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Questions

(Discussed Internally Not for Presentation)

# Availability of Test Data
¢ Practicality of Methodology Due to Lack of Sufficient Data

#» Advantages Comparing Existing Methodologies
# Credibility of Distribution Fitting to Data from First Phase

#» Questions of Probabilistic Framework for Uncertainty
Quantification

# Structural Model Uncertainty
» Correct Representation/Interpretation of Output Results
» Conservative or Best Estimate or Mixed?
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Outline*

# Scope of Research

» UMD methodology for uncertainty Analysis
« Methodology Specification
v Methodology Overview

# LOFT Test Facility-LBLOCA Application

v Results
+ |nput Based
« QOutput Based

# Discussion
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Scope of Research®

# An Integrated Methodology for TH Uncertainty Analysis
v Implementation of the Best Features from Existing Methodologies
# Access and use all available information
v About Boundary/Initial Conditions
v Models, Sub-models and their Corresponding Parameters
v Qutput
# More Effective Utilization of Data and Information
# Treat Code Structure Uncertainty

# Better Representation/Interpretation of Results
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TH Uncertainty Analysis *

Comprehensive Uncertainty Range

# Comprehensive Uncertainty Distribution (Range) is defined the
Range by Applying All Available Knowledge in more effective way

v Qualification
« Qualification and Applicability study of TH Code
+ Inputdeck and Nodalization Qualification
+ Data Accuracy and Applicability Assessment
— Determination of Effects of Scale-up (Distortion Assessment)
— Applicability of Available Test Data
+ Identification, Ranking and Screening of Uincertainty Sources

v" Quantification
+ Uncertainty Quantification of Models and Parameters
— Dependency Consideration
+ Propagation of Uncerainties; Sufficient Statistics
« Appropriate Representation of Uncerainty Ranges
« Consideration for missing/screened out uncerainty sources
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Overall Methodology Overview *
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UMD Methodology Features

#» Hybrid
v Quantification of Uncertainties with Data and Information for Inputs
(Explicitly Considered)
v Quantification of Uncertainties for Model Structure (Explicitly Considered)
v Updating of Output Uncertainty with Independent Data and Information
(implicitly Considered)
# Comprehensive in Treatment of Uncertainties

v More Effectively Identifying and Ranking Phenomena
v Considers Code as a White Box

v Explicit Consideration of Model Uncertainties with Quantification of
Lincertainties in Parameters and Model Structure

v Systematic Assignment of Distribution
+ Maximum Entropy Approach Combined with Expert Judgment
+ Updating with Bayesian Method with New Experimental Data
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UMD Methodology Features (cont.)

# Efficient uncertainty propagation
v UUse of Wilks’ tolerance limit criteria sampling

# Implicitly correcting output uncertainties to account for:

v Errors of uncertain user
v Numerical approximations

v IUnknown and not considered sources of uncertainties (Screened input
and/or Incompleteness)

# Possibility of Incorporating and Automating on the Code
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Summary of The Methodology

— ™ Code R
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Uncertainty Analysis
LOFT LBLOCA

LOFT LOB-1 Uncertainty Analysis
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Output Updating

Test Data

FCT Scatter-Code [ata
1000 1050 1100 1150 1200 1250
PCTScater-Tert ata
000 1|:II5|:I 11;:I|:I 11I5|:I 12;][! 1250
Tempermature [K]
LOFT Teg Data Dusribiution Code PCT Digtribution
0.0 2000 1.00E+3 14500.0

Temperature (k)

N

q00.0 1.00E+3 11000

1200.0

11

Copyright M. Modamres 2006

Fl‘-""'"-'«-.-

é}ﬁtnya

LTTEL



LOFT PCT After Update

LOFT PCT after Updata
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Uncertainty Importance

_ 1.03
#» Pressurizer Level “

FPresagrizer Lewel

0= 0.ss 1 102 104 106 10 1.1

Lewal [m ]

1148 35 .4 Change in Uncertain Parameter] AFPCT
Pressurizer Level + 1 Sigma -0.2925
- Pressurizer Level + 2 Sigma -0.978

2-Sigma lmportance 0.022444 - -
4-Sigma Importance 0 05964 Fressur!zer Level +3 E!Qma -3.34085
6-Siama Imbortance Pressurizer level + 1- Sigma 1.057
g P _ 0.070076 Pressurizer Level + 2- Sigma__| 52445
Pressurizer Uncertainty Pressurizer Level + 3- Sigma | 4.1013

0.05072
Importance Measure
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Code Structure
(Example)

» Complex Configuration
# Many Dependent Parameters in Dynamic Environment
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Code Model Uncertainties

# Plant Physical Description

v Dimensions Uncerainties; Geometries
v Code Input

«  Wall Surface Area, Cell Wolume, Hydr?uliu: Diameter, Power
w4

# Problem Boundary Condition

v

S NSRS

Flow resistance; surface roughness

Break Location

Break Type (DEGB or Split)

Break Size (Small, Medium, or Large) >
Offsite Power

Safety Injection Flow

Safety Injection Temperature

Safety Injection Delay

Containment Pressure J

Rod Drop Time
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Code Model Uncertainties (Cont.)

# Thermodynamic and Transport Fluid Properties
v Density, Viscosity, Thermal conductivity , Internal energy
v Enthalpy for the Liquid, Vapor, and Noncondensable components
v Saturation properties for the Liquid and Vapor components

# Material Properties

v Code Library; Temperature-Dependent properties

— mixed Water (light and Heawvy), Air, Nitrogen, Oxide Fuel,
Zircaloy, stainless steel

» Local-Dependent (Closure Coefficients)

Parameters

v Interfacial Area (A); Interfacial Mass-Transfer Rate ( IM);
Interfacial Drag Coefficient (c;); Wall Drag Coefficients (c,,,, C,,);
Interfacial Heat-transfer Coefficients (h,, h,.); Heat-Transfer
Coefficient (h,); Wall Heat-Transfer Cnefﬁ:lents (h, h,,)
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CSAUMWCAB-TRAC

» Westinghouse Method is a Combination

# Focused on processes instead of parameters

v Phenomena Based Models

v Limited Focus on parameters (Initial/Boundary conditions
+Dimension uncertainties)

# Methodology should be Best Estimate

o 19
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Code Model Uncertainties

(VWestinghouse)

¥ Plant Initial Operating Conditions
v Reactor Power
. [nitial Core Average Heat Rate

. Hot Rod Pealk Linear Heat Rate
. Hot Rod Average Linear Heat Rate

. Hot Assembly Average Linear Heat Rate
. Hot Assembly Peak Linear Heat Rate

. Axial Power Distribiation

. Lowe-P over Region Burnup

. Frior Operating Histary

. Moderator Temperature Coefficient

Hot Full-Power Boran Concentration
¥ Flmd Condition

. Average Fluid Temperature

. FC5 Pressure

. Loop Flowrate

. Upper Head Temperature

. Fressurizer Lewvel

. Accumulator Water Temperature
. Accumulator Pressure

. Accumulator Water volume

. Accumulator Line Resistance

. Accumulator Boron Concentration

A 20
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Code Model Uncertainties

¥ Global Models

Critical Flow

Eroken Cold-Leg MNozzle Resistance

Broken Loop Pump Resistance

Augrmented KN

Downcomer Condensation

Upper Plenum Drain Distribution (Condensation, Interfacial Orag)

cal Models
Linear Heat Rate
Fuel Conductivity before Burst
Fuel Conductivity after Burst
Facking Fraction due to Fuel Felocation
Gap Conductance
Rod Internal Pressure
Cladding Burst Temperature
Cladding Burst strain
Jirc-Water Reaction
Blowdown Heatup HTC Multiplier
Blowdown cooling HTC Multiplier
Refill HTC Multiplier
Feflood HTC Multiplier
Minimum Filrm Boiling Temperature (Blowd o)

# L

R R T N N N N - B N NN NN

]
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General Option Selection

# Volume-Related Options

Thermal front tracking model

Lewvel model

Viater Facking Scheme

Vertical Stratification Model

Interphase Friction Model
+ normal pipe interphase friction model
+ rod bundle interphase friction model

Wiall Friction Calculation

Fhasic Mon-equilibrium or equilibrium

B T Y

Y

# Junction-Related Options

Energy correction

Countercurrent flow limiting {(CCFLY model

Haorizontal stratification wapor pullthroughf/liquid entrainment model
Choking (critical flow) model

Operative area change

Fhasic welocity assumption

ormenturm flow

B R
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General Option Selection (Cont.)

# Initial Condition Options

v

v
v
v
v

Yolume Fluid State Initialization
Junction Flow Initialization
Heat Structure nitialization
Control Variable Inittalization
Trip Initialization

#» Boundary Condition Options

v

v

v

Fluid pressure; PRARE, SG safety wvalves, and power-operated relief valves
(PORYS), turbine

Fluid temperature; safety injection, makeup, and main and auxiliary feedwater
systems

Fluid flowe; safety injection (HF and LF injection), makeup, main and auxiliany
feedwater systems, and for the main coolant system recirculation

Heat Source; Core Fower and Pressurizer Heaters

Adiabatic Surface; Externior of Insulated Fiping
+  Fluid State Boundary Conditions; time-dependent volume ([ TMDPVOL)
«  Fluid Flow Boundary Conditions; time-dependent Junction { TKWMDP UM
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Existing Methodologies Overview and
Comparison
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Existing TH Uncertainty Methodologies

Best Estimate Calculation +Uncertainty Analysis

# Input-Based Methodologies

Input T/\
,  —
2
' !

System TH Code

# Output-Based Methodologies

Qutput
L~

M

w

[

Y, —
Ye

— TH

=ystem Code

1
I Felevant
el .
! I Hperiment .

}
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Why Two Step Methodology?

# Existing Uncertainty Analysis Methodologies Either Input-driven or Output-
driven Are Not Comprehensive
# output-based methods
v Can Mot Distinguish Uncertainty Contribution of the Individual Sources
v Require Significant Amount of Experimental Data

v Mot Providing a Conceptual and Methodic Base for GGeneralization Eeyond the
Cases Studied [ e.g., UMAE)

# Input-based methods
+ nitial Screening of Phenomena and Farameters
v Intentionally Limiting the Scope (e.g., not considering "user effects”)
« Qualificationis not Enough
v I5sue of Unknown Phenomena or Incomplete Spectrum of Alternative Models

+ E.q., 30 phenomena identified by Westinghouse/EFRI ws. 17 identified in
the PIRT of ariginal CSAL
# Desirability a Hybrid Approach of an Input-driven “White Box”
Approach Augmented with Qutput Correction and Uncertainty
Assessment based on Experimental Results Relevant to Code Output.
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Propagation

Comparison of Methodologies

Parameters

Models

Regtriction onthe Mo, of
nput Paameters
Dependencay
Consderation

Parameters
Models
Parameters

Models

Corsdegton for
NiEsedScmee ped Dt
ok B

UMD

Use of Data & Jedgment

Bayesan
Bepe rtd idgme it

GRS

Expert Judgme mt
(Data- informed)
Expert Judgment

Limmited Mtem ative
b dels

N N Y

Y | |
Statistical Tolerance
Lirm it
statfistical Tolerance
Limit
NA

Uze of Imtegral Data
Bavesian Framework

csal

Expert Judgment
[Data-informed)

Comection Faco s/ B Corredtion Factors

Akenatue Bode s

35 B4 Tolerance Limit  Responss Surface

95 P5 Tolerance Limit  Responss Surface

NA
NA

NA
NA

Y

ASTRUM (W)

Expet Judgmernt

NA (Data-informed)

NA Correction factors

NA N
NA |
NA
NA

95P5 Tolerance Limit
95pP5 Tolerance Limit

NA

Accuracy Bazed
Uncerainty

NA
NA
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Methodology Flow Charts
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Uncertainty Analysis for TH Codes

Input Phase

TH Ranking

4//_/,3/\'
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Lantitative
_onfirmation

b

SCreening
¥

Uncenainty Ranking

_ode Models

h J

—

LIncertainty Assessment
-Models & Parameters

[ 4

Fropagation

¥
Lncertainty
Importance
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FPhenomena |dentification,

Screening and Ranking

Identification of
Phenomena
(Partitioning the Plant
In Time Phases
and Components)

Screening
— -TH Screening
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PIRT Table
_Sensitivity Anakysis

v

Quantitative
Confirmation

scaling

importance

Analysis
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Uncertainty Ranking
Code Models & Correlations

Selected
Phenomena

Corresponding
Models

—™ and

Correlations

T

ldentify Available
Models in the Code

Uncertainty
Ranking &
Screening
-Expert Judgment

l

-Test Data
-Field data
-Analtical

solutions

ldentification of Important
Models
sStructure and Parameters

4 14
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Assessment & Propagation of Uncertainties In
Models & Parameters

List of [mportant
Farameters

and Models

[

Distribution Assignment
-Maximum Entropy (MEA)
-Expert Judgment

-Bayesian Updating

Assemble
Felevant
Information & Data

[

Farameter Uncertainty
Importance Analysis
Wit the Fhenomenon

Model

Qutput

Uncertainty ["

LUncertainty Importance
Of Input models and
Parameters wrt
Code Output

Models and Parameters
Dependency Quantification

-Expert Judgment
-Data
¥
Sampling Using
YWillks Tolerance
Criteria
Qutput - & oo
. ropagation o
Updating «— Uncertainty
(2nd Level)
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Model Uncertainty
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Model Uncertainty

» Alternative Models

¢ User Input Options
v Recommendations

» Uncertain Models

v Model Parameters
v Corrective Multipliers
v Substitution Parameters

# Model Uncertainty Analysis

» Alternative Model Structures

+ Weighting and Combining Models
+ Expert Judgment Elicitation

o 34
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Model Uncertainties

# Model Selection Logic
# Flow Regime Selection Logic

# Local parameters
v Not considered for Code Output
v Too many Parameter {Interim, Latent)

» Flow Regime Monitoring

o 35
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Alternative Models; Code Automatic Switch
Case 1

# Case 1. Automatic Code Switching (Upon Satisfaction of
Some Conditions)

— B,(Cond. 1)
A
| B,(Cond. 2) J

Example: Flow Phase Change

Change from 1-Phase Choked flow to 2-Phase Choked Flow model
by changing in conditions

. y 36 Fm
ot 3 @ Copyright M. Modamres 2006 ol

qqqqq



Alternative Models; Code Recommendation
Case 2

» Run the Code as Recommended

Example: User Choice

Operative area change: Abrupt Area Change vs. Smooth Area
Change, or Partially Area Change

E1
Recommended

B,

Two Different Data Set Different Structure

. e 37 Fm
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Alternative Models; User Choice
Case 3

# Change of Code Models by User in an Ongoing Run
+ Alternative Models in User Input
# Some of them are not allowed by the Code

—— By(UptoTy) n

Wi
: L 4

— B.(From T,) -

T,: Change in Conditions (e.g., Boiling Curve)
or

T,: Change of Model for its better Results

s £
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Alternative Models; Model Mixing
Case 5

CCFL,
A 4@: WY WY
CCFL,

Same underlining Data but Different Model Structures

» CCFL Model: Wallis, Kutateladze and Bankoff correlation
#[3 =0 Wallis Correlation,
#[3 =1 Kutateladze Correlation

#0=<p=<1, Bankoff Model as weighting of Wallis and Kutateladze
Correlation

¥ Requested by User

¥  The coding checks if CCFlexists and if the liquid downflow exceeds the limit

s £
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Alternative Models; Model Switch (cont.)
Case 5

#Code Capability to Switch between Alternative Models
v Example; Henry-Fauske/Ransom Trap Models

# User Option (53)
» switch between the models 2008

T T T -
based on problem time. [ }
| N I:{'II'!'_'!:;:AII;JIEII:;.‘ E-SFM-T6
» switch between the models o — el
based on some physical Lisoo- 1 i -
conditions e.g., the void £ o :
fraction of the upstream 5 e |
volume. 5o~ f S N -
L N
o Y
SO0 i i E ‘-.i g
. :] — - 5:.“ ------- IE!IIZJ
e |5
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Model Switch

Copyright M. Modamres 2006

1 5000 | I a
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{eily Pittemp-RT
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3—£0 LOFT Test I N
%
2 1000 —
=
=
e,
S
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| P
\
o——F) | X
500+ LI'L —
il l . | o e
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Alternative Models; MAX-MIN

Case b
#» Selection of maximum or minimum of two model
calculations
Example:

Code Selection:

Superheated Interfacial Heat Transfer Coefficients (h;, h; )
v Analytically Derived Correlation by Plesset and Zwick vs.
v Deduced correlation by Lee and Ryley from the observed data

Maximum Value produced by one of two comelations
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Real World, Complexities and Uncertainties

Scenario

Representative of interested Time-Dependent
Transient in limited time and location

Phenomena Identification: Representatives

of Scenario in time phases in different
locations

Fhenomena, Process, Component Functions,
Eehavior, Conditions, and Status

PIRT Process
— £

-~

i
. 1
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Modified PIRT

Decision Criteria

TH Importance

Critical
henomena

FOM: PCT

Medium

Low
|

Uncerainty Importance

Medium

Feal
Relocation

Cladding
Oxi cztion
[1o&00)

¥ Uncertainty Importance {in Form of Model Accuracy) is as important

as TH Importance

v TH importance is related to mean {(nominal Value and Uncertainty

Importance is related to deviation of the mean value)

s J'r.l-'

o
T L I‘:@
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Comparison LBLOCA PIRT
A Comparison

2 Enfrainmert

AREVA Original CSAU Westinghouse/EPRI
Dominart PIRT Pammeters Erealk Howr Plart Initial Condtiorns
1.Break Flow 1.Mass Flow 1. BCS Auerage Flud Temperaturs
Qored Erergy an Fael Resporse 2. BCS Pressure

i 1. Gap Conductance 2 Accumulator Fluid Tempergtire
4 Interacial Heat TaAnskr ¥, Peaking Factar 4. Accumulator Presaure
5.Core hiuli- Dimnesional Flow 3. Fuel Condudctivity 5. Aocumulator Wolume
G.ECCS Bypass 4. Fueld Fluid HT 6. SaktyInjecion Temperature
¥ .5team Binding 5. Clad Conductiniy T Accumulator Line Besistancs
2.5pacer Bffects fi. Fuel and Clad Heat Cap Aart Ihitial Core Power Distribdion
jon 7. Pellet Power Distribotion 1. Momi ing Fadtor

10.%id Distribwtion ECCS Bypass 2. Mominal Hot fesembly foerage Relative Pow e
1. Accumulator Mtmgen Discharge 1. ECC Flow Dewersion 3. Awerage relative power, lowerthird of core
12.Heat Tran=fer Steamn Binding 4. Aperage relative power, middle third of core
13. Upper Tie Plate CCFL 1. Liquid higs= Flow 4. PAwerage relgtive power, outer edge of cor

Trezted Plart Parameters 2. Evaporation Therrnal - Hydraolics Physical Modal=

| 1.Core Power 2. Entranment 1. Cotical Flow hdodeling (200
2 .Pressurnizer Pressure 4. De-entrainment 2. Broken loop Resis@nce
3.Pressurizer Lewel Fumnp 2-Phase Flowr 3. Blomdown and reflood heattransfer
4 Accumulator hwWilume 1.Mass Flow 4. hfinimum _Film Boding Temperature
5 Accumulator Pressure 2. Pressure 4. Condensation hodeling
i 6. B

¥.Contginment Woilume 4. Disolwed Mirogen ¥.ECCS Bypgss
Z.Initial Flow Rate 5. Mon-Condensible Gas Partid Pressure 8. Bnrainment and Steam Binding
O.Initial Operating Temperatire 4. Effect of Nirogen njection

10, Dffsite Power Sogilabiliby

[d1HA Rod phiysical Modals

11. Deizel Sart

. Local Hot Spot Peaking Factar

Fuel Conductivity

. Gap Hegt Transter Coeficient

. Fuel Condudivity ater Burst

. Fuel Densityater Burst (Fuel Relocgtion’)

. Cladding Reaction Fate

Fod mtemal Presare

. Burst Temperatre

00 |20 e [T | [l e | —

. Burst Strain
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Proposal for Comprehensive
List of all Phenomena

# Development of Comprehensive Phenomena Matrix
including all Phenomena, Process, Component
Functions, Behavior, Conditions, and Status

« Completion of Phenomena Matrix Initiated by OECD

< A Pre-Processor for PIRT Developers

. y 47 Fm
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Modified PIRT Process
LOFT Application

# TH/Uncertainty Process
v |dentification;
» Literature
+ Expert Judgment
« Already Completed PIRTs
¢ TH Ranking
+ Analytical Hierarchical Process (AHP)
¢ Uncertainty Importance Assessment:
» Degree of Credibility of the TH model(s)

« Subjective Justification by Evaluating Available Information
and Data from Experiments, and Code Predictions

o 48
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Modified PIRT (cont.)
Phenomena |dentification-Blow-Down Phase

[Fuel Rod

[Break

-

Ll

Upper Plenum

Hot

il

Pratzurizer

" " 44 fm:'
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Upper Plenum

PIRT Results

Phase Separation

2 Phase Convection

Countercurrent Flow

Phase Separation 1 9
E mt..1 eent. 0.333 0.333
2-phase Convection 1
Countercument Flow 0411
LOFT PIRT Development Uncertainty |1 pank During Phase
Im pnr‘tance
Component Phenomena Models Blowdown | Refill | Reflood
atored Eneroy Ly 0,735 0532 0063
Decay Heat Ly 0.053 0.185 0. 3673
Fuel Rod Oxidation M edium = 0097 | 0.9
iZap Conductance bl ediutm 0.20¢ 0.185 0249
Post-CHF heat Transfer High 0.171 0.245 0092
Fewet bl ediutm 0.283 0.051 0.016
Feflood Heat Transfer plus quench High * * 0.1949
3-D flinwy bl ediutm 0.021 0.093 0128
Core Yoid generationfdistribution Ly 0.105 0178 013z
EntrainmentDeentrainment W ediurm 0032 0.082 0102
Mucleate Bailing il edium 0.114 0.0445 0.031
Flow Reversal, Stagnation M ediutm 0.082 0.043 0.016
OrB L ooy 0.191 0.043 0023
iJne-phase vapor nafural ConveC o e = EEH H2H2

Copyright M. Modamres 2006
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Facility Operation
Parameters

Initial Core Power

Fressurizer Pressure

Fressurizer Level

Accumulator Pressure

Results (cont.)
After Quantitative Confirmation

High Importance TH
Phenomena

PIRT
Results

+

Accumulator Yolume

Safety Injection Termperature

Containment volume

Initial Flow Rate

Initial Operating Temperature

RS Pressure

u'."'-ﬁl_r_l
" ;

e =1

-

s
T L N5

FCS Average Fluid
Temperatire

Sensitivity

Analysis

i_ritical Flow

Fewet

Entrainment/Deentrainment

JL

FPost-iCHF Heat Transfer

Core 3-0 Flow

a1

Fump Two-Fhase Flow

Mon-Condensable Gases

Steam Binding

Conductivel Convective Heat
Transfer

Copyright M. Modamres 2006
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Propagation
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Uncertainty Propagation

# Tolerance limits:

> Non-parametric . Nothing known about distribution
except its continuousness

> Parametric . know form of distribution but unknown
values of some limited numbers of parameters

# Tolerance limit provide an interval within which at least a
proportion ¢ of population lies with probability 1-a or
more that the stated interval does indeed “contain” the
proportion of the population

» Drawing random sample of size n, X, X,,... , X,

¢ how large n should be so that we can be 1-0 (95%) sure that at
least B (95%) of the population lies between specified limits

» One-5ided vs. Two-Sided

# Dependencies are considered for guantification
v If judged to be potentially Important

|
-_x“"'"“"-"J
-ﬁy 53 fw-.-
berad 3 Copyright M. Modarres 2006 ol

qqqqq



Tolerance Limit Basis

P{TeH }= jdG(T) y

#G(T). Unknown CDF of output varlahle T
»N times Code Runs T,, T,,T5,..., Ty,
T,< To<...<T,

g-1 N _
£= Z[J. }*” Q-

In Case of Two-Sided Tolerance Limit,
B=1-y"-N{ -y)y"

93 Runs required for 95%]|95% for the Single Output single variable

s £

NG 54 fm ;
ot 3 Copyright M. Modarres 2006 ol
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Statistical Aspects
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Output Updating

# A Bayesian Methodology Approach to Utilize Information
and Data about Output

« More Precise Results Distribution utilizing Experimental Data

» Statistical Proof for accuracy of Non-Paired Updating

|
-_x“"'"“"-"J
-@E 56 fm-.-
ot 3 Copyright M. Modarres 2006 ol
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Transient From Input phase to Out-Put Phase
Method 1

FCT Scatter-Code Data 37.29%

e X,
.r

1000 1050 | o0 11500 12000 1240
2.5%

# A distribution shape is assumed for the Data
v" Fits the Best to the Data

v @.g., normal or lognormal distribution

# Coverage Area of the Distribution from Tolerance Interval is
assigned to Distribution Quantiles Depends on Coverage

¢ The smallest to 2.5% and the Largest to 97.5%
% Distribution Parameters Estimation From Quantiles

" " oy E"qu
berad 3 Copyright M. Modarres 2006 ol
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Transient From Input phase to Out-Put Phase
Method 2

FCT Scatter-Code [ata

1000 1050 1100 1150 1200 1250

» Assumed Distribution Shape for the data
+" Fits the Best to the Data
¢ {e.g., normal or lognormal distribution)

# Assumed Prior for Distributions Parameters
v Wide Ranges

# Update Distribution of Parameters Utilizing Bayesian
Theory

L., T (i,
(i, &) = (7.1, 59 )7 (14, 0)

jjﬁ(ﬂ:Tz:---:Tﬂg)ﬂn (4, 0)

. y 58 Fm
berad 3 @ Copyright M. Modamres 2006 ol
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Uncertainty Importance
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Uncertainty Importance

X, X X5 Xy . Xy

+1o Out(X,+16) Out(XL+10) ... Out(X,+1 o)
o Out(X,+2 g) Out(X,+2 g) Out(X,+2 o)
+307

-

S20

A Out(X,-3 o) Out(X,-3 o) Out(X,-3 o)

Importance Measure= %
o

#Importance meastire may be defined in different ways

NG 60 fm ;
ot 3 Copyright M. Modarres 2006 ol
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Output Updating
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Implicit Consideration of Uncertainties
Second level: Output Updating

¥ Data and information about ¥

output {(Usually integral test | t

. Felewvant
data) not used for input —_
'y [ IR

uncertainty characterization

| | L

# Bayesian updating for output 1s t

devised to perform updating Prior

___Update

1= _.:I- EE Eﬁmﬂ'
ot 3 Copyright M. Modarres 2006 ol
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Missing Uncertainty Source Effect

# Screening by Expert Judgment

# Total 95%/95% uncertainty on considering existing parameters=350
# Uncorrelated Sources of uncertainties

o =0
=1
# Effect of a missing {(un modeled parameter):

o =30

b

(6% +02 W — o =(350°+30°)—350=1.28

1= a§ ES Eﬁmﬂ'
ot 3 Copyright M. Modarres 2006 ol
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Output Updating

# |Independent Data Required

v Data from Integrated test Facility
# The goal is building likelihood function of the available data
# Approaches

v Paired Data

+ Equal Number of Experimental and Calculation Data

- Association of Test Data(7,”, I”,..., T/ ywith (T, T ..., T™)
v Independent Data

+ Unequal number of test and code data
+ Assumption of independency between test and code data
# Data can not be precisely paired in case of TH computational codes
v Many Unknown BIC in Pairing Experiment and Calculation
v Unequal Sizes of Experiment and Calculation Data

v Due to Temporal Uncertainty in Magnitude and Timing, it is not Easy to
Pair Data Points

u'."'-ﬁl_r_l
"

L

" fiel Fm
berad 3 Copyright M. Modarres 2006 ol
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Mathematical Basis

Data Availabilitz and AEEIicabiIitx
# Availability of Data

¢ Model Estimate from Code Calculation
v Experimental data set D such that D={D,, D, ..., D5}
« Confidence Factor ¢

# Applicability of Data

# Attributes of Scenario Facility and Experimental Facilities,
v Distortion from Scaling (e.g., T group values)
v Location and Size of Break,
v Rate of power,
v Scaling Ratio of the Facilities,

v Involved Safety systems, NPP _.ﬁ Test
v Nuclear Core Configuration Attrib — «~— Facility
v Others! tributes | —  Tatributes

Binary Matching & Comparing Attributes
St Fﬂd%a"’*

NG 65 fw ;
berad 3 Copyright M. Modarres 2006 ol

qqqqq



Mathematics Basis (cont.)
Data Applicability

» 0=
Applicability Weight

Value (@) Statement
0.00 Absolutely not Applicable
0.20 Strongly not Applicable
0.40 Moderately not Applicable
0.50 Slightly Applicable
0.60 Moderately Applicable
0.80 Strongly Applicable
1.00 Absolutely Applicable

&
(| 10 Dy — . LLUML DI ()

L [L(IM, D | TP 72(T)dT

a3

Copyright M. Modamres 2006
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Likelihood Adjustment Method
Method 2

» ® come from Source Data
# Assuming a Shape for Likelihood (e.g., Normal)
# Adjusting the Parameters (e.g., u, 0)

(LM, D|T)
LUM,D|T)=[LUM,D| t,0)]*

= aE E?
*—% Copyright M. Modares 2006
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Paired Data vs. Independent-Data

» Paired Data
v Possibility to construct Error
distribution explicitly

Y > YY" +E+ 2.8,

— 1.
E=-YE,
F ;4
2 1 a a2
S.E — Z(EJ _E)
n—1m4

# Independent data
#» BWYN Distribution for data and
code calculation
v+ Test data and code result are
not paired

ijfl — fj"‘ g_ﬂ(}?mjfl _ E)
M

1 —n
Sh=——S(¥F-7")

f’.‘f‘I—l.i"_l

1 —pn *
R o g,
i ﬂ—]__rz-i(i )
—n | B
¥Fo=3¥"

f"I; d
p¥ = Ly

FIT =l

u'."'-ﬁl_r_l
" ;

L

d o
T L N5

&t
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Marviken Test-Example (cont.)
Prior Distributions

Fetwrsi Lowi Crichoal T Vacm sl mey [iairiba dea } M:1D1 E:IK N:E)
f ®Truncated Mormal Distribution for
L Test data and Code Data
: *niform Frior distribution for
! parameters
" Output Prior
0004}
0003
0.002F
0.001F
00
| | | |
0.0 300.0 600.0

o fﬂa%
.. 70 ] wﬁq"‘-‘
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Marviken Facility Application- An Example (cont.)

Code Output Update

Coade Lipdate sd

0%
01} i m'\.\
| Clutpat Frice UUU‘; ) v .
0,004 P - - -
0,003 A W00 00 spog OO0
0002 - | |
0.001 - | T M et T
ulil . : }-’wﬂ :}-}’54._-'5'(}-;“ —}’Hj Cod Updae Mear
0.0 Wa0  E000 o, om f
oDs |
! | ood |
oot
Test Data oo
0.00% ’ : ' :
0 D06k WICDALC ANO0 3OO0 300 40
0.004
0.00%
O . : Cock Updae £
-500.0 0.0 A00.0 0.1s +
o1}
oos |
oo
o0 W0 &0 700
nock MEan =d MLC errce 3.00% rnedian 335 00%
Ciode 2368 12.83 01252 2144 3367 267
expr 2407 G712 0723 234 2404 440 4
ATast) 341 3 3344 02131 286 6 240 .4 347 .2 noide mean =d MC errar 5 00 %|rn edian 3:5.00%
ACode] 36 1277 ooidzg T34 336 1 R code 341.2 he 22 03723 252 6 241 .1 4301
*[Test] 5353 .47 o201 348 &0 26 oz 0 rmeanp 2411 H326] 0.03598 2323 3 240
*[Code] 1267 00026 DO0O9175 1121 12 63 14.35 [sigrnap G367 836 002857 47 Gif 43249 G023
P oy F-»-l"wf
5 71 4 ﬁiﬁ -
o] H ]
e Copyright M. Modamres 2006 Ko
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Parameters Quantification

qqqqq



Parameters Quantification

» Applicable Data Collection and Evaluation
v Applicability Study
» Prior Distribution Quantification

v Maximum Entropy, or Constrained ME Approach
v" Expert Justification

» Prior Update

v The ME-Based Prior Distributions Update with
Avalilable Experts Opinion

v Updating the Resulting Posterior Distributions with
Experimental Data if Available

|
'Q"l".lﬁl"'.l
|:WL ?3 Eﬁm:‘
berad 3 Copyright M. Modarres 2006 ol
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An ExamEIe

Parameters Distributions

Lok | e st ey - LY
Lrn o Lo, o= 17w o Ol e

iy

Ly

Cendty Funodon
FE F F FE E F
[ 4 ("4 L (17 a -1

E
-

=

u'."'-ﬁl_r_l
" ;

s
T L N5

Cemlt Funaion

74

LOFT Unoerbaint onalvd e D

|

- A1 - im

il

il p ey Dlar. o' Fur 1, 1P baar Chod and Fle— ===l pbcre Dl A'F
el p e Dlar, o' Far ), AapCerdncurcd Lrkorm Ol oF
bl p 4 Dlar. o Fur 3, exLIFsakipg Ficer

dr dy pFhaadChed i Fle—r

dr. i, FaablF ek ieg Facer
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Parameters & Sampling

PARAMETERHNO. 1 :UMIFORM DISTRIBUTION
BETWYEEH T.00O0E-O1 AMD 1.1000E+00

PeRAETERHNO. 2 :UMIFORM DISTRIBUTION
BETWEEM Y.0000E01 AWND 12000E+00

PARAMETERHNO. 3 :UMIFORM DISTRIBUTION
BETWYEEH £.5000E-01 AMD 1.1000E+00

PARAMETER MO, 4 :NO RMAL DISTRIBUTION
WM H kY= 1.0000 E+I0, SIGRA= 1 0000E01
TRUMCATED AT TS

ﬂ% AND 841 B0 %-QUANTILES

ndex Par. 1 Pa.2 Par. 3 Pa.4 Far.h Pa.G Far.7 Pa. g Far.9
1 073 029 026 100 105 102 1.7 242 1504
2 107 0. n02q 103 106 102 1.60 235 1604
3 076 041 106 104 106 ooy 1.87 *ad 1493
4 078 120 103 095 107 101 1.5 *51 1422
5 025 075 0a4 0a3 103 100 1.4 X238 1477
1] 104 0ay 0ay 093 102 109 1.73 247 1472
T 0 a6 0.rd L 101 101 103 1.81 +31 1602
3 023 041 104 0ag 103 103 1.0 £.14 1484
] 103 079 047 099 106 107 1.66 212 1476
10 0a6 104 0ag 100 104 095 .66 #.30 1494
11 103 021 029 104 102 106 1.02 215 1476
12 103 nrz 029 043 103 004 1.82 213 14249
13 0a0 1.10 100 108 106 nary 1.0 230 14494
14 041 075 naz 108 106 1.10 1.497 248 1477
16 109 075 109 0as 106 102 1.74 £33 1475
16 020 021 093 107 105 0oz 1.64 233 1438
17 072 103 0Aa0 1.10 103 093 1.7 258 1431
13 0a3 0as 102 0a3 104 ooy 1.8 pipch| 1421
" P 107 0ad 105 217 101
|
£
" N
Copyright M. Modarres 2006 R
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Physical/Statistical
Representation/Interpretation
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End Results Discussion
Correct Representation/Interpretation of Results

Pressure

. e 77 Fm
ot 3 @ Copyright M. Modamres 2006 ol
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Correct Representation/Interpretation of Results
(cont.)

# Physical Representation/ # Statistical Representation/
Interpretation Interpretation

Fressure

Pressure

Time » Adding More
¥ Interpretation of Events Uncertainty on the Tails
Causing Different Behavior in + Predictions on Future

the Trend Behavior

" " FiE fm:'
ot 3 Copyright M. Modarres 2006 ol
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LOFT Application Test LB-1 Facility

ftem LOFT
Fuel rod number 1300
Lengh (m] 1.68
Ilet flovwarea (m3) 0.16
C oolant volume (m3) 0.295
lspdmum linear heat generstion rae (il 39.4
Coolant temperature rise (K) 32.2
Povier (W) 36.7
Peaking factor 2.34
Povericoolant volum & (MWin 3) 124.4
Core vaumelsystem volume 0.038
Mass fux (Kgis-m2) 1248 8
Core mass flowsystem vaume (Ka/sm3)|  29.6

xu':"-’i.l_r_l__ Fﬂa%
*m 79 : mﬁ%—'
Copyright M. Modarres 2006 W
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Initial Conditions and Scenario Sequence of Time

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

LOFT measured initial conditions LE-1 o Higher Reactor Power (49.3 MW) and
Parameler LEB-T
Reador Power (A 4£9.3 Lﬂﬂp FIOW
YT —— el v Inactivated High Pressure Injection
Hot-leg Pressure EMMJE 1477 v Intact Loop Pumps with Fly Wheel
Hot-leg Temperature [ #) 586.7 : .
odeaT & 5566 Disconnected Fly Wheel at Pump Trip
Pump Speed (radis) 209
P ressurizer Steam Volume fmJ] .38 LOFT Test LB Sequence of Event Timing
Pressurizer Liguid Volume (m) 0.55 — Eva it Neasured Code Resalls
Ste am -generator P ressure (M Pa) 353 Break inftiated () o L
Reactor scrammed (5] i3 ik
Steam -generator Mass Flowikis) 254 Primangcoolart pumps tripped (=) fE3 .63
Accum ulator P rezzure (MPa) 4.21 Pressuniz er emptied (=) It srurendt failure 165
Accum ulator Tem pe rature (#) 305 fecumulator Ainjection infigted (51 174 4
Accum ulator Intial Level (m) 2.31 Retood Tripped Onis) MA e
Accum ulator Level at End of Dischargs (m) 1.75 HPIS injection initiated (=) A A
Accum ulztor Liguid Level Change (m ) 0.56 LIS injection initiated (=) 248 2458
Accum ulator Liguid Velume Discharged (m ') 0.76 [btanirmum ¢ladding temperature (%) AN 1650
Accyum ulator Indial Gas Volums (m .65
Accum ulator Intial Gasliguid Fracion 0.85
|
.\_:\__u'."'-hl_r_, " Fﬂa%r’qﬁ

NG 80 fm-
ot 3 @ Copyright M. Modamres 2006 ol



Parameters

#» Choked Flow (Measured Flow Rate/Predicted Flow Rate)
¢ 1-Phase model multiplier
¢ 2-Phase Model Multiplier
# Post-CHF Heat Transfer
v (Gap Conductance Model
v Fuel Conductance Input Table in Inputdeck
# Pressurizer Level
¢ Level Controller card in the Inputdeck
+ Measurement Error 1.04 +/-4 cm
# Core Power

v Power table
» Measurement error 49.3 Mw,+~1.3 Mw,

o a1
ord o Copyright M. Modarres 2006
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Parameters (cont.)

# Entrainment
¢ CCFL Hydraulics Diameters (Hot Leg, Downcomer, ...)
¢ Steam Binding (Core Hydraulics Diameter)

» Peaking Factor
v Radial
v Axial

» Accumulator
v Pressure

» Core Hydraulics Diameter (Steam Binding)
# Pump Two-Fhase Flow

v Mass Flow
v Pressure

o g2
PSS Copyright M. Modarres 2006
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Test Data Matrix

o]
T L N5

Copyright M. Modamres 2006

Utilized Data

Test 1 2 3 4 5
Facility
LOFT L2-3 L2-5 LP-LB-1 | L3-1 L3-7
Marviken |22 24 20
ISP 2589, 131712

1", 27,38

UPTF
Flecht-
Seaset
TPTF
w“ 54
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LOFT Simulation
# LOFT Data was used (Non-Blind Simulation)

» Parameters Variability are not concerned

v Accumulator Pressure, Temperature and Level

o 85
PSS Copyright M. Modarres 2006
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Mesh Point Temperature (K)

1 S(N1®

Cladding Temperature Rod 1 at 0.66m

100K

e

ity 33 1 T A0
i 20 10047 10
g 23100407 30
Irmeimage 38 1ORHIT H)
Hifemp-23 10007 10

¢ LE-] Tent: TE-FFG4-006

Lime g I3 1 0047 HD

500+ .
. T | 130
Time (5)
P ¥
", a7
iy Copyright M. Modamres 2006
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Gap Conductance Sensitivity

Gap Conductance Sensitivity

ISIIH ] ] T [ T a
—_— 0 | Eod s St Gapoons 1109
— {130 Rodoi DSae Copeoone- 40
—— 1 | R o DS Hosnsas
=== LN | Tes1 TE 514 %
<
2 LKk —
=
a
:
= B
S0 ]
I | - '
[ L] | 1 1 1
0 0 100 %0
Time (s)

L i
'Q"“ !'I"'.l-'

= -

g5 ﬁm
ot 3 Copyright M. Modarres 2006 ol
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Core Power Sensitivity

Core Power Sensitivily

1 50N T T | - |
= |11 Test TE-SFM-026
1 CT-Rod | & 0.6m Core Power +1.20Mw
|' C-Raod 1 ot DUbim Core Power -1.2 Mw
|- == T Kod 1 at {L6m Maominal
7]
§ 1000 -
5
Pq
=
=)
e i i
=
[
L
=
—
500 -
| . —
E - |
(1] [ (M)
Time (s)
5&“""“""#&
1= [ E]E
PSS Copyright M. Modarres 2006
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Pressurizer Level Sensitivity

Pressurizer Level Sensilivily

I SO0—

e (TP L5 .
Itiemp-25 DT D
C1eFre=]-4%
— L1=1 Teat TE-SFM-026
<
2 1000 -
g
g
2,
; _
B
500 -
|
| I | = g I
(] ]
{1 50 100 1500

Time {5)

L i
'Q"“ !'I"'.l-'

= -

90 ﬁm
eSS Copyright b, Modarres 2006 A
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Pressurizer Level Sensitivity

S0 .I _ . | S | . . =
] CT-Pre-L+d% .
C—Eiemp- 231000710
{ S O Pz -4
i F=—HLB-1 Test TE-5FM-026 |
=
& 1000
=
i
.
5
h =
500+
. 1 . - =V F
0 50 100 150
SRR, AT
RS . 91 g‘*m --
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Fuel Conductivity Sensitivity

Fuel Conductivily Sensitivity

{Z—r CT-Fuel Cond. 90%
&1 CT-Fuel Cond. 110%

o T - ol
B Ly, [LB-1 Test TE-5F03-026

Temperature (K)

Time (s)
IEREL, P
> 92 fm-.-
2 Copyright M. Modarres 2006 k
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Entrainment

Entrainment Sensitivity

1 500m— .

=MD HL- LR
L | B-1 Tiest: TE-SFH-006
- CT-HIDHL4 3%
CT-HILHL- 2%

Mesh Point Temperature (K)

& P
: ;
R Copyright M. Modanmes 2006 hmj



Core Entrainment Sensitivity

Core Entrainment Sensitivity

| SO0F— . . | . a
—  hilemp- 31000710
——  hbemp-T510007 10
Nt - 235 10007 O
——= TE-3FM-07%
—
A
S
w —
=
-
™
—
o
(=
5
= -
N i 1 1 1]
100 150

Time (s8)
|
5&“""“""#&
= = o4
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Accumulator Temperature Sensitivity

LOFT-Accumulator Temperature Sensitivity

15007 : , . B

—— O Acoom Teog. Mool -5
—— T -Momisal
CT-Accom Tzog. Mosdaal 15

%
w
2
5 10004 —~
E [}
[—.
E
& i
=
Lo}
=
00 —
H 50 ]Bﬂ
Time (s)
xﬂt"m"'.l-' JF-,!'\-"‘""'\-'«.I,-

95 N
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Timing of and Scatter of PCT

121 "ot

HE
Copyright M. Modamres 2006
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Data and Information
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Data

# Analytical Solutions
# Field data (Nuclear Power Plant Operation)

v |nitial Conditions

» Scale-Down Facilities

v Integrated Effect Tests Facilities {IET)
« About Phenomena
¢ Separate Effects Test Facilities (SET)

o 98
PSS Copyright M. Modarres 2006
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