

IEW OF OECD/NEA BEPU PROGRAMMES

UNDER PREPARATION

Containment (H2, FP)

RCS Thermal-hydraulics
Cladding Integrity

Boron dilution

Fuel damage

VVER Thermal —Hydraulics
Corium-concrete interaction
Containment TH

RCD Thermal-hydraulics
Severe Accident (In Vessel)
Lower Head Failure

VVER TH

VVER 1&C

VVER 1&C

Severe Accident

Pressure Vessel Inspection
LOCA + FP release

20

Germany
Japan
Sweden
Germany
Hungary
Russia
USA
Switzerland
Germany
Russia
USA
Hungary
Hungary
Norway
Russia
USA
USA

2007-2009
2005-2009
2004-2009
2004-2007
2004-2007
2003-2008
2002-2006
2001-2006
2001-2004
2000-2006
1998-2002
1998-2002
1998-2002
1996-1998
1994-2000
1988-1993
1983-1989

OECD



(. TN TN T W, T T T e

| OVERVIEW OF OECD/NEA BEPU PROGRAMMES Y
02 AR e OECD

JOINT SAFETY RESEARCH PROJECTS (4)

O  Provide
% A sound framework for computer code assessment

& Well defined experiments and well documented test results
for code validation

& Useful exchanges between experimentalists and code
developers/users

% A useful framework for knowledge transfer, especially to
new generation of code users.

21
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BEPU Application

UMS

BEMUSE

Application S
SM2A

UAM

22
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Emergence of the uncertainty concept (1)

O  Some steps

EE E 6

& & & 6

Analysis of ISP 18 (LOBI) — June 1986

Ad hoc meeting on code uncertainties in Wurenlingen in
September 1986

Presentation of CSAU by N. Zuber — June 1987

Exercise on uncertainty evaluation performed by UK and
GRS leading to formalization of the British Method (BM) and
the GRS method (GM)

Discussion of a comparison of BM, GM and the CSAU
methods — February 1988

Presentation by UNIPI of FFT meteorologist methods to
measure the code accuracy — June 1988

Presentation by France of the ASM (Adjoint Sensitivity
Method) — February 1991

Applications of the different methods to PHEBUS, OMEGA,
SBLOCA, ISP 27 — between 1990 and 1993.

23
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OECD

Emergence of the uncertainty concept (2)

Following similar meetings in Toronto (1976), Paris (1978),

& &

Pasadena (1981), organization of the Transient Two Phase
Flow Meeting in Aix-en-Provence (April 1992) to discuss the
status of advanced codes, in particular their application and
assessment of uncertainties in code calculations

Presentation by UNIPI of the UMAE (Uncertainty Methodology
based on Accuracy Extrapolation) — July 1993

CSNI Workshop on Uncertainty Analysis Methods (London, 1-4
March 1994)

Several discussions on how to organize an ISP on uncertainties

Consensus obtained on a proposal of ISP called Uncertainty
Methods Study (UMS) exercise to compare the uncertainty
methods, step by step, on the same problem and comparison
with measured values of the LSTF SBCL 18.

24
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The UMS Exercise (1)

% Subject: Analysis of LSTF SB-CL-18 (5% cold leg break)-
Prototype investigation in evaluating uncertainties and
comparing the contributions step by step.

% Objectives approved by CSNI in December 1994:
. To gain insights into differences between method features
. To inform decision makers on conducting uncertainty analyses,
e.g., in the light of licensing requirements.

& Period: May 1995 — June 1997
%  Report on the Uncertainty Methods Study [NEA/CSNI/R(97)35]

&  Participating organizations:
. AEA Technology, UK: RELAP5/MOD3.2, AEAT uncertainty method
. UNIPI, Italy: RELAP5/MOD2, CATHARE 2 V1.3U rev5, UMAE
. GRS, Germany: ATHLET Mod 1.1 Cycle A, GRS method
. IPSN, France: CATHARE 2 V1.3U rev5, IPSN method
. ENUSA, Spain: RELAP5/MOD3.2, ENUSA method.

25
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The UMS Exercise (2)

% Main conclusion: The way the different methods are applied
was very important
% Choice of the methods:
. Each UMS participant favored the applied method

. In all cases, appropriate knowledge, skill, experience and quality
standards had to be applied

& The differences between the predictions of the methods came
from a combination of:
. The method used and the way to use it;
. The accuracy of the reference calculation and the modeling used

. The completeness of the identification and selection of
uncertainties

. The conservatism of the calculation input (e.g., uncertainty
ranges or probability distributions)

. Optimization of the nodalization.
%  See detailed presentation in Paper S2.1

26



"OVERVIEW OF OECD/NEA BEPU PROGRAMMES

The BEMUSE Programme (1)

%  Background
. Proposals on B-E methods and applications
. Discussion during WGAMA meetings 1,2 and 3,

. Then during the Exploratory Meeting of Experts to define an
Action Plan on B-E Calculations and Uncertainty Analysis (Aix-en-
Provence, 13-14 May 2002)

. Agreement in September 2002 on the Action Plan

& BEMUSE (Best-Estimate Methods — Uncertainty and Sensitivity

Evaluation) Programme objectives:

. To evaluate the practicability, quality and reliability of B-E
methods including uncertainty evaluation in applications relevant
to Nuclear Reactor Safety (NRS)

. To develop common understanding

. To promote and facilitate the use of BEPU methods by the safety
organizations and by the industry.

27
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The BEMUSE Programme (2)

Phase I: Presentation of the uncertainty methods
Step 1 Phase Il: Re-analysis of LOFT L2-5 experiment

se IIl: Uncertainty evaluation of the L2-5 test calculation -
Conclusions on method BEMUSE improvement

Phase 1V: B-E analysis of the LBLOCA on plant

scale (Zion)
Step 2 Phase V: Sensitivity studies and uncertainty
evaluation of the NPP LBLOCA
Phase VI: Sta ort, classification of the

methods —Concl. and rec

Step 2

28
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The BEMUSE Programme (3)

&  Schedule

. Step 1: January 2004 — May 2006
. Step 2: August 2006 — September 2010
%, Participants
. 14 participants from 10 countries
. Not all participants were involved in all phases

& Computer codes used
. ATHLET, CATHARE, MARS, RELAP5, TECH-M-97, TRACE

% Uncertainty methods used — 2 types:

. Statistical method with propagation of input uncertainties to
output uncertainties by code calculations

. UMAE/ CIAU (Uncertainty Method based on Accuracy
Extrapolation/ Code with Capability of Internal Assessment of
Uncertainty)

29
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Nuclear Energy Agency.

The BEMUSE Programme (4)

G Qverall conclusions from Phase VI

e BEPU used may be considered mature for application, including in
licensing process;

 Differences observed in application of the methods which lead to
different results, even among the base calculation results;

e Importance of user effect in the base case and in the application of
uncertainty methods;

e Effort should be focused on the base case, on the influential parameters,
and on the distribution of the uncertain input parameters and their

range;

e Method(s) to select and guantify computer code model uncertainties and
to compare their effect on the uncertainty on the results to be performed
in the frame of an international benchmark using different computer
codes.

& See detailed presentation in Paper S2.2

30
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Nuclear Energy Agency

PREMIUM Benchmark — BEMUSE Follow-up

O PREMIUM Benchmark : activity just starting in order to
address recommendations of BEMUSE Phase VI.

& Objective: Use the measured data of an analytical reflood
experiment in order to derive the uncertainties of physical models (e.g.,
heat transfer downstream from the quench front, relative velocities
upstream or downstream from the quench front)

%  Programme: Five phases which will be completed in spring
2014:

. Phase | : Description of the existing methods

. Phase Il: Identification of influential input parameters

. Phase I11: Determination of the ranges of variation of the multipliers p of the
considered physical models PM (PM = pxPMnominal ) on the basis of qualified
experimental results

. Phase IV: Confirmation of the ranges of variation found in Phase Il by using
PERICLES-2D experimental results

. Phase V: Final synthesis report, including conclusions and recommendations.

& See detailed presentation in Paper S2.4

31
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Safety Margin Assessment and Application (SM2A)
SMAP Framework (1)

OECD

J

QO  SMAP Framework Objectives

L To agree on a framework for integrated assessments of the changes to
overall safety of the plant as a result of simultaneous changes in plant
operation/condition

& To develop a CSNI document which can be used by Member countries to
assess the effect of plant change on the overall safety of the plant

& To share information and experience
QO  SMAP Framework overview

U Action Plan distributed in 5 tasks

&, 20 experts from 15 countries participated

7 Meetings held from October 2003 to October 2006
U4 Technical Notes issued in 2005 and 2006

& Final Report [NEA/CSNI/R(2007)9] issued in 2007

32
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Safety Margin Assessment and Application (SM2A)
SMAP framework (2)

How to Quantify Global Plant Safety Margin?

QO  Use existing tools and techniques
Q  Merge

& Deterministic approach: accepted definition of safety margins in
the nuclear industry

L Probabilistic risk assessment: include all relevant accident
sequences

QO  Develop risk metrics (e.g., ACDF and ALERF) that can be used to

evaluate a plant modification against existing regulatory acceptance
criteria and guidelines

Regional Workshop on Advanced Safety Slide 29

Assessment Tools and Methods
33
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Safety Margin Assessment and Application (SM2A)
SMAP Framework (3)

= Steps (perform all before and after the plant modification):

Likelihood that event sequence will occur & Conditional probability that
the core will loose function

e e

from event tree frequency from engineering data, safety
limits and deterministic

calculations (the CPLF)

1. Decide on uncertainties in the deterministic calculations for the
particular safety margin

2. Complete best estimate plus uncertainty calculation

3. Multiply frequency with exceedance probability

4. Add over all event sequences to get cumulative core damage

frequenc
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OVERVIEW OF OECD/NEA BEPU PROGRAMMES

A Nea o
Safety Margin Assessment and Application (SM2A)

SM2A Pilot Exercise (1)

U Task Group decided during CSNI meeting June 2007:

— To appraise SMAP methodology using US proposed new LOCA
rulemaking as test case

— Preliminary results to be reported to CSNI in June 2009 =
short/focused activity

& Mandate prepared by NEA and sent to CSNI August
1st, 2007

% Discussion during CSNI meeting December 2007:
Tight and ambitious schedule raised as a concern

— Nominations received from 9 countries (+1AEA)
— First meeting held at US NRC Offices, January 17-18, 2008
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Safety Margin Assessment and Application (SM2A)
SM2A Pilot Exercise (2)

SMAP framework implementation

& Short-lived and focused appraisal of SMAP
methodology required, not real-life application

& Application should reflect multiple changes,
Including plant changes

®» Hypothetical 1026 Power Up-rate for Zion PWR
e Decommissioned plant without sister plants
e Was studied in NUREG-1150
e« Some PSA documentation available (event trees)

e Many participants already have input deck from BEMUSE
exercise.
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| Saty Margin Assessment and Application (SM2A)
SM2A Pilot Exercise (3)
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8 2) NEA

OVERVIEW OF OECD/NEA BEPU PROGRAMMES

ar Energy Agency

Safety Margin Assessment and Application (SM2A)
SM2A Pilot Exercise (4)

%, Overall conclusions
& SMAP framework was proven workable for evaluation of safety margins.

« Some refinements (screening of PSA sequences, reformulation of
existing event trees) were however needed

% Increase of probability of exceedance for surrogate limit (PCT) indicating
core damage was successfully evaluated for chosen scenarios from
several Event Trees.

* Impact of power up-rate could also be traced for scenarios with no
criteria violation.

& Other conclusions drawn-up in terms of lessons learned, limitations of the
SM2A exercise and possible improvements

& See detailed presentation and conclusions in Paper S4.2

38

OECD



OVERVIEW OF OECD/NEA BEPU PROGRAMMES OECD

OECD LWR Uncertainty Analysis in Modeling (UAM)
Benchmark (1)

T, Main motivations

% Principles supporting Risk-informed regulation should be considered in an
Integrated decision-making process

& Hence, any evaluation of licensing issues supported by a safety analysis
should take into account both deterministic and probabilistic aspects of
the problem

% The deterministic aspects should be addressed using BEPU

% Increasing demand from nuclear research, industry and safety
organizations for B-E predictions to be provided with their confidence
levels

% In the OECD LWR UAM Benchmark, uncertainty propagation is being
evaluated through the whole simulation process in a unified benchmark

framework to provide coupled code predictions with uncertainty
ovaluations of safety marains at the full core e eve
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AYNeA

OECD LWR Uncertainty Analysis in Modeling (UAM)
Benchmark (2)

OECD

J

%, Overall description
% Benchmark framework based on 9 steps (or exercise) grouped in 3 Phases.

& For each exercise, Input (1), Output (O), and target Uncertainty (U)
parameters are identified

% When identifying the source of Input (I) uncertainties for each Exercise,
which input uncertainties are propagated from the previous Exercise and
which ones are new?

& Other important parameters to be defined are Output (O) uncertainties and
propagated Uncertainty parameters (U) for each exercise.

« The Output (O) uncertainties are used, for specified output parameters for
each Exercise, to evaluate the used uncertainty method.

« The propagated Uncertainty parameters (U) are output parameters which
selected to be propagated further through the follow-up Exercises.
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OECD

OECD LWR Uncertainty Analysis In Modeling (UAM)
Benchmark (3)

Exercise I-1: Cell Physics
Phase | (Neutronics Phase)< Exercise 1-2: Lattice Physics
Exercise 1-3: Core Physics

Exercise 11-1: Fuel Physics

UAM {—Phase Il (Core Phase) _—

\Exercise 11-2: Neutron kinetics
Exercise 11-3: Bundle TH

Exercise I11-1: Core Multi-Physics
Phase 11l (System Phase) < Exercise I11-2: System TH

Exercise I11-3: Coupled Core-System
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OECD LWR Uncertainty Analysis In Modeling (UAM)
Benchmark (4)

OECD_

%, Participation

& Participants can participate in the 3 Phases and in all exercises;
alternatively they can participate in selected exercises

% There are 3 types of operating LWRs to be followed in this Benchmark:
BWR (PB-2), PWR (TMI-1) and VVER (Kozloduy-6 and Kalinin-3)

% Participants can model one or more reactor types depending on their
Interest

& For each Exercise, two types of test problems are designed: numerical test
problem provided with reference solutions and experimental test problems
obtained from publicly available databases.

& See detailed presentation in Paper S2.3, including status and results of
Phase |, status of Phase Il and priorities of Phase III.
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Summary

The OECD/NEA paved the way for the development and

assessment of BEPU for about 40 years, through concrete tasks:
% I1SPs, Benchmarking activities
% Development of Validation Matrices
& Joint Safety Research Projects
%, Specialist meetings

Several NEA related BEPU programmes have been successfully
completed:

%, Uncertainty Methods Study (UMS)

& Best-Estimate Methods — Uncertainty and Sensitivity
Evaluation (BEMUSE)
L, Safety Margin Assessment and Application (SM2A)

New Programmes are underway to address pending issues (e.g.,
iInput uncertainties, uncertainties in coupled codes)

The present Workshop may highlight new issues to be

addressed (e.g., uncertainty analysis for CFD codes).
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Thank you for your attention.

Any question?
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International Atomic Energy Agency

Keynote Paper

Best Estimate plus Uncertainty (BEPU)
Analyses in the IAEA Safety Standards

Milorad Dusic
IAEA, Division of Nuclear Installation Safety

OECD/CSNI Workshop on Best Estimate Methods and Uncertainty
Evaluations




SAFETY STANDARDS SERIES

o Safety Standards Series publications are
categorized into:

o Safety Fundamental (F; blue lettering)
o Safety Requirements (R; red lettering)
o Safety Guides (G; green lettering)



In late 2006 the
JAEA published:

SF-1

IAEA Safety Standards

for protecting people and the environment

Fundamental
Safety Principles

Jointly sponsored by
Ewaom FAQO WEA ILO IMO OECIVNEA PAHO UNEP

T® OO @ o8 S @

IAEA

Safety Fundamentals

WHO

@
WHO

No. SF-1



HIERARCHY OF THE IAEA SAFETY STANDARDS SERIES

SAFETY
FUNDAMENTALS

SAFETY SAFETY SAFETY SAFETY
REQUIREMENT REQUIREMENT N REQUIREMENT REQUIREMENT
SITING DESIGN OPERATION RR Safety

SAEETYRSAEET
GUIDE mGUIDE

SAEETY@RSAEET
GUIDE W GUIDE

SAEFETYESAEET
GUIDE WGUIDE

SAEETY@SAEET:
GUIDE mGUIDE

SAFETY REPORTS SERIES
TECHNICAL DOCUMENTS

Present the overall objectives,

coneepts and principles off protection

and safety. They are thhe policy decuments
of the safety standards

Establish requirements that must be met
to ensure the protection and safety of peopl
and the environment, bothh now and in the fu

Provide guidance, in the form of more detail
actions, conditions or procedures that can b
used to comply with the Requirements

Practical examples and detailed methods
for the application of the Safety
Standards. Detailed Technical Reports




Fundamentals The Two Conventions

National Safety

Requirements Regulations

National
Regulatory
Guides

Guides

—"



New Safety Standards Structure

Specific Safety Requirements

I
Collection of Safety Guides

—"




SAFETY STANDARDS REVIEW PROCESS

GOVERNOR
S

Fundamentals

or Requirements Safety Guides

PUBLICATIONS COMMITTEE
(on behalf of the DG)

ADVISORY COMMISSION
on

SAFETY STANDARDS

NUCLEAR SAFETY
STANDARD COMMITTEE MEHSER STTATES
EXPERT GROUP

Secretariat prepares Doc.
outline and work plan
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|. BEPU in the IAEA Safety Standards

® Safety Requirements SSR 2/1: Safety of
NPPs; Design (Revision of NS-R-1)

® General Safety Requirement GSR Part 4:
Safety Assessment for Facilities and
Activities

® Safety Guide SSG-2 Deterministic Safety
Analysis for Nuclear Power Plants

—"



e
SSR - 2/1 Safety of NPPs; Design

® Requirement 19: Design Basis Accidents

Design Basis Accidents shall be analysed in a
conservative manner

® Requirement 20: Design Extension Conditions

An analysis of design extension conditions shall be
performed with best estimate approach (more stringent
approaches may be used according to States’
requirements)

® Requirement 42: Safety Analys. of Plant Design

A saf. analys. of the design shall be conducted in which
methods of both det. and prob. analyses shall be applied

Y



Facilities and Activities

® Requirement 15: Det. and prob. Approaches

Both deterministic and probabilistic approaches shall be
Included in the safety analysis

® Requirement 16: Criteria for judging safety

Criteria for judging safety shall be defined for the safety
analysis



e
GSR Part 4 — cont.

® Requirement 17: Uncertainty and sensitivity
analysis

Uncertainty and sensitivity analysis shall be performed
and taken into account in the results of safety analysis
and the conclusions drawn from it

Definitions of aleatory (or stochastic) and epistemic
uncertainties are given

® Requirement 18: Use of computer codes

Any calculationel methods and computer codes used In
safety analysis shall undergo verification and validation



RS
4 OPTIONS In SSG-2

Applied codes Input & BIC Assumptions on Approach Regulation
(boundary and systems
initial conditions) availability
Conservative Conservative Conservative Deterministic* 10 CFR 50.46
codes input assumptions Appendix K

Best Estimate
(realistic) codes

Conservative
input

Conservative
assumptions

Deterministic

SG NS-G-1.2 para
4.89

Best estimate
(realistic) codes

Realistic input +
Uncertainty

Conservative
assumptions

Deterministic

SG NS-G-1.2 para
4.90

Best estimate
(realistic) codes

Realistic input +
Uncertainty

PSA-based
assumptions

Deterministic +
probabilistic

Risk informed




NUSSC suggestion from their last meeting:

NUSSC suggested that new safety guides
should be accompanied by documents like
TECDOCSs or Safety Reports describing in
detall their recommendations where
appropriate.



SRS #352

SRS # 52 - Best Estimate Safety Analysis
for NPPs: Uncertainty Evaluations

® Overview of Uncertainty Methods
® Qualification of Evaluation Methods
® Suggestions for Application of Methods
® Current Trends
® Conclusions
® Main Authors: D’Auria, Glaeser, Misak, Schultz



SRS #5352

Overview of Uncertainty Methods
® Probabilistic methods

® CSAU

® GRS

® IPSN

®* ENUSA

®* GSUAM

®* BEAU



SRS #5352

Overview of Uncertainty Methods
® Deterministic methods
* AEAW
® Method used by EDF-Framatome




P
SRS # 52

® ANNEX I: Sources of Uncertainties
® Code or model uncertainties
® Representation uncertainties
® Scaling uncertainties
® Plant uncertainties
® User effect

® ANNEX II: Description of Methods and Examples of
Results

® ANNEX IIl: Supporting Methods
®* ANNEX IV: Examples of Licensing Applications
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ll. Safety Report Series (SRS)

® SRS No. 23 Accident Analysis for NPPs

® SRS No. 29 Accident Analysis for NPPs with
Pressurized Heavy Water Reactors

® SRS No. 30 Accident Analysis for NPPs with
Pressurized Water Reactors

® SRS No. 32 Implementation of Accident Management
Programs in NPPs

® SRS No. 43 Accident Analysis for NPPs with Graphite
Moderated Boiling Water RBMK Reactors

® SRS No. 48 Development and Review of Plant Specific
Emergency Operating Procedures

® SRS No. 52 Best Estimate Safety Analysis for NPPs:
Uncertainty Evaluation

—"



T W TECDOCs e

IAEA TECDOC - 1332 Safety Margins of Operating Reactors; Analysis of
Uncertainties and Implications for Decision Making

IAEA TECDOC - 1351 Incorporation of Advanced Accident Analysis
Methodology into Safety Analysis Reports

IAEA TECDOC - 1352 Application of Simulation Technigues for Accident
Management Training in NPPs

IAEA TECDOC - 1379 Use of Computational Fluid Dynamics Codes for Safety
Analysis of Nuclear Reactor Systems

IAEA TECDOC - 1418 Implications of Power Uprates on Safety Margins of
NPPs

IAEA TECDOC - 1440 Overview of Training Meth. for Accident Management at
NPPs

IAEA TECDOC - 1539 Use and Development of Coupled Computer Codes for
the Analysis of Accidents at NPPs

IAEA TECDOC - 1550 Deterministic Analysis of Operational Events in NPPs

IAEA TECDOC - 1578 Computational Analysis of the Behaviour of Nuclear
Fuel Under Steady State, Transient and Accident Conditions

IAEA TECDOC - 1594 Analysis of Severe Accidents in Pressurized Heavy
Water Reactors



Impac' 0' l!e !u!usllma !cclaenl on !!

IAEA Ministerial Conference on Nuclear Safety
Vienna, Austria

20-24 June 2011
® Total number of registered participants: 1052
® No. of Member States registered: 124
® No. of UN and specialized Agencies 9
® No. of NGOs: 3
® No. of Ministers: 29
® No. of Journalists: 200
® No. of Statements MSs/International Organizations 83/14



Ministerial Declaration

25 Points

Sympathy and solidarity with Japan
IAEA Safety Standards
Responsibility of Member States

Central Role of IAEA in promoting international
cooperation

Need for comprehensive assessment of
Fukushima accident

Importance of IAEA International Peer Reviews

Need for comprehensive risk and safety
assessment of all NPPs



R,
Safety Standards specific statements:

® Emphasize the Iimportance of Implementing
enhanced national and international measures
to ensure that the highest and most robust
levels of nuclear safety are in place, based
on IAEA safety standards, which should be
continuously reviewed, strengthened and
Implemented as broadly and effectively as
possible and commit to increase Dbilateral,
regional and international cooperation to that
effect;

—"




T
Request to the CSS

® CSS was asked to review the relevant
standards and to report within 12 months, with
recommendations for strengthening them




ction Plan for Sa andards that might nee
review in the future following the Fukushima
Daiichi accident

® Topical Areas
—  Site Evaluation
— Design of Nuclear Power Plants
— Storage of Spent Fuel
— Operational Safety, including Periodic Safety Review
— Severe Accident Management
— Emergency Preparedness and Response
— Radiation Protection
— Remediation
— Transport Safety
— Regulatory Control



PRIORITIZATION for the review: Review of the
Safety Requirements first:

® NS-R-3 Site Evaluation for Nuclear Installations (2003)
® Draft DS 414 Safety of Nuclear Power Plants: Design

® Draft DS 413 Safety of Nuclear Power Plants : Commissioning and
Operation

® GS-R-2 Preparedness and Response for a Nuclear or Radiological
Emergency (2002)

® Draft DS 379 on Radiation Protection and Safety of Radiation
Sources

® TS-R-1 Regulations for the Safe Transport of Radioactive Material
(2009 Edition)

® GSR Part 1 Governmental, Legal and Regulatory Framework for
Safety (2010)
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Second Step: Review of Selected Safety Guides

® Draft DS 433 on Site Survey and Site Selection for Nuclear Installations prepared to
revise 50-SG-S9 Site Survey for Nuclear Power Plants (1984)

SSG-9 Seismic Hazards in Site Evaluation for Nuclear Installations (2010)
NS-G-3.5 Flood Hazard for Nuclear Power Plants on Coastal and River Sites (2003)
NS-G-2.13 Evaluation of Seismic Safety for Existing Nuclear Installations (2009)

NS-G-3.6 Geotechnical Aspects of Site Evaluation and Foundations for Nuclear
Power Plant (2004)

Draft DS 430 prepared to revise NS-G-1.8 Design of Emergency Power Systems for
Nuclear Power Plants (2004)

DS 431 Design of | & C Systems for NPPs

DS 371 Storage of Spent Fuel recently approved for publication

DS 441 Construction of Nuclear Installations

DS 413 Safety of Nuclear Power Plants: Commissioning and Operation

DS 426 to revise NS-G-2.10 Periodic Safety Review of Nuclear Power Plants (2003)

NS-G-2.15 Severe Accident Management Programmes for Nuclear Power Plants
(2009)



P
CONCLUSIONS

« The Safety Standards Series establishes an essential basis for
safety and represents the broadest international consensus.

 The incorporation of more detailed requirements, in accordance
with national practice, may still be necessary.

 There should be only one set of international safety standards.

« Each safety standard will be reviewed by the relevant committee or
by the commission every five years.

« Special review is currently underway to identify needs for revision
In the light of the Fukushima accident.



NEA/CSNI/R(2013)8/PART3

Summary of Existing Uncertainty Methods

Paper S1.1

Horst Glaeser

OECD/ CSNI Workshop on Best Estimate Methods and
Uncertainty Evaluations
Technical University of Catalonia, Barcelona, Spain

16 — 18 November 2011
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Contents

= Main methods
1. Propagation of input uncertainties
a) CSAU method (USA)
b) Statistical methods

— GRS Method (Germany), AREVA Method (USA), ASTRUM (Westinghouse,
USA), GE (USA), KREM (Korea), KINS-REM (Korea), ESM-3D (France)

— Number of code calculations — Wilks’ formula
— Number of calculations to meet more than one regulatory limit

2. Extrapolation of output uncertainties
— UMAE/ CIAU method (University Pisa)

= Comparison of main methods
= Applications
= Conclusions

Summary of existing uncertainty methods 7 2
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Safety analysis of nuclear reactor steam supply systems

To demonstrate that the plants are designed to respond safely to various
postulated design basis accidents

Performed by computer simulation using complex system codes due to
significant variations of conditions that will occur during such an accident

Models of thermal-hydraulic computer codes approximate the physical
behaviour, and the solution methods are approximate due to compromise of
accuracy and calculation time

=> Code calculation results are not exact but uncertain
Uncertainties are taken into account by
conservative evaluation model calculations
“best estimate” code plus conservative initial and boundary conditions

“best estimate” calculations supplemented by uncertainty analysis of
code results => Uncertainty analysis method needed

Summary of existing uncertainty methods 74 3



lllustration of Margins

Safety Limit

Safety
Margin

v

Acceptance Criterion
(Regulatory Requirement)

A

Allowed
region

| Conservative
— Calculation

Real value (without
postulates, like single
failure, ...)

Summary of existing uncertainty methods

T

Licensing
Margin

Upper Limit of Calculated
— Uncertainty Range

Calculated Uncertainty Range

75
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CSAU (Code Scaling Applicability Uncertainty) Method (1)

One of the first uncertainty methods proposed in the year 1988

CSAU provides a framework to proceed through different steps in the process
of evaluating uncertainty

Investigate uncertainty of safety related single valued parameters, e.g. peak
cladding temperature (PCT) or vessel water inventory

Evaluation of the code applicability to a selected plant scenario

Experts identify and rank phenomena by means of a process identification and
ranking table (PIRT) to select highly important phenomena

Single parameter sensitivity calculations performed using an optimised
nodalisation capturing important physical phenomena

Information from experiments, manufacturing, and validation calculations
utilised for defining ranges and probability distributions of the uncertain input
parameters

Summary of existing uncertainty methods 76 5



CSAU (Code Scaling Applicability Uncertainty) Method (2)

Scaling considered by identification of several phenomena based on test
facilities and on code validation

Addition of bias terms on output uncertainties which are not provided through
the analysis
Aresponse surface approach was used in the first demonstrations,

Response surface fits the code predictions obtained from selected
parameters, and is further used instead of the original computer code

Reduces the number of code runs and the cost of analysis

Response surfaces are not mandatory within the CSAU framework, other
methods for uncertainty quantification may be applied

Summary of existing uncertainty methods 7 6
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Sample Best-Estimate Calculation using CSAU Method (USA)

® Peak LHGR =15.1 (kW/ft) = 495.4 W/cm
==p Peak Clad Temperature is representative of 95" percentile value
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b Appendix K jLImit '{
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Time After Break (secs)

Summary of existing uncertainty methods 78 7
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Statistical Methods:
GRS, IRSN, AREVA, ASTRUM, GE, KREM, KINS-REM, ...

First proposed by GRS
Identify and quantify all potentially important parameters

Number of input uncertainties not limited (number of code calculations
iIndependent of number of uncertain parameters)

Input uncertainties characterised by ranges and probability
distributions

Uncertainty space sampled at random according to the probability
distributions
Wilks’ formula determines the number of calculations

for one-sided 95% confidence limit on the 95th percentile 59 runs
are needed.

for two-sided 95%/95% tolerance interval 93 runs are needed.
Provides sensitivity measures to help prioritise future improvements

Summary of existing uncertainty methods 79
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Statistical uncertainty analysis

fp1

Parameter P1
Model
fp2
|| — | y=f(Pi) |—
ParameterPZ/
fP3 - -
Set of time functions

% Minimum, Medium, Maximum

Parameter P3

Relevant function

Summary of existing uncertainty methods 20 9



Sensitivity analysis

Y Joe o6e
Set of relevant functions o7, %e°
_ / P1
- Y o § :
— % S—
o 8
—

I ——— Time point tO P2
Y o °° ° o
Time point t0 Distribution at time s tpee Lt
point tO ° e )
P3
Correlation coefficients
Summary of existing uncertainty methods 10
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Data used for quantification of uncertainties

= Results obtained during code validation, envelop results from separate
effects and integral tests

* Relevant and available experimental data should be used
- Scaling effects considered by large scale experiments, like UPTF

= Data uncertainties from documentation
(geometry, bypass flow paths, reactor power, decay heat)

= Fuel data from fabrication tolerances

Summary of existing uncertainty methods % 11



Number of code calculations - Wilks’ formula

Independent of number of uncertain parameters!

Dependent on tolerance limits (or -intervals) for the uncertainty statement of
the code results

Smallest number of code runs n o« o
upper statistical tolerance limit (one-sided): = - -
1 - Of,n 2 B ) 59 0,95 0,95

] ) 100 0,95 0,99
tolerance interval (two-sided): 500 0,95 1,00
l-a"-n(1-a) o™t > B l a | o oot

10 0,95 0,09

a % is the desired probability content >0 0.95 0,72
. . . 93 0,95 0,95
(fractile, percentile, quantile), 100 095 096
500 0,95 1,00

B % is the confidence limit

(taking into account the possible sampling error due to limited number of code
calculations)

Summary of existing uncertainty methods
33 12



.

Number of code calculations - Sequential variation of parameter

values, NOT using Wilks formula

= Selection of maximum, minimum and reference value for each parameter
(3 values per parameter)

= Number of calculations n
= Without combination of parameters:

n=2p+1

p is number of parameters

= Combination of parameters:
n=3°
e.0..p=48 > n~8x 10%?
N=93=p,x=4() =>PIRT process necessary!

Summary of existing uncertainty methods 84 13



Determination of tolerance limits

= Atotal number of n code runs are performed varying simultaneously the values of
all uncertain input parameters, according to their distribution

= For each instant of time the n values of the considered output parameters are
ordered:
Y(1) <Y(2) ... <Y(n-1) <Y(n)
=> “order statistics” is used for Wilks’ formula

= On the basis of ranking, the tolerance limits are obtained with a confidence level
of 95% by selecting

Number of code One-sided 95" One sided 5th Two-sided
runs (samples) percentile tolerance | percentile tolerance | tolerance interval
limit limit

59 Y(n) Y(1) Y(1) and Y(n)
93 Y(n-1) Y(2) Y(1) and Y(n)
124 Y(n-2) Y(3) Y(1) and Y(n)
153 Y(n-3) Y(4) Y(2) and Y(n-1)
181 Y(n-4) Y(5) Y(3) and Y(n-2)

Summary of existing uncertainty methods 85 14
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Comparison with more than 1 acceptance criterion (1)

A. Wald extended Wilks' concept to several output variables
("Coverage” approach)

Shortcomings:
Requires considerably increased number of code runs

Depends on numbering of the output variables, i.e. on the order in
which the output variables are treated and extreme values are
omitted

=> e.g. 1-sided upper tolerance limit:

1st variable is PCT, run with highest PCT eliminated for next output
variable,

2nd variable evaluated without that eliminated run,

run with highest value of 2nd variable eliminated, etc.

Summary of existing uncertainty methods %6 15
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Comparison with more than 1 acceptance criterion (2)

Slightly modified concept proposed:

No consideration of joint tolerance limits for the multiple outputs of
Interest

Consideration of the lower statistical confidence limit (e.g. of at
least 95%) for the probability of ,,satisfying all acceptance criteria
for all output parameters” (Clopper-Pearson)

Basis is that both of the following statements are equivalent:

The Wilks’ (probability o = 95% and confidence 3 = 95%) limit for the
results is below the regulatory acceptance limit

The lower B = 95% confidence limit for the probability that the value
of the result stays below the regulatory acceptance limit is greater or
equal o = 95%.

The regulatory acceptance limits are incorporated into the
probabilistic statements.

Summary of existing uncertainty methods g7 16
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Comparison with more than 1 acceptance criterion (3)

Advantages:

In the one-dimensional case of one single output parameter the
concept is equivalent to the known concept of one-sided upper
tolerance limit

Minimum number of calculation runs is the same for the “multi-
dimensional” case, independent of output parameters and
criteria involved, and consequently independent from
Interrelationships between the output parameters and criteria

Summary of existing uncertainty methods 28 17



Uncertainty analysis provides statements on

= Uncertainty range of code results

- Enables to determine margin between upper bound of uncertainty
range to acceptance criterion

= Sensitivity measures about influence of input parameters on
calculation results

- Ranking of parameters as result of the analysis
+ Guides further code development
+ Prioritises experimental investigations

Summary of existing uncertainty methods %9 18
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Sensitivity measures

correlation coefficient
— measure of linear relations of one parameter to the result

partial correlation coefficient

— measure of linear relations of one parameter to result after elimination of
linear effects of other parameters

(not recommended, is ratio of parts of variability rather than fraction of
variability, may show higher measure at low influence)

standardised regression coefficient
= linear relation of one input parameter to variability of result after elimination
of linear effects of other parameter variabilities

rank transformation (linear and monotonic dependence of ranks)

correlation ratios
— not restricted to linear and monotonous relations

Summary of existing uncertainty methods 90 19



Support Programmes SUSA (GRS), SUNSET (IRSN),
SNAP/DAKOTA (NRC)

= Provides a choice of statistical tools to be applied during the
uncertainty and sensitivity analysis

= Supports analyses during the different working steps

= Supports evaluation of results

Summary of existing uncertainty methods o1 20
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University Pisa Method - Uncertainty Methodology based on
Accuracy Extrapolation (UMAE)

No consideration of input uncertainties

Quantitative determination of accuracy of code calculations by means
of integral experiments based on Fast Fourier Transform (FFT) for the
Investigated plant scenario

Calculation of final uncertainty by extrapolation of accuracy
evaluated in predicting integral experiments to full scale reactor
plant

Suitably scaled facilities and relevant data from integral experiments
must exist!

Summary of existing uncertainty methods 0 21



Uncertainty Methodology based on Accuracy Extrapolation (UMAE)
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University Pisa Method - Uncertainty Methodology based on
Accuracy Extrapolation (UMAE)

Code modelling of the integral experiment data must satisfy criteria for
prediction of relevant thermal-hydraulic aspects and accuracy

Same (qualified) noding used for plant calculation

Accuracy of calculations for integral experiments extrapolated to plant;
formula allows for effects of scale, most likely to be when extrapolation
IS small

No sensitivity information between input and output parameters
without additional specific calculations, beyond the scope of UMAE

Summary of existing uncertainty methods 94 23
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Code with capability of Internal Assessment of Uncertainty (CIAU)

Each plant state is characterized by the value of 6 relevant quantities (i.e. a
hypercube) and by the value of time since transient start

An uncertainty can be assigned to each plant state

For PWRs the 6 quantities are:

Upper plenum pressure

Primary loop mass inventory including pressurizer

Steam generator secondary side pressure

Cladding surface temperature at 2/3 of core active height (from bottom of active fuel)

Core power

Steam generator downcomer collapsed liquid level (the largest value of different SGs)
The value of uncertainty — corresponding to each edge of the rectangle — can be

defined in probabilistic terms => this shall satisfy the requirement of a 95%
probability level according to US 10 CFR 50 and Regulatory Guide 1.157

This time and resource consuming process has been performed and is
available only at University Pisa for RELAP5 and CATHARE codes up to now

Summary of existing uncertainty methods 95 24



Quantity Uncertainty, Time Uncertainty and Total Quantity Uncertainty of the
CIAU method of University Pisa

Q 4 UB LB: Lower Band

UB: Upper Band

RC: Reference Calculation

Q U: Quantity Uncertainty

TU: Time Uncertainty

TQU™: Total Quantity Uncertainty respect to
UB and LB respectively

RC (TQU )a

Atar =1 sec if t <100 sec

ta 4= 100

(TU)a 2> (TQU)s

In——— >

(TU)e > (TQU)A

Summary of existing uncertainty methods 96 25



Comparison of relevant features of uncertainty methods (1)

Feature CSAU demo | Statistical/ UMAE/CIAU
GRS
Determination of uncertain Experts Experts Differences between
input parameters and of input experimental and used input
uncertainty ranges data constitute sources for
uncertainty of code models
Selection of uncertain Experts Random Not necessary
parameter values within the selection
determined range for code
calculations
Support of identification and Yes No No
ranking of main parameter and (optional)

modelling uncertainties (PIRT)

Accounting for state of Yes Yes No
knowledge of uncertain
parameters (distribution of
iInput uncertainties)

Summary of existing uncertainty methods 97 26
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Comparison of relevant features of uncertainty methods (2)

Feature CSAU demo | Statistical/ GRS UMAE/CIAU

Probabilistic uncertainty Yes Yes Yes

statement

Statistical rigour No Yes No

Knowledge of code specifics may | Yes No No

reduce resources necessary for

the analysis

Number of code runs independent | No Yes Yes

of number of input and output

parameters

Typical number of code runs LB: 8 59 Not applicable,

SB: 34 PWR: 93-300 Roughly 20

LOFT: 59-150
LSTF: 59-100

Summary of existing uncertainty methods 08 27



Comparison of relevant features of uncertainty methods (3)

Feature CSAU demo Statistical/ UMAE/CIAU
GRS
Number of uncertain input LB: 7 (+5) LOFT: 13-64 Not applicable
parameters SB: 8 PWR: 17-55
LSTF: 25-48

Quantitative information about No Yes No
influence of a limited number of code
runs
Use of response surface to Yes No No
approximate the result
Use of biases on results Yes No For other than

model
uncertainties

Summary of existing uncertainty methods
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Comparison of relevant features of uncertainty methods (4)

Feature CSAU demo Statistical/ UMAE/CIAU
GRS
Continuous valued output No Yes Yes
parameters
Sensitivity measures of input No Yes No
parameters on output parameters

Summary of existing uncertainty methods 100 29



Best estimate analysis including uncertainty analysis

Used in licensing up to now in: Significant activities for use in licensing in:
= USA

= Netherlands
= Brazil (Siemens, CIAU)

= Canada
= Czech Republic

= Hungary
= Korea - Japan
= Lithuania :
= Russia
= Fran :
a.ce = Slovak Republic
= Spain _
_ = Ukraine
= Belgium
: = Germany
= China
= Taiwan

= Argentina (CIAU)
= Great Britain

Summary of existing uncertainty methods 101 30
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Conclusions

Uncertainty analysis is becoming common practice world-wide, mostly statistical method
used

Basis for applications of statistical uncertainty evaluation methods is the GRS-method
Extrapolation of output uncertainties proposed by University Pisa
Comparison of applications of existing uncertainty methods have been performed in the
frame of OECD/ CSNI Programmes (UMS and BEMUSE)
Differences of results may come from
Different methods
For UMAE/ CIAU different number of experiments for codes CATHARE and RELAP
For statistical methods due to different input uncertainties, their ranges and
distributions as well as reference calculations

Application of statistical methods: Further activity will be focussed on specific procedures
to determine input uncertainties of code models
=> OECD PREMIUM (Post BEMUSE REflood Models Input Uncertainty Methods) Project

Determination of input uncertainties as well as quality of reference calculation is most
important for uncertainty analysis

31
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1) The problem of information synthesis

First PCT (°K)
1300
1200 I 1 m m — 1-CEA
/ \ + \ * ) —+—2-GRS
1100 ,/\\ /\ (N —— 3-irsn
1000 \ T 1 R —e— 4-KAERI
W . —e— 5-KINS
900 ¢ i ® ——NRI1
\ / —+— 7-NRI2
800
\0 / —+— 8PS|
700 —+— 9-UNIPI
¢ —e— 10-UPC
600 —+—EXP
500 ‘
o 1 2 3 4 5 & 7 8 9 10 1n
Large/Small Discrepancy BE/Exp
uncertainty bands Value
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2) Construction of the method

_._
@
@D
600K - Experimental 1300K
value

1) Modelling of information provided by each
participant: choose a mathematical framework
to represent the available information

2) Evaluation of the quality of the
information: define and compute numerical
criteria to take into account the precision of
the information and its coherence with
observed reference values .

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

I (RSN



2) Information modelling

Two examples of knowledge model on an example:
PCT given by a participant, [872,1233], BE=1069, Exp= 1062

Probability Probability
0,0035 0,005
Probability iy ' \
0,002 \
0,0015 \
0,001 \
0,0002 | | | | | . | | | | \\ |
750 850 950 1050 1150 1250 750 850 950 1050 1150 1250
Possibility
T 0,91 //'\\
Possibility: i /N
Partial probabilistic model, more os / \
adapted to the available state of 03 i N
knowledge (interval + BE value) ™ S ——

I (RSN



2) Information evaluation
Two criteria : Informativeness & Calibration

Their computation depends on the mathematical framework (probability or possibility)

@ Informativeness: : it measures the precision of the information. The more precise a
source is, the more useful it is

Probability Possibility
0,0035 1 N
0,003 g'g / 1\
0,0025 0.7 / N\ —IRSN
—IRSN ——ignorance
0,002 0.6 / A\
0’(;015 : ignorance 8451 // \\ —exp
0,001 &P 0,3 // \\
0,0005 g'i / \
0 ’0 / \
750 850 950 1050 1150 1250 750 850 950 1050 1150 1250
B 4y
p. . ﬂ-ign s —
I(p.u)=)_p, log[—’ (relative entropy) I(7,s) = 7 | = | w(x)dx
i=1 ui ign 41

if information on N variables, global informativeness =(weighted) mean of
informativeness scores over all these variables.

Same concept : small uncertainty range

N (RSN




@ Calibration: it measures the coherence between information provided by a participant
and the experimentally observed value

@ Probability:
For each output of interest: Min, LUB, BE, UUB, Max
Theoretical distribution Experimental distribution taken
into account all the output variables
|p1:5°/p p2:45°/o |p3=45°/pp4:5°/o| I I ° = I I o—{
| | | | |
Min LUB BE UUB Max Min LUB BE UUB Max
0% 100% 0% 0%
0% 50% 0% 50%
E— 1(7", p) = ZI’; log[ d j 0% 66.770 0% 33.3°/o
i=1 i

Cal (s)=1-4",, (2*N*I(r,p)) rl re r3 r4

Output variables « well distributed around nominal (BE) value »
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@ Possibility:
For each output of interest:

Possibility

Cal(r,exp) = r(exp) 1 ‘
0,9 /\
7T\
0.7 / N\

7 \

05 / N\

7 \

/ \
0.2 / N\
/ \

750 850 950 1050 1150 1250

Calibration averages the distance between observed values and the expected ones

Different concept : output variables « close to » the nominal (BE) values

@ Final score: product of both calibration and informativeness

I (RSN
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2) Information fusion
@® Three main fusion operators :

Disjunctive (= union),
All information given by each source . . .

Conjunctive (= intersection ) ,
Information common to all sources | -

Weighted average ,
Average the information given by each source

Probabilistic framework Possibilistic framework
T o
. 14 1+
1
0 0 £
1 B %, - e ]_ i % #
E ! . 4
’ ! LY h y "I \'. ! M\ F ’ E';
i % : - § ! %, - §
! .29l / T inedr 3
F, T 1'.' i m\ﬁ y
O ﬂ ri A ﬂ




3) Application in the frame of the BEMUSE program

BEMUSE-phase 3 (LOFT experiment): evaluation results (IRSN SUNSET software)

Good agreement with the direct analysis and also between formal methods

IRsN I

Participants Infor. Calib. Global Infor. Calib. Global
Proba Proba Proba Poss Poss Poss
CEA 8 5 6 8 7 7
IRSN 5 2 2 6 1 1
GRS 4 1 1 3 6 6
NRI2 6 8 8 4 2 2
KAERI 9 5 Z o 8 8
PSI 1 10 10 1 10 ‘1;;>
KINS — 5 5 Z 2
NRIL 7 _2 3 _5_ 5 4
UNIPI 10 2 4 _10_ 4 5 D
UPC 2 9 9 ﬁ-g
e —— e —————————————




BEMUSE-phase 5 (Zion experiment): fusion results (IRSN SUNSET software)

With respect to the mathematical modelling

Probabilistic framework Possibilistic framework

PCT1 PCT1

0,94

0,9 4

=&—All participants

084 0,8 4

=4 "most reliable" =&—All participants

=4 "most reliable"

0 HEp————ll =l ——
980 1030 1080

PCT1 (K) PCT1 (K)

S . -Results provided by all participants highly
Probability distributions provided by the conflicting due to several uncertainty
four most reliable sources of the LOFT ranges that do not overlap.

benchmark close to the distribution - Considering the four most reliable

aggregated from all participants sources strongly increases the coherence
of the results.
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With respect to the scalar output variable

Tinj
PCT1

1A

0,9

084

== All participants 07 ==All participants
0,7 4

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

0,6

05
041
03 031
0,2 1 0.2 1
0,11 014

0 H =l —— 0 —— ; GOOMNNN . (90 0—— 1 g ¢ (_
980 1030 1080 1130 1180 1230 1280 1330 1380 4 9 14 19 2%
PCT1 (K) Tinj (s)

Participants are more conflicting as for time variables

=) A more reliable synthesis for time variables is the one based on the union
of information provided by each participant
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0,9 4

0,8 1

0,7 1

0,6

0,5 A

0,41

0,3 4

0,2 1

0,14

Tinj

=—=AEKI, IRSN, KINS, NRI1,
UNIPI1, UNIPI2, UPC

Accumulator injection time:

Tinj (s)

Tq

09 |
08 |
07
06 |
05 |
04 |
03 {
02 |
01 )»
0
100 200 300 400 500 600
Tq (s)

-Narrow uncertainty margins indicating that the uncertainties which have been taken

into account don't impact this output variable.

- Coherent Subgroups of participants (AEKT, IRSN, KINS, NRI1, UNIPI1, UNIPI2, UPC)
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With

PCTT PCT2
1 1
=—=ATHLET
09 09
=#-CATHARE
08 08 =—=ATHLET
TRACE
07 o 8- CATHARE
RELAP5 '
05 TRACE
06
0s RELAPS
05
04
04
03
03
0,2
02
0,1
. ) 01
0 -Hpe— et i R =0 1
980 1030 1080 1130 1180 1230 1280 1330 1380 01 g 'ﬂ_-.:( % ’ - o "‘
PCTLK) 955 1055 1155 1255 1355 1455
Tinj PCT2 (K)
! 1
09 =—=ATHLET
09
08 =—=ATHLET , =#-CATHARE
. ~B-CATHARE TRACE
} 07
TRACE RELAPS
06 06
RELAP5
05 05
04 04
03 03
02 02
01 01
0l P . A e Y e " 0 gyt %. — ; — —
4 9 14 19 2% 100 200 300 400 500 600
Tinj (s) Ta(s)

- Code effect not negligible in the estimation of ref. calc. and uncertainty margins

- Uncertainty estimation more coherent for « temperature » than for « time » (due
to dispersion of ref. calc. and narrow uncertainty margins)
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4) Conclusion
@ Available information: LUB, BE (reference) value, UUB

@ 3 steps:

@ Information modelling: possibility framework more adapted to the state of
knowledge,

@ Information evaluation: informativenessé&Calibration (depends on the mathematical
framework for information modelling)

@ Information fusion: large choice of fusion operators
— Identification of concordant/discordant participants
@ Synthesis of the BEMUSE results:

@All participants: information highly conflicting for the four scalar outputs of interest
(first and second peak cladding temperature, injection and quenching time).

@Sub-groups of participants (identified with respect to the quality of the provided
information on the LOFT benchmark and to the used code):

- More coherent results related to femperature but not to tfime variables
- Code effect not negligible

I (RSN
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Background

BE (Best Estimate): An idea to determine ‘realistic operating limits’ which came
from the ‘rare-event’ concept. Represents the state-of-knowledge thus always

contains a certain level of uncertainty.

BEPU (BE Plus Uncertainty): BE analyses should be followed by uncertainty

analyses (UA) to derive meaningful conclusions.

Tolerance Limit Approach (by Wilks) and Response Surface (RS) method are

popular methods to determine the uncertainty tolerance in the BEPU framework.

Wilks’ formula set was suggested to the nuclear safety analysis by GRS

(Gesellschaft fiir Anlagen- und Reaktorsicherheit).

120



NEA/CSNI/R(2013)8/PART3

e Tolerance limit

» Uncertainties come from various sources and are cased and propagated into
certain (input and output) parameters, which can be expressed in terms of
(continuous or discrete) parameter ranges. A certain (output) parameter has a
probability density function (PDF), and a range of interest (tolerance limit) can
be expressed using:

xU o .
a = j f(x)dx , orits complementary, jie., I — a
%0
a : tolerance limit in terms of cumulative probability interval,

x, and x, :upper and lower tolerance limits for variable x.

» How to express tolerance limit (cumulative probability interval) conventionally?

a” percentile : ax100" ...
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» Howis an o — relevant eventrelatesto a probability statement?

Pr(a certain o — relavant event to occur) > p, p x 100% confidence level

Common practice: 95" percentile with 95% confidence level.

» What happens if we formulate the above probability statement only in terms
of « inlieu of f(x)?
e |t becomes distribution (f(x)) free.

e Wilks’ formula set deals with only cumulative probability thus it is referred to as

‘Distribution-free tolerance limit approach’.
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BEMUSE projects have been actively conducted under the lead of OECD/NEA,
CSNI.

Queries observed in the BEMUSE Projects

— Tolerance limit evaluation approach has widely been adopted among many organizations.
But there are still open topics:

Examples)

Adoption of different code runs for the maximum search above the 95t"/95%
percentile/confidence level:

- 59 code runs (one-sided 1t order)
- 100 code runs
- 124code runs (one-sided 3™ order)

Understanding of two-sided approach:

- many people believe that the two-sided 1% order can be treated exactly the same as
the one-sided 2" order approach.

Q1. Which number is more appropriate to meet the 95t / 95 % requirement?
Q2. Can we all agree on the 95t / 95 % practice from the safety perspective?
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‘ Wilks’ Integral Formula Set (original)

e Wilks suggested one- and two-sided formula in the form of PDFs for rt" order

statistics: [S.S. Wilks, “Determination of Sample Sizes for Setting Tolerance Limits” in 1941]

I'(n+1)
I'(#r(n—r+1)

= u " (A—u)"": single event pdf : one - sided

b I'(n+1)
CT2()C(n-2r+1)

u ™V (L—u—v)": joint event pdf : two - sided

f(w,v)

e He used numerical integrations on the (rt order) PDFs to estimate the cumulative

related tolerance limit.

F) = [ fogdu, Fuv) = [ [ fu, vidudv
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e |t may not be very trivial to understand and even reproducing the Wilks’ formula

set, which is used in the nuclear industry.

e The above PDFs are differential forms of series of Binomial Probability Mass

Functions (PMFs):

fle) =%Fak (kin, ) =%Zfak (k;n, @), where f (kin,a)=,C o (1-a)"™

e Therefore, the process of differentiation and then integration of a PMF can be

reduced to a direct derivation of the PMF.
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Wilks’ Combinatorial Formula Set

The Present One- and Two- sided Wilks’ Formula Set in Nuclear Industry

e One-sided 15t Order Formula in Nuclear Industry:

I —a" > B (complementary)

n—1

C.o"(l—a)"™ > B (series) by A. Guba

n
k=0

e Two-sided 1%t Order Formula in Nuclear Industry:

I—a" —n(l—a)a"" > B (complementary)

L)

> C.o"(1-a)"" = B (series) by A. Guba
0

==
I

e One-sided 2nd Order Formula in Nuclear Industry:

v" The same as the two-sided 1%t order formula (?)
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e Conventional Understanding of the Present Formula Set:

» a minimum number of code runs can be determined by the above equation
set for a given ‘tolerance limit’/’confidence level’ set.

> For example, for a 95" percentile, by

v'One-sided formula: we expect that n=59 code runs will produce the
maximum value of an output parameter of interest, which will be located
at larger than the 95th percentile with 95% confidence. (This is used to
estimate maximum limit.)

v'Two-sided formula: we expect that n=93 code runs will produce the
maximum and minimum values of an output parameter of interest, which
will be located outside of the 95th percentile with 95% confidence. (This is
used for bounding study.)

e |t was confirmed that the one-sided approach is fine but may not for the two-

sided approach.

10
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Comparison of Suggestion and Present Wilks’ Two-sided Approaches

Two-sided Suggested Present Two-sided by GRS
f(X) f(x)
(1_ (1)/2 Targztné:zzfor (1-0,)/2 Target Area for (1-(1) _C_'

Moving

Tolerance Limits .
Tolerance Limits

OL =Pr(a particle hits target area)

= CP band in order statistics
= two-sided tolerance limits

(1 =Pr(a particle hits target area)

= CP band in order statistics
= two-sided tolerance limits

X X

Suggestion is for equally truncated bounding study !

> Note: A small difference in the percentile location may end in a big difference in the
actual parameter output (more important in case of highly skewed PDF at longer tailed
side).

11
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The Suggested One- and Two- sided Wilks’ Formula Set for Nuclear Industry

e One-sided p-th Order Formula :
Z anak(I —a)"" > B (complementary)
k=n—p+1

> The same as the C.a"(1-a)"™" > B (series) by A. Guba

n

:
"B

i
S

e Two-sided 1-st Order Formula : Not the same as the present formula (Centered percentile)

1% Py ) > 112

k
);the]storder} =I1+a" —20(”2 an(]_aJ =

k=0 2a

Pr{( @R ) =

e Two-sided 2-nd Order Formula : Newly introduced here (Centered percentile)

1+ a

Pr{(CP(xm )< Lo IRNER Y=

{k 1} p Iy k—r ) B} I r e r :
222 Ckr( jnkﬂ’cr( 5 j o’ +chr( 5 jn,Cr( : ja”’zﬂ

=y =2 =

), the 2nd order}

12
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Numerical Validation

Minimum Number of Code Runs for One-sided 1%t order Approach

Percentile in Percentage
970 | 98.0

59 | 74 | o0 | 149 | 299 |

63 | 79 | 106 | 160 | 321 |

ot [l 69 | 86 | 116 | 174 | 349 |
n Percentage 77 | 9% | 129 | 194 | 390 |
90 | 113 | 152 | 228 | 459 |

104 | 130 | 174 | 263 | 528 |

135 | 170 | 227 | 342 | 6838 |

Korea Institute of Nuclear Safety 13
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Contour Distribution between Confidence Level and Percentile for Given
Number of Code Runs (one-sided 15t order)

500

400
300

~ —1200

100

Percentile (%)

9 96 97 98 99

Confidence (%)

Korea Institute of Nuclear Safety
131
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Relationship between Percentile and Confidence

Confidence Level

Precentile Vs Confidence Level with 146 Code Runs for

100%

Two-Sided Tolerance Limit Approach

95%

L 4
L 2
L 2

90%

85%

80%
75%

70%

65%

60%
55%

50%

45%

40%
35%

30%

25%

20%
15%

10%

5%

Y
X
\
3

0%
85.0%

| | | — 1N

87.5%  90.0% 92.5%  95.0%  97.5% 100.0%

Precentile

15
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Summary of Suggested Minimum Numbers of Code Runs at Different Confidence Levels

Confidence Level

Number of Runs
for 95th Percentile

1sided 1sided 1sided 2sided 2sided
1% order |[2" order |[3™ order |1 order |[2"? order

Korea Institute of Nuclear Safety 16
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e Numerical Validation Test Scheme for the Formula Set:

— An unknown code output parameter is assumed to follow the uniform
random distribution (between 0.0 ~ 1.0) as a trial distribution.

* Note: The Wilks’ approach corresponds to distribution free approach.

— A set of 221 code runs (in case of the two-sided 2" order) is assumed to
constitute the trial code output distribution, and the corresponding 221
code output values are generated using a uniform pseudo-random
generator.

— Then, multiple (for example, 100 or a million) sets of 221 code runs are
simulated to investigate the statistical behavior, specifically for the 1
and/or 2" [argest maximum values and the 15t and/or 2"d smallest
minimum values.

134

17



80.

NEA/CSNI/R(2013)8/PART3

Random Number Generation: 93 vs 146 numbers to simulate code outputs
Test Set: 1000 sets, each contains 93 vs 146 random numbers

3%

Maximum Distribution: 103/1000 cases < 0.975 Maximum Distribution: 25/1000 cases < 0.975
1
c c
S 0.975 S
T T
[$) (8]
o (]
| |
o 095 o
O O
5 5
Qo Qo
S 0.925 5
e} e}
0.9 - : : - 0.925 - ‘ ‘ -
200 400 600 800 1000 0 200 400 600 800 1000
n-th code trial n-th code trial
minimum Distribution: 104/1000 cases > 0.025 minimum Distribution: 22/1000 cases > 0.025
0.075 0.075
*
c c *
2 o
S I
[8) o
(] (]
- |
o o
O O
5 5
Qo Qo
E] E]
Q e}
200 400 600 800 1000 0 200 400 600 800 1000
n-th code trial n-th code trial

95.

3%

Confidence level to satisfy Pr(max>0.975 and min<0.025):
» 93 code runs: experimental 80.3%, analytic 81.9%
> 146 code runs: experimental 95.3%, analytic 95.1%

Korea Institute of Nuclear Safety
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Appropriate Meanings of the Present Wilks’ Formula Set
one — sided 1" order : 1 —a" > B

e the probability that at least one output is outside of the o regardless of its location with a
confidence level of B. (General Definition.)

e the probability that the maximum value (or the nth order statistic) will locate on the bigger side
than the a, when the a is aligned to the left side, with a confidence level of 3.

e the probability that the minimum value (or the 1t order statistic) will locate on the smaller
side than the a, when the a is aligned to the right side, with a confidence level of (3.

two — sided 1" order : 1 —a" —n(l —a)a"" > B (Suggestion :it is only for one - sided 2" order)

e the probability that at least two outputs are outside of the a regardless of its location with a
confidence level of B. (General Definition.)

e the probability that the 2" largest value is bigger than the upper tolerance limit of a, or the 2"
smallest value is smaller than the lower tolerance limit a.. This definition comes from the 2"
order one-sided approach.

e the probability that the percentile difference between the maximum and minimum to be
bigger than the a. In this case, the application of this formula to estimate the locations of the
minimum and maximum is invalid since they can be anywhere outside of the a.

19
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First Maximum and Minimums

Second Maximum and Minimums

1.00 T3 o g e o T vs 5 Y T 1.007— 3 . RS
= LA ) o X ‘,1‘:"“ O o ol° & £ " & o ,; o o © ‘(5.; b i
® <
 0.98 2
& R A I i R - - ¥
e | 3
% 0.96 lo.o6
5] 1 e
& &
£ s £
.S 0~94"7— — 5 0.94
g g
(&7
S 8
=092 = 0.92
ogol o Lo b b e b 0.901— e e
0 20 40 60 80 100 0 20 40 60 80 100
N-th Code Simulation N-th Code Simulation
0.107— 0.10
@ <)
©0.08 20.08
(o] [ 4
o [vd
o 1 2 1
5 0.061- - 5006
8 1 © 1
5 @
o o
£ c 1
.S 0.04 _5 0.047
® ®
(&) o
o : < i L
= 0.02 = 0oz %
0.004—# oy 09l oy o (00 T B0 T nl 0 fon® o/ T go e 0.00 2 —+—+—F 2 < B N e | b
0 20 40 60 80 100 0 20 40 60 80 100

N-th Code Simulation

N-th Code Simulation

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

Numerical Simulation of Max and Min for 2" Order Two-sided

Statistics from 100 Test Cases of Each of 221 Code Run
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Comparison of Confidence Levels between Numerical Experiment and
Theory at the 95" Percentile

e/ U 95.1622 95.1505
order
1-sided
93 95.0305 95.0024 0.03
2nd order |
2-sided
146 95.1029 95.0934 0.01
1st order
2-sided
221 95.0894 95.1012 -0.01
2nd order

* Note: 1) N: number of code runs for each set,
2) 1,000,000 tests were performed for each set of N code runs.

21
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One-Sided 15t Order Result
for Sets of 59 Code Runs

ooor |
[ o001 |

- /
. /)
30 /
: f
E \ // /

Confidence Bin for 59 Code Run Simualtions (for 1 million Test Sets)

Probability for Location of Maximum
(%)

136,742 |

448,500 |

Korea Institute of Nuclear Safety 22
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Discussion

* Which number is more appropriate to meet the 95" / 95 % requirement?

We are relying on higher confidence level in reality when we are using higher order
statistics. (It could be thought otherwise of course.) The 1t order approach may need
be more credited than the higher order approach.

A set of Wilks’ combinatorial formula were newly suggested specifically for two-sided
15t and 2" order approaches. The approach might need more attention at the
application level.

e Can we all agree on the 95t / 95 % practice from the safety perspective?

Historically, the 95 % probability level, e.g., 95t percentile combined with the
confidence level of 95 in the nuclear field seems to stem from the standard
engineering practice and be based on the US NRC’s acceptance as stated in the
regulatory guide 1.157, which guides the best-estimate and uncertainty approach to
the ECCS analysis.

The present practice of crediting the confidence level of 95% might need some
attention in that it means that there exists 1 out-of 20 missing possibility.

Maybe we cannot simply say that it is very acceptable to allow the 5 % of maybe-
dangerous conclusion.

It seems reasonable to take into account the importance of the confidence level more
than the percentile.

23
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Wrapup

e The introduction of Wilks’ formula by GRS might be one of the most significant contribution.

e Through the review of the BEMUSE project results, our observation is as follows:

The tolerance limit evaluation approach would be applicable to not only the safety
analysis discipline but wider range of disciplines in the near future.

A more in-depth understanding of the tolerance limit approach might be necessary at
the working group levels.

We suggested an improved formula set to determine the size of statistically meaningful
minimum code simulations.

The present practice of using a more than enough number of theoretically derived
minimum numbers of code runs is concluded in two ways;
a) itis reasonable in a sense that it ensures a higher confidence level than the 95 %
in terms of the 15t order, however,
b) itis unreasonable because it may not produce the intended results.

From the safety perspective, the present practice of crediting the 95 percentile looks
reasonable but the 95 % confidence level may or may not be high enough to ensure
nuclear safety analysis results.
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e One final suggestion is that there should be a consensus for proper applications of
the tolerance limit evaluation approach between different organizations,

disciplines.
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THANK YOU,

Korea Institute of Nuclear Safety
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An Integrated Approach for
Characterization of Uncertainty in
Complex Best Estimate Safety
Assessment

Presented
By

Mohammad Modarres
Professor of Nuclear Engineering

Department of Mechanical Engineering
University of Maryland, College Park, MD

BCN Workshop, 16 Nov. 2011
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Major Publications on this Approach
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» 10 other conference or workshop papers
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Motivation

» We are a PSA research group interested in assessment
of risks and use of risk information in safety regulations

» TH and other mechanistic codes are used in many PSA
studies (success criteria for safety systems such as
ECCS, PTS studies, Fire Risks, etc.)

» USNRC revised ECCS licensing rules to allow the use of
best estimate computer code plus uncertainty

» Assessment of uncertainties in PSAs are critical

» The approach has been developed in the context of
applications in risk-informed and other PSA needs and
applications

§ﬁf BCN Workshop, 2011
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Outline

» Scope of Research
» Overview on IMTHUA methodology
» Complexity and Structure of TH Codes
» Multi-Model Uncertainty Analysis
v'Single Model
v'Alternative Models

» Application of the Methodology to LOFT
LBLOCA

Sste BCN Workshop, 2011
5
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Steps Involved

v Input Phase
 Modified PIRT
e Code Models and Parameters

* Inputs and Model Structure Uncertainty
Quantification

v" Alternative Models
e Dynamic Model Switching
* Model Mixing
v Output-Based Bayesian Updating
e Approach
e Data Availability and Treatment
— Model Uncertainty
— Partially Relevant Data

BCN Workshop, 2011
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Scope

» Integrated Methodology for TH Uncertainty Analysis
(IMTHUA) : An Amalgam of Promising Features from
Existing Methodologies

» Use of Most Avalilable Information to Assess
Uncertainties Related to

v Boundary/Initial Conditions
v"Models, Sub-Models and Corresponding Parameters
v Output Updating Using Bayesian Inference

§ﬁf BCN Workshop, 2011
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Aspects of TH Codes Affecting Uncertainties

v" Limited user control over code structure

v Limited and/or partially relevant data / information about models,
sub-models, and correlations, such as HTC

v" Large number of interacting models and correlations (thousands)

v" Only a small portion of the code models may be active during
each time step, depending on the underlying simulation and
system conditions

v" Many horizontal and vertical flow regime phases in the code
calculation, with fuzzy borders between them

v" Inability to precisely solve 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 more accurate
calculations where needed.

~ERSI
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Overall Methodology Overview

Bayesian Model
Unc. Assessment

| |
User E_ffe(_:ts | > % |
| Nodalization | Alternative Alternative |
| Model 1 Model A I

|
. 5 | G I
Analytical Solution i . |

Field Data | Alternative Alternative
. | Model 2 Model B |
ITS Test Data g: Parameter 1 — |
SET Test Data 2 | Parameter 2 — |
| J/ Parameter n / ' I
Expert Opinion | A |
| Model X :
: TH Code Structure |
|
: Y |
| »| Bayesian |
| Updating C |
Bayesian ;
-—> Updating | Une. Propagaten | L= |
Y
Output
B Representation
Saso BCN Workshop, 2011
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Overall Methodology Overview (Cont.)

» Treatment of the code structure uncertainty (the White-
Box Approach): Step A. Key objective: Explicit
guantification of uncertainties due to model form (structure)
as well as model parameters.

»Applied both at the sub-model levels and also the entire
TH code (Step C).

» Input parameter uncertainty quantification is performed
via the Maximum Entropy and/or and expert judgment

methods, depending on the availability and type of
iInformation (Step B).

»Hybrid of input-based and output-based uncertainty
Assessment (Step C) uncertainty analysis: Therefore

IMTHUA Is a two-step uncertainty guantification, ______

:?ﬁj BCN Workshop, 2011
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Overall Methodology Overview (Cont.)

»Modified PIRT: This is a two-step method that identifies
and ranks phenomena based on their: (a) TH influence
(using AHP), and (b) Uncertainty ranking based on an
eXpert jUdgment procedure. See: Pourgolmohamad 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.

»Uncertainty propagation through the use of Wilks’
tolerance limits sampling criteria to reduce the number of
Monte Carlo iterations for the desired accuracy.

~ERSI
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Assessment & Propagation of Uncertainties in

Models & Parameters

List of Important
Parameters

and Models

A

Assemble
Information & Data

Output
Uncertainty

vV V

Distribution Assignment
-Maximum Entropy (MEA)
-Expert Judgment
-Bayesian Updating

A

Parameter Uncertainty
Importance Analysis
Wrt the Phenomenon
Model

A

Uncertainty Importance
of Input models and

\ 4

Models and Parameters
Dependency Quantification
-Expert Judgment

-Data

A 4

Sampling Using
Wilks Tolerance
Criteria

Parameters wrt

Code Output

A

A 4

Output f

_ ) Propagation o
Updating Uncertainty
(2nd Level)

BCN Workshop, 2011
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Model Output and Error Uncertainties

» Model output uncertainty
Output

Input T//\\ \ ICZ:EL*
3 _—_:W\/\/\/\

—_—

2 >Sub Model or Code ~M

»N

» Model Error Uncertainty

T/\.

»Relevant
»Experiments

/\

> Realit
BCN Workshop, 2011 >13

» TH Code
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Summary of The Methodology

v

EEE

v
A

- — TH
l&\ / \ ] System

—— Code

S BCN Workshop, 2011
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Singe Model Uncertainty Treatment

» Multiplicative Error
» Bias Consideration

» Uncertainty Treatment for Code Structure

Marviken Critical Flow Test

Calculated vs, Moasured Mass Fluxes

R Measured Flow Rate < 600000
. = : £
N Predicted Flow Rate 500000
-
3
i 400000
L]
o
= 30000.0
=
o
I=
o 200000
1]
[

+

A

"+

#

+

4+

:E_Jr

by

++
+'F|-+

-+

1000 8500 200000 300000  40000.0

50000.0 60000.0

Measured Mass Flux (kg/s-m2)

v E.g., TRAC natural choking model has an average bias of 1.2

St BCN Workshop, 2011
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P
A

Accounting for Model Uncertainty
» Scatter of Model Prediction vs. Experimental Measurement

WX ‘uonoipaid [9pON <

159

»Result of Experiment, X,
BCN Workshop, 2011
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Multiplicative Error: Approach and

Assumptions

The model prediction (output), result of experiment and real value
of interest have the same sign (all positive or all negative)

The ratio of real value and experimental results (or data) is a
random variable with lognormal distribution for which the
confidence bounds are known (Experimental Accuracy)

The ratio of real value and model prediction (output) is a random
variable with lognormal distribution with parameters to be
determined

The ratio of model predictions and results of experiment is a
function of the two random variables introduced earlier. The
distribution of this random variable is lognormal and will be used to
represent the likelihood of data

The distribution of real quantity of interest given a model prediction
will be a lognormal distribution

~ERSIF
N >
3 o
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Multiplicative Error Model

X,
l :F;i : F;NLN(be9O-e) (1)
X . ’
= — e,
X -
5 - X,
o o =F,, ; F,~LN(b,,0,) (2)
© s X m,i m m m
3r >Xm_,i ———————— ‘! /)/ m m.i
£l X o //,T i where
= I I
S PXe TS P X : Real Quantity
S v N il
A o« o1 X, : Result of experiment
s [ 1
/T./ i i i & i X, . Model prediction
s I 1
e i i i | i F. : The error factor for experimental data
- | L ! |
>Result of Expelr,mem, X, F_ : The error factor for model predictions
Substituting (1) in (2): b..c,: Mean and SD of experimental error factor
b,.c, :Mecan and SD of model error factor
Fe,iXe,i = Fm,me,i
X. F_.
ol __mi_F. = F, ~LN|b_—b_~o> + 0
X F t.i t m e m e
m.i el
Independency of F F

Sasto BCN Workshop, 2011
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Multiplicative Error: Bayesian Posterior

~ERSI
N >
3 o

kA Q

'*?15?‘{'1,1»"e~

) — fO (bm” O-m) X|:L(X€:i’ Xm,."’ be“ O-e | b."."P O-m):rj
) J‘ -.. fO (b"'""“ Jm) X|:L(X€:i-‘ X b Ge | bm* (7.".".'):|/j dbm dGm
Tm bm

>N — M f(bmr0m|Xef’me’be’0

mi> ~e
where:
{h.‘(é\}»(bmbe)}z

1 A

n _ -
1 3 z, 2
L(Xeaf’ Xm,f‘ be’ O | bm“ Gm) = H e TmtTe

mi

fy(b,.o.): Prior Joint Distirbution of Parameters

f(b,.o0,1X..X,.b.c.): Posterior Joint Distirbution of Parameters

£ =0tol with 0 for least relevant and 1 for fully relevant

Given a model prediction such as X the distribution of the real value X
will be:

X, given as model prediction

F.~LN®b, .c,) = X~LN (ln(Xm) +b_, Gm)
X=FX_

BCN Workshop, 2011
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Multiplicative Error: Bayesian Posterior (Cont.)

v N#M F~ [ LN(b,=b.or +07 |- g(b,.s,)db,ds,

b, .S,

M,
ﬁ[HjL(Xe,k,Xm,be,se 15,.5,,) f(b,.5, w)d@] 7, (o)
i=l g

dw

[L(X.00 X, 00,08, 1B,05,,) f(bm,sm|a))d6?j 7, (@) do
0

N

1 5% 2. 2
2 oy t+o,

m,i

Q

i=1 \/E

L(Xe,i’Xm,i’be’O-e |bm,o-m):H (

/o (b, ,0,): Prior Jomnt Distirbution of Parameters

f@®,,o,|X,,.X,..b,,0,): Posterior Joint Distirbution of Parameters
Sto BCN Workshop, 2011
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Including Model Uncertainty

»When Both Model Output and Experimental Data

Are Uncertain:

»Model Prediction, X,

»Result of Experiment, X,

BCN Workshop, 2011
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Heat Flux Model Updating Using WIinBUGS

4.0r
2.0F ;
0.0p m
T T T T T 1.0F
-0.6 0.4 -0.2 > :: >
sm 0.5F
8.0 0ok |
6.0 T T T T T
4.0 0.0 1.0 2.0 3.0
2.0
0.0
T T T T T

3 0.005

f(b,.c, | X..X,.b.0,): Posterior Joint Distirbution of Parameters

Sste BCN Workshop, 2011
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Alternative Models Treatments

» Dynamic Model Switching (Treatment of
Switching Time/Condition Uncertainty)

» Recommended Code Option

» Model Mixing (Treatment by Weighted
Probability)

Sste BCN Workshop, 2011
5

****** 166



NEA/CSNI/R(2013)8/PART3

Dynamic Model Switching

Sub-Model
1 B1
Sub-Model L,
A
2 Sub-Model
B2
200009———— — T T T — T 15007 . | . a
{ &> hrtemp-RT
[Z—£1 httemp-HF
15000 — =1 (33 LOFT Test Da i
% L, The time for Model Switch o
é 10000 ﬂ\\\ from 1-® to 2-® Choked Flow — E T |
: T~ g
2.
it =
5000 = —— g ) ﬁ
\
\k"\.
”U > IJU : IJ() : BJU T () 4Jl) : Slll = _—ﬁill - 70 so0- —
. 100
Time (s)
» Model Switch from 1-® Choked Flow »Model Switch by Code or User
to 2- @ Choked Flow-Marviken Blowdown for Henry-Fauske and Henry-Trap
Choked Flow Model
Seaso BCN Workshop, 2011
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Model Mixing

» w,xSub-Model B1
Sub-Model
A
> w,xSub-Model B2
_ CC SBLQCA _Trans_ient-(_:CFL_ Mod_el Mi:_(ing _
620‘ .? ) . I v

#—# Mesh-A10 Bankoff Beta=0 7

L Mesh-Hil0 Kutatladze
L 4
<610 ?
o *
= . Co e - . . .
m -
2 N e
(=9
R S S
E \
E \
a *
[ = M f
=
w
LY
=

0
w
=
I
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1

\
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A S S,

580 1 | 1 |
10000 15000

Time (sj

» Inference requires careful assessment

20000
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LOFT Application Test LB-1 Facllity

ftem LOFT
Fuel rod number 1300
Lencth (m’) 1.68
Irlet fowearea (M3 0.16
Coalant volume (m3) 0.295
lasdmum linear heat generation ra e (KA 394
Coolant tempersture rise (K) 32.2
P o [ by 36.7
P eaking factor 234
P oveericoolant wol um e (hvin 3 124 4
Core volum efsystem wvolum e 0.038
b z=s Ao (Hos-m 2 1248 8
Core mass fowsyaem voume Mgism3| 256

Sto BCN Workshop, 2011
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Initial Conditions and Scenario Sequence of Time

LOFT measured initial conditions LB -1

» Scenario Specification
v High Power Fuel Assembly
v' 200% Cold Leg Break Test

v Higher Reactor Power (49.3 MW) and

Parameter LB-T

Feador Power (MYY) 49.3 LOOp Flow

s Prestue Sican = oL POt (WP ) M. v Inactivated High Pressure Injection

Intact-loop Mass Flow (koglz-m2] J05.8 _

Hot-leg P ressure (hpa) .77 v" Intact Loop Pumps with Fly Wheel

Hot-leq Temperature (81 586.7 Disconnected Fly Wheel at Pump Trip

Cold-leg Tem perature () 356. 6

Pump Speed (radis) 209 _

Pressurizer Steam “olume fm:*] 38 LOFT Test LB-1 Sequence of Event Timing

Pressurizer Liguid Yolume (m)) .55 — Event Measured Code Results

Steam -generatar Pressure MPa) 5.53 Break Initiated (s) 0 0
Reactor scrammed (s) 0.13 0.13

steam generator Mass Flow (kafs) 254 Primary-coolant pumps tripped (s) 0.63 0.63

Accurm ulatar P ressure (MPa) 4.27 Pressurizer emptied (s) Instrument failure 15.5

Accum ulator Tem perature {#) 305 Accumulator A injection initiated (s) 17.4 14

Accum ulator Initial Level (m) 237 Reflood Tripped On (s) NA 0

LSccumulator Level at End of Dizcharge (m) .75 HPIS injection initiated (s) NA NA

Accum ulator Liguid Level Change (m ) 0. 56 LPIS injection initiated (s) 24.8 24.8

Sccum ulator Liguid Molume Discharged (m 3 iL76 Maximum cladding temperature ('K) 1170 1050

Accum ulator Initial Gas Volume fm3] 65

Accum Ulator Intial GasLiguid Fraction (1§ h]

BCN Workshop, 2011
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Code Models and Parameters

Choked Flow 2-Phase Model Multiplier
1-Phase model multiplier
Post CHF Heat Gap Conductance Model
Transfer -Fuel Conductance Input Table in Inputdeck
Pressurizer Level Level Controller Card in the Inputdeck

-Measurement Error 1.04 +/- 4 cm

Core Power Power table
-Measurement error 49.3 Mwt+/-1.3 MW,
Fuel and Cladding Thermal Conductivity

Entrainment Hydraulics Diameters (Hot Leg, Downcomer, etc)
[J?eakina Factor Radial |
Sample
Distributions
Sants BCN Workshop, 2011
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Uncertainty Propagation-Modified PIRT
LOFT LBLOCA

LOFT LOB-1 Uncertainty Analysis

1500% I . I . I a
—  Clad Temperature -Fuel 1 at 0.66m
—  LOFT LB-1 Fuel 1 at 0.66m
<
Q
Z 1000
5
B
=
(]
=
o
= E
@)
500
Szt BCN Workshop, 2011
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Output Updating
Code/ Test Data
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>
>

>

POF

code Calculation Befare and After
Llndating

bdean = 1140.00])
I"'I_lr- I

Tt Mean = 120300 "7
L

Peak Clad Temperatire

NERSIZ

N *
57 )
18 56
A Q
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Concluding Remarks

Utilization of most available data and information to include
Important sources of uncertainty

Structure of models and sub-models important contributor to final
result

Depending on different conditions and availability of information
and data different strategies for treating several classes of model
(code structure) uncertainties proposed

Treatment of cases involving alternative models.

A Bayesian updating proposed for single model structure
uncertainty assessment, while other techniques such as mixing,
switching, maximization /minimization were proposed for
alternative models.

Output Bayesian updating proposed to account for User Errors,
Numerical Approximations, Unknown and Not Considered
Sources of Uncertainties (Screened input and/or Incompleteness)

~ERSI

)

S BCN Workshop, 2011
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 OECD/CSNI Workshop on Best Estimate Methods and Uncertainty Evaluation
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o Supporting Database for Uncertainty Evaluation

o Title Supporting Database for Uncertainty Evaluation

D Lecturer E Veronese
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INTRODUCTION ey

[ Importance of an experimental qualified database (for assessment
and uncertainty)

1 Qualified experimental database is envisaged by IAEA (SRS N° 23)

racdo
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D

an Pl

;»  RDS, QR & EH set of document that answer the IAEA requirement

D
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< 1 OECD/CSNI database, ITF and STF. Widely used for V&V activities
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INTRODUCTION

1 Coherent and logic flow path

S Q Iterative procedure, Drawings.
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SUPPORT TO THE UMAE

Genera
Quialification

) v i Gl
L_J
o . Plant
L i S
L nodalization
r .
) Generic o
. Nodalization and
— experimental e
o data user qualification
o
@D
)
:'\__: v Stop of the
a i Plant process
(- calculation
SN FG
>
@)
D :
S Demonstration
'-1‘; of Similarity (°) )
< (Phenomena Analysis) I
O (Scaling Laws)
= Accuracy
- Extrapolation (°)
I
(8
O
- m ASM
@D Calculation LN (°)
O |
e T
Lo
n
- (°) Special methodology developed
-
(- N
-
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APPROACH FOR UNCERTAINTY ANALYSIS

Propagation of Input Error

Multiple Input Multiple Output
n~10° m ~ 103
(typical, irrelevant)

1
o L}
e I :
G‘ I 2 2
+— 1

;- — BIC CODE INPUT
[ D D @ 00000 e oo e
k.) eomererenerenes R DECK >

N , ™.
4 N

[ ]
() Selection of input / N

- uncertain|parameters N ;
) n* 4102 / Predicted

Q. : oncesranry /e _
C \ / PROPAGATION Propagation of Output Error

Ad

| — ID ofgange & PDF

TS per each n*

(5] :
2 Multiple Input Mu“r"‘:'f ]%L;tput

~ )
D Dl (typical, irrelevant)

Relevant
experimental
data

D Necessity of Qualified
O Experimental Database - ».\ p—

Accu.rac‘y quantification = N NPP transient

& criteria for accuracy scenario
extrapolation UNCERTAINTY
PROPAGATION

uppo Ri
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REFERENCE DATASET

Introduction

1 IAEA guidelines (IAEA, SRS n°23) :
8 » Checking the quality of input data
o
0 » Resolving the contradictions coming out from data
e . . : .
o » Explaining information on geometry, thermal and hydraulic properties
-
) . . .
ol » Performing an independent review
& » Carrying out a quality control of the database by means of relevant quality
N assurance procedures Drawings,
@ data, <
S > Developing a database in a code independent i LR
O form —
:') clerence
— Data Set / Test Report
0 T _IBC
e w
i Qualification Code Input
ﬁB Report < Deck
O .| Engineering
% Handbook
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REFERENCE DATA SET

Purpose

o J The goal of the RDS is to analyze the available documentation
S and to solve the possible contradictions coming out from

O different reports in order to produce a consistent and
homogeneous set of data of the facility

» Different facility modifications may have occured during the entire duration
of the experimental campaign

92 [ The RDS data are available for input qualification and input
development

i Any reproduction, alteration, transmission to any third party or publication in whole or in part of this document and/or its content is prohibited unless the University
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REFERENCE DATA SET Vs

Structure and Sample, RDS facility

) The RDS realated with the design of a facility may consist of the

Q following sections:

o
O > Layout of the facility

m . : :

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

= » Collection of specific data for complex component (pumps, valves, heaters,
R

o etc...)

D e : : L :

§_3 » ldentification of geometrical discontinuities and evaluation of pressure loss
t ] ] ]

D coefficients (normal operation)

O

- : :

= » Material properties

«.—d

O » Measurement system

D

O > Nominal heat losses

~

Lo

O » Nuclear data

o

=)
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REFERENCE DATA SET

Structure and Samgle, RDS facility

{ ' Pressure vessel
a | :V{: i | p ! \
odule number
C_J
o i "
&—a
o~
D) e Module position
g-‘j N > Description f;ﬁi;::
O
D = W . i
v iz ] m rl I //Pm's ‘ Evaluation ‘ Value ‘ Remarks
>N a 7 //;(\‘ etrica
% . . -
_— k\\g g;‘ descrlptlon D51 =10.75 mm (rod bundle) 1.075-10-2
| — | g g i i Outside diameter Doz =212 mm (inside wall ofbarrel |  2.12-10 Draw. 13
o 117 i 7 honeycomb) m raw.
b, :'_rg 3],‘": 7 \ Do3 =420 mm (upper plate) 4.2-101
N b §= Inside diameter D= 195 mm 1.98-101 m
a 7IRL Humber ofrod 64 Draw. 13
't /mAv Lengths e
- Ve Zh Length L1=2015+315-3258=2002mm 2.002 D 13
o I?.-‘ 21 Lz= 130 mm (upper plate) 1.3-10 m raw.
- Héf ?5 \. J Ro1=10.75/2=5.37 mm 5.37-103
: #1 =10. =5. .
)) Eé:‘; ,g: Outside radius Re2=212/2=106mm 1.06-10 m
> ). il 7 N Roz=420/2=210mm 2.1-101
o i‘% éi Inside radius Ri=198/2=99mm 9.9-102 m
=) hested lengih ii-adil 7 MOdUIe number Elevation change AH= 2002 mm 2.002 m
> 7y =
<z, 1z 7 -
:é:{ 'g: A, v As=m-R7=m992= 30791 mm?
= i B Ap=m-RZ,=mw5372=906
‘:‘j E g g,: Flowarea > m2 Draw. 13
O i\ r N Ar= Ast- 64-An=30791- 64906
. ig gi = 24993 mm? 2.4993-102
) 17 %i Areas Heat exchange with inside wall of
L’ :?/%. 7/2! = Inside surface area barrel honeycomb m2 Draw. 13
. |78\ S,=2m-R,-L, = 2m99-2002 -
’l_..\/' i Zi \ J =1245315mm? 1.245315
o 5!5 gl Quter surface ofinside wall of
L
()] i[% “gli Outside surface area ;unrezl ho;{l ech mbbarrel m2
| —— o=2mRyy Ly
a i y i e =2m106-2002 = 1346688 mm? 1.346688
) d (to be continued) "
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REFERENCE DATA SET

Structure and Sample, RDS facility

Geometry variation and measurement inserts introduce pressure

losses in the system

» ldentify measured parameters
» ldentify measurement locations

» Classify measurement insert

types

T

Thermocouole (TF) Thermocouple (TW)

Cool sdaoter for

dgitt pressure ling (PD) transducer {P&)

Elevation (see fig. 2 Y
||— (see fig.2)

Evaluation of pressure loss

OECD/CSNI Workshop on Best Estimate
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REFERENCE DATA SET

Structure and Sample, RDS facility

) Modules number
S [ Geometrical configurations
& [ Parameters values and adopted formulas
~ = K-loss coefficients
o [ References

-

D
’ll- BT Gl i ‘&.10_? [ i . & i E1T1

Ne Element of system Parameters i o B | raE | o Re-10¢ | Evaluation Kioc Remarks

‘:‘ Expansion (forward)

o : ) Ref. [2]
P F, 8115 Fpy* -
('/—) A I=—PEN F—D =208 - 0.325 28 326 1.26 634 5.29 426 | k= (1 - F—DJ 0.452 E;clif}

= 3 &TI0e 2

8 E i i5

- 306-  S—

‘.\i 307 Expansion [reverse)

)] : Ref. [2]
_—— F, 8115 F,y4 Sec. 4-9

‘-) wy w, — = = 0.32 _ o .

= A F, - 24982 0.325 28 326 1.26 654 5.29 426 |k, =05 (1 - FLJ 0.371 (p. 151,
S

z | 165)

‘.—‘i Qutlet from upper plenum: B
' constriction (forward) —_ =9
D Ref. [2]
Sp= ‘ ’ 2 2
aD wo s F . B 0.4 204 1.26 740 0.6 0.16 0.5 E;C-]_g?]j
2 307- = |-~ S_, 122
- 308 ] D,
~
L
Outlet fr lenum: Ref. [2]
O HILEL IO, UPpEr prenum: 04 | 294 | 126 | 740 | 06 | 016 1 Sec. 11-1
constriction (reverse)
'S p. 510
-1
-
— H Any reproduction, alteration, transmission to any third party or publication in whole or in part of this document and/or its content is prohibited unless the University
— OECD/CSNI WOI’kShOp on BeSt EStImate of Pisa — San Piero a Grado Nuclear Research Group has provided its prior and written consent. This document and any information it contains shall not be used
"‘ l_‘ Methods and Uncertainty Evaluation for any other purpose than the one for which they were provided. Legal action may be taken against any infringer and/or any person breaching the
aforementioned obligations. 186

Barcelona, Spain



NEA/CSNI/R(2013)8/PART3

REFERENCE DATA SET

Structure and Sample, RDS test

Relevant ICs

PD Vs length

0.25 ]
Pump Out Parameters ‘ Location Value
0.2
(&) CL DC|Bottom ] - :
U /9'~6{Filler In ] Primary System:
— = 0.15 Intact loop 20.8 kg/s
‘.Li o Mass Flow
N s DC Top Broken loop 6.7 kagjs
' 4 T) E‘ 0.1 . Pressure Upper plenum 15.8 MPa
2 ] Vessel outlet
— £ 0.05 « [Intact loop 327.9°C
"d % + Broken loop 327.8°C
—j = Fluid Temperature
(- ] G In Vessel inlet
1'_') & » Intact loop 296.2 °C
< 3 -0.05 + Broken loop 295.4 °C
- —_—
’Q_‘ \SSOLJOOP Sgal|Bottom Water Level Pressurizer c.5.2m
01 A N o
. ) Temperature Pressurizer 346 °C
(- Pump In ] Power Core 5.20 MW
1‘-'5 0 5 10 15 20 25 30 35 40 45 50 Water Vol ACC‘;”IU'TIOF e
/ ater Volume » Intact loop
"/—) Lenght [m] + Broken loop 761
D Accumulator
il Seq Uence Of EventS Gas Volume + Intact loop 341
a’j = * Broken loop 181
ime
(l) Events (s) Accumulator i
{-) Break valve starts to open, blowdown initiated 0 Temperature : é?g?gnlc;ggp E gg °E
Primary system pressure equal 132 bar (core heating power and secondary 1.8 — -
- | system isolation and cooldown| trip signals enabled) ' : MCP seal water injection
_— - Mass Flow Intact loop 0.01 kg/s
Feedwater valves and steam valve at condenser inlet start to close
= Cooldown of secondary system initiated 20 Broken loop 0.0087 kg/s
‘.—‘5 Saturation in hot legs 25 Temperature MCP seal water injection €. 30 °C
C) Break valve fully open 30 Water Temperature HPIS 28 °C
1 Core heating power decay starts '
(D. Feedwater valves and steam valve condenser inlet fully closed 3.5 Secondary System:
L} Primary system pressure equal 117 bar (HPIS trip signal enabled) 5.4 Steam generator
e Primary system pressure equal 110 bar (MCPs trip signal enabled) 6.7 Mass Flow Intact loop 2.0 kg/s
L Main coolant pumps coastdown initiated 8.0 Broken loop 0.66 kg/s
Saturation in cold legs 15.8 Steam dome
a PRZ surge line uncovers 21.0 Pressure Intact Loop 6.62 MPa
c_,l Saturation in lower plenum 31.0 Broken Loop 6.62 MPa
g_,l HPIS water injection initiated 41.0
—
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REFERENCE DATA SET

Structure and Sample, RDS test

18 T
PA38
16 PA97S [
. 14
. Accumulators volumetric flows H
4 X 10 =
= o
= | QV53ACC (IL HL) | 1 = 10 \
—_
z° ] 7 e —
o, | ““"I s i S — T
2 ] 6 N
: L
E? 4
2 ]
) - 2
-100 0 100 200 300 400 500 600 700 800 900
Time [s 0
4 [s] -100 0 100 200 300 400 500 600 700 800 900
x 10 Time [s]
£ | |
7 —— QV55ACC (IL CL) | {
£, T Q arch) . .
B i ] Feedwater volumetric flow (short time)
T, TTTTITATTTY
=]
' -
g,
E ] 350 1 1 1 1 .
S ol TF11H000 (IL HL) ]
-100 0 100 200 300 400 500 600 700 800 900 340 —— TF16H000 (IL CL) |
Time [s] TF34V210 (Lower Plenum) :
T TSAT38 -
x 10 ]
= 15 1 T 30 .
= I | Qvsaacc BLHY) | = ]
ElE! 1 1 2 320 1
o _ e
T ] 8 ]
2 I ] 5 ]
£ o5 H h 1 © sw0 N
£ ] \/\\ ]
S b T~ ]
> 0 NP PN FEPEE EPEPEPEP BN | O 300 va e S— 1
-100 0 100 200 300 400 500 600 700 800 900 T e ]
Time [s] 290 R R NN I SN SN SR IO e
-20 -10 o] 10 20 30 40 50 60 70 80 90
Time [s]

Core power (short time)
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INPUT DECK DEVELOPMENT&QUALIFICATION &

Introduction
. : . X,Y

] Nodalization preparation: main Drawings.
O choices of the model characteristics rj;;j;s <
o e )
5 a!nd !orell_mlnary code resources Coded Rules XY | XY
d distribution (data from RDS) Nodalzation Reference S —
* techniques ™N Data Set . -
© [ Nodalization schematization o Y:\ IBC
D ) ) ) v\
a according to the pre-set nodalization [ ouaification ([ Code tmput P
. Strate ieS 7 Report 7 Deck
‘@ ) Input writing following a pre-set I
<
= structure | Handbook
D X,Y
% X)Y, Z: indicate three different analysts
=
@

© [ The Qualification Report (QR) collects the results of the qualification

L]

-

O procedures of the code input
- —
~7
Lo

()

-

(- N
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INPUT DECK DEVELOPMENT&QUALIFICATION s

Structure and Sample

1 QR to demonstrate that code results are qualitative and quantitative
= acceptable with respect to fixed acceptance criteria. QR should
& contain:

@ » Demonstration of geometrical fidelity
% » Qualification at steady-state level
0. > Qualification at transient level
(-
N,

Procedure for

‘ . . Code manual e
N (both qualitative and Code use procedure & i

limits

P quantitative)

o
b)
‘)| TH & geometrical “Steady state” level
= parameters qualification
—
L
e
O
r “On transient™ TH b
" ATIS - <
a_) — parameters
') level qualification and phenomena
—
~7
Lo
(@)
a" Qualified nodalization
(- N
—‘I i Any reproduction, alteration, transmission to any third party or publication in whole or in part of this document and/or its content is prohibited unless the University
- OECD/CSNI WOFkShpp on BeSt EStlmate of Pisa — San Piero a Grado Nuclear Research Group has provided its prior and written consent. This document and any information it contains shall not be used
fr l_) Methods and Uncertan‘]ty Evaluation for any other purpose than the one for which they were provided. Legal action may be taken against any infringer and/or any person breaching the
aforementioned obligations. 190

Barcelona, Spain



NEA/CSNI/R(2013)8/PART3

ENGINEERING HANDBOOK

Introduction

[ Final step of the process to set up a qualified database, IAEA
Lo states that a: “documents contains a full description of how the
& database has been converted into an input data deck for a

D
- . ” o L]

~ specific computer code”, (IAEA, SRS n°23) should be available
O X,Y
D Drawings, L
o N data, <

< reports |

o

@p) I

) X,Y X,Y

&: CO d ed RU | es ] Feference

o Data Set <7| Test Report

ﬁ—_l-: Nodahzation Bl

O - [

technigques

= y | 1 z| 4

- Model *| Code Input

zg qualificanon § * Deck  Je—

= z .

gl% aleulation

S i

LC Engineering §—

) Handbook /}

L T : 1° X,Y, input entries documentation
%1 XY, Z: indicate three different analysts o P :
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ENGINEERING HANDBOOK

Introduction

1 EH constitute the technical rational for the input, providing

o engineering justification of the adopted assumption and
}"% summatrize the model’s input file
o

o~ J Make the use of the input by a third user easier, preventing errors
and misunderstanding

o [ Itis set up on only after the nodalization is qualified and frozen
«© [ EH shall contains:

Lg » Methods and assumptions used to convert the RDS information into the

fg code input data

g » All the transliteration of the calculation notes (traceability of the

= information)

8 » Nodalization schemes of the components

@ » Adequate description and explanation of all adopted modeling assumptions
"‘:: FINAL STEP TO SET UP A QUALIFIED EXP DATABASE

S (review of the input deck and of the RDS)

©  OECDICSNI Workshop on Best Estimate S Pl sy R 1o s O 5ty 1 i o T et oy oo G s ot e
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Structure & Samples

(J R5-3D© nodalization description

(&) Document
— | General Zone Zone Name Number Type F—
e
—
) Primary Side
o
TLHL-1 100 BRAMCH
- ILHL TLHL-2 105 BRANCH 2231 R
D o 5 i ink to th
=N IL SG TLUT 190 FirE 2232 L Link to the
J— Intact Loop ILSG-0UT 125 BRANCH .
< L 1008 SEAL L5 1 130 e =1 document section
1‘-}; IL PLIME IL-FUME 140 PLUMP 2234 b
) TLOL- 150 PIFE (
D ILCL ILCL-2 160 BRANCH 2.2.3.5 CO m po n e nt y
ILCL-3 170 BRANCH )
—
= compone Nt
D ELHL-1 200 BRANCH
—_— BL HL ELHL-2 205 ERANCH 2.2.5.1
O BLHL-3 210 PIPE
- ol BLSG-IN 215 BRANCH 2Es
= BL-UT 220 FIFE et .
=z
— BLSG-OUT 25 ERANCH User friendly
‘:li BL LOOP SEAL BlLIS1 230 FIFE 2253
o Broken Loop BL PUMP BL-PUMP 240 PUMP 2.2.5.4
ﬂ) BLCL-1 250 SRGELOL
D BL-ROTOR 251 WVALVE 2.2.5.5
—~ BLCL-2 255 FIFE
L BLOL BLCL2 256 SNGLIUN
-
BLCL-3 260 FIPE 2256
(&) BLCL4 265 BRANCH
% BLCL-5 70 BRANCH
L
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ENGINEERING HANDBOOK

Structure & Samples
DOWNCOMER DC-1 300 PIPE 2.2.1.1
DC-2 305 BRANCH
8 LOWER PLENUM LP-1 310 BRANCH 2.2.1.2
& LP-2 315 PIPE
- Vessel CORE-B 325 BRANCH
D) CORE CORE-A 330 PIPE 2.2.1.3
_ CORE-T 335 BRANCH
8 UP-1 340 PIPE
Q up UP-2 345 BRANCH 2.2.1.4
D UP-3 350 BRANCH
o UH-1 370 PIPE
= UH-P1 372 BRANCH
) UH-UP 375 PIPE
D) UH-DC1 381 PIPE
D Upper Head UH UH-DC1 383 SNGLIUN 2.2.2.5
bt UH-DC2 384 SNGLIUN
() UH-DC2 386 PIPE
<D UH-DC2 388 VALVE
O UH-DC3 389 PIPE
-
=, IL SURGE LINE PRZ-SL1 400 PIPE
o BL SURGE LINE PRZ-SL2 405 PIPE
8 SURGE LINE PRZ-SL3 410 BRANCH
oy PRZ PRZ-SL4 415 PIPE 296
e PRZ-BOT1 420 BRANCH
oz PREVESSEL o 50 ToPE
®) PRZ-TOP 440 BRANCH
L (to be continued)
)L
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ENGINEERING HANDBOOK

Structure & Samples

o
&

Document
General Zone Zone Name Number Type .
O Section
o3
o Secondary Side
@)
o DOWNCOMER ILSG-DC1 600 PIPE 23.1.1
O ILSG-DC2 601 BRANCH
- RISER ILSG-RSR 605 PIPE 2.3.1.2
<D IL SG SEPARATOR and ILSG-SEP 610 SEPARATR
O STEAM DOME ILSG-DOM 620 BRANCH 2.3.1.3
. IL SG ANNULUS ILSG-AN1 630 BRANCH
:\'i ILSG-AN2 635 BRANCH
(¢
D) DOWNCOMER BLSG-5C1 700 PIPE 233.1
¢ BLSG-DC2 701 BRANCH
EP, RISER BLSG-RSR 705 PIPE 2.3.3.2
& BL SG SEPARATOR and BLSG-SEP 710 SEPARATR
D STEAM DOME BLSG-DOM 720 BRANCH 2.3.3.3
= BL SG-AN2 735 BRANCH
=z
& Primary Side Boundary Conditions
O
.
aP IL Pump Seal Water Il.pu.st 180 TMDPVOL 2.2.10.2
R il.pusx 181 TMDPJIUN
-~
oz BL Pump Seal Water bl.pu.st 280 TMDPVOL 2.2.10.3
~ bl.pusx 281 TMDPJUN
a Pump SeaI_Water pe.s.eX] 398 TMDPIUN 2210.4
o drainage pU.S.exv 399 TMDPVOL
2 OECD/CSNI Workshop on Best Estimate o Pise  San Picro a rado Nuclear Beseareh S10U nas proVided s prior and ritten Lonsent. This docament and any information it onains sl nat be 4seq
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Secondary Side Boundary Conditions
()
o -
o IL SG P Control - ll.sgex 660 VALVE 2.4.1
" - Il.sg.v 661 TMDPVOL
O BL SG P Control : bl.sgex 760 VALVE 24.2
& - bl.sg.v 761 TMDPVOL
- IL SG Cooldown - isg-cool 680 VALVE 2.4.3
t 681 TMDPVOL
) BL SG Cooldown - bsg-cool 780 VALVE 2.4.4
'l,-_{" - 781 TMDPVOL
IL SG Main Feedwater tank sg.fw.ta 685 TMDPVOL 245
; Feedwater Feedwater Main IL-MFW 686 TMDPIUN
1‘-“ BL SG Main Feedwater tank sg.fw.ta 785 TMDPVOL 24.6
) Feedwater Feedwater Main BL-MFW 786 TMDPIUN
D
—
o ECCS
)}
O
= IL ACC TANK IL-ACC 800 ACCUM
—> ILACC-L1 805 PIPE
t‘ ILCL-ACC 810 VALVE
‘;lz ILACC-CL 812 PIPE
(-
ILACC-CL 814 BRANCH
<, IL ACCUM 2.2.9.2
g‘D ACCLINE ILACC-CL 815 PIPE
‘-_3, ILHL-ACC 820 VALVE
’I_‘C'_ ILACC-HL 822 PIPE
ILACC-HL 824 BRANCH
o
O ILACC-HL 825 PIPE
)L (to be continued)
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1 RPV (from RDS) reference for the data used for the input

08,

heated lengin

Flexhl= cnnnecion
QS trickel, 16 mm2)

S

HIE

2]
RN

301

n” 303

"
LI

(362
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d RPV (from RDS) reference for the data used for the input

116

213

Flexble connection
nickel, 16 mm2)
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2.2.1.2 Lower Plenum
HYDRO COMPONENTS
% o Rationale

S o User choices
L
) o Models (flag)

S e BRANCH 310 (HEMISPHERICAL HEAD)

(&) Default
D o PIPE 315 (CORE INLET)

o Default

(-

S o Geometry Data
) e BRANCH 310 (HEMISPHERICAL HEAD)

EE Component 310 models the bottom of the reactor pressure vessel, it consists of the cylindrical part

e ) and the hemispherical bottom. The internal diameter of the core vessel is 0.312 m, the internal radius

D of the hemispherical bottom is 0.373 m and the average flow area of the component is 7.0954:107 m?
O (Equation 2-7). See Table 2-2 for detailed geometry summary.

-

‘/;' A310 -_— VM302/ LM302 -_ 0026465 / 0373 -_ 7{}954 : 10_2 mz Equation 2'4

(S

e o PIPE 315 (CORE INLET)

92 Component 315 models the entrance region to the core barrel. It is subdivided in 3 cells, the total
;_‘:7 length is 1.006 m and the average flow area is 2.5651°10 m? (Fquation 2-5). The component PIPE
- 315 corresponds to module 303. See 7able 2-2for detailed geometry summary.

a -2 2

L -
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o Junction Data
e« BRANCH 310 (HEMISPHERICAL HEAD)

®

o Component 310 (bottom of the RPV) has 2 junctions. The first one connects, “outlet face”, of the
o component 310 to the last cell (cell 21) outlet face of component 300 (downcomer). The second
©  junction connects the “outlet face” of component 310 to the first cell, “outlet face”, of component 315
a3 (lower plenum).

o PIPE 315 (CORE INLET)

o No special model is used for the internal junctions. The junction flow area is not specified. Forward
K-loss coefficient of 2.202 and a reverse K-loss coefficient of 2.221 are applied to junction number 2
— connecting cells 31502 and 31503. See 7ab/e 2-3 for detailed junction summary.
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Volume
Comp. Comp. | Volume | Comp. Elevation Outlet Wall Control
NamI:a N"p N° Typz i) Area L] Dha change Raas Elevation |Roughness Flag Comment
) tipvbfe
‘;‘ 1 0.200 -0.200
o 2 0.287 -0.287
- 3 0.300 -0.300
O 4 0.300 -0.300
5 0.300 -0.300
o) 6 0.300 -0.300
7 0.328 -0.328
) 8 0.412 -0.412
- 9 0.331 -0.331
D 10 0.332 -0.332
'[,._{" DC-1 300 11 PIPE 0.437 1.131-10% - 0.024 -0.437 -50° 4.5-10° 0000000
12 0.438 -0.438
. 13 0.438 -0.438
— 14 0.437 -0.437
o) 15 0.332 -0.332
- 16 0.331 -0.331
) 17 0.412 -0.412
18 0.200 -0.200
@, 19 0.335 -0.335
) 20 0.335 -0.335
D 21 0.336 -0.336
S DC-2 305 1 BRANCH 0.315 1.131:10° - 0.024 0.315 90° 4.010° 0000000
&) LP-1 310 1 BRANCH 0.373 - 2.647.10° | 0.024 0.315 90° 4.010° 0000000
= 1 0.336 0.336
— LP-2 315 2 PIPE 0.335 2,565-10° - 0.335 90° 4,0-10° 0000000
=z 3 0.335 0.335
_ CORE-B 325 1 BRANCH 0.200 8.126'107 0.200 90° 4.010° 0000000
o 1 0.412 0.412
O 2 0.331 0.331
— 3 0.332 0.332
a{D 4 0.437 0.437
>
,Q, CORE-A 330 > PIPE 0.438 8.1152:10° - - 0.438 90° 4.0-10°% 0000100 Squared cross-
or 7 0457 0457 Fecten
= 8 0.332 0.332
()] 5 0.331 0.331
) 10 0.412 0.412
Q (to be continued)
- |
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Component ° Component Junction From To Junction Junlct on SEee .
Name Comp. N Type Number Component Component Area Flag Ks K. Description
- jefvcahs
o)
“.—d 1 30001 30002
L 2 30002 30003
dr 3 30003 30004
Q) 4 30004 30005
T‘ 5 30005 30006
v 6 30006 30007
») 7 30007 30008
| - 8 30008 30009
D 9 30009 30010
R 10 30010 30011
’['_L DC-1 300 PIPE 11 30011 30012 - 00000000 0 0
J— 12 30012 30013
— 13 30013 30014
‘.Lf 14 30014 30015
) 15 30015 30016
16 30016 30017
D 17 30017 30018
— 18 30018 30019
‘.Lf 19 30019 30020
) 20 30020 30021
T} 1 300010001 305010001 - 0.000 0.000
— DC-2 305 BRANCH 2 305010002 350010002 3.927- 10° 00000000 4.500 4.500
= 3 305010002 389030002 3.142- 10* 1.669 1.669
- _ 1 300210002 310010002 B 0.723 0.443
. LP-1 310 BRANCH 2 310010002 315010001 00000000 0.341 0.360
S | w2 ats PIeE : Sise2 1503 © | 00000000 | T a00
S 1 315030002 325010001 - 0.393 0.526
) CORE-5 325 BRANCH 2 325010002 330010001 - 00000000 0.220 0.220
O (to be continued)
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J Heat Structure -
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2222 Lower Plenum Heat Structure

The lower plenum structures are modelled by heat structures 3101, 3151 and part of 3001 (see
description in 2.2.2.1).
o« Rationale
o User choices
o Models (flag)
* Pressure Vessel, LP Hemispherical Head (3101)

« Lower Plenum Barrel (3151)
o Calculation notes: Geometry Data

* Pressure Vessel, LP Hemispherical Head (3101)

The heat structure 3101 models the hemispherical bottom of the pressure vessel, it is of
rectangular geometry type. The left side of the heat structure is connected with hydrodynamic
component 310, the heat transfer option used is 101. The right surface is connected to the
hydrodynamic component 30 which represents the environment. The geometry of the component is
taken from RDS module 301: the wall thickness of the HS is t = 0.0158 m. The HS heat exchange
area is 0.0862 m’. For more detailed HS information see Tahle 2-5, Table 2-6and Table 2-7.

s Lower Plenum Barrel (3151)

The heat structure 3151 represents the lower plenum of the barrel. The HS has cylindrical
geometry and it comprise three axial heat structure of the same geometry. The left side of the
structure is connected to the hydrodynamic component 315, cells one and two. The inner and outer
diameters of the HS are taken from RDS module 303: Dy, = 0.0909m and D, = 0.212 m (Equation
2-33). HS has a total length of 0.671 m (Lsys, = Laye(1-2)). For more detailed HS information see
Table 2-5 Table 2-6 and Table 2-7.

Vy =7+ (0.212% - 0.198%) - 0.43 Equation 2-24

T ” p
Vy =7 (02122 — 0.15%) - 0.065 Equation 2-25

T ; ;
Va= e (0.212* — 0.198%) - 0.025 Equation 2-26

v, = 1 (02122 - 0.198%) - 0.16 Equation 2-27

v, =£‘ (02122 — 0.198%) - 0.136 Equation 2-28

Ve = ga (0.212% - 0.15%) - 0.09 Equation 2-29

Fra . ” :
vy =7+ (02122 - 0.198%) 0.1 Equation 2-30
7

Vigr = Z V; = 0.009372 m*

i=1

Equation 2-31

" ) f fo 2 .
Aeg =122 = 009316 m* and  Ag, =2 (DZ. - (D)) Equation 2-32
“M303 4
these two equations are used to calculate the average diameter of the HS:
ptf = |p2,, —4-2% = 00909 m Equation 2-33

2223 Core Heat Structure

The core is modelled by heat structures 3150, 3250, from 3300 to 3310 and 3350. The component
numbered from 3300 to 3310 model the heated length of the core, as it is discussed in the RDS the
14% of the total power is deposited outside this part of the bundle, the use of the adjective
"unheated” for components 3150, 3250 and 3350 should not be misleading, as also this components
are active structure, for all the HS described in the following the power is imposed in table 900 (see
Table 3-1), different source multiplier are used to set the cosine shape power curve as specified in
each experiment.

o Rationale
o User choices
o Models (flag)
+ Lower Unheated Region 1 (3150}
+ Lower Unheated Region 2 (3250)
+ Heater Rod Bundle Part 1 (3300)
+ Heater Rod Bundle 2 (3301
s Heater Rod Bundle 3 (3302)
+ Heater Rod Bundle 4 (3303)
+ Heater Rod Bundle 5 (3304)
s Heater Rod Bundle 6 (3305)
+ Heater Rod Bundle 7 (3306)
+ Heater Rod Bundle 8 (3307)
s Heater Rod Bundle 9 (3308)
» Heater Rod Bundle 10 (3309)
s Core Filler (3310)
+ Upper Unheated Part (3350)
o Calculation notes: Geometry Data
s Lower Unheated Region 1 (3150}

The Heat Structure 3150 represents the lower unheated part of the heated roads (the nickel
flexible connection).The geometry used for this HS is cylindrical, and it is composed of only one axial
HS. A symmetric boundary condition is applied on the left side, that for this structure correspond to
the axis. Its right side is connected with hydrodynamic component 315, the heat transfer model
applied is 110, The outer diameter of the HS is taken from RDS module 303: Dy, = 0.0045m
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3 GENERAL TABLE
()
3 3.1 Core Power table
)
O The steady state power for each test is imposed on card 20290000 (see Table 3-I). General table
< 900 is used to imposed the decay power as specified for each experiment. The table is activated with
N . . . . -

"_j the trip 1900 (see section 5.3.1.6). The entries of 7able 3-1 may change with the test condition

-

D Table 3-1: Core Power Table
on .

Table Fraction of Test

(- number Time [s] Nominal Power

s

7P 20290001 0. 1.0

20290002 5.25 0.7561302

D 20290003 10.4 0.3840996

) 20290004 15.6 0.2160919

D 20290005 26.04 0.1088122
ra) 20290006 31.26 0.0881226

= 20290007 72.8 0.0459770
— 20290008 166.5 0.0354406

— 20290009 3315 0.0266283

o 20290010 762.5 0.0208620

O 20290011 1459.5 0.0178160

5 20290012 4907.5 0.0122605

O

oc

()

L

- N

—
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3.2.7 Intact Loop Steam Generator Vessel Top Heat Losses

Table 3-10 shows the HTC value for the IL SG top part of the vessel.

O Table 3-10: Intact Loop Steam Generator Vessel Top HTC table
)
& Table HTC
o number e [W/m?/K]
"d.
O 20265001 0. 0.01
- 20265002 10000. 0.01
S
o
-
."_;L—.j 3.2.8 Broken Loop Steam Generator Vessel Bottom Heat Losses
(-
- Table 3-11 shows the HTC value for the BL SG bottom part of the vessel
CB Table 3-11: Broken loop Steam generator Vessel Bottom HTC table
D)
Table HTC
4 number =S [W/m?/K]
o 20270001 0. 6.0
) 20270002 10000. 6.0
O
73 3.2.9 Broken Loop Steam Generator Vessel Top Heat Losses
ey
e Table 3-12 shows the HTC value for the BL SG top part of the vessel
% Table 3-12: Broken Loop Steam Generator Vessel Top HTC table
C
O Table HTC
Lo
20275001 [i} 0.01
o 20275002 10000. 0.01
- N
- N
o
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4 MATERIAL PROPERTY

This section of the engineering handbook documents the material property in the input deck. The
stored material property in the RELAPS codes have not been used. The option TBL/FCTN in card

(&) 201MMMO0 has been used for the different materials, the thermal conductivity and the heat capacity
E; are input as a function of temperature.
L
o
O 4.1 Inconel 625
S
O Table 4-1 list the input entries for the inconel 625 heat conductivity and Table 4-2 the heat
55 capacity property.
C
- - Table 4-1: Inconel 625 Heat Conductivi
o R
— Heat
| S Table Temperature -
o number K1 Tw/(m K1
)
20100101 93, 12,
adD 20100102 473, 12.5
S 20100103 573. 13.9
o 20100104 673 15.3
<D 20100105 2073. 16.3
O
E, Table 4-2: Inconel 625 Heat Capacity
g_li Table Temperature ml-leat
> pacity
O e K] D/(ka K]
9’2 20100151 93. 3.46-10°°
I 20100152 373. 3.67-10°
o’ 20100153 473, 3.87-10°
o 20100154 573. 4.115-111*:
20100155 673, 4.26-10"
= 20100156 2073. 4.36-10°%
N
- N
=
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5 LOGIC AND CONTROL SYSTEM

5.1 Control Variables

5.1.1 Level

Table 5-1 summarized the level control variable that are present in the
present Table 5-1, the control variable related to a particular part of the ITF
(the same approach has been used in the input file). For each control variable t
measurement is identified (second column), the correspondence with the ITF m
given in the fifth column. For each control variable the last column of Tahle 5-i
to the section that the described the specific control variable.

5.1.1.1 Pressurizer fevel

The pressurizer level is calculated summing the liquid void fraction in each
elevation change of each cell for which the variable "voidf”is calculated (Eque
2-7). Two control variable are used to calculated the actual collapsed level of
and 43009.

Control variable 4209:
PRZ_L1 = 0.395 - voidf 420_01 + 0.395 - voidf 425_01 + 0.585 - voidf 430_01 +
+0.5 - voidf 430_02 + 0.5 voidf 430_03 + 0.5 - voidf 430_04 +
+ 0.5+ voidf 430_05 + 0.345 - voidf 430_06
Control variable 4309:
PRZ_L = 0336 - voidf 430_07 + 0.5 - voidf 430_08 + 0.5 - voidf 430_09 +
+ 0.6 - voidf 430_10 + 0.6 - voidf 430_11 + 0.705 - voidf 430_12 +
+ 0.705 voidf 440_01 + 1.0 - cntrlvar 4209

5.1.1.1 Intact Loop Level

Intact Loop Steam Generator Inlet Global Level (CNTRLVAR 1159)

Control variable 1159 calculates the collapsed liquid level in the inlet pipe of
generator, it corresponds to measurement channel "CL90AB” +1.19 m — 0.0551
level is calculated summing the liquid void fraction in each cells multiplied by tl
each cell for which the variable "voidf”is calculated (Efguation 5-3). The initial v
2.9 m.

Control variable 1159:

ILSGIN_L = 0.83 + 0.458 - voidf 110_08 + 0.4 - veidf 110_09 +
+ 04 - voidf 110_10 + 0.3 - voidf 110_11 +
+ 0.2 voidf 110_12 + 0.312 - veoidf 115_01

. . Control Control E‘"Ceh';:“na'“
Locati Location Variable variable M t Description Reference
ocaton Number Name o easuremen
. P 4209 PRZ L1 -
Pressurizer 1300 PRZ L - 5.1.1.1
1L 5G inlet global 1159 ILSGIN-L CL90AB+1.19m-0.035m
IL U-tubes ascending 1189 ILUTAS-L
side 1199 ILUTAS-L CL208P+2.995m
IL LEVEL IL U-tubes 1219 ILUTDS-L -
descending side 1229 ILUTDS-L CL92BP+2.955m
1L SG outlet Global 2o - - 111
level CL93AB+1.19m-0.055m
12409 Is-1 -
IL Loop Seal 1309 ILLS-2 -
1319 ILLS-L CL1792X3
Bl SG Inlet alobal 2159 BLSGIN-L CLB0+1.045m -0.02m
BL U-tubes ascending 2189 BLUTAS-L -
side 2199 BLUTAS-L CLE0BP+2.95m
IL U-tubes 2219 ILUTDS-L -
BL LEVEL descending side 2229 ILUTDS-L CLB2BP+2.95m 5.1.1.2
BL SG outlet Global 2259 BLSGOT-L CLE2AB+0.045m-0.02m
2309 BLLS-1
BL Loop Seal 2319 BLLS-L CL2782x2
1 e 3295 RPVCOR-1 -
RPV Core Level 3309 RPVCOR-L 5
3159 RPVRSR-1 -
RPV Riser Level 3409 RPVRSRE-3 -
RPV LEVEL 3459 RPVRSR-L CL3RYA Approximately 5.1.1.3
3009 RAVDC-1 -
RPV Downcomer 3019 RPVDC-2 -
Level 3029 RPVDC-3 -
3059 RPVDC-L CL3DYB+0.17m
IL SG Downcomer 6009 ILSGDC-1 -
IL56 l level 6339 ILSGDC-L - 114
BL 5G l BL SG Downcomer 7009 BLSGDC-1 -
level 7359 BLSGDC-L - 3114
S 6049 ILSGRS-1 -
ILSG l IL 5G Riser level 5059 ILSGRSL ~ 5.1.1.4
o 7049 BLSGRS-1 -
BLSG | BL SG Riser level 7050 BLSGROL ~ 5114
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5.1.5 Pressure Drop

Table 5-5. Summary Table for Pressure Drop Control Variable summarized the control variables set

up in the RELAPS input to calculate the pressure drop. In the present Table 5-5: Summary Table for

O Pressure Drop Control Variable, the control variable related to a particular part of the ITF are grouped
-3 together (the same approach has been used in the input file). For each control variable the
-—— identification of the corresponding pressure drop measurement is identified (fifth column) For each
‘-d control variable the last column of 7able 5-5 provide the reference to the section that the described
— the specific control variable. The pressure drop are calculated as a pressure difference between two

r e
( '_) specific cells.
-j Table 5-5: Summary Table for Pressure Drop Control Variable
(4%
G 1 Control Control Experimental Channel
- ) Locati Location Variable variable Measurement Description Reference
L Number Name Correspondence
fD DC-RSR 3443 PV.DCRS PD3D3RBA
o DC 3003 PVDC-PD PD3DET
D_‘ DC-RSR 3153 PUCOR-PD PD303RUU
REV 3303 PVCOR-PD PD3RUG 5151
p— RSR 3403 PVUP-PD PD3RGA e
| —-— 3453 PVRSR-PD PD3RYA
— UH-UP 3703 UPUH-PD PD3R29A
‘n“ UP-HL 1003 UP-IL.HL PD3R11A4
> 4
L/—D IL-CL 1903 ILCL-HL PD161133
IL-HL 1103 ILHL-PD PD1190A
(D IL-UT ascending 1213 ILUTA-PD PDI0EPX2
L IL-UT 1203 ILUT-PD PDO0I2AA 5152
- Loop seal descending 1253 ILUT-PD PD9217A e
g‘i Loop seal ascending 1303 ILLSA-PD PD1714
—l MCP 1403 ILMCP-PD PD1151456
C ) CL-DC 1703 IL.CL-DC PD163DB3
—_—
‘- UP-HL 2003 UP-BLHL PD3RZ 144
CL-HL 2903 BL.CL-HL PD262133
—i HL 2103 ELHL-PD PD21180A
7 BL-UT ascending 2113 BLUTA-PD PDB0OBPX2
— BL BL-UT 2203 BLUT-PD PDE082AA 5.1.5.3
Loop seal descending 2253 BLLSD-PD PD8227A
g—‘j Loop seal ascending 2303 BLLSA-PD PD2724
- | MCP 2403 BLMCP-PD PD252451
C_) CL-DC 2703 BL.CL-DC PD263DB7
-
D
') 5.1.5.1 Reactor Pressure Vesse/
- —
’[_.VL. Downcomer-Riser Pressure Drop (CNTRLVAR 3443)
The pressure drop is calculated as a pressure difference between cell 30001 and cell 34501, the
() resulting value compared to the measured pressure drop identified by the abbreviation "PD3D3RBA”.
—1‘ PV.DC —RS = 1.0 - p 30001 + (—1.0) - p 34501 Equation 5-69
o _ _ _ o
_‘ i Any reproduction, alteration, transmission to any third party or publication in whole or in part of this document and/or its content is prohibited unless the University
/; OECD/CSNI WOI’kShF)p on BeSt EStlmate of Pisa — San Piero a Grado Nuclear Research Group has provided its prior and written consent. This document and any information it contains shall not be used
( !_) Methods and Uncertamty Evaluation for any other purpose than the one for which they were provided. Legal action may be taken against any infringer and/or any person breaching the
aforementioned obligations. 209

Barcelona, Spain



NEA/CSNI/R(2013)8/PART3

ENGINEERING HANDBOOK

Structure & Samples

5.3 logical and Variable Trips

Table 5-6 summarized the primary and secondary side trips used in the input deck that are detailed
in the present section. Each trip should be adjust according to the specific set point for each different

) test.
‘-_-'_‘ Table 5-6: Summary Table for Primary and Secondary Side Trips.
o
~ Trip Number | TripT Trip Function Component | g cerence
( l_) 0 b Type » Controlled
aj Primaﬂ Side Trip
ol Control the actuation of the BL pump locked rotor
O =1 Variable resistance simulator HC251
W 252 Variable Main Coolant Pump brake VT 253 5.3.1.1
Cl) 253 Variable Rotor simulator valve closure initiation LT (1)251 T
254 Variable Rotor simulator valve closure end LT (13251
s i’ B - - N - -
a_‘ (1)251 Logical BL pump locked rotor valve closure trip HC 251
388 [ warigble | UH-DC valve close trip [
< 389 | wvariable | UH-DC valve open trip | HC 388 53.1.2
o) 420 [ Varisbe | PRZ heaters power-of [ S48 | 5343
> 4
(.,/—) 181 Variable 1L seal water table trip HC 181
281 Variable BL seal water table trip HC281 5314
a) 398 Variable Pumps seal water drain close LT (1)393 e
1 {1)393 Logical Pumps seal water drain table HC 398
‘.Li 345 | Wariable | Upper Plenum Lower Pressure Signal [ - | 5.3.1.5
) (1)900 | Logical | Core power trip [ Tooo | 5316
» 140 Variable MCP 1L trip
"-) 141 Variable MCP IL decay velocity activated HC 140 5317
_3 240 Variable MCP BL trip o
7 241 Variable MCP BL decay velocity activated HC240
" il
810 Variable IL ACC CL LINE valve open trip HC 810
= 811 Varizble IL ACC €1 LINE fip
‘;‘2 820 Variable I ACC HL LINE valve open trip o0
- 821 Variable IL ACC HL LINE trip
| - 910 Variable BL ACC CL LINE valve open trip HC 910 5318
“l_) 911 Var.!ablf—z BLACCCL I_INE trip _
- ’ 920 Variable BL ACC HL LINE valve open trip HC 220
o 921 Variable BL ACC HL LINE trip
- —
v 850 | variable | HPIS Sianal [ vT855 |
LIC, 5.3.1.9
355 | variable | HPIS delay | HC8s5 [
(@) 20 [ warigble | Break open | ucom 51.1.10
a 91 | Varigble | Break close | i
,_1' {to be continued)
L -
— H Any reproduction, alteration, transmission to any third party or publication in whole or in part of this document and/or its content is prohibited unless the University
— OECD/CSNI WorkSh_op on BeSt I_EStlmate of Pisa — San Piero a Grado Nuclear Research Group has provided its prior and written consent. This document and any information it contains shall not be used
"‘ l_‘ Methods and Uncertamty Evaluation for any other purpose than the one for which they were provided. Legal action may be taken against any infringer and/or any person breaching the
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CONCLUSIONS e

J A procedures for a creation of a qualified experimental
database has been developed and adopted

(] Review of each document is intrinsic in the procedure

 RDS collects the most important geometrical data of the facility and
gives calculated values directly usable from the input developers

1 RDS is a powerful document that follows the IAEA guidelines

d QR assures that the calculated value fulfill pre determined acceptability
criteria.

O EH provides engineering justification of the input deck entries
O EH links the RDS of the facility, the code and the R5-3D input deck

H Any reproduction, alteration, transmission to any third party or publication in whole or in part of this document and/or its content is prohibited unless the University
OECD/CSNI WorkSh_op on BeSt I_EStlmate of Pisa — San Piero a Grado Nuclear Research Group has provided its prior and written consent. This document and any information it contains shall not be used
Methods and Uncertamty Evaluation for any other purpose than the one for which they were provided. Legal action may be taken against any infringer and/or any person breaching the
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% Generally, the starting point of each method to quantify the accuracy is an
S error function, AF. Some requirements were fixed which an

O objective error function AF should satisfy:

S

% 1) AT ANY TIME OF THE TRANSIENT THIS FUNCTION SHOULD

& REMEMBER THE PREVIOUS HISTORY,;

ng 2) ENGINEERING JUDGMENT SHOULD BE AVOIDED OR REDUCED;

4

3) THE MATHEMATICAL FORMULATION SHOULD BE SIMPLE;
4) THE FUNCTION SHOULD BE NON-DIMENSIONAL,;

5) IT SHOULD BE INDEPENDENT UPON THE TRANSIENT
DURATION;

6) COMPENSATING ERRORS SHOULD BE TAKEN INTO ACCOUNT
(OR POINTED OUT);

7) ITS VALUES SHOULD BE NORMALIZED.

Gruppo Ricerca Nuclear
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Possible Solutions for Accuracy Quantification

WHEN TWO CORRESPONDING SETS OF DATA, OR EVEN TWO
VALUES, ARE AVAILABLE (AMEASURED AND A CALCULATED
VALUE), AN INFINITE NUMBER OF PARAMETERS CAN BE USED TO
MARK THE DIFFERENCE.

IN THE CASE OF SYSTEM THERMAL-HYDRAULICS, FOR ANY
QUANTITY THE ‘QUANTITY VALUE’ AND ‘THE TIME WHEN THE
VALUE OCCURS’ CAN BE DISTINGUISHED.

TIME INTEGRALS CAN BE PERFORMED FOR TIME DEPENDENT
QUANTITIES, AS WELL AS FOR THE DIFFERENCE BETWEEN
MEASURED AND CALCULATED VALUES.

SQUARE OF THE DIFFERENCES CAN BE CONSIDERED, TOO.

OECD/CSNI Workshop on Best Estimate Methods and Uncertain%l—i\saluations — Barcelona, Spain, 16-18 November 2011
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Possible Solutions for accuracy Quantification
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NO-ONE OF THESE APPROACHES REVEALS FULLY SATISFACTORY,
IF JUDGMENT IS NECESSARY FOR DIFFERENT TRANSIENT TYPES
(E.G. TRANSIENT LASTING 50 s OR 50000 s).

ro ¢ Grearclo

e

San Pi

THE NEED TO APPLY ANY CODE TO DIFFERENT DURATION
TRANSIENTS AND TO ESTABLISH A COMMON BASIS FOR THE
EVALUATION OF THE CALCULATION PERFORMANCES, SUGGESTED

THE EXPLOITATION OF THE FREQUENCY DOMAIN.

4

Gruppo Ricerca Nuclear
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FFTBM Details
FAST FOURIER TRANSFORM

A fundamental property of the Fourier Transform (FT) consists in the
capability to analyze in the frequency domain any relationship between
two quantities taken from the time domain without loss of information.

ITA DI PISA

The Fourier transform can translate a given time function g(t), in a corresponding
complex function defined, in the frequency domain, by the relationship:

5(0)= Je(1)-¢""d
Experimental and Calculated trends shall verify the analytical conditions
required by its application theory:

* it is assumed that they are continuous (or generally continuous) in the considered time
intervals with their first derivatives

» and absolutely integrable in the interval ( - «, + «). This last requirement can be easily
satisfied in our case, since the addressed functions assume values different

from zero only in the interval ( O, T). Therefore:

]g J2ﬂftdt

OECD/CSNI Workshop on Best Estimate Methods and Uncertam%[i'»pluatlons Barcelona, Spain, 16-18 November 2011 6/38
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es
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The Fourier integral is not suitable for machine computation (infinity of samples
of g(t) is required). Thus, it is necessary to truncate the sampled function g(t)
(only a finite number of points have to be considered) or in other words, the
discrete Fourier transform is evaluated.

When using functions sampled in digital form, the FFT (Fast FT) can be
used, 1.e. algorithm that computes more rapidly the discrete Fourier
Transform. In order to apply this algorithm, functions must be identified
by a number of points, which i1s a power of 2. Thus, if the number of
points defining the function in the time domain is N=2™*1_ the FFT gives
the frequencies fn = n/T, (n =0, 1...2m), in which T 1s the time duration
of the sampled signal.

The accuracy quantification of a code calculation considers the
amplitude, in the frequency domain, of the experimental signal Fexp(t)
and the error function:

AF=Fcalc(t) - Fexp(t) (1)

OECD/CSNI Workshop on Best Estimate Methods and Uncertain%[i'\galuations — Barcelona, Spain, 16-18 November 2011



A Procedure for Characterizing the Range of Input Uncertamwgﬁwﬁgrglg}&ﬁégggof the FFTBM

FFTBM Details

UNIVERSITA DI PISA

The method characterizes each calculated and corresponding
measured quantity through the dimensionless average amplitude
(AA) and the weighted frequency (WF):

21’1’1

Z AF(f)
Ad=r (2)

2111
> [Fexo(fi)
n=0

Z‘ZF(fn) .
(R 3

> [Fexp(fi)

n=0

Gruppo Ricerca Nucleare San Piero a Grado
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The most significant information is given by AA, which represents the
relative magnitude of the discrepancy deriving from the comparison
between the addressed calculation and the corresponding experimental
trend (AA = 1 means a calculation affected by a 100% error).

The WF factor characterizes the kind of error, because its value
emphasizes if the error has more relevance at low or high frequencies.
Depending upon the transient, high frequency errors can be more
acceptable than low frequency ones. In other terms, better accuracy is
achieved by low AA values at high WF values.

Trying to give an overall picture of the accuracy of a given calculation,
average indexes of performance are obtained by defining:

(A4),, =Y (A%, ouf), | (4)

(WF),,, = Y, WF),- )| (5)

OECD/CSNI Workshop on Best Estimate Methods and Uncertain%ébaluations — Barcelona, Spain, 16-18 November 2011
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o Where:

Q N var

- =

S 20N=1

S i=1

O

Lﬂl Nvar 1s the number of the analyzed parameters and (wf)1 are weighting
~ factors introduced to take into account the different importance of

& cach parameter from the viewpoint of safety analyses.

4

Each (wf )i takes into account:

« experimental accuracy: experimental trends of thermal-hydraulic
parameters are characterized by a more or less sensible uncertainty due to
intrinsic characteristic of instruments, method of measure, adopted way to
compare experimental measures and the code calculated results;

 safety relevance: importance is given to the accuracy evaluation of code
calculations concerned with those parameters (such as pressure, peak clad
temperature, etc.) which are relevant for safety and design.

Gruppo Ricerca Nuclear
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Further contribution is given by a factor that normalizes the AA value

O

S calculated for the selected parameters with respects to the AA value

G calculated for the primary pressure. This factor has been introduced 1n
g order to consider the physic relations existing between different

& quantities (i.e. fluid temperature and pressure in case of saturated blow-
“t down must be characterized by the same order of error).

‘3 The weighting factor of the j-th parameter is defined as:

N

§ (f) = (Wexp )i - (Wsat ) - (Winorm )

O 7 Nvar

= 3 (e (w ) (oo (7

S i

8

‘&} wexp is the contribution related to the experimental accuracy

& wsaf is the contribution which expresses the safety relevance of the

8 addressed parameter

% wnorm is the component of normalization with reference to the average

O amplitude evaluated for the primary side pressure

OECD/CSNI Workshop on Best Estimate Methods and Uncertain%[:z'\éaluations — Barcelona, Spain, 16-18 November 2011



A Procedure for Characterizing the Range of Input Uncertamwgisﬂ#&grglg))%/ﬁ%é of the FFTBM

FFTBM Details

UNIVERSITA DI PISA

% This introduces a degree of engineering judgment that has been
5 Tixed by a proper and unique definition of the weighting factors:
G [

’g I Parameter Woen | Weag | W

a | Primary pressure 1.0 1.0 1.0

S Secondary pressure 1.0 0.6 1.1 )

2 Pressure drops 0.7 0.7 05 |

%’ Mass inventories 0.8 0.9 0.9

QD Flow rates 0.5 0.8 0.5

§ | Fluid temperatures 0.8 0.8 24 |

- | Clad temperatures 0.9 1.0 12 |

é Collapsed levels 0.8 0.9 0.6

‘_&3 Core power 0.8 0.8 0.3

8 Tab. IV - Sclected weighting factor components for

= typical thermalhydraulic parameters

N

O

OECD/CSNI Workshop on Best Estimate Methods and Uncertain%@galuations — Barcelona, Spain, 16-18 November 2011
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S The most suitable factor for the definition of an acceptability

S criterion, therefore for using the method, is the average amplitude
L; AA. With reference to the accuracy of a given calculation, we can
% define the following acceptability criterion:

K

3‘: (AAot <K | (8)

4

where K 1s an acceptability factor valid for the whole transient. As
lower 1s the (AA)tot value, as better is the accuracy of the analyzed

calculation (1.e. the code prediction capability and acceptability 1s
higher).

(AA)tot should not exceed unity in any part of the transient
(AA =1 means a calculation affected by a 100% error). Due to this
requirement, the accuracy evaluation should be performed at
different steps during the transient.

Gruppo Ricerca Nuclear
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O

KS

E AAror very poor prediction

2 . ottt ity * ‘very poor/unacceptable’
‘?, — | poor precitor (AA)tot > 0.7

‘poor’
0.5< (AA)tt < 0.7

e San Pl
1
=2
§
/i
§ :
[ ]

s « ‘good’
0.3<(AA)tt<0.5

0.1

‘very good’
- E (AA)tot < 0.3

overall calculation results can be characterised by a single point
in the plane 1/WF,AA,

Gruppo Ricerca Nuclear
[ ]
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(from the paper by Prosek et al.)

TESTING THE VALIDITY OF THE FFTBM THROUGH
THE EVALUATION OF NPP SBLOCA SCENARIO
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0.7

k —A— special wf
0.6

=

w =3’
A

N \ /

ol 1 1 \/ 1 1

3.5 4 4.5 5 55 6 6.5
Break size (cm)

ro ¢ Grearclo

e

arn Pl

N
)

4
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« PIONEERING WORK PERFORMED BY OECD/CSNI TASK GROUP ON
THERMALHYDRAULICS IN THE YEARS 1985-89

« PROPOSAL FOR AMETHOD FOR ACCURACY QUANTIFICATION (*)

Ambrosini W., Bovalini R., D'Auria F. "Evaluation of Accuracy of
Thermalhydraulic Codes Calculations* J. Energia Nucleare, Vol. 7 N. 2, May
1990

* QUALITATIVE AND QUANTITATIVE ACCURACY EVALUATION

D'Auria F., Galassi G.M. "Code Validation and Uncertainties in System
Thermalhydraulics® J. Progress in Nuclear Energy, Vol 33 No 1/2, pp 175-216,
1998

« OVERVIEW OF METHODS FOR QUANTITATIVE ACCURACY
EVALUATION

Kunz R.F., Kasmala G.F., Mahaffy J.H., Murray C.J "On the Automated
Assessment of Nuclear reactor systems code accuracy“ J. Nuclear Engineering
and Design, Vol 211, Nos 2 and 3 (2002)

Gruppo Ricerca Nucleare San Piero a Grado

(*) FFTBM discussed hereafter, utilized by different Institutions
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FFTBM to characterizing IP and range of IP

Code ref-calc Exp Code sens-calc
data-set data-set data-set

S W v

+ AA-RST Use of Use of
wﬁr PP FETBM FETEM

Change
[Miax| & |Min|

35
=
S

Q)

2r

o Max]| & [Min]
= are suitable _
—
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5

Objective of Specifications for PREMIUM Phase li
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Method

) Running Reference Case (RC)

) Selection of Responses

) Derivation by FFTBM of AAREF for each selected response
d

ro ¢ Grearclo

e

San Pi

es

) To select a set of Input Uncertainty Parameters

) To run Sensitivity cases and perform a qualitative check
) To apply FFTBM to the sensitivity cases AA*

) To apply CR for identifying the Range

) To discard not relevant Input Uncertainty Parameters

Gruppo Ricerca Nuclear
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Investigated Criteria

CR1l.a .AA{;J') < 0.1
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ro ¢ Grearclo

e

cR1b  ‘MAX(AATAAN™Y; AAr IAAT"; AATTAAL™)-1 < 0

CR2.a 'AAS) < 0.1

San Pi

eSS

A4S = Nl Al a4+ a4l

CR2.b < )
AAL JAAUT 1< Pl
-
CR2.c  MAX(AAD) JAA"D; AAD JAAUD: AAL) JAALD) 1< P2
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CR3.a

CR3.b <

A Procedure for Characterizing the Range of Input Uncertamwgﬁc}w/&%?rglk}))g/ﬁé&g of the FFTBM

Objective of Specifications for PREMIUM Phase I

Investigated Criteria

.AA{;) < 0.1

* 4 | " * * (&
AAY = a4l - a4y - a4l

CR3.c

AAL JAAUT 1< Pl

MAX(AAL) JAATD AAL) JAASY AAS) JAASD) —1< P2

mf mf D 9

“
CR4a AA) < 0.1
4 (*) (*)
(*) AA » AA mf
AAL = Wi A
C R4 . b < \ o p mf
*) / (ref)
AAL JAAED _1 < P
.
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CR5.a .AA{;) < 0.1

[ (

AA
AA{G*) .= Z ref
CR5b < NZ (A4, )

AAL JAAUT 1< Pl
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eSS

N
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CR6.a 44" < 0.1
CAALT/AART 1< TI

ro ¢ Grearclo

e

CR6.b <

an Pi

eSS

CR7.a AA " <0.1
AA" -1<TI

N %k
CR6.b< > (ady” w, f
AT = |2

ZN: (AAIQEF Wy, )2

_ 1
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Objective of Specifications for PREMIUM Phase I
Preliminary applications: Marviken CFTO4
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O
S
S
o
O
S = RELAP5\M3.3 p03
O
‘5:) » Vessel body (40 volumes)
c  Discharge pipe (12 volumes)
L%; » Discharge Nozzle (3 volumes) — to be varied depending on test
Q - » Selected responses:
* Pressure (P)
» Break Flow Rate (MF)

* Fluid Temperature @ top (TU)
 Fluid temperature @ bottom (TD)
= Set of Input Parameters (about 20)

Gruppo Ricerca Nuclear
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Objective of Specifications for PREMIUM Phase I
Preliminary applications: Marviken CFTO4
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Selection of Input Parameter

1. “Henry-Fauske” choked flow model, discharge coefficient (RC = 0.8)

ro ¢ Grearclo

e

N

. “Henry-Fauske” choked flow model, Thermal Non Equlibrium Constant
(RC =0.14)

San Pi

. Initial water level in the vessel (RC = 0.4 m)

4

. Temperature difference across the transition zone
. Upper-dome pressure

. Elevation of the Transition zone

~N OO O b~ W

. Fictitious K-loss value
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Objective of Specifications for PREMIUM Phase I
Preliminary applications: Marviken CFTO4
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O

S

S 1. “Henry-Fauske” choked flow model, discharge coefficient (RC = 0.8)

O

S 25%

O 20%

QD 15%

e 10% CRx.a
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e 0% _— CR3.b

L suP.74 076  0.78 88 09 _ Crob
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CR1: CRl.a‘+ CR1.b

CR2: CR2.a '+ CR2.b(P1=0) ‘+' CR2.c(P2=0) [CR2.c(P2=0) = CR1.b]
CR3: CR3.a “+’ CR3.b(P1=0) ‘+’ CR3.c(P2=0) [CR3.c(P2=0) = CR1.b]
CR4: CR4.a “+' CR4.b(P1=0)

CR5: CR4.a “+' CR5.b(P1=0)
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;’* Objective of Specifications for PREMIUM Phase I

UNIVERSITA DI PISA

Preliminary applications: Marviken CFTO4

% 2. Henry-Fauske” choked flow model, Thermal Non Equilibrium Constant (RC = 0.14)
C‘j 25%
S 20%
o 1506
-
S zf;: /— ~ CR4b
L) CR3.b
o 50,01 0.15 : 03 035 04 045 05 _ CR2b
-10% - CR1b
15% —— x=1,..,5
-20%
-25%

CR1: CRl.a‘+ CR1.b

CR2: CR2.a ‘+' CR2.b(P1=0) ‘+’ CR2.c(P2=0) [CR2.c(P2=0) = CR1.b]
CR3: CR3.a “+' CR3.b(P1=0) ‘+’ CR3.c(P2=0) [CR3.c(P2=0) = CR1.b]
CR4: CR4.a “+' CR4.b(P1=0)

CR5: CR4.a “+' CR5.b(P1=0)
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A Procedure for Characterizing the Range of Input Uncertamwgisﬂil)@tgrglé))g/ﬁéxg‘srre;of the FFTBM

Objective of Specifications for PREMIUM Phase I
Preliminary applications: Marviken CFTO4

Gracdo

Criteria
1 1 1 2 2 2 3 3 3 4 4 4 5 5 5

S
d Input P{, O /001,01 | 0O 001|011 0 (001 01 O |001| 01 | O |001| 01
o
A)-
=~

Parameters P2 | - - - 1 1.01 1.1 1 1.01 1.1 - - - - - -

min 0.8 0.8 | 0.78 | 0.8 0.8 | 0.78 | 0.8 0.8 | 0.78 | 0.8 0.8 | 0.76 | 0.8 0.8 | 0.77
max 0.86 | 0.86 | 0.87 | 0.86 | 0.86 | 0.87 | 0.86 | 0.86 | 0.87 | 0.87 | 0.87 | 0.87 | 0.87 | 0.87 | 0.87
min 0.14 | 0.14 |<0.11] 0.14 | 0.14 | <0.11] 0.14 | 0.14 | <0.11] 0.14 | 0.13 | <0.11| 0.214 | 0.13 | <0.11
max 0.34 1036|043 ]| 034 ]036]|]043]034]036|043 | 043|043 043|043 | 043 | 043
min 0.4 |<0.251<0.25] 0.4 |<0.25]<0.25] 0.4 ]<0.25]<0.25] 0.37 | <0.25|<0.25| 0.4 |<0.25]<0.25
max 0.4 10.6251>0.95] 0.4 |0.625]|>0.95| 0.4 ]0.625]|>0.95] 0.95 | >0.95| >0.95| 0.42 | >0.95 | >0.95

QL HF > W7
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Preliminary applications: Marviken CFTO4
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S Calculation cases at the extremes of the Range of the Input Uncertainty Parameters
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;’* Objective of Specifications for PREMIUM Phase I
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i

Preliminary applications: Edwards pipe

»Selected responses:
* Pressure (P)
* Void fraction (V)

ro ¢ Grearclo

e

=Set of Input Parameters (about 10)

an Pi

es

Pipe 3

%

1{2|3[4|5|6|7|8|9|10/11{12|1314|15(16/171819[20}————m TDV5 |
ST 4 \ )

4

e

/”'_"‘\

Area = 0.00456 m* Area = 0.003967 m”

Pipe Initial Conditions: SJ and TDV Initial Conditions:
P=7.0MPa P=01MPa
T=502K X=10

V= V=00 V,=V;=0.0
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Preliminary applications: Edwards pipe
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Objective of Specifications for PREMIUM Phase I

Preliminary applications: Edwards pipe
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Selection of Input Parameter
1. Form loss coefficient (K,...)

ro ¢ Grearclo

2. Initial fluid temperature

e

3. Break area

San Pi

4. “Henry-Fauske” choked flow model, discharge coefficient

4
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Objective of Specifications for PREMIUM Phase I

Preliminary applications: Edwards pipe
Results of FFTBM application
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Preliminary applications: Edwards pipe
Application of criteria for K,
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Preliminary applications: Edwards pipe
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Application of criteria for initial fluid tempeature
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Preliminary applications: Edwards pipe
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Preliminary applications: Edwards pipe
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A Procedure for Characterizing the Range of Input Uncertamwgi%\ll;])@tgrgll}))g/fli)éxg‘srre;of the FFTBM

Preliminary applications: Edwards pipe

Objective of Specifications for PREMIUM Phase I

S Input parameter variation margins

N
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SCOPE & OBJECTIVE™

1. “The Uncertainty Methods Study (UMS — completed

1998) compares different methods to estimate the
uncertainty in predictions of advanced best estimate
thermal hydraulic codes by applying the methods to a
particular experiment.”

2. The results from the comparison are summarized
considering recent evaluations and findings.

3. An outline of the milestones for the application of

BEPU is given in advance.
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NEA/CSNI/

HISTORIC OUTLINE, 50’s & 60’s

Accidents and related scenarios in nuclear power plants
were considered to demonstrate the safety of NPP when
computers did not exist. Experiments, pioneering
thermal-hydraulics models and engineering evaluations
were the basis of the reactor safety analyses.

e

More systematic thermal-hydraulic studies and
experiments were conducted, noticeably concerning
Individual ‘physical’ phenomena like TPCF, CHF,
Depressurization/Blow-down, etc.
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HISTORIC OUTLINE, 7
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Massive use of computers for nuclear reactor
safety started. The AA could benefit of primitive
numerical codes and of results of lately called
Integral-system experiments.

e ‘Interim Acceptance Criteria for ECCS’ In 1971.

e The Appendix K to the paragraph 10-CFR-
50.46 in 1974.

« ‘Conservatism’is the key-word.

« WASH-1400 or the “Rasmussen Report” was
Issued addressing the relevance of PSA.
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TORIC OUTLINE, 80’s

Robust, user-friendly versions of lately called
system-thermal-hydraulic codes were available.

The importance of V & V became clear.
‘The scaling issue’ came.
CSNI proposed viable ways for V & V involving

t
t

ne evaluation of the UE, and the recognition of
ne role of the Nodalization (N) and related

O

ualification (CCVM & SOAR on TECC).

App. K continued to be used for licensing
purposes.
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HISTORIC OUTLINE, 90’s

The need for uncertainty (U) evaluation became

clear.

 Working approaches for U were proposed, e.g.

- CSAU by USNRC, 1989,
- GRS <Wilks formula>, 1990,
- UMAE by Un. Pisa, <accuracy extrapolation>, 1993 (bases in 1988).

« UMS project was carried out

e USNRC issued RG 1.157: BE codes allowed with
conservatism in models and BIC.

e The acronym BEPU was proposed.

« Tools available ‘to quantify’ the qualification
level of Code and of Nodalization.

e App. K continued to be used for licensing
purposes.
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HISTORIC OUTLINE, 00’s-10f2 #

Applications of BEPU approaches in licensing
processes definitely started. Key events:

a) CIAU (Code with capability of Internal Assessment of Uncertainty)
method issued in 2000, following the break-
through Meeting of Annapolis in 1996.

b) BEPU LBLOCA analysis for Angra-2 NPP
licensing, 2002, by Framatome-AREVA.

c) USNRC issued the RG 1.203.

d) CSNI launched and completed the six-year
project BEMUSE.

e) IAEA issued SRS reports No. 23 & 52.
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HISTORIC OUTLINE, 00’s -2 of 2

Applications of BEPU approaches in licensing
processes definitely started. Key events, cont. ed:

fy ANS Conferences BE-2000 and BE-2004 were
held. V & V Workshops were held in Ildaho Falls
(Id, US) and in Myrtle Beach (NC, US).

g) A variety of BEPU industrial applications, e.g.
ASTRUM by Westinghouse (license renewal and
power up-rating framework) were submitted.

h) Bifurcation analysis possible (by using CIAU).

1) BEPU Chapter 15 analyses for Atucha-2 NPP
licensing, 2002, by NA-SA & Univ. Pisa (2010).
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e S BIECTIVE OF UMS

1. To gain Insights Into differences between
features of the methods by:

« comparing the different methods, step by step, when applied to
the same problem;

« c