x
o
-

X

Sandia National Laboratories is a

SAND2014- 19200P

Extremely Low Probability
of Rupture (xLPR) Project

Framework overview

Rémi Dingreville
Sandia National Laboratories




. EFE
XLPR v2.0 Framework overview (xr:y:2

-
GoldSim software:

e Dynamic, probabilistic simulation software that serves as the integrating shell linking various
modules used in the xLPR model.

* Inputinterface:
e Interface between user and global structure.

e Uncertainty distribution associated with each input defined in the Input spreadsheet

* Deterministic model:
e Linking the sub-models to the Framework (Dynamic Link Libraries).

e Sampling structure:
e Defines the number and order of realization and appropriate values to sue based on uncertainty.

e Outer epistemic loop, and inner aleatory loop.

e [LHS vs. RS]x[DPD vs. no DPD]x[No importance vs. importance vs. adaptive] for each loop.

* Landing platform:
e Tie up the Interface, Sampling Structure and Deterministic models under the same umbrella.

e List all inputs and user selected options required by the model to run.
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The Framework is constructed using a landing platform to
allow a parallel development of the physical models , the

interface and sampling methodologies

User interface
Defined by the input group
and Excel spreadsheets
hosting distributions for input
parameters.

Pre-defined inputs.
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Landing platform
Definition of all input variables
as well as simulation controls.

In collaboration with the input
group (simulation settings)
and the model group (input/
output of each model).
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Physical (deterministic)
models

Definition of all input variables as
well as simulation controls.

Each container host module
developed by the model group
and compiled as a DLL.
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Co. . del @@icﬁ
Deterministic mode @J

— - RN
‘:i Circ_Crack_Growth

Te_matenal_cc

Corc_Crack_Coalescence
@ S
— [

Cuc_Crack lnbah.ﬂ
Cut Croci_pfor-omﬂ Cuc_Crack_Trarsttion

\
(E7 / \ g
Circ_ln_Seevice_lnspection ?i" - ;1- Coe_Crack smfny

Cwc_Crack_Leak_Rate Cuc_Crack_COD
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Crack modeling

Left pipe Right pipe

N

Circumferential cracks
(all in the center of the weld — may coalesce)

Axial cracks
(developed in different planes — do not coalesce)
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Crack modeling (gct_xcnﬁmJ

N e N g

Surface crack (SC) Transitioning crack (TC)  Through wall crack (TWC)
Coalesced crack Rupture

(only circ. Crack)

(Q{U S NRC 10/29/2014 vg 6 EPE' ELECTRIC POWER

United States Nuclear Regulatory Commi RESEARCH INSTITUTE
Protecting People an J the Env




CEFER

GoldSim software %md

* Dynamic, probabilistic simulation software that
serves as the integrating shell linking various
modules used in the xLPR model.
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GoldSIm was chosen as the probabilistic

CEFER

framework to integrate the various components (' xLp :@2@
of this effort and to perform probabilistic analysis I

in a QA manner

a
development of

algorithms via graphical
elements with specific

properties (dashboard).

v
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GoldSim Software
[GoldSim Player)

Framework Model File
[Framework Player File)

Dashboard

Spreadiheet
Clement [Excel Spreadsheet)
DLL Fortran
lements DLLs

OQutput Post
Files Processing
[ASCII Files) Executables

=

Post-processed
Output Files
[ASCH Files)

user-defined information

(Interaction with Excel to
(distribution, etc.). MGJ

Input Data

nteraction of any
module defined as
Dynamically Linked
Libraries (DLL).
Input
Control
Files
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1 @LPRJVZ
User interface aNAC

* Interface between the user and global structure.

* Uncertainty distribution associated with each input
defined in the Input spreadsheet.
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The Fra‘rr.iewc.)rk .collc.ects t|:\€ user-defined ~E-E=
probability distributions (input), samples and ([RLPR-Y2

° ° f “ J
allocates them accordingly to each physical H :
module

Input distributions
Are defined within the input Excel Sampled model inputs
worksheet. User can also select Are associated with appropriate unit in
uncertainty type (aleatory/epistemic). the landing platform.

PWSCC GROWTH PARAMETERS
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FATIGUE GROWTH PARAMETERS

’ USER OPTIONS ‘

This sheet containg allthe user options that i determing which kind of analyss s made.

Vabues from this sheet are used in TRFANY and LEAPOR. Before these are run, this sheet should be updated.

Uncertain input values
are sampled
automatically by the
code.

Sample input are sent
to the module compiled
For Detailed Information on the module’s features please refer to the Controlled
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Input database worksheet: user options @KLPE.J
st

\
I‘\
\
LN

| USER OPTIONS |

e All user options will be read from Excel into GoldSim
with the exception of the epistemic sample size,
epistemic random seed, and aleatory random seed.
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Input database worksheet: system properties @XLPR“.
g

* List all the variables used in the model by category.
e Defines variable units.
e List uncertainty type and associated distribution.
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Input database worksheet: materials properties @KLPRWQ
‘ \

e List all materials properties for selected materials.
e Defines variable units.

* Protected to prevent user from making changes
unintentionally.

* User selects which material is to be used for the left pipe /
rlghto|o|pe / weld / and mitigation (inlay or overlay). Assigned
to individual tabs

ELECTRIC POWER
RESEARCH INSTITUTE
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Input database worksheet: WRS (‘[xLPR-Y2

¥ s

Universal wei%ht function selected. Up to 26 locations can be used to represents
the WRS profile. In the GUI if distribution selected, the mean is displayed.

For each 26 locations, stress can be entered as a constant or distribution.
Pre and post mitigation WRS defined for both Hoop and Axial.

3 WRSJ)rofiIes defined in Hoop WRS tab and 3 defined in Axial WRS tab; only
defined profiles that will be used.

Weld type (DM, SM, or user option), weld properties, and weld repair state (0%,
15%, 50%) can be defined to assign the appropriate geometry and material
properties to the problem.

ELECTRIC POWER
RESEARCH INSTITUTE
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Input database worksheet: transients @KLPR.
v‘ ' )

e 20 transients defined.
* Copied in worksheet to be used by TIFFANY add-in.

e User will input transient definitions (up to 20) into one of
the three transient types (type | only, type | and Il, type
I11), additional inputs allows the framework to schedule

the transients.

ELECTRIC POWER
RESEARCH INSTITUTE
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Landing platform (TxLPR-y2

¥ s

* Tie up the Graphical Interface, Sampling Structure
and Deterministic models under the same umbrella.

 List all inputs and user selected options required by
the model to run.
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Landing platform: Imports inputs values from the ~(7-(1

GUI interface and Excel input spreadsheet into a
common “hub”

Coalescence_Input
B

Crack_Growth_Input
TIFFANY_Input

K_Solution_Input /
[+ \‘H 5]
e e ——
N~ N~Z -
Crack_lInit_Input Sim_Controls Common_Input Crack Aabity!loput

mmon_Inpi
Landing_Platform \ j \
&2 <

ISI_Input COD_Input

Leak_Rate_Input

[\XLPR_hub\LandingPlatform]

 The landing platform lists and organizes the inputs used by each model.

v

[

* These containers only include data defined in the GUI and Excel input spreadsheet.

* Sim controls have model options such as circ and/or axial; model choices; fatigue

and/or PWSCC.

e Common input are inputs from the input spreadsheet that are common to many

of the modules.
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Landing platform: Time interval calculations @LPEVZ
-

Time is split in discrete time intervals (up to 5 based on
operating modes and mitigation times).

For each time interval (PWSCC), logic script defines: T,
pressure, Zn concentration, OD/ID, pipe thickness, normal
operating stresses

For fatigue, logic script defines time intervals where all the
following values constant: DO, stresses (min/max), rise
time, etc...

Transient calculation: allows to define how many event
(and type) per time step as a function of start/end time,
front/back loading, cycles per event, events per year.

ELECTRIC POWER
RESEARCH INSTITUTE
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Deterministic model: structure using on state
variable integrator elements as vectors

[\XLPR_Model\Circ_Crack]
E@ . [\XLPR_Model]
@ ™ ( J e vl “;"m Crack_Initiation
@, >J ]f’ = - & I
@ \ ‘ \“KI@ Circ_Crack Axial_Crack
v \ L
Cire_ln_Semice_lmspection B & &
‘I;T"_ P :'7‘|‘:; > Cire_Com I_f-'.b-uh @
\ / Results_cc Results ac
*  Circumferential and axial crack evolution have been implemented.
[ )

Deterministic model linked to sampling scheme.

State variables and Integrator element used to track crack properties (type, position, depth, inner/outer
iam half-length) changing over time.

Rate of change in variables, discrete changes.

Vector structure for state variables:

Time histories saved and growth calculation using current props as input without recursive error.

Crack sorted by occurrence time.

Time loop starts at coalescence and finishes with crack growth. Crack growth rate for variable applied at the
end of time step.
FUSNRC

United States Nuclear Regulatory Commissi

Pipe subdivided in N regions (i.e. maximum 2N cracks possible for each realization in one sim).

10/29/2014 vg 19
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o o . @LPR:Vz
Deterministic model e

* Linking the sub-models to the Framework (Dynamic
Link Libraries).
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In XLPR v2.0 several modules have been changed cE-@-

and improved based on the lessons learned from @LPR-W@J
XLPR v1.0 -

New mitigation Change from _probability
' processes of de:t_ectlon to _
R el probability of repair
added

Input and option reading Mitigation

Pre-processing:
Stress intensity
Leak rate

Enhanced sampling
combination and
optimization

Sampling structure
Epistemic Aleatory
Initiation

Crack Crack initiation
location module

Crack propagation Crack

Fatigue considered

Inspection
module

Probability of leak/rupture Post-processing

Axial and
circumferential
cracks considered

(3{\) U S NRC 10/29/2014

United States Nuclear Regulatory Commission
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Crack definition and tracking (([sLPR-Y2

* Crack attributes: %

* Pipe subdivided in N regions (i.e. maximum 2N cracks possible for each realization in one sim.
e Current N =30, but can be set up to 100 segments.
Maximum of 2N cracks possibles (N circumferential, N axial).
e At each time step, a crack may be defined by 6 properties:
* Crack type.
e Crack orientation (circ. vs. axial).
e Crack position (center of segment).

 Crack type provides information about the status of a crack using a relative integer value
representing different possible crack aspects:

e O No crack appeared
(default and initial at t=0).

e -1: Surface crack (circ. and axial)
Starting status when originating

e -2 Transitioning crack (circ. and axial)
Extending from inner to outerbut radial

lengths different.

(Q{U S NRC 10/29/2014 vg 22 EPE' ELECTRIC POWER
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Crack definition and tracking @1pB-y2

e Crack position ([radians] for circ.; [m] for axial) used to track center of crack. %

 Position of an axial crack center always starts at the center of the pipe segment and does not
change regardless of different pipe material on left and right of weld: No asymmetrical growth.

e Crack depth represents the depth of the crack from the inside of the pipe toward the outside.
 Dimensionless and expressed as fraction of pipe wall thickness.
e Used for both circ. and axial cracks (only for surface cracks).

* ID half-length represents the crack along pipe inner radius.
e Used for both circ. and axial cracks whether surface, transitioning or through-wall.
* Normalized to dimensionless number:
e Axial: normalized by iR (R = inner radius)
e Circ.: Normalized by it

* OD half-length represents the crack along pipe outer radius.
e Used for both circ. and axial cracks when they are transitioning or becoming through-wall.
 Normalized to dimensionless number

(Q{U S NRC 10/29/2014 vg 23 EPE' ELECTRIC POWER
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E@xLPRNZ

@

Mitigation: GoldSim implementation

3: both

H2_mitig_time Zn_mitig_time  CZnTH_mitig
3.14), 3.14)
Blie ™ Plis

H2_mitig CZn_mitig ~ FOIZn_mitig

[\xLPR_Hub\Landing_Platform\Sim_Controls\Mitigation]

Performed prior the simulation starts.
Logic implemented to identify appropriate mitigation time.

Depending on the type of mitigation various internal state
variable are redefined (e.g. stresses [MSIP], WRS, geometry,

crack location [inlay/onlay].
~B
X USNRG 10/29/2014 wn SR | LI
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Crack coalescence: GoldSim implementation @LP‘?HZ@

f

The purpose of this module is to o

perform the function of simulating
crack coalescence of

circumferential (no axial) cracks at fr
a given time step. X
Coal_type
For ?(aﬁh tllome s'%ep agteﬁ an active />f ,
crack has been found the X
coalescence module is invoked by [»,D‘Lls<: i
the coalescence DLL wrapper via N, > f
the Framework. cun L
Attribute modified: b e
* Crack type, depth, location, ID/OD half ., . ¢, ¢, Coal.dept D@
length, #P of coalescence events L > £ ,/pp:tc.
. . . . cpu_time iEm_r NumCoal
Crack keeping the information is coa ot
the one that is the closest to the | |
zero reference (coalescer vs. [LPR_ModelCirc_CrackiGire Grack Gealescence]

coalescee). This approachis
different from what was done in
XLPR v1.0.

United States Nuclear Regulatory C “ommission
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Crack transition: GoldSim implementation @LPR-WJ

LY
* Transition updates crack type from SCto TC and TC to TWC based on ratio
of inner and outer half-lengths (crack type change).

e Calculates initial OD half-length (crack type change).

e Logic implemented to set non-dimensional depth to 1 (crack type change).
e Calculates correction factors for transitioning cracks (crack transition).

e Using current crack properties (causality sequence changed).

Change crack type and outer crack length as bﬂ{ >
necessary a B> -
iHL_rad_cc_2 By
/ oHL_rad_cc_1
‘ This script
@ rack_type_cc_’
> f [ 1. Determines appropriate crack types for [ >
N BLL < #isic . Cracks b ) ‘
‘\-\b’ L; Current implementation is to use active cracks (type < 0)
|Eror_tr_cc ‘ these factors for both TW and a) Turns surface crack (SC) to crack_type_and_oHL_cc
Transition_DLL transitioning cracks. For TW transitioning crack (TC) if a/t »= critical a/t I
/ cracks (crack type -3), the factor is
set to one ratio

b) Tumns idealized through wall crack
I g V

(TWC) to transitioning crack (TC) if critical
idHL/odHL ratio is exceeded (e.g., by
coalescence)

c) Turns TC to TWC if idHL/odHL falls

> f:{ > below critical idHL/odHL ratio Propagate_properties_cc

f;{b

G1i_bending G1o_bending

H1o_bending 2. Determines oHL values for discrete crack
type changes to TC or TWC

F A S s fr o fur
G2i_tension G20,_tension X X [\XxLPR_Model\Circ_Crack\Circ_Crack_Transition\Crack_type_changes_cc]

[\xLPR_Model\Circ_Crack\Circ_Crack_Transition\Crack_Transition_module_cc]
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Crack stability: GoldSim implementation %}i—&@
\)

* For each time (+ predicted time steps) step after an active crack has been found
the stability module is invoked by the stability DLL wrapper via the Framework.

* Logicimplemented to determine if a crack becomes a TWC or if we have rupture.

e |f only SC, multiple NSC model used (rupture)
e |f at least one TWC: Single SC fail (SC to TWC) and single TWC fail model (rupture)
* Multiple crack NSC criterion used to evaluate if pipe ruptured (as opposed to

transitioning crack).

e Seismic consequences tracked:
= |f multiple SC or single TWC gives rupture, track time and continue with nominal

= |f single SC gives rupture, check resulting TWC for rupture. If so track time and continue with

nominal.

B f -
X
type_when_rupture_cc
Dynamic_Stresses_cc_STB l
T
L

Stability when_crack cc

W

[\xLPR_Model\Circ_Crack\Circ_Crack_Stability]

FUSNRC

United States Nuclear Regulatory Commission

Protecting People and the Environment

bﬁ(b—)bﬁ(b

Stability_Find_SC_cc Stability_Num_SC_cc

%_"@
Multi_SC_stability Single_SC_stability Single_TWC_stability

[\xLPR_Model\Circ_Crack\Circ_Crack_Stability\stability_when_crack_cc]

10/29/2014 vg 27 =={r={
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({[xLPR-V2

-

* Leak rate estimated via lookup tables calculated as pre-
processor (LEAPOR).

e Options are available for crack morphology (only PWSCC
and Fatigue are pre-defined morphologies currently

implemented).

P -
cc_1

iHL_rad_
Dynamic_Stresses_COD /

JDLL

A

’f’
Jx X > Jx > Ix P

circ_COD_time
— - COD_lerror_cc COD_0D_cc COD_MID_cc COD_ID_cc

COD: GoldSim implementation

[\XLPR_Model\Circ_Crack\Circ_Crack_COD]

» U.S.NR& 10/29/2014 vg 28 =Pl
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ISI: GoldSim implementation

e DLLs wrapping for circ and axial have been created and tested. All test
passed.

* Calculates the probability of detection AND probability of repair for each crack (two
different routines from the same DLL).

[E> >

Crack_iLength_m_cc_1

Depth_m_cc_2 \
DL tlme eval_cc

[F)f; T f
eval DLL cc
/me inspect_cc w error_code_cc
DL
f L“_'_‘_"‘b f > . f -
¢ X -

inspect_DLL_cc W_E”Dr_cude_cc POR_cc
> f >
X
POD_cc

[\xLPR Model\Circ_Crack\Circ_In_Service Inspection]

(Q{U S NRC 10/29/2014 vg 29 EPE' ELECTRIC POWER
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Crack Initiation: GoldSim implementation

DLLs wrapping PWSCC and fatigue crack [\xLPR Model\Circ_Crack\Circ_Crack Initiation\CI_Modules cc\CI_weld cc]
Crack Initiation Results

initiation have been created and tested. (ordered by initiation time)
All tested have been passed.

Logic implemented to define crack + + ..f B Cadinatio
e e . . . Y time
initiation time intervals. y

. . / Tinit_dt_cc
Logic implemented to ensure that DLl.;
multiple cracks initiated within time PWSCC Clee ( Faligue. C' o fy T f B o
step will all be triggered. 50“ bY fime_cc

Loclnit_dt_cc

For inlay/onlay: call crack initiation with

inlay properties and adjust crack ggiﬁned //'><\ / "f p Gt
initiation times after inlay mitigation is | mitaion P
. Froperties Cl_rmech_dt_ce ?
applied. E »»—f—..—»
{orderad
b - :
R e s fop
Iucatiun) Crack initiation .la initiation . olcla |lun of cra X . q
mechanizm: time initiation circumferanee
0 = PWSCE
| 1= Fatique InefxTrans_cc
=l

Cl_weld_cc Cl_inlay_onlay_cc

[\xLPR Model\Circ_Crack\Circ_Crack Initiation\CI Modules cc]
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Crack growth/K-sol: GoldSim implementation @LPR;-&@
S

. (]
Two crack growth  mechanisms

considered:
=  PWSCC E’@ '@
- Fatigue Ksolution_cc TIFFANY CC

Script to identify materials where each crack
tip is located as a function of time, HL innar
inlay/onlay/overlay, and crack depth to define [E:'f;( >
correct materials properties for crack growth. CGR_DLL_ Inputs._cc CGR_HL_cc

{@w

Fatigue K-solution is read from look-up table
created by TIFFANY. [E}f

>
Stress intensity factor vectorized by crack tip. DL / X Depth
CGR_depth
[E}f I-; _depth_cc
‘ \
CrackGrowth DLL
> fx ®

[\xLPR Model\Circ_Crack\Circ_Crack Growth]

(Q{U S NRC 10/29/2014 vg 31 El:'al ELECTRIC POWER
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Error dashboard

Circ_Crack

Results_cc Results_ac

=

errors_circ_crack  errors_axial_crack

Error_Log_circ Error_Log_axial

Individual error
tracking
dashboards for
circumferential and
axial cracks

R USNRC

United States Nuclear Regulatory Commission

Protecting People and the Environment

ERROR TRACKING DASHBOARD

Circumferential Error Dashboard

Crack Initiation

Crack Initiation
PWSCC

Crack Initiation
Fatigue after
inlay/onlay

| |

Crack Initiation
Fatigue

Crack Initiation
PWSCC after
inlay/onlay

8

[ GoToErorlist || GoToEmor List |8 [ Go To Eror List |

[ Go To Eror List|

Go to time histany Go To Time History Go to time history

K Solution

K solution K solution
Partial Wall Through Wall
(Surface) Crack Crack

B8

| GoToEmorLi |

Go to time history

[ Go To Eror Lix |
Go to time histony

Coalescence

Coalescence

DLL

<

Go To Emor List

Crack Stability

Multiple SC
Mominal

Multiple SC
Seismic

B B B

Single SC
MNominal

Go to time histany

Crack Growth

Crack growth
rate for ID

A

« No Error
f 1 3 Warning Error

Fatal Error

[ Multiple unique
errorsfiwamings

E Madule not called

Crack growth
rate for Depth

v v

Crack growth
rate for OD

[ Go To Eror Lix |

[ GoToErorlist ||| Go To Eror List |

Go to time histony

Crack Transition

Crack
Transition DLL
Error 1

A

Go to time history G to time history

Crack
Transition DLL
Error 2

v

[ Go To Eror Lt |

| Go To Emor List |

Go to time history

Single SC
Seismic

8

Go to time history

Single TWC
MNominal

Single TWC
Seismic

Single TWC
seismic (if single
SC fails seismic)

B B ]

| GoToEmorlist ||| GoToErorlist ||W[ Go To Emor it |

| GoToEmor it |

| GoToEmorist ||| Go To EmorList |[88( Go To Emor List |

Go to time history Go to time histany

Crack Opening Displacement

COD DLL COD DLL
Membrane Bending

B B

[ Go To Eror Lix |
G to time history Go to time histony

Go to time histany

10/29/2014

Go to time histany

ISl Inspect

A

Go to time history Go to time history Go to time history

ISI Evaluation

v

[ Go To Eror Lix |

[ Go ToErorList |

Go to time histony

vg 32

Go to time history

ELECTRIC POWER
RESEARCH INSTITUTE




Error dashboard

* DESCRIPTION OF ERRORS

* Error elements tracked
.
N [ per module per subunit

103: Number of time intervals is out of range of validity
104: Initiation time model flag is out of range of validity
105: Material type flag is out of range of validity .
106: Initiation location random variable is out of range of validity [ ] LI St Of e r ro r C O d e
1 107: Duration for one or more time intervals is out of range of validity
,17 108: Zinc concentration for one or more time intervals is out of range of validity
109: Zinc concentration threshold is out of range of validity . .
1 110: Zinc factor of improvement is out of range of validity d d f
,17 112: Component temperature for one or more time intervals is out of range of validity I I l e a n I n g S p ro V I e O r
113: Activation energy is out of range of validity
1 114: Universal gas constant is out of range of validity
,17 115: Proportionality constant for Direct Model 1 is out of range of validity
116: Stress threshold for Direct Model 1 is out of range of validity e a C I I I O u e
1 17: Stress exponent for Direct Model 1 is out of range of validity
108 118: Proportionality constant for Direct Model 2 is out of range of validity
'17 119: CW-SCC threshold parameter 1 for Direct Model 2 is out of range of validity o o
120: CW-SCC threshold parameter 2 for Direct Model 2 is out of range of validity Y T
108 121: CW microcracking resistance parameter 1 for Direct Model 2 is out of range of validity I l I l e I S O ry re S u S
"H}E.i 122: CW microcracking resistance parameter 2 for Direct Model 2 is out of range of validity
123: Environment CW exponent for Direct Model 2 is out of range of validity
1 124: General CW parameter 1 for Direct Model 2 is out of range of validity °
,17 125: General CW parameter 2 for Direct Model 2 is out of range of validity a Va I a e O r e a C e r ro r
126: General CW parameter 3 for Direct Model 2 is out of range of validity
108 127: General CW parameter 4 for Direct Model 2 is out of range of validity
102 128: Yield stress is out of range of validity
0 129: Ultimate stress is out of range of validity e I e m e nt
130: Elastic modulus is out of range of validity
108 131: Best Weibull slope for Weibull model is out of range of validity
,1037 132: Pivot time for Weibull model is out of range of validity
133: Percent of components with crack at pivot time for Weibull model is out of range of validity e,
1 135: Weibull slope for Weibull model is out of range of validity [ ) Ad d It I O n a I
,mi 136: Stress exponent for Weibull model is out of range of validity
’17
’17
’17
108
’17
’17
,17

137: Reference temperature for Weibull model is out of range of validity
08 138: Reference stress for Weibull model is out of range of validity

139: Initiation time random variable for Weibull model is out of range of validity d I p t d

201: Initiation time is out of range or non-numeric e V e O m e n a n

202: Direct Model 2 input parameters result in log(0) or DIV condition - . .
debugging continuing

L] L]

with testing
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_ FE-E
Pre-processing %&VZJ

* Generate look-up tables for changes in stresses and
K values for fatigue crack initiation and fatigue crack
growth during transients.

* Generate look-up tables for leak rate.

* Look-up tables to be interpolated by the
Framework.
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CEFER

TIFFANY functionality %R'ng

Stress intensity factor (fatigue crack growth):

TIFFANY (Thermal stress Intensity Factors For ANY coolant
history) developed by SIA is used to estimate bounds for SIF.

TIFFANY estimates SIF bounds for associated temperatures
which are subsequently used by Goldsim to linearly interpolate
the appropriate estimates for the SIF at a given temperature.

Used to estimate fatigue crack ﬁrowth and could potentially
replace SIF module used in xLPR v1.0 for PWSCC crack growth.

Corvactive History
Heat Transtar T |
Cosficlent -
l — Crack Size | Ng:‘ﬂ"h
= mEE | | B || [ = =
. t | Functions
iz | Evaluation of Maximum
: | v and Minimum Ky,
T ' o ' Evaluation of Stress intensity Factors by
K= [ hnodA &.-—:{; h.;
Y
Evaluation of Radal Gradient Thermal Stresses. | &"Ezj""‘ A
E 1 d
1 a,(nt)= n—d{.,nf TR Odrs ... 3
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LEAPOR functionality %&%J

LEAPOR (LEak Analysis of Piping Oak Ridge) developed by ONRL is used to
calculate leakage rates through tight cracks.TIFFANY (Thermal stress
Intensity Factors For ANY coolant history) developed by SIA is used to
estimate bounds for SIF.

Saving on computational cost by generating “3D” lookup tables according to
crack Tength, minimum COD and each thickness each defined for a given
temperature and pressure.

Used to estimate fatigue crack é\r;owth and could ﬁotentially replace SIF
module used in xLPR v1.0 for PWSCC crack growth.

Orifice flow in regime 4.

flow fills
crack 4
choking e
Regime 1: Tight Cracks - Henry-Fauske model for two-phase choked flow
Regime 2: Bridge between R1 and R3 - Use Regime 1 solution at L,/ D, = 30
NN —35
Wb Regime 3: Transition - linear interpolation of G” solution between 4.6 < L,/ D, <12
) :‘ 30 Regime 4: Orifice Flow of Subcooled Liquid - pJp, = 0.552 (fixed) at L/ D, = 4.6
0 p——
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......................................................................... 3
25
00 o A £
0" g0% o0 =
oo
X
x &
s 4 @ o~
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Preprocessmg flowchart c&zé,@
In addition to the xLPR-2.0 ﬁgs@m@a ase
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Excel workbook, four files are required in the
XxLPR  application  directory and  DLLs
subdirectory.

.S oy N
SOD-S SO)S

LEAPOR_v1.0.dll sdf.dll ‘

N
EaX .
| “«i‘@

TIFFANY_v1.0.dll | XLPR_Preprocessor.xl|
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_ FE-ER
TIFFANY and LEAPOR execution [ xrrv2

¥ s

TIFFANY and LEAPOR embedded as a DLL subroutine and an Excel add-in to link the
XLPR 2.0 inputs database and TIFFANY / LEAPOR.

Output generated by TIFFANY and LEAPOR transmitted as a binary file to the
GoldSim software.

Additional files containing all the input data used for the runs. Two text files
containing calculated results from TIFFANY and LEAPOR.

TIFFANY:

= Developed execution logic to use weld material properties and operating data as specified in
Dashboard and other worksheets.

= For each execution, TIFFANY produces 34 look-up tables for each transient, each operating
period and each transient type.

= |mplemented logic for pre- and post-mitigation runs.
LEAPOR:

= Developed data gathering logic (similar to TIFFANY).

= Pipe outer diameter and wall thickness used to establish discretization of COD, crack length,
and wall thickness.

=  For each execution, LEAPOR produces 16 lookup tables.

(%U.S.NRC 10/29/2014 vg 38 EPE' ELECTRIC POWER
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Sampling structure %‘RQTZJ

e Defines the number and order of realization and
appropriate values to sue based on uncertainty.

* OQOuter epistemic loop, and inner aleatory loop.

e [LHS vs. RS]x[DPD vs. no DPD]x[No importance vs.
importance vs. adaptive] for each loop.

(%U S NRC 10/29/2014 vg 39 EPE' ELECTRIC POWER
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In XLPR v2.0, the sampling strategy is optimized and ~EEs
dissociated from the uncertainty characterization giving (' [XLPR-V2
the user flexibility on the sampling method to be used H ‘ <)

* The two loops considered (one can be ignored by setting the
sampling size to 1). For each loop, the user can select from the
following options:

= Simple random sampling or Latin Hypercube Sampling (LHS).
= Discretization Probability Distribution (DPD).
= |mportance sampling applied to selected values

* Use of optimization instead of importance sampling for selected values
(in development).

* Possibility of creating 12 sampling combination: [LHS vs.
RS]x[DPD vs. no DPD%X[NO importance vs. importance vs.
adaptive] for each loop (totaling 122 combinations).

* 2 importance techniques (ga.mma—clustering (Emc?) and
importance sampling (Goldsim)) and one adaptive method (DPD
adaptive (Emc?)) are considered for xLPR v2.0.

ELECTRIC POWER
RESEARCH INSTITUTE
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A
Output ¢t

e Office of Nuclear Reactor Regulation (NRR) leading
effort to develop xLPR Acceptance criteria.
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Extremely Low Probability
of Rupture (xLPR) Project

Uncertainty representation

Rémi Dingreville
Sandia National Laboratories




XLPR is a probabilistic assessment tool that can be 7.7
used directly to demonstrate compliance with @KLPRNZ.)

10CFR50App-A GDC-4 requirement of extremely L
low probability of failure
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Objectives of the uncertainty representation ({[XLPR-V2
in XLPR version 2.0

¥ s

* To capture uncertainty in model predictions
* Toreduce uncertainty in predicted pipe rupture frequency

To be efficient

Probability of Failure
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Objectives of the uncertainty representation ([RLPR-Y2
in XLPR version 2.0 HE
* Aleatory uncertainty
* Well-defined distributions in which parameters * POD detection
. . * Material properties
may be sampled in a random or stochastic manner + Crack growth parameters (Q/R.c.P)
* Epistemic uncertainty
* Uncertainty in model parameter values due to . Loads
uncertainty in the model, lack of knowledge, or Lo ot (il
lack of well-defined distributions «  Crack initiation parameters
* POD parameters

* User chooses which parameters are
aleatory and which are epistemic

* Inner aleatory loop

* Outer epistemic loop Alsatory
* Allows evaluation of epistemic (model)
uncertainty

(%U S NRC 10/29/2014 vg 45 EPE' ELECTRIC POWER
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@LPRJVZ

RS vs. LHS vs. DPD -

* Random Sampling is the original Monte Carlo
approach.
(usually not recommended for xLPR analysis)

* Latin Hypercube Sampling: dense stratification of
each input (projection of input space to one value) —
better if variables are important by themselves and
extreme values for input are needed

* Discrete Probability Distribution: better
multidimensional coverage — better if variables are
important conjointly and a reasonable range of
values (not extremes) is required/ sufficient.

ELECTRIC POWER
RESEARCH INSTITUTE
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RS vs. LHS vs. DPD R

If extreme values of x; are
required, DPD may be better

~~

If extreme values of x; are required, LHS may be better

v
2%%}‘59 10/25/2014 N =] I
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Dlscrete.probablllty dlstrlbu.tlons (DP[?) can be ~E-E=
used to increase the resolution of regions of ([RLPR-Y2
interest within probability distributions for HT
importance sampling

 DPD uses discrete values from probability distributions
e Each value can be equally probable or of different likelihood

 DPD can be used in importance sampling

* For example, a Fibonacci series works well for interrogating tails of
distributions
The strength of the Fibonacci series can be controlled by an exponent y

between 0 and 1 on the F value A value z, is selected to split
/ The strata into two groups

z.’eft ZO zn'ght

N . A . J

Nbin/2 bi
Fel 2 F=5 Fusi Nbin/z Fibonacci series is used to
At A . % generate strata of
oo | size with focus
F.,=F +F unequa
n+1 on the tail
¥ U. S NRC
ELECTRIC POWER
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Importance smapling

 When the sample size is not big enough to cover the
required extreme values of some input, Importance
sampling may be used

* Requires to know:
 Which input variables are important
* Which area of these inputs variables needs to be over-covered.

 May be a necessary step when dealing with extremely
low values

e Cannot be applied to all variables ! (selection must be
made)

* For now, only internal approach available. In the future,
external and adaptive approach will be added.
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XLPR v1.0 and the pilot study underlined the
importance of focusing sampling on regions of
interest to accurately estimate extremely low

probabilities

= For example, looking at the probability of rupture as a function of two variables (crack
initiation and weld residual stress) using regular sampling vs. importance sampling

highlights the shortcoming of regular sampling.

In red: region of interest in the input space (leading to pipe rupture)

Probability of rupture (50yr)
Areas poorly covgfed by sampling

e
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01

1
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? B1
B UDIN IV 10/29/2014
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Adaptive sampling promotes importance FEFE-
sampling by using model results to identify and  (*[sLPR-V2
focus on sampling space that leads to pipe HE ;
rupture

* In xLPR v2.0, the sampling strategy is not uniquely based on the user knowledge; rather
adaptive and optimized strategies are adopted to cover relevant regions of the input space

)

* Adaptive sampling can cover more densely disparate regions in the input space, and
reduces the number of samples needed to confidently estimate low probability (~10°)

e Criteria? All variables at play? Exactly what is plotted below? Shows progression? Are red
circles pipe ruptures? Adaptive DPD only?

Weighted Failure Points for Adaptive Method with Ng,, = 200 no LHS and y= 0.25

01

Probability of rupture (with leak rate detection =1 gpm)
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In xLP.R v2.‘0, the sampling strateg‘,y is optimized 7.7,
and dissociated from the uncertainty ([RLPR-Y2
characterization giving the user flexibility on the HR
sampling method to be used

Aleatory
loop

* The two loops considered (one can be ignored by setting the sampling size to 1). For each
loop, the user can select from the following options:

e Simple random sampling or Latin Hypercube Sampling (LHS).

* Discrete Probability Distribution (DPD).

 Importance sampling applied to selected values.

* Use of optimization instead of importance sampling for selected values (in development)

= Possibility of creating 12 sampling combination: [LHS vs. RS]x[DPD vs. no DPD] x[No
importance vs. importance vs. adaptive] for each loop (totaling 122 combinations).
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Adaptive DPD can be used to predict pipe rupture W@N.ZC@
with orders of magnitude fewer realizations than %C@@
Monte Carlo

* In this example, to predict pipe rupture with high confidence

* Adaptive DPD needs 10,000 to 20,000 realizations
 Monte Carlo needs at least 4,000,000 realizations (i.e., >200 times more)

# Simulations (Monte Carlo)
Gra P h compares X LPR v1.0 1.E+00 ’ - 2'00?'000 - ‘ o000 Slom'ofaoo
median and 95th co nfidence ~ = = DPD adaptive LCI e DPD adaptive - median — — DPD adaptive UCI
intervals for' 1E-01 — = —LHS 3-1Cl e | HS 3 - Median — —1HS3-Ucl —— LE01
) -—-— - — - median —_—— -
. DPD adaptive (red) up to o ' LHS5 - LCI LHS 5 LHS5-Ucl oo
= - — —MC-LCI — MC - Median — —MC-ud
10,000 realizations g
] 1E03 1.E-03
*  Monte Carlo (black) up to g
. . ]
5,000,000 realizations g 1e01 LE04
° LHS 3 E 1.E-05 1.E-05
e LHS5 :
é 1.E-06 1.E-06
5
DPD adaptive: § 1E07 1E07
*  More efficient Leos Le08
*  Much better resolution
1.E-09 1.E-09
;!/) U S NRC 1.E-10 - , . 1.E-10
Uniced States Nuclear Regulatory Commission 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Protec tmgP ople and th Environment Number of simulation (DPD)




Extremely Low Probability
of Rupture (xLPR) Project

Upcoming advanced
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XLPR simulation editor

[ et TS, . =

‘GDﬁmnﬁ)
|GFI'STARTEDI SHARE  TOOLS  HELP  INSTALLERBULDS

A « Starting a new simulation

Simulation | Database

T — . and saving to current Inputs

Database

Look jn: | |. SimEditer - O

¥LPR-2.0 Inputs Database.xlsx

Recent Iterns

Desktop

@

acecker

%' File name: «LPR-2.0 Inputs Databasexlsy | ’ Open ]

Network

Files of type:  Excel Files (“adsx) v Cancel
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XLPR simulation editor (([xLPR-V2

+LPR Sim Editor - me\acecker\DocumentsilF ing\SimEditorxLPR-20 Inpuits Ds [E=NEE = b

eeE BTR
H2/ GersTanten [ SMULATION | SHARE  TOOLS  HELP  INSTALLERBUILDS
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Save
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)

Actions

# GoldSim Diagram
°
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Units:
Flaw Size
m
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XLPR simulation editor @LPR-WJ

#LPR Sim Editor - Wsnl\hometacecken Documentstul ing\SimEditorwLPR. 2.0 Inputs D: ==

(]
‘-';' e &) ° . °
@ GETSTARTED | SIMULATION | SHARE  TOOLS  HELP  INSTALLERBULDS Ll O p e ra t I n g C O n d It I O n S a n d
‘?" E & Reset @ @ .
Edit  Save GoldSim General | Operating | Load/Stress  Inspection & Motcrial6  Materiol8  Materiol 7 Material 10 I d / H
Dashboard Conditions Leak Detection || (SA-508)  (SA-182)  (Inconell82)  (SA-351) O a S St r e S S W I n O W S

Actions GoldSim Weld Type Propertics Material Properties

| L WRS: The data shown in this panel is currently hard-coded; it is not from the Excel spreadsheet,
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XLPR simulation editor
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@R
XLPR simulation editor (([xLPR-V2

* Clarifications for user including consistent display of
information, inputs, and options, descriptions of inputs,
general instructions at “Get Started” command, and clear
distinction among sets of commands (e.g. Reset, Save,
Update)

* Determine user interaction with default distribution
parameters, further explanation of these parameters,
warning message for invalid distribution parameters,
relationship between constant and distribution mean
values

e Specific requirements for changes on a per-module basis

* Generation of PRO-LOCA input deck based on xLPR input
deck
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