&) OECD

Organisation for Economic Gaperation and Development

NEA/CSNI/R(2022)9

Unclassified English textonly

NEA Leak Rate Benchmark Final Report

[Subtitle]

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



2 | NEA/CSNI/R(2022)9

ORGANISATION FOR ECONOMIC CO -OPERATION AND DEVELOPMENT

The OECD is a unigue forum where the governments8ade8nocracies 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 corporatacgoubmanformation
economy and the challenges of an ageing population. The Organisation provides a setting where governments can
compare policy experiences, seek answers to common problems, idemtifypgactice and work to eordinate

domestic and international policies.

The OECD member countries are: Australia, Austria, Belgium, Canada, @ulembia, Costa Rica,
CzechiaDenmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea,
Latvia, Lithuania, Luxembourg, Mexicothe Netherlands, New Zealand, Norway, Poland, Portutea Slovak
Republic, Slovenia, Spain, Sweden, Switzerldndkiye, 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
economic, social and environmental issues, as well as the conventions, guidelines and standards agreed by its
members.

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists
of 34 countries: Argentina, Australia, Austria, BelgiuBulgaria, Canada,Czechia Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, Norway,
Poland, Portugal, Romania, Rusgguspended)the Slovak Republic, Slovenia, Spain, Sweden, Switzerland,
Turkiye, the United Kingdom and the United States. The European Commésgidhe International Atomic Energy
Agencyalso take part in the work of the Agency.

The mission of the NEA is:

I to assist its member countries in maintaining and further developing, through internatiaperaton, the
scientific, technological and legal bases required for a safe, environmentally sound and economical use of
nuclear energy for peaceful purposes;

1 to provide authoritative assessments and to forge common understandings on key issues as input to government
decisions on nuclear energy policy and to bro&E€D analyses in areas such as energy and the sustainable
development of loncarbon economies.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
managemerdand decommissioningadiological 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.

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

Corrigenda to OECD publications may be found onlinevatw.oecd.org/about/publishing/corrigenda.htm

© OECD 2023

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD publications atiatabalsiesedia products in your own
documents, presentations, blogs, websites and teaching materials, provided that suitakledgement of the OECD as source and copyright owner is given. All requests
for public or commercial use and translation rights should be submittedpub@oectiea.org Requests for permission to photocopy portions of this material for public
or commercial use shall be addressed directly to the Copyright Clearance Center (60@aipyright.conor the Centre frangais d'exploitation du droit de copie (CFC)
contact@cfcopies.cam

NEA LEAK RATE BENCHMARK FINAL REPORT



NEA/CSNI/R(2022)9| 3
COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS (CSNI)

The Committee on the Safety of Nuclear Installations (C@Ntlresses Nuclear Energy AgenbieQ)
programmes and activities that support maintaining and advancing the scientific and technical knowledge
base of the safety of nuclear installations

The Committee constitutea forum for the exchange of technical information and for collaboration
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developments of future reactor technologies and designs. Further, the scope for the Committee include
human and organisational research activities and technical developments that affect nuclear safety.
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Executive summary

Background

In the piping and components of nuclear power plants, degradation mechanisms may lead
to wall-penetrating defects that may cause water to leak tothit@ainment. One important
aspect of these leaks is that they offer an opportunity to rapidly detect the defects and take
countermeasures, which is part of the leakorebreak concept (LBB).

In assessing the consequences of a leak, it is important to estimate the mass flow rate
through a defect. This encouraged the development of models to predict and compute the
mass flow rates through leaks and also several experimental tests for théovatifititese
models.

The activity presented in this report was approved by the Nuclear Energy Agency (NEA)

Committee on the Safety of Nuclear Installati¢g8SNI) in Decembe018(as recorded

in the ASummary Record of the 64th Meeting of
I nstallationsod [ NEA/ SEN/ SI N(Tt0bénghmark wag not publ
conducted under the metal subgroup of the NEA Working Group on Integrity and Ageing

of Components and Structures (WGIAGHEis report was approved ke CSNI on 30

May 2022and prepared for publication by the NEA Secretariat

Objective

The objective of this study is to compare leak rate computation practices and the applied

tools and software solutions. Leak rate prediction is an important aspect of thefeak

break assessment, as assessing the detectability of leaks requires r@prisapp
understanding of a-pehdtratingaracks. If thicentekt lihe deteggsh wa |l |
are postulated, and inevitable uncertainties concerning the exact geometric shape of defects

are present. Therefore, the attainable accuracy of a lealpmediction is fundamentally

limited, so that complex thredimensional numerical fluid simulations for leak flow are

rare, and onelimensional simulations are primarily used. However, the determination of

the geometric shape and the influence of thiasamorphology are also important aspects

of the leak rate computation.

Work performed

Participants from ten organisations representing eight countries contributed analysis results
to this comparative benchmark study. The participants described their individual
approaches, applied tools, underlying methods and input data settings. Thiegegfort
intermediate results within the analysis, if applicable and available, supported the
interpretation and discussion of the results comparison. Besides the mass flow rate, the
crack opening displacement was also determined for specific tasks.

Besides the actual cases, the analysis documentation and the comparison, this report also

contains a compendium of methods. This compendium summarises the individual
approaches for leak opening, morphology and flow resistance, and the fluid mechanical

moddling, which are combined by the different participants in modular ways to predict

leak flow rates. The compendium shows the conceptual differences in the different
approaches and demonstrates that there is a variety of approaches that can be combined in

different ways. The detailed descriptions of the individual model ingredients allow for an
efficient comparison of the participantsé app

The benchmark comprises two phases. The first phase involved open computatio, i.e.
measured leak rates were communicated to the participants together with the actual leak
setup. This initial phase made possible a common understanding of case descaipd
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analysis requirements in order to avoid misinterpretations and unclear specifications. The
second phase involved blind analysis cases, cases where the measured leak rate value was
not communicated to the participants. In the comparison of open and kdilydiarcases,

the obtained accuracy was similar.

Both phases started with the analysis of specimen tests measured at the Materials Testing
Institute at the University of Stuttgart, Germany. In these laboratory tests, the flow rate of
water under different stagnation conditions through artificial slitsfatigue cracks was
measured.

Results and their significance

The analysis results show that the individual approaches can accurately predict the flow
through these specimens, even for the blind analysis cases. Moreover, the methodological
survey made it possible to group the results by assumptions concerning rogyyftad
resistance and the applied flow model, which shows that participants applying similar
models with different implementations obtain the same results.

Following a recommendation of the WGIAGE metal subgroup, the benchmark study also
proposed one open and one blind analysis of an actual leak incident in an operating nuclear
power plant. The analysis of these incidents confirmed that the uncertaintiesairiesak

case are much larger than in a laboratory test with controlled conditions, and it was
expected thahe assessmeniould give an estimate of a range of plausible valireact,

the guesses and estimates by the participants in the leak asgessngeconsistent, and

the estimated range of possible flow rates through a leak was in accordance with the
necessary assumptions. It was found that the reported leak rate of one case could not be
explained by the leak finding and the operational conutioas all computational
assessments underpredicted the reported leak rate. While being conservative with respect
to the leakbeforebreak assessment, this finding shows that the validation of leak rate
assessment methods with real leak incidents shoutdridered more intensively in the
future in order to check if this is a singular finding and to assess the suitability of leak rate
computation approaches for leaks in actual operating plants.

The parallel leatbeforebreak (LBB) benchmark study motivated the investigation of
specific cases related to the LBB assessment and allowed a study of the details of leak rate
computations for exercises from the LBB benchmark. The two sensitivity sindodsed
investigating specific assumptions in the leak rate computation and the influence of the
different model approaches.

As an additional analysis case, a thin laboratory specimen inspired by steam generator tube
leaks was also included in the analysis. This made it possible to assess also the suitability
of different methods for the computation of leak flow through-thifled specimens.

Conclusions and recommendations the lessons learhfrom the benchmark

1 Leak rate tests under controlled conditions carepeoduced well by the available
methods and tools. Differences between the computations and the measurements,
as well as differences between different approaches, are satisfyingly small.

1 Uncertainties in a real leak case are much larger than in a laboratory test with
controlled conditions. Validation of leak rate assessment methods with real leak
incidents should be considered more intensively in the future.

1 The approach of documenting the individual models and tools showed that the leak
rate computation can be a transparent combination of assumptions and
computational models, instead of being a result of blacKikexsoftware.

Finally, it should be stated that the benchmark profited from the parallel activities of the
LBB benchmark and the probabilistic fracture mechanics benchmark. In both activities,
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leak rate assessment is a part of the analysis, and the present methodological survey and
comparison helps with the interpretation of submitted results in the two adjoining activities.
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.1l ntroduction and background

In the piping and components of nuclear power plants, degradation mechanisms may lead
to wall-penetrating defecthat cause a loss of the mediuimn many cases it is cooling
water leaking to the containmerithese leaks are key events becatmsy offer the
opportunityto rapidy detectthe defeciandtake countemeasurs, which is a part of the
leak-beforebreak concept (LBB). However, leaks are of course alsourceof concern

with respect to the loss of coolant from the coolant loop and with respeatiageo the
exterior side, such as internal flooding, jet damage and pipe whip, and radiation release.

To assess the consequences of a leak, it is important to estimate the mass flow rate through
a defect. This leak rate computation is a key part of the discussion of the aforementioned
scenarios, and the result of this computation has an impact on theresgesisthe safety
relevance. This motivated the development of models to predict and compute the mass flow
rates through leaks, as well as experimental tests for the validation of these models. Also,
software producthaveemerged whicliacilitatethe canputation.

Due to the increasing importance of the LBB approach, the reliability of leak rate
assessments is a key topic. This motivaitedCSNIto addres®nce agairthe question of

leak rate computation practices, after a similar benchmark study in the 1990s focused on
LBB conceptsandasanother benchmark study on probabilistic fracture mechanics was
about to start. In 2019, the metals subgroup of the Working Group on Integrity and Ageing
of Components and Structures (WGIAGE) discussed a CSNI Activity Proposat Sh
(CAPS) on leak rate computation. While the activity is based on laboratory tests at the
University of Stuttgart, the metals subgroup members commented on the CAPS, which led
to an extension of the scope of the work.

This report is organised as follows. @hapter 2a compendium of methods summarises

all the approacheshathave been applied to the leak rate benchmark problems. The two
phases of the benchmark are presenté&hapters Zand4; both show the exercise set, the
computation documentation and the result synopsis in consecutive subsections. The report
concludes witlfChapter Swhich containgecommendations for future work.
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2Leak rate assessment.: compendi u

2.1.Introduction

For the computation of leak flow rates, differeagpects have to be considertet
influence the final assessment. According to the investigation [1], these aspects can be
sorted into three categories:

a. the cross section of the leak

b. the consideration of the morphology of the leak and the resultingdimdmical
resistance

c. the fluid motion together with the evaporation.

In each of these aspects, different approaches can be used for computation, which gives
rise to a potentially high number of model combinations. This chapter is intended to provide
a reference for the different models and assumptions applied within tidkrbark. This

short presentation is given Bection2.2, 2.3 and2.4 for the leak opening, the flow
resistance, and the fluid modelling, respectivel\Séattion2.5, the software tools applied

within this benchmark activity are present8dction2.6is dedicated to regulatory aspects

of specific models in codes and standards.

2.2.Leak opening computation

This part of the compendium gives a comprehensive sumafadng methods applied by

the different participants. The survey aims to present all approaches in a unified
nomenclatire. Crack opening displacement (COB)mputations are required in the
benchmark for througthickness cracks in cylindrical pipes; the relevant geometrical
properties for the characterisation are shown in Figure

Figure 2.1. Geometrical characterisation of idealised cracks in cylindrical pipes
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The computation involves the cradpening stresses, which give rise to a finite cross
section ared\ enabling a leakage flow. The typical situations are interior prepsamne,

for circumferential cracks, bending momeéntThe nominal stresses (in absence of a crack
and in the limitobL i in these situations can be derived analytically.
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The moment of inertia is definedas i 1 “7¥t),ande isthe angle measured from

the maximal bending. As the craokening stresses act perpendicular to the orientation,

the axial stresses are relevant for circumferential cracks, while the circumferential
stresses are relevant for axial cracks.

L

N 2

From these formulas, it is clear that the membrane stress acting on the crack faces is a
multiple of the interior pressure. In case of leak flow, the space within the crack faces is
also filled with pressurised fluids, thus a crack face pressure shoutwrisgdered.
However, the pressure is decreasing along the radiatdinate typically between full
pressure and saturation pressure for criticalivase flow (see alsBection 2.4.% or
between full pressure and ambient pressure for subcritical fess (elevant for nuclear
application).

Common characteristics of the pipe material are the elastic madulus Poisson number
", the yield stress , and the ultimate stregs. The parametrisation of the streggain
curve with a Ramber@®sgood formula is also useful.

P, T= 1 = ©)

The determination of the cross section(also called crack opening area [COA]) is a
standard fracture mechanical problem which computes the displacements of the crack faces
under consideration of material properties, loads and crack tip effects. The state of the art
for this task is the use efasticplastic Finite Element Analysis (FEA), which can lead to

the most accurate results. However, a number of analytical formulations for COA and COD
have been proposed for standard situations. The methodsdappliee benchmark are
discussed in the following subsections.

2.2.1.Ductile Fracture Handbook, GE/EPRmethod or Zahoor method

The GE/EPRI method fa€OD computation is based on references [2] and [3]. It is an
approximative elastiplastic approach for materials obeying a Ranii@sgood stress
strain behaviour. The COD can be written as the suam @lastic and a plastic part.

60060 06w 4)

The elastic crack opening is computed bydahfinction and the elastic material properties,
together with the geometrical properties. For pure pressure loads (interior prgssoee
elastic contribution reads as follows.

0o w0 — W
0
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The elastic part for pure bending loads (bending moiménises the same function and
also the moment of interti®

Twi, [ J 0
D —h— — 6
5 ® s 5 (6)

Thew function depends on the ratio of pipe radius to wall thickness, and the angle of the
cracko/ ~ just gives the fraction od valuehe crack o
computed by FEA, the values from [5] are summeatiin Table2.1.

Table 2.1.Elastic coefficients for the GE/EPRI method, from [5].

rr i 70 5 10 20

1/16 1.234 1.206 1111
1/8 1.388 1.480 1.482
1/4 2.008 2.379 3.079
1/2 5.331 7.165 11.585

The plastic part is available either for pressure or for beridiwbile the linearelastic
solutions for separate loads can be superposed, this is not possible in the strict sense by the
basic GE/EPRI method as proposed in [3]. The plastic partodpeessure is based on

the™Q function.

- o i
600 |7 Q xkh — (7)
® 0 0

The plastic part in presence of a bending monderg similar, with anotheiQ function
for this load case.

o

.
6w |7 Q rsha

1 €

)

)
C:| cC:

An extension of the method is the consideration @ -éunction for combined pressure
and bending loadl while the linear terms can be superposed, the plastic COD for combined
loading requires its owi function.[5]proposeso consider a constant PWIRe pressure

and compute the plastic COD witHG function for variable bending in the presence of
this pressure. Th&-coefficients for this load are summarisedable2.2.

Table 2.2.h2 values for 15.51 MPa pressure itombination with bending from [5]

[ r i 70 ¢ q ¢ o ¢ o £ X E pm
1/16 5 6.851 7.115 7.232 6.979 6.153
1/8 5 6.182 5.918 5.312 4.766 3.580
1/16 10 6.973 7.460 8.108 8.923 9.009
1/8 10 6.888 6.868 6.844 6.181 6.578
1/16 20 7.561 8.292 10.924 14.078 15.813
1/8 20 8.375 8.705 10.383 12.479 13.051

An extension to axial througlvall cracks under pressure loads is proposed in [37], where
an adjustedo- and"Q-function is derived.
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2.2.2.GE/EPRI elastic

This method is based on [2] and [3] as describeSeiction 2.2.11t can also be used by
skipping the plastic part of the model, thus by only considering equations (5) and (6). Since
this approach does not require the numerical tables of the full GE/EPRI method, it is
technically much simpler. However, its validity is rased to smaller loadings.

2.2.3.GRSPB method

The GRSPB method [4] is a genersdition of the Withrich assessment [6] which allows
compuing the COA under combined membrane stress and bending loads. It is constructed
as an underestimating approach for the conservative underestimation of the leak area in an
LBB assessment. It is based on the elastic opening area of a crack in a plate under a stress

AL G ©)

(U
>
o0
>0
g5

In this equation, E' is the modulus of elasticity E for plane stress stat@fgmd *°  for
plane strain. The bulging functipn_ is used to map the solution to a cylindrical structure.

pcp—’&) p T™_ TP Q AQGEAI AOAA(lO)
10 P TP XX AEOAOI EAOAT

The shell parameter is a dimensiofdess quantity depending on the geometry of the pipe
and the crack. The idea of the GRB approach to modify this formulation by Withrich
is to replace the stregswith an equivalent of the bending stress.

11

This method proposed to avoid an overestimation of the bending stress, which would be
against the underestimating philosophy of conservative leak rate computation within LBB
assessment.

2.2.4.LBB.ENG2 method

The LBB.ENG2 method [5] considers elagtiastic material properties and a combination

of pressure load with a bending moment. It shares the elastic COD with the GE/EPRI
approach (se&ection 2.2.), but the plastic COD is computed differently (while also
relying on the Ramber@sgood plasticity descriptionfpproach [7]is appliedin the
following.

vy ” N ~ 10 12
6 (0 .08l | P Oéc—|/oo (12)
uOEl—c

In this formdation, %o is the plastic rotation in the presence afack.

NEA LEAK RATE BENCHMARK FINAL REPORT



20 | NEA/CSNI/R(2022)9

. G & .
‘ W3 >— | or b
%o . S L OT (13)
TAI-0 ¢OEI 13 & ¢ 0, i
< q
The integralO can be computed analytically with tegheme of [7], Appendix A.
“ [ -. N
or ¢r p vz O - 0O O (14)

With six additional auxiliary quantitieds, Bg, Cg, Is1, Iz2 andlgs, the rotation can be
computed explicitly.

0 = B R —

0 = B (:)ﬁ -

& = B &y —

o =8 8L 8 ( (15)
X PP

O = - —

O = —— _ _

The numerical values of the polynomdalefficients of A, Bs and G in this approach are
summarsed in Table2.3.

Table 2.3. Coefficients for the LBB.ENG2 method, from [7]

Q 0 1 2 3
("33 -3.26543 1.52784 -0.072698 0.0016011
@ 11.36322 -3.91412 0.18619 -0.004099
O -3.18609 3.84763 -0.18304 0.00403

This formulation of the LBB.ENG2 method (note tf@differs in [5]) is a closed form for
the combination of pressure and bending loads for Rantbsggod plasticity.

2.2.5.Tada-Paris method

The TadaParis method [8] allows compng the COD under pressure load. The computed
areas are purely elastic.

i o, . O

C
o) O _ — (16)

o‘
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For circumferential cracks, the stress is obtainedq ’W C"5r‘]‘l ¥ ¢o, and the function
"‘O_  is computed as follows.

"G EOA - - T™® Q T _ P (17)
C ™ T _ i P U

For axial cracks the stress,ié oE A& » A E,%d théQfunction is defined as follows.

~ABEAI - T C U T _ p
P i we ™o mny o - U (18)

Note that the formulas of the stresses can be generalised as sleowation(2).

2.2.6.WRC method

The method proposed by the Welding Research Council (WRC) [9] for computing starts
also from a crack in an infinite plate under homogeneous load and correctiodOBhe
is given as follows.

8 87/ 9 65| AREAT ST IS 1 o (19)

o0

The elastic plate solution under uniaxial load is similaqteation(9), but the uncorrected
elastic modulu®is used instead @@=

I ASR G0 (20)

The solution is mapped to a pipe by multiplying it witfiCunction. This"Ofunction
depends on the actual load, ithgratio, and the shell parameter This approach also

allows to give separat®functiors for the inner and outer side (ID/OD) of the pipe wall.

For circumferential cracks, tables®are given in [9] for three loads (constant load, linear
stress variation through the wall, and bending moment), for se¥ematios, nine_ -

values, and for the inner and outer side. For axial cracks, the load states are constant load,
linear stress variatioandbending moment.

The last term is the plastic correction factor, which corrects the elastic approach and also
considers biaxiality effects.

r 0 PEITMYT CTTPUL LA CPP CBP WH T CBITTYD T (21)

The load ratid) is computed by consideration of the biaxiality influence factor and the
material 6s.yield stress

b 06 (22)
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The symbol, denotes the stress component perpendicular to the crack face, i.e. the crack
opening stress, and the orthogonal stress tensor compon@. is given for values of
0 between 0 and 2 in [9].

2.2.7.XxLPR COD module

The circumferential crack XLPR COD module that provides elgdtistic COD solutions

is based on [23&nd[24] for use in the Extremely Low Probability of Rupture (XLPR)
progranme [34]. It provides elastiplastic COD solutions for circumferential cracks for
simultaneously applied axial and crack face pressure with an applied bending moment. The
axial crack COD module is based on [386d[37].

2.3.Leak morphology and flow resistance consideration

Classically, the leak morphology (surface structure characterigdicepsidered to enter

the leak computationia flow resistanceAccordingto custom surface characterisation
approaches, the flow resistance has several contributions: form loss associated with the
entrance ito the leak channel, frictional pressure losses due to flow along the rough crack
faces,as well agpressure losses due to bends in the flow patteffects of cross section
changes. Aotal flow resistance can be defined as the sfithe individual parts.

01 OATET —EOEAOEAIAN A GA OZDIA OET | (23)

Since many leak flow models (s8ection 2.3 are unidimensional and have origins in pipe
flow, the concepts are very similar to engineering approaches for piping system analysis.

2.3.1.Inlet pressure loss

The entrance resistanegiis associated with form pressure loss at the entrance into the
leak. This is related to the flow along the more or less sharp edge and the reduction of the
effective cross section via the contraction of the flow (vena contracta). Another
characterisationf this is the discharge coefficiedt, which is the crossection fraction
relative to the full leak cross section. Based on incompressible-fioandc are often

related to each other as follows

(24)

i
€o
©

For cracklike leaks, the value of the discharge coefficigmically ranges from 0.62 to
0.95 [11]; a value of T@® is also a common choice [10][20].

2.3.2.Roughness and morphology parameters

The surface of a cradike leak created by a damage mechanism is irregular and,rough
while the roughness of a known leak geometry can be measured (the roughness parameter
'Y is often used).

When the COD is varying, the irregularities in the crack faces can either play a role as
bendings in the flow path, or as surface roughness. This feature is considered by the
improved morphology model [14]. This approach defines global values of rougandss,
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if the two crack faces are close enough to each other, this global roughness plays the role
of bendings, while the local roughness is the effective surface roughngss

i 000
v ‘ -— T®
M e v ss0 650 5
AR, B ™® T - p (25)
P . b b (0]
N -— PN

The number of turns is computed analogously as an effective némbetdepending on
the COD, a local numbér and a global number .

i . 000
v € -— TP
" s00 8060
EAEEE — —— T T —— PT (26)
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ir -— P

As cracks found in service are usually not ideally straight, a correction paraimeter
characterising the actual leak flow path divided by the pipe wall thickness is introduced.

. 000
v L —_—
) 'P, 0 L 00O ouo
VA A, Y Y ‘ ™ T — pT (27)
r o 000 -
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The morphology parametersh® h¢ ,0  and0 are specific to a damage mechanism,
and recommendations for specific parameters exist.

2.3.3.Friction factor

The frictional pressure loss is an important part for many applications, and also this origin
dates back to the analysis of rough pipes. The frictional resistance is proportional to the
length of the leak channgl U 0, with the DarcyWeissbach friction factar.

_a A9 o
EOAEOEIf & Q¥ § (28)
T we E8l" o
The ratio0¥Q is the hydraulic relative length of the leak, wheiis just the wall thickness
in the simplest case.

Nikuradse

The classical relation for was derived for santbugh pipes in the form of the Nikuradse
friction relation [16].
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- Q
o b | Ccc'_v @ @ @ (29)

The DarcyWeissbach friction factor depends in this modehthe roughnesy ‘4 £
a natural generalisation of the paramédsf sand grain sizes in the analysis of rough pipes.

John et al.

The approach for the relation between the friction factor and the surface roughness of the
flow channel proposed by [10] is based on the evaluation of laboratory tests with rough slit
samples and fatigue cracks.

_ ¢l C?— Py T (30)

This friction relation has a steeper increase of the friction factor in the regime of narrow
cracks than the Nikuradse Karman friction fadgtarote that it diverges for very narrow
cracks, which in turn leads to an infinite flow resistance.

Paul et al.

The approach proposed in [11] uses the formula of John et al. [10] for narrow slits, and the
Nikuradse relation for wider slits.

_ . 31)

This considers the fact that John et al. focused on narrow, rough slits, and their relation is
less accurate for wide smooth geometries, where the classical results from pipe flow are
more representative. Instead of an inverse relative roughnessadigiy¥ of 50 as the
border between the two definitions, a value of 55.48 nafgabe imposed.

KTA 3206

The safety standard KTA 3206 [20] is guided by the philosophy of a conservative
underestimation of the leakage rate. One key element of this approach is the conservative
overestimation of the friction factor. The safety standard proposes its own friatimn f
relation for this purpose.

Q

v (32)

.. p. . O
| Elch-1 | C—
CC CC

This relation is valid fo 7¢'Y  p. In contrast to the other friction factor relations, it is
not a besestimate approach, but can be used for the underprediction of the leak rate.
2.3.4.Measurement of integral flow resistance

Instead of deriving the friction factor of a laboratory test from the roughness by an empirical
relation, it is also possible to measure the sipgiase flow resistance. This measured flow
resistance value can be assumed in thepiase flow computatiorss well. Of course,
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this procedure is restricted to the laboratory tests where the flow resistance was measured.
According to the Bernoulli equation for an incompressible fluid of derisitthe flow
resistance- of a leak is related to the mass flow ratat a defined pressure dref.

yyyyy

o w

p P (33)

- G 3N

COA denotes the crosection of thdeak. The use of the singfihase flow resistance for
two-phase leak flow is a way to reduce uncertainties in the leak assessment for laboratory
tests.

2.4.Fluid mechanical modelling

After the determination of the leak geometry and the characterisation of the resistance due
to the morphology, the fluid mechanical analysis is required to predict the mass flow
rated . For singlephase incompressible fluid flow (such as cold water, in good
approximation), the flow rate through a cross sectioman be computedising the
Bernoulli equation.

& B cr‘p—” (34)

In this study, some of the fluid tests are in this regime, but ©{had possibly the most
relevant) have hot pressurised water in the stagnation volume, where evaporation would
occur. This violates the assumption of sirglase incompressible fluid and gives rise to

the more complex models discussed in the followingsatons.

These models are defined with a common nomenclature, where the mass density is denoted
as”, the specific enthalpy is denoted@she specific volume as p1”, and the specific
entropy asi. The indices (like” , ” ) indicate the liquid in gaseous/vapour phase,
respectively. Mixture quantities also occur, which use the void fraction

TP | o (35)

The (local) velocity is denoted as It is also convenient to define the mass flux density
"O & 10, which is also related to the velocity by " .

2.4.1.Abdollahian-Chexal model

The AbdollahiarChexal model [15] is constructed asapproximative scheme avoiding
numerical complications of iterative solutions. It is basedthe assumptiothat the
pressure drops to the saturation pressure, and resistance occurs due to the friction factor
and entrance losses described by the discharge coeffizient

(36)

Q| cq =

5
W
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While b denotes the specific volume upstream, the average specific volunsebased
onthemeanpressui€ n n "Y 1¢.

O 0 AC | ACO A O AC (37)

The remaining parameter, the qualityat the average pressuiEis computed assuming

the isenthalpic changes, nf Q "Q A 7Q nf. This model is an iteratiefiee
approximation based on the estimate of the exit pressure and a simple correction of the
fluid density.

2.4.2.ATHLET -CDR model

Thermathydraulical system codes ar®ssible computation tools for twghase flow
through slitlike leaks. Within this benchmark, the thershgdraulic code ATHLET with

the included critical discharge rdteDR) model [1] was applied. The CDR model is based
on the evolution of the mass fraction of liquid and vapour phase wittotme flow path
distanced. Together with the mixture energy and the mixture momentum, four equations
define the CDR model (gravitational influenaas neglecteih the following).

Q Q
__n pAY IR 4 © " 38
a5 P IO Qa p | 0O o (38)
Q Q
Q Q. . . 39
,Qb|o,Q¢(|uoro (39)
Q - ", L w .Qo ") ", L w 40
Qo cU Mo Moy Qu cU no no (40)
Q Q Q0
Q. .. . Q0 . 41
a6 po Qa n "p ”’Qcﬁx YO0 (41)

In this equation systeri¥" denotes the (frictioinfluenced) pressure loss per length, and
" the power density relevant for the energy balancej, aifié mass transfer rate between
the states. For stationary conditions, the talependence can be dropped out, and the
equation system can be written as a matrix equation.

Q
0 —.,0 42
65 5 > (42)

The 4vector¢ reads YD h . In the case of critical flow, the criticality at the exit plane
implies a boundary condition @t 0 for the eigenvalues of the system.

mQ mw _ w0 (43)

With this boundary condition, the matrix equation (42) can be solved numerically. It is
worth notingthat the CDR model is a complex and accurate model, but relies intrinsically
on critical flow conditiong it is not constructed for the (often simpler) case of subcritical

NEA LEAK RATE BENCHMARK FINAL REPORT



NEA/CSNI/R(2022)9| 27

flow, where an appropriate continuation has to be chosen (e.g. the Bernoulli equation for
cold water flow).

2.4.3.Burnell model

The Burnell model [12][18] is a model for short orifices for leak flow, which is the reason
why it assumes onlya very small amount ofevaporation. The mechaniswmhich is
supposed to prevent evaporation is the surface tension. The model is formulated as a single
phase flow equation of a fluid of densityundergoing a pressure drop from the upstream
conditontoavaluep 6 n , slightly below the saturation pressure.

4 o6 ¢"n p 61 (44)

The coefficientd is determined for one saturation pressure and corrected by a simple
relation for the variation of the surface tension.

(45)

Thevaluesob T1& @ forn p X psiaand T® Yforn ¢ Tupsia are used
in [18].

2.4.4.Henry-Fauske model

A classical approach for the computation of evaporating liquid flow is the formulation of
Henry and Fauske [13][38]. It is a class of modletdshare a common basis, as discussed
in [11][14][15]; the notable extension to the original formulation is the consideration of
friction effects. The key equation for the mass flow rate is the critical mass floW@rate

. p
° oo o ol (46)
il Qan

This model uses a phenomenological vapour generation rate, representing the delayed
evaporation in a fadtowing fluid discharge while the equilibrium steam qualitp can
be derived from the stagnation entrdpyand the specific entropy of both phases.

() —_— 47

The factor0 denotes the correction factor for the remguilibrium evaporation, which
depends on the steam quality itself.

cm E&E mtu
oi P& EGE mdru (48)

The pressure at the exit at critical mass fiuis a result of different contributions to the
pressure dropH) n n and is itself a function of the mass flow ra@e
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n N 3Nei 3Ngeoe A 6RNAIA A 314 0 A 431 (49)

The terma1ge jis the pressure loss at the entrance in the leak which is associated with
entrance effects. It is expressed in terms of the discharge coefticiemtd depends on the
mass flux through the entrance (where the density &nd the cross section aredis.

e a p O 0
L T

(50)

The frictional pressure droprzo g aig @ifanction of the friction factar (see equation
(28)), which simplifies for the assumption of constant valueSQoéo and v (using
averages).

. 0 O - .
3‘ﬂﬁEOEAOg|'b— pCT p wuv W (51)

Alternatively, and especially in case of variations of the cross sectitong the flow path,
the frictional pressure loss can also be computed by the following expression.

; 0 0 . 0 e
3‘meosAog1'—ci-6 O]V o PP @ @ (52)

In this equation denotes the isenthalpic vapour quality at the average pressure. In the
case of short leaks withifQ  p ¢the frictional pressure drop is instead computed by the
following equation.

. O 0 ,
MeEoEAdETT P ¢ (53)
o 0

The acceleration pressure di®qy zig associated with the acceleration of the fluid due to
the decreasing density induced by the phase transitionusiagtior).

; . 0 0 . . o .
3WAAA06 5 P ® U iR ® 0 FR U (54)

In this expressiorp  denotes the isenthalpic equilibrium vapour quality at the crack exit
plane, andb  j and0 [  denote the specific volume at the throat of saturated
liquid and vapour, respectively. Under certain simplifying assumptions, and a constant
cross section, the pressure drop can also be computed as follows.

3MiAA O L U (55)
For cross section changes (from the interior sidt the exterior sidé ), the additional

termais o Akises.
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' 0
3MNioh i— U — UL 0 — 56
NAOAA C Y 5 p 5 (56)
An alternative formulation is given in terms of the interpolated area at the start of
evaporatio® p € , which is denoted
31 ' b5 0 o wLv N « Ir 0 (57)
NAOGAA C 5 5 C p n n p 5

In the latter equation[denotes the average pressure between the section past the entrance
and the exit. The steam quality to be used here is the isenthalpic vapour quality at this
average pressure, determined by the following equation (in vefiizk the latent heat of
evaporation).

QafY o5 A
QAT

(58)

The tortuosity pressure loss) is a function of the crackace morphology, more
precisely of the number of turids. This number can also be given in terms of the turn
density per length , wheree -0

Mot 06~¢ 5= P @b AL w Af (59)
The combination of equations (46) and (49) has to be solved, either iteratively or by
numerical root findingin orderto find the critical pressung and theCDR"0O. Compared

to other approaches, the solution of a differential equation is avoided by the averaging
strategy in the contributions to the pressure drop.

2.4.5.Metastable jet model

The metastable jet model [17] is an approach for the flow through short orifices, where no
evaporation occurs and a jet of metastable liquid water forms. It is a -pimage
compressible fluid equation without consideration of friction.

n ¢ Qn QN (60)

In this equation/Q and” denote the specific enthalpy of the metastable fluid and its
mass density, respectively.

2.4.6.Modified Bernoulli model or Zaloudek model

The modified Bernoulli equation is simple estimation scheme for leak flow rates at
sufficient subcooling [18][19][20]. This approach is based on the observation that the
thermodynamic conditions at the exit plane are on the saturation line. A guess for this
saturation condition is the saaion pressure at the stagnation temperature”Y . When

the density reduction is neglected, the mass flow rate can be written as a Bernoulli equation
(like equation(34)) with modified exterior pressure.
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¢ o = 0 61)
P

This simplification works very well for large subcooling (i.e. large pressure or temperature
difference to saturation conditions) but fails for small subcooling (where it is very

underpredicting) and coldiater conditions (where the saturation pressure is below the

exterior pressure).

2.4.7.Pana model

The Pana model [21] describes the unidimensional flow through a leak by modelling the

flow between defined check points. This description concentrates on the subcooled
stagnation conditions. The check points are
downstream of the entrance region, and the ind
| ocation 616 is modelled by the Mpwmgy model b

¢Q p 0Q wQ
P ® (62)
Q

Qi 49N

o Qp HL

The thermodynamic properties ar @susedfooe taken
maximisation;On i A @O0w .The pressure drop frofn ton is governed by the
flow resistance-, which is an implicit relation af n

o 10N
p 0 - o )
00 1

The Pana model is solved by maximisiQy; | Dy the paramet€f) and by maximising
this result by the variation @f , under the side condition gf n n

Qainf M I AG A®; i 9N (64)

This approach can be used for critical mass flow as well as foriscél discharge rates
since the sidecondition acts directly in the iteration scheme. It is possible to solve
equation(64) numerically with two nesteaptimisers.

2.5.Software

The previous sections show that the different parts of leak flow rate prediction require
numerical computation of at least moderate complexity, and thus the methods were
implemented in computer programs for reliable application of the approaches. Tibis sect
presents the different software totistwere used in the benchmark activity.

2.5.1.ANSYS CFX

ANSYS-CFX is a general purpose commercial computational fluid dynamic software. It is
used to simulate the behaviour of systems involving fluid flow, heat traastbother
related physical processes. ANSEEX works by solving the equations of fluid flow over
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a region of interest, with specified conditions on the boundary of that region. ANSYS CFX
is stemmed from the prograne CFX-4, (formerly known as Flow3D) which was
originally developed by the United Kingdom Atomic Energy Authority (AEA). In 2003,
just prior to the release of CFX6, ANSYS Inc. of Canonsburg, PA, acquired the CFX
division from AEA Technology.

Theset of NavierStokes equations are used to describe the processes of momentum, heat
and mass transfer. These partial differential equations are discretised and solved
numerically. A singlephase or multiphase approach is used for the leak rate analysis.
Detailed physical models can be referreth®]ANSYS CFX theory manual [22]. The finite
volume technique is adopted in ANSYS CFX. In this technique, the region of interest is
divided into small suegions,so-called control volumes. The equations aiscicktised

and solved iteratively for each control volume. As a result, an approximation of the value
of each variable at specific points throughout the domain can be obtained. In this way, one
derives a full picture of the behaviour of the flow. Additiboade features include

9 steadystate and transient floys

laminar and turbulent flows

subsonic, transonic and supersonic flpws
heat transfer and thermal radiation
buoyancy

non-Newtonian flows

transport of nofreacting scalar components
multiphase flows

combustion

=A =4 =4 =4 4 -4 -4 -4 -

flows in multiple frames of reference
1 particle tracking.

Full licence of the software needs to be purchased from ANSYS Inc. For purpose of study,
the software can be downloadedthe ANSYS website with a free student liagenfor a
problem size limit of 512K cells/nodes. ANSYS CFXinscompliance with 10CFR50
Appendix B and has been approved for use at Candu Energy Inc.

2.5.2.ExcelSQUIRT

ExcelSQUIRT is a derivative of the SQUIRT software (Seetion2.5.8; both are owned
and maintained by Battelle. It provides leak rate computation functionalities by separate
tabs of an Excel spreadsheet.

The LeakRate tab calculates the leak rate for a given pipe geometry and set of-thermal
hydraulic conditions (temperature and pressure). The CrackSize tab calculates the leakage
crack size for a prescribed leakage detection limit, pipe geometry, loading conditions
(moment and pressure), and thengdiraulic conditions. The crack type (e.g. corrosion
fatigue [CF], intergranularstress corrosion cracking [IGSCQ, primary water stress
corrosioncracking[PWSCC]) and crack shape (rectangle, diamond, elliptiaeg defined

on the Info tab of the spreadsheet.

The Leak Rate code used in the software is that which is used in the latest versien of Pro
LOCA. It is derived from Version 2.1.3 of SQUIRT with some modification to improve
convergence. The COD calculations are based on th& ®@& version of the COD
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routine which was updated to improve the COD calculation under combined bending and
tension. Details of this model can be found in [224] and[25].

2.5.3.LeakH

The code LeakH was developed byV. Its main purposes to be implemented into
BASLBB code performing automatic LBB evaluation. The code is also used for engluati
effects induced bg postulated pipe break.

The nmathematical model used in the LeakH code consists of few simple thermodynamic
laws. One of the most important parts of the code are tables of water and steam properties.
The tables contain a set of equations precisely describing the properties of wateaand
according to [26].

Entrance parameters of leaking coolant can be up tdE&and 800°C. These values are
within the validity ofthe &ables of water and steam properties. The model includes entrance
loss pressure, crack surface friction influeacechanges of crack areas through the wall
thickness. Changes of flow direction in the cratkbout 45° and 90° are also considered.
Calculations are performed usitigefollowing simplifying assumptions:

1. Flow is assumed to be owémensional.

2. In two-phase region the flow is considered to be homogeneous, i.e. slip between
phases is not considered.

3. Heat exchange wittheenvironment is not considered.
4. Changes of area in the direction of flow are linear.
Flow is in steady stat@ndinput parameters do not vary in time.

The code was prepared in agreement with a quality assurancea(@A)s validation was
performed based on comparison with PICEP Gedtion2.5.9 and measurement @m
experimental device (pipe about 100 mm, primary circuit condition, artificial crack).
Detailedinformationcan be found n t he codedés user manual

The mde is available itJJV. It can be sold in th form based on negotiation withe
customer (typicallyas asubroutine to be implemented irdnothercode). It was sold tthe
Ignalina Nuclear Power Plant.

2.5.4 LEAPOR

LEAPOR (Leak Analysis of Piping Oak Ridge) was developed at Oak Ridge National
Laboratory (ORNL) as the module for performing leate calculations in the xLPR
(Extremely Low Probability of Rupture) Version 2 (V2) probabilistic fracture mechanics
code [34], jointly developed by the US Nuclear Regulatory Commission (USNRC) and the
Electric Power Research Institute (EPRI), Inc. LEAP@4& developed using the thermo
hydraulicmodels employed in the SQUIRT leekte code (se8ection2.5.8 [11] [14].
LEAPOR employs a fouregime model that was originally developed under the MERIT
(Maximising Enhancements in Rigkformed Technology) Programe [35] to represent

the spectrum of leak rates from tight cracks to orifice flow, where the boundaries of each
regime are defined by a ratio of the effective flow path length to the hydraulic diameter.

As one of a number of modules in the XxLPR project, the LEAPOR code was required to be
a Software Quality Assurance (SQA) auditable application, fulfilling the software-work
practice requirements of ASME NQA-2D08 (including Addenda 2009) Quality
AssuranceRequirements for Nuclear Facility Applications. The code structure must be
designed to be maintainable for current and future né€ds&le maintainability refers to
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how easily a software system can be changed to add new features, modify existing features,

find and fix bugs, and/or improve performance. Additionally, the XLPR Project SQA plan

stated that the RAsource code compormrents (sol
evaluated for correctness, consistency, completeness, accuracy, readability, and

t e st aDhesk liequiyements were driven by the need to provide proven mechanisms for

managing increasing and evolving complexity throughout theyiéée of the appliation.

Further details about the theory and modelling decisions in LEAPOR and validation with
experimental data can be found in [39].

LEAPOR SA has the same <capabilities and use
incorporates a Graphical User Interface (GUI) to facilitate standalone applications outside

of XLPR V2. The LEAPOR SA GUI was written by
friendly mehod of entering the necessary parameters needed to calculate leak rates using
LEAPOR SA. The GUI IS progr ammz2doperation For t r an.
parameters (i.e. numerical values for geometry, pressure, and temperature), crack
parameters (i.ecrack shape including ellipse, rectangular as well as diamond and crack

surface toughness type containing IGSCC, PWSCC base metal and weldQRetad

user input) and crack size are needed. A two
CODs wi || be generated and the | eak rate wildl
the 2c values are at the mid waédideal((.éh&/) | ocat i ©

crack angle at the MW, inside diamef#Dd], and outside diamet¢©D] locations are
equal). The COD at the ID and OD are assumed to be equal. Error checking is performed
prior to the computation to ensure valid inputs have been entered.

Figure 2.2.User Interface of LEAPOR-SA

LEAPOR-SA - >
File Options Help
Inputs
(& Metric Units " English Units Version: Beta 17 Sep 2018
Operation Parameters Crack Parameters
Outside Diameter, OD [mm] 1070.0 Crack Geometry
Crack Shape Hiipse jv
\wall Thickness [mm] 88.9 o
Crack Surface Roughness Type Ser Inp hd
Operating Temperature, Top [C] 2306
Local Roughness [um] 5.1
Operating Pressure, Pop [MPa] 155
Global Roughness [um] 5.1
Atmospheric Pressure, Patm [kPa] 101.325
Turns per m [1/m] 1000
Global Path Length, KG (=0 [-] 1

Global + Local Path Length, KG_L (=0} [-] 1

Mode of Calculation

Crack Size (Midwall) —
& Generate 2c, COD Table 2c [% Circ]

2c Minimum [mm] 250 0.81 COD Minimum [mm] 0z
" Read LEAPOR file .
Zc Maximum [mm] 250.0 811 COD Maximum [mm] 10
2Zc Max-Min Steps [-] 10 COD Max-Min Steps [-] 10
Description: Execute

The LOCE code is under development by OCI. LE&CIs a new leakage code [40] being
implemented within a modular and layered architectural software déls&iriakes
advantage of the objectiented features and constructs available in the Fortran 2003
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standard. Employing the LEAPORode (seeSection2.5.49 as a baseline prototype,
LOCIE includes, in addition to thbestestimateHenry-Fauske leakageate model (see
Section2.4.4 inherited from LEAPOR, four conservative leakagge models from the
German safety standard KTA 3206 [20]. L&Chlso includes three leakageea COD
models, specifically the GE/EPRI, KTA 3206 linesdastic, and KTA 3206 elastgastic
models.

In the context of an LBB assessment where emphasis is placed on the detection of small
leakage rates, the distinction betweenservativeandbestestimatenodels becomes very
important. This classification can provide guidance on where these models can be
appropriately applied in terms of understanding margins and uncertainteas@rvative
leakagerate model is required to consistently underestimate the actual leakage rate and is
typically applied in deterministic procedures, e.g. the determinighimaph in the German
standard KTA 3206. Abestestimateleakagerate model places greater emphasis on
predictive accuracy. I n a probabilistic
serve as a measure of central tendency (mean, median, or mode) for a prescribed statistical
distribution characterising ¢huncertainties in the leakaggte predictions. As noted above,
LOCIE provides bothbestestimateand conservativeleakagearea and leakagate
models.

Also inherited from LEAPOR, LO@ contains a database of morphology parameters as

a function of damage mechanism. The default values from this database can be considered
in addition to usemput values in all analysis cases. A user interface for EO®
currently under development by OCI (see Figu.

Figure 2.3.User Interface for LOCIE (under development)

OCl - Oakridge Consulting International, Inc., Oak Ridge, Tennessee, USA OCI WEB SITE | ABOUT OC| | CONTACT OCI | SETTINGS - o x

projects
HOME  LOCE LEAKAGE RATES  HELP  #BOUT
File Workspace: Current Project: | WGIAGE Benchmark LOC
Manage Casesets: new caseset open caseset save save as import csv case set export case set as csv
‘ PBC3_LBB_OCI_v1.0 Manage Input Data | Run Selected LOC| Cases  Review LOC| Leakage Rate Results

@ PBCSLBE_OCIV1.0
Active Case Set: | Fatigue Caseloci | Number of Cases in Active Set = 1 create a new case edit active case
G PBCOa LBBOCIVID select all cases unselect all cases clear case table delete selected cases

{5 PBCSLBB_OCI V1.0 Analysis Options

3 test! FAVOR OCIvI6.1 Crack Geometry (@ show Less
@ test1_LBB_OCIv1.0 Active Damage Active Damage Model Rz_L [microns] Rz_G [microns] Eta_tl [1/m] Local Pathway [] Glo
i@ test1_LoCiv10 Pipe Loading Fatigue 8814 40.51 6730 1.06
4 |5 WGIAGE Benchmark LOCI 1.0 Pipe Properties
& bin Ramberg-Osgood
 data
@ input
@ output
@ post
@ run

i service
Fatigue_Case.loci

WGIAGE_Benchmark_LOCIv1.0.5pj

2.5.6.PICEP and SIPICEP

The PICEP code is a computer code developed by EPRI for the leak rate assessment [27].
The PICEP calculates the flow through a crack in a pipe. PICEP uses the simplified

! Note that the OCI developer (Dr. Paul T. Williams) for LBGIbefore his retirement from ORNL,
was the lead developer for the LEAPOR code.

NEA LEAK RATE BENCHMARK FINAL REPORT

frame



NEA/CSNI/R(2022)9| 35

engineering approach for elasptastic fracture analysis for finding tl&OD and COA
Fluid calculation options include single and tploase flow as well as allowance for
friction.

Later, Structural Integrity Associates, Inc. (SIA) develoffedSI-PICEP code reflecting
nuclear quality assurance from PICEP. Th@BIEP is subject to formal quality assurance
following SIA assurance procedures, which are in compliance with the requirements of
10CFR50, Appendix B, 10CFR21, and ANSI/ASME NQA989,1994, and 2008/2009A

and meets the applicable portions of ANSI N45.2

2.5.7.SCALE

The SCALE code calculates crack opening parameters ubm@adaParis model (see
Section2.2.5 for circumferential throughvall cracks andthe Zahoor model (see
Section2.2.7) for axial throughwall cracks. It utilises a number of models for leak rate
estimation. Ths models are of two categoriebhe Burnell (seeSection2.4.3 and
Zaloudek (seeSection2.4.6 models are for suwoled flow leakage. These are
homogeneous neequilibrium models based on liquichpour surface tension and purely
empirical. The model development is based on experimental verification and validation.
These models daootconsider any flow losses in terms of morphological roughness, though
roughness is used mostleak flow estimation models. The losses can only be tadken
account by means ofdischarge coefficient. For critical flowhe throat pressure is not
explicitly calculated. The othetypes of modd s ar e H-equilibgutnsandn o n
Homogenous Frozen (sekection2.4.4). These are also homogenous +eguilibrium
models however they consider critical flow based on stagnation and throat pressure. The
relations between these two pressures (stagnation and throat) are through flow losses.
Consequently, these modetsake provision for the consideration of morphological
friction, form and turning losses. The SCALE code checks for the existence of the inertial
and critical flow regimes.

2.5.8.SQUIRT

The SQUIRT (Seepage Quantification of Upsets In Reactor Twoesputer codevas
developed as a tool for leak rate estimation, combining themguahulic and crack
opening area models [11]. While the crack opening is based on the GE/EPRI method (see
Section2.2.J), the fluiddynamical model is an implementation of the HeRauske model

(see Section2.4.49. The friction factor approach is also carefuladdressed;its
implementation became a standard reference (descrit@stiion2.3.3.3.

SQUIRT led to thedevelopmenbf ExcelSQUIRT §eeSection2.5.2 and LEAPOR gee
Section2.5.4. It waswidely distribued due toits availability through the NEA computer
program services (CPS).

2.5.9.WinLeck

The WinLeck code was developed by GRS in the framework of several research projects
since the midl990s. The code is designed for leak rate computation, mainly for-water
steamleaks,though it can also be used fpas/air leaks. The computational models in the
codewere \alidatedby allowing the processing of many experimental data points and a
systematic model validation matrix. The code is designed to supporbédaitebreak
assessments.

Multiple modelswvere implemented into WinLedbr the leak opening (GE/EPRI method,
Section2.2.1 GRSPB method,Section2.2.3 LBB.ENG2 method,Section2.2.4 and
others), the flow resistance, and the actual flow rate (HEangke modelSection2.4.4
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Metastable jet mode§ection2.4.5 modified Bernoulli modelSection2.4.6 Pana model,
Section2.4.7, and others). The prograne structure allowsfor a combiration of the
different approaches and compaison of the mo d e &csufacy by simultaneous
application on selected cases. This advantage allows to study specific model influences and
also to identify uncertainties in reference test cases. A GUI (see Rig)rea
documentation, a validation report and tools for perfogmarameter studies are included.

Figure 2.4.Interface of the WinLeck code

4 WinLeck5.0.2 - global research for safety — [m] b

File Settings

— Filter Leakage Type | Water through cracked metal I~

[ Boundary Structure | Flow Channel [ Fluid | Flow Resistance | Flow Rate |  Series |

Output Series

Variable: |Full Crack Length ~| start: [100 | End: [2000 | steps: [200 | []AuPaths Relative to Working Directory

Output File: ‘crack csv | E|
Selected Models Progress
Leak Area Models Friction Model Leak Rate Models Start Series Calculation
KTA 3206 SQUIRT Bernoulli
EPRI = BMH KTA3206 Modified Bernoulli
EPRI-Rahman liHenry
GRS PB iPana

LBB.ENG2 Mueller
liEstorf
ICDR (3.0B)

| Plot Result

Ledlallan] | ledla]lor] | [e]lollar]

The WinLeck code isvalidated in numerous experimendasid has a formal quality
assurance procedure [28]. It is applied in research projects, case sindie8B
evaluations. The code can be made available to organisations on request without additional
costs based on a licensing agreement.

2.6.Regulatory perspective

As leak rate computation is an essential pattRB assessmenit,is also subjecto codes

and standards. Withimd_.BB assessment, the leak rate computation is used to predict the
flow through a postulated defect and to estimate the size of a defect that is reliably detected
by leak monitoring devices. In this approach, the underestimation of the actual leak rate is
consevative because a higher leak rate is more likelpedetected than a smaller leak

rate. The situation is different in les$-coolant senarios, where typically an
overestimation of the coolant loss is conservative bec#tusefocus of the safety
assessment is ahe impact on pressure and temperature in the entire coolant loop.

The Standard Review Plan [28)esnot specify details about recommended computational
tools The KTA standard [20] proposes several procedumras Annex.
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B.First benchmar k phase

The first benchmark phase took place from 2019 to 2020. This phase concentrated on post
computationthe measured leak rates were communicated to the participants together with
the circumstances of the operation and the leak. The first benchmark phase consists of four
exercisesa laboratory test of an artificial slit, a laboratory test of a fatigue crack, an
analysis of a real event in a nuclear power plant, and a sensitivity study on leak rate
computation within a LBB assessment.

3.1.Exercise set

The exercise sets were provided to the participants in tabular form. These tables followed
a structure of category, attribute, variable, value, andinratderto unify the presentation

of leak settings and avoid misunderstandings. The exercise set categories were structure,
structure material, loads, leak geometry, morphology and fluid. In the individual exercises,
only those categories relevant for the indigtloase were provideéfor examplein case

of afixed laboratory specimen with leaks, thetaral and load categories were omitted
because their values do not enter the computation.

3.1.1.Artificial dlit

The test case on the artificial slit specin
manufactured and measured in the AFSI O test
information provided to the participansssummarised in Table 3.1; additional information

on the tests is given in the appendix.

Table 3.1.Phase ZJartificial dlit specification

Category Attribute Variable Value Unit
Structure Geometriype - Plate -
Wallthickness t 30 mm
Additional loads none
Lealgeometry Approximate shape - Rectangle -
Interior Full length 2c 27 mm
Maximal width | COD 192190201 pm
Cross section | COA 5.22 mm?
Exterior Full length 2c 28.15 mm
Maximal width ' COD 185229239 pm
Cross section | COA 6.22 mm2
Morphology Damage mechanism - Artificial -
Inlet form loss zeta_in Unknown -
Roughness Local Rz 22 pm
Global Rz 22 pm
Bends Local N 0 -
Global N 0 -
Measured total resistance | Zeta 4.32 -
Fluid gtagnation) Pressure p variable MPa
Temperature T variable °C
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In the laboratory test, the temperature and pressurevadeded, and the leak mass flow
was measured. Two measurement principles were applied in the test (additional
information on the instrumentation is given in the appendix). The fluid conditions and the
measured values chosen for the computation benchmark@roduced in Table 3.2.

Table 3.2.Phase 1lartificial dit fluid conditions and measured leak rates

Testno. Data set Pressurdbar] TemperaturfC] Measurednass Secondestimate
flowrate[kg/s] [ka/s]
1 10 45.2 233.9 0.122 0.117
2 13 70.3 216.9 0.201 0.189
3 14 75.2 250.5 0.183 0.174
4 20 35.4 161.4 0.166 0.157
5 33 48.6 122.4 0.214 0.203
6 38 10.4 79.3 0.104 0.1
This information was the basis or each part.i
3.1.2.Fatigue crack
The fatigue crack test case is based on the

Stuttgart. The specimen is made of a fatigue crack in a plate. The informatatedfor
this exercise is summarised in Table 3.3; additional information on the tests is given in the

appendix.
Table 3.3.Phase Ifatigue crack specification
Category Attribute Variable Value Unit
Structure Geometriype - Plate -
Wallthickness t 7.8 mm
Additional loads None
Leakgeometry Approximate shape - Rectangular -
Interior Full length 2c 53.89 mm
Maximal width | COD 79 pm
Cross section = COA 4.26 mm?2
Exterior Full length 2c 39.04 mm
Maximal width | COD 48 mm
Cross section | COA 1.87 mm2
Morphology Damage mechanism - Fatigue -
Inlet form loss zeta_in Unknown -
Roughness Local Rz Unknown pm
Global Rz 40 pm
Bends Local N Unknown -
Global N Unknown -
Measured total resistance | Zeta ca. 40 -
Fluid Pressure p variable MPa
Temperature T variable °C

From the variation of pressure and temperature in the test, six points were selected for the
evaluation within the benchmark study. The selected points are shown in Table 3.4,
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together with the measured flow rates as observed in the tests. As for the artificial slit case,
a second estimate of the leak flow ratalmshown (additional information on the mass
flow measurement can be found in the appendix).

Table 3.4.Phase Ifatigue crack fluid conditions and measured leak rates

Testno. Data set Pressurdbar] TemperaturfC] Measurednass Seconckestimate
flowrate[kg/s] [ka/s]
1 2 65.7 204.3 0.016 0.0226
2 9 20.8 204.4 0.0061 0.0145
3 27 70.7 254.4 0.0164 0.0182
4 45 76.7 20.8 0.0408 0.0478
5 61 77.2 229.9 0.0165 0.0217
6 80 62.1 161.8 0.0331 0.0369

These two tablesontainthe informatiorwith which the participants started the evaluation.

3.1.3.Realevent

The third exercise is the assessment of a real leak event from the operation of a nuclear
power plant. A case discussed in [31] was chosen. The tabular specification of this test case
is shown in Table 3.5. Due to a transcription ereoleak rate of 0.018g/s instead of

0.13kg/s was used in the benchmark.

Table 3.5. Phase 1 real event case specification

Category Attribute Variable Value Unit
Structure Geometry type - Pipe -
Outer diameter D 37.7 mm
Wall thickness t 4.33 mm
Material Number Ail1. 45500 -
Young's Modulus E 186000 MPa
Yield stress RpO0,1 167 MPa
Ultimate stress Rm 409 MPa
Poisson number nu 0.3 -
Ramberg | Prefactor alpha 15.5
Osgood | Exponent n 2.5
Loads Pressure p 15.9 MPa
Bending M Unknown Nm
Leakgeometry Orientation - Circumferential -
Approximate shape - Unknown -
Interior Full length 2c 40 mm
Estimated COD <0.05? mm
maximal width
Cross section = COA Unknown mm?2
Mean Full length 2c 36 mm
Estimated COD 0.05? mm
maximal width
Cross section = COA Unknown mm?2
Exterior Full length 2c 34 mm
Estimated COD 0.017? mm
maximal width
Cross section = COA Unknown mm?2
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Table 3.5.Phase Ireal event case specificatiorfContinued)

Category Attribute Variable Value Unit
Morphology Damage mechanism - Fatigue -
Inlet form loss zeta_in Unknown -
Average | Local Rz Unknown pm
roughness Global Rz 7.6 pm
Mean Ra 2.3
roughness
Maximal Rt 10.6
roughness
Bends Local N Unknown -
Global N Unknown -
Measured total resistance | Zeta Unknown -
Fluid Pressure p 15.9 MPa
Temperature T 4070 °C
Leak rate Measured flow rate m 0.013(0.13) kgls

A key uncertaintyin the analysigs the bending moment which influences the crack
opening. Therefore, theariation of the bending moment and the assessment of the trend
was part of the evaluation.

3.1.4.LBB sensitivity analysis

A leak assessmeifitom the parallel LBB benchmark activityas included to study the
sensitivity of the leak rate assessment in detail. The specification of the pipe in the LBB
assessment is summarised in Table 3.6. This exercise represents a circumferential weld in
a mediurmasized pipe.

Table 3.6.Phase 1 LBBsensitivity study pipe specification

Category Attribute Variable Value Unit
Structure Geometriype - Pipe weld -
Outediameter D 406.4 mm
Wallthickness t 40.462 mm
Weldnidth h 50.8° mm
Basamaterial Yield strength Rp02 153.6 MPa
Ultimate tensile strength Rm 443 MPa
Elastic modulus E 176.7 GPa
Poissomumber nu 0.3 -
Ramber@®sgood Uo 200.9 MPa
vl 0.00114 | -
U 15.64 -
n 375 -
Weldmaterial Yield strength Rp02 316.5 MPa
Ultimate tensile strength Rm 542.4 MPa
Elastic modulus E 196.8 GPa
Poissomumber nu 0.3 -
Ramber@®sgood Co 332.35 MPa
v} 0.00169 -
U] 0.386 -
n 11.39 -
Loads Axial force (prim.) F 17.34 kN
Axial force (sec.) F 4 kN
Crack face pressure p 7.75 MPa
Bending (prim.) M 21.59 kNm
Bending (sec.) M 68 ' kNm
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The leak in this pipe is specified in tlaglditional information shown in Tab&7. A
variation of the leak size in a circumferential throwggl flaw is assumed to conduct a
sensitivity study.

Table 3.7.Phase 1 LBBsensitivity study leak specification

Category Attribute Variable Value Unit
Leakgeometry Orientation - Circumferential
Approximate shape - Unknown -
Centre Full length 2c 50300 mm
Maximal width = COD Unknown mm
Cross section | COA Unknown mm2
Morphology Damage mechanism - PWSCC
Entry discharge coefficient | c_d 0.95
Roughness Local pL 17 or 114 pm
Global uG 114 pm
Bends CODdep. N 5940 1/m
CODBindep. N 5020 1/m
Path Local K 12
deviation | Gjopal K 1.2
Measured total resistance | Zeta Unknown -
Fluid Pressure p 155 MPa
Temperature T 340 °C
Leak rate Measured flow rate m Around 0.0608 kgls

Two evaluations were requestexte for a local roughness value of 1i#, and one for
the local roughness of 1un.

3.2.Computation

3.2.1.BARC

BARCOGs analyses of t hperformedwnith then®QOAKE (Jlirando | e ms ar e
Crack Analysis for Leak Estimation) code (Smxtion2.5.7).

3.2.2.GRS

GRS6s analyses of t hperfoimedwith then@inleck podeo(bek e ms ar e
Section2.5.9 developed by GRS. WinLeckake it possibléo flexibly specify the input
variables of the individual benchmark exercises.

The artificial slit case provides the measured flow resistance value. Consequently, it is used
as the best available information, while the surface morphology is not considered. As
critical flow conditions are expected, the cross section on the extel®issthosen for the
modelling. Two different flow models are appligde Pana modeBection2.4.7) and the
ATHLET-CDR model §ection2.4.2. Both are considered as bestimate descripti@n

with the notable difference that the Pana model is baseduwlibeium flow assumptions,

while the ATHLET-CDR model considers neaquilibrium effects. The computed values

of both models are shown in Talde. Note that the CDR model only predicts critical flow

and is not applicabl® subcritical flow.
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Table 3.8. GRS results of the artificial slit case

Datanumber 10 13 14 20 33 38
Pressurdbar] 45.2 70.3 75.2 35.4 48.6 10.4
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
ATHLETDRKkg/s] 0.131 0.217 0.192 0.169 - -
Pandkg/s] 0.115 0.204 0.168 0.163 0.211 0.0969
Referencixg/s] 0.122 0.201 0.183 0.166 0.214 0.104

The two models predict very similar results, with tiEHLET-CDR model showing a

trend to higher mass flow rates, and the Pana model to lower rates. The experimental
measurements mostlig between the two moddis r e(with dbné exception, where it is
slightly below the Pana value).

The fatigue crack analysis is done in analogy to the artificial slit case, but only the Pana
model is applied. The results are shown in T&8e

Table 3.9. GRS results of the fatigue crack

Datanumber 2 9 27 45 61 80

Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
Computedeakrate[g/s] 25.4 8.75 20.4 34.8 24.6 28.0
Measuredeakrate[kg/s] 16.0 6.1 16.4 40.8 16.5 33.1

The deviation between the model computation and the measurersigmifisantly larger
than for the artificial slit case. In four cases, the computed leak rate is higher, and in two
cases it is lower than the measured flow rate.

In the real event analysis, two different approaches are chosen for the leak opening area:
one underestimating approach basedGRSPB (seeSection2.2.3, and one based on a
bestestimate approach, considering the LBB.ENG2 method $seton2.2.4. In both
cases,lie friction effects arenodelled usinghe approach by Paul et al. (&extion2.3.3,

and the fluid motion is modelledsing the Bernoulli model (the temperature is not
considered to be of importance in this case). The high bending monteetivaset to
0.1kNm by engineering judgement, and the moderate bending moment to half of this value.
The computed values are shown in TehlEQ.

Table 3.10.GRS result of the real event analysis

Bendingmoment Leakrate [g/s]
(kNm] Unterestimation Bestestimate
0 7.1 24
0.05 16 54
0.1 28 110

Compared with the reference result, threlerestimation analysis includes a value below
the reported value in the analysis exampled/s3, while all besestimate computations
are above this value. Besgtbe uncertainty in resistancand crack opening computation,
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a nhegative bending moment could be explanation forthis discrepancy. The main
conclusion from this task is that real events have possibly large uncertéiatiead to a
large scatter band in a computational assessment. With respect tconB&rvativity, at
least in this example all besstimate values overpredict the actual leak rate.

The LBB sensitivity problem consists of the computation of2@® (with the LBB.ENG2
method, seeSection2.2.4), the friction factor and flow resistancand finally the fluid
motion (with the ATHLETFCDR method, seS&ection2.4.2, which represent analytical
approaches of besstimate quality. The two options of local roughness have the meaning
of either using or ignoring an improved morphology montelking it possibléo consider
theroughnessends transition for small crack openings. The result is shown in Fdlle

Table 3.11.Result of the LBB sensitivity analysis

Local roughness 114 pm 17 pm
Fullcrack length Crackopen. Frictionfactor Massflowrate | Frictionfactor = Massflowrate
displ.

[mm] [mm] [ [o7s] 5] [o7s]
50 25 b 0 10.8 0.05
75 39 b 0 1.26 4.63
100 55 b 0 0.59 12.42
125 71 b 0 0.39 25.05
150 90 b 0 0.29 41.45
175 113 b 0 0.23 63.01
200 139 113.3 11 0.19 90.73
225 167 7.48 55 0.164 124.32
250 198 2.67 107 0.15 166.58
275 231 1.42 167 0.134 213.57
300 284 0.76 258 0.12 289.53

It is worth compang the COD to the effective roughness this table because the friction

factor by Paul et al. becomes very large as they are of the same order. Obviously, the
computed friction factor is much higher if no adjustment of the roughness is considered,
which leads to a divergence of the friction factor beddwull crack lengthof 200mm. This
divergence is avoided by assuming a local roughness vallibough the friction factor

for the smallest crack is also very high.

In conclusion, the exercise set was fully treatable with the WinLeck software. The
individual exercisesshowed that leak rate predictions can be \sguratgartificial slit

case) in idealised situatignbut that in practice uncertainties are important to consider,
where assessment can give an estimate of the range of possible values. The last exercise,
the sensitivity analysis, showed clearly that careful choices of input parameters are required
becausehis might have a large effect.

3.2.3.KEPCO E&C

KEPCO E&CO6 analyses of the benchmark probl ems
developed by EPRI (se®ection2.5.6. PICEP is based on Henry's homogeneous non
equilibrium critical flow model as modified by Abdollahian and Chexal §sion2.4.4.

The wall thickness, full lengths of the crack at both interior and exterior, COD values
measured at three different positions, and COA were provided for the artificial slit case.
The wall thickness and full lengths were employed for the analysis, an@be/&ues at
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both interior and exterior were assumed to be 0.193 and haRtespectively, so that the
calculated cross section is the saaeethe provided COA. For crack morphology
parametersa surface roughnessf 22e mwas applied andhe number of turns was
assumed to be 0-lThe calculated values are summarised in Taldl2. These results are
generally underestimated compared to the measured values.

Table 3.12.Results of the artificial slit case calculated by KEPCO E&C

Datanumber 10 13 14 20 33 38

Pressurdbar] 45.2 70.3 75.2 35.4 48.6 10.4
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
Computedeakrate[kg/s] 0.095 0.163 0.141 0.127 0.149 0.081
Referencgkg/s] 0.122 0.201 0.183 0.166 0.214 0.104

In case of the fatigue crack analysis, global roughness was provided, and the statistical

number of turns value of BO0m*was adopted according to Rahman
predicted leak rateas listed in Tabl8.13, ardowerthan the measured leak mt&here's

a more significant discrepancy between the model computation and the measured values

(as referenced in Tab&13) in case of low pressure and temperature.

Table 3.13.Results of the fatigue crack calculated by KEPCO E&C

Datanumber 2 9 27 45 61 80
Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
Computedeakrate[kg/s] 0.012 0.0024 0.0089 0.015 0.0123 0.0116
Measuredeakrate[kg/s] 0.016 0.0061 0.0164 0.0408 0.0165 0.0331

The real event analysis includes the calculatiah®fCOD Participants in this benchmark
project were required to select three levels of applied moment. The -plastic
estimation scheme, based on the GE/EPRI ductile fracture handbodke(se®?2.2.7),

was adopted to predict the COD. In case of the applied moment, the high bending moment
value Mu.) was calculated based on the design bending moment described in the ASME
Boiler and Pressure Vessel (B&PV) Code Section NB [32]. Below is the equation used for
this calculation:

. ¢O &Y 00
0] — —
88 5 p o

wherel, Do, Pi and S, are the moment of inertia, outer diameter, internal pressure, and
design stress intensity, respectively. Ba@alue of 138 MPa was used according to ASME
B&PV Code Sec. Il. Thenediumand zero level of bending moments are set to be half of
Mh.. and zero, respectively. The evaluated values are shown inJ4BleThe assumption
of applied bending moment caused the overestimation of the COD values as compared to
the reference values and resulted in the -gvediction of the leak ratas well.
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Table 3.14.Result of the real event analysis evaluated by KEPCO E&C

Bendingmoment Leakrate [g/s]
[kNm] bestestimate
0 64.9
0.235 1038.9
0.470 4409.8

The LBB sensitivity analysis aims to find out the effect of local roughness, especially for
the tight crack case. For the COD prediction, the elptistic estimation scheme was
employed based on the GE/EPRI ductile fracture handbookS@etion2.2.1). Henry's
homogeneous neaquilibrium critical flow model was adopted. Since PICEP receives one
variable for surface roughness, orthe resultsfor a surface roughnessf 114pum are
presented in Tablg.15.

Table 3.15.Result of the LBB sensitivity analysis by KEPCO E&C

Local roughness 114 pm
Fullcrack length | Crackopen.displ. Massflowrate
[mm] [um] l9/s]
50 26 13
75 41 3
100 58 5.6
125 7 9.4
150 99 14.4
175 124 21.2
200 155 31.1
225 191 47.3
250 233 69.7
275 283 100.3
300 342 1415

In conclusion, the exercise set Ritase | was treatable with the PICEP software. It is worth
noting that therés a more significant discrepancy between the model computation and the
measured values (Tak#el3) in case of low pressure and temperature.

3.2.4.KINS

KI NS analyses of the benchmark problems wer
developed by Oak Ridge National Laboratory Seetion2.5.4. LEAPOR is based on the
modified HenryFauske model for the theratlydraulic calculation (seBection2.4.4).

The wall thickness, full lengths of the crack at both interior and exterior, COD values
measured at three different positions, and COA were provided for the artificial slit case.
The wall thickness and full lengths were employed for the analysis, an@be/&ues at

both interior and exterior were assumed to be 0.193 and &R tespectively, so that the
calculated cross section is the saaeethe provided COA. For crack morphology
parameters, both local and global roughness were assumed tocbe 221 lacal and

global path deviations of 1.1 were applied. The calculated values are summarised in
Table3.16. This result is generally underestimated compared to the measured values.
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Table 3.16.Results of the artificial slit case calculated by KINS

Datanumber 10 13 14 20 33 38
Pressurdbar] 45.2 70.3 75.2 35.4 48.6 10.4
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
Computedeakrate[kg/s] 0.095 0.167 0.143 0.131 0.153 -
Referencgkg/s] 0.122 0.201 0.183 0.166 0.214 0.104

For the fatigue crack analysis, global roughness was provided, and the statistical local
roughness value of 8.884m was adopted according to Rahmano
global path deviations were assumed to be 1.017 and 1.06, respectively [14pdibegr

leak rats, as listed in Tabl8.17, are higher than the measured leaksralbere's a

significant discrepancy between the model computation and the measured values (as
referenced in Tabl8.17) as compared to the artificial slit case.

Table 3.17.Results of the fatigue crack calculated by KINS

Datanumber 2 9 27 45 61 80
Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
Computedeakrate[kg/s] 0.0285 0.0077 0.026 - 0.0293 0.03
Measuredeakrate[kg/s] 0.016 0.0061 0.0164 0.0408 0.0165 0.0331

The real event analysis includes the calculatiah®€OD. Participants in this benchmark
project were required to select three levels of applied moment. The -plastic
estimation scheme, based on the GE/EPRI ductile fracture handbodke(te®?2.2.7),

was adopted to predict the COD. In case of the applied moment, the high bending moment
value Mu..) was calculated based on the design bending moment described in the ASME
Boiler and Pressure Vessel (B&PV) Code Section NB [32]. Below is the equation used for
the calculation:

. ¢co . 00
U ss 5 pRY ey

wherel, Do, Pi and S, are the moment of inertia, outer diameter, internal pressure, and
design stress intensity, respectively. Ba@alue of 138 MPa was used according to ASME
B&PV Code Sec. Il. The medium and zero level of bending moments are set to be half of
Mhu... and zero, respectively. The evaluated values are shown in3.aBleThe assumption

of theapplied bending moment caused the overestimation of the COD values as compared
to the reference values and resulted in the-pvediction of the Idarate as well.

Table 3.18.Result of the real event analysis evaluated by KINS

Bendingmoment Leakrate [g/s]
[kNm] bestestimate
0 -
0.235 3727
0.470 1538

NEA LEAK RATE BENCHMARK FINAL REPORT



NEA/CSNI/R(2022)9| 47

The LBB sensitivity analysis aims to find out the effect of local roughness, especially for
the tight crack case. For the COD prediction, the elptistic estimation scheme was
employed based on the GE/EPRI ductile fracture handbook Seeton2.2.7). The
modified HenryFauske model was adoptedevaluatehe friction factor, flow resistance,
and fluid motion (se&ection2.4.4. The results are summarised in TabIl&9.

Table 3.19.Result of the LBB sensitivity analysis by KINS

Local roughness 114 pm 17 ym
Fullcrack length Crackopen. Frictionfactor Massflowrate Frictionfactor = Massflowrate
displ.

[mm] (um] [ [9/s] b [o/s]
50 26 0.924 2 0.924 2
75 40 0.924 54 0.924 54
100 56 0.924 11.2 0.639 124
125 73 0.924 20 0.416 241
150 93 0.924 32.8 0.310 40.4
175 116 0.924 50.7 0.248 62.3
200 143 0.924 75.2 0.209 91.3
225 175 0.924 108.4 0.182 129.5
250 212 0.924 152.8 0.162 179.5
275 255 0.924 211.8 0.147 245
300 306 0.636 302.9 0.136 330.6

When the full crack length is leisan 275mm, the computed friction factors with the local
roughness of 11@m are much higher thandkewith adjusted local roughness of fiih,
which leadgo the underprediction of the leak rate.

In conclusion, the exercise set fdrasel was treatable with the LEAPOR software except

for thelow pressure and temperature case (see Taband Tabl8.17). In addition, the
artificial slit case, which is an idealised experimental case, shows a good agreement with
measured results, while the results of fatigue crack and real event analysiguitere
different. Thisis attributed to the fact that the greatbe number of variables to be
assumed, the greatisrthe difference from the referencedwel

3.2.5.KIWA

Kl WAGs analyses of the benchmark problems are
Section2.5.2. ExcelSQUIRT has a simplified user interface as compared to previous

versions (SQUIRT or WInSQUIRT). ExcelSQUIRT also lacks an opportunity to obtain

intermediate results that are part of an analysis (leak rate is the only result from an analysis).

The artificial slit caseprovides the measured flow resistance values. KIWA used the mean
COD values as input data for the analysis, although a better agreement was observed when
using the maximum COD values (see Fig8uB).
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Table 3.20.KIWA results of the artificial slit case

Datanumber 10 13 14 20 33 38
Pressurdbar] 45.2 70.3 75.2 354 48.6 10.4
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
KIWAKg/s] 0.0918 0.154 0.1345 0.12 0.137 0.0805
Referencgkg/s] 0.122 0.201 0.183 0.166 0.214 0.104

Figure 3.1.KIWA results of the artificial slit case, sensitivity analysis using different COD
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The fatigue crack analysisis done in analogy to the artificial slit case. The results are

shown in Table&.21.

Table 3.21.KIWA results of the fatigue crack

Datanumber 2 9 27 45 61 80
Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
Computedeakrate[kg/s] 0.023 0.0055 0.021833 - 0.024 0.024
Measuredeakrate[kg/s] 0.016 0.0061 0.0164 0.0408 0.0165 0.0331

As shown in Tabl&.21, no result was obtained for case 45 using ExcelSQUIRT. In order
to get a validesult, it was necessary to assume a higher temperature for this case.
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In the real event analysisthe bending moment in the plant is unknown, but relevant for
the answer. Also, other inputs are given with great uncertainty. A sensitivity analysis is
therefore needed, and KIWA investigated different bending momentsahs¢bending
stress between 0 and BPa. The internal pressurgf 15.9MPacauses aaxial stresof
23.2MP a . The COD eval umhbuseocnde gave imcansistemt Yésudss
Therefore, checks were also performed with the WinLeck code from GRSeSiltsrare
shown in Figure3.2.

Figure 3.2. KIWA results of the real event analysis, sensitivity analysis using different
global bending stresses

Case3: Real event analysis
0.03 T \ 1 T

e— Measurement

Leakage rate [kg/s]

0.025 oo e o —=— ExcelSQUIRT [ .
0.02

0.015

0.01

0.005 ‘ | | ‘
0 10 20 30 40 50
Bending stress [MPa]

As can be seen from thgensitivity analysis, the best agreement was obtained using a
global bending stress of MPa.

The LBB sensitivity problem involves analysindiow the results are affected by using
different crack lengths (50 to 3®m). An investigation of the influence of the local
roughness waalsopart of this analysis. The results are shown in Fi§ugusing a local
roughness of 1im).
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Figure 3.3.KIWA results of the LBB sensitive study, sensitivity analysis using different
crack lengths
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3.2.6.NRC

The leak rate for the artificial slit case was determined using LEAPORS¢stien2.5.4).

The geometry and thermodynamic parameters foarttieial dit problem that were given

in the problem description were used for the inputs to the calculation using LEAPOR and
its GUI input progracmme, LEAPORSA. The specified inside diameter and outside
diameter crack length@c) were used and the COD values were the average of the three
specified in the problem descriptioA rectangular crack cross section vessumed. A
second set of calculations was performed using COD values derived from the tabulated 2c
and COA values. The specified total resistance value,watanot used in the calculation

as LEAPOR internally performs its own calculation of the Darcy friction factor. Since the
slit was artificial and no further information was given, a value of zero was assumed for
the number of turns per unit length paraengand an entry loss coefficient of 0.95 is hard
coded in LEAPOR. The leak path deviation pararsetvere assumed to be unity. The
calculation for singlgphase leak, data number 38, could not be performed because
LEAPOR is specifically designed fdawo-phase calculations, and the LEAPOR solver
could not converge for the data numB8&rcalculation; no leak rate data are reported for
these two cases.
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Table 3.22.NRC results of the artificial slit case

Datanumber 10 13 14 20 33 38

Pressurdbar] 45.2 70.3 75.2 35.4 48.6 10.4
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
Leakrate (2c, COI}Rg/s] 0.0969 0.1738 0.14802 0.13671 N/A N/A
Leakrate (2c, COAlg/s] 0.1310 0.2495 0.2079 0.1957 N/A N/A

The results of the artificial slit calculations mirror the measured mass flow rates given in
Table3.2, with the predicted leak ratalculated using the average of the thraleies of

the COD, 194 and 248m for interior and exterior, respectively, consistently
underestimating the measured values. Using the COD calculated from the COA and 2c for
the interior and exterior, 230 and 18%, respectively, the calculated leak rates
consistently overestimated the measured values.

As for the artificial slit case, LEAPOR was used to perform the leak rate estimates for the
fatigue cracks. COBRlependent crack morphology parameters for CF with local roughness
of 8.8um, global roughness of 40n, turns per mee of 6 730, global path length of
1.017 and global plus local path length of 1.06 were chosen. As before, the COD was
evaluated from the COA and 2c valukst sincethe calculated COD values did not differ
significantly from the tabulated COD valyemly calculations using theabulated COD
values were performed. Data number 45 could not be evaluated because it involved a
singlephase leak.

Table 3.23.NRC results of the fatigue crack

Datanumber 2 9 27 45 61 80

Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
Leakrate[g/s] 0.028 0.0077 0.0261 N/A 0.0293 0.030

As opposed to the artificial slit case, LEAPOR tended toasignatethe measured leak

rate for the fatigue crack cases. This result was somewhat surprising since the morphology
parameters that were used had a relatively large value for the number of turns, a parameter
that has a strong influence on the calculated leak Thie difference between the measured

leak rate value and the LEAPOR estimate did not show a correlation with the degree of
undercoolingwhich could have indicated errors in the model implementation. Since the
temperatures and pressures for tlifebnt measurements were generally similar, there is

a possibility that the differences lie in the leak rate measurements. This hypothesis may be
supported by the spread in measured values between the first and second measurements.

The NRC could not provide leak rate data for teal event analysis because the water
temperature for this problem, 400°C, would have resulted in singhase flow. The best
estimate COD values for each bending moment were evaluated for 50% crack face pressure
(CFP), theunderestimate for O%CFP and the ovesstimate for 100%FP. All of the
reported COD values are those at the-mall. The moment for the medium bending
moment was selected so that the sum of the axial stress and the bending stress was
approximately 25% of the yield stress, and the high momesnilted in approximately

60 MPa bending stress. No additional axial force beyond that from internal pressure was
added to any of the evaluations.
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Table 3.24.NRC result of the real event analysis

COD [mm]
BendingnromenfkNm] Undeest Bestest Overest Comment
0 0.075 0.120 0.177 Zero moment
0.06 0.178 0.249 0.334 Medium momel
0.2 0.658 0.806 0.972 High moment

The last Phase | exercise was the LBB sensitivity analydiere the leak rate was
estimated for varying crack lengths and two different local rougbkgeks4 and 17um.
Table3.25showsthe friction factors and mass flow rates for each of the crack lengths, as
well as the COBdependent effective roughness @uwand effective number of turns per

unit length (ntlx). For most crack lengthshe friction factor remained constant for the
114um local roughness until very long crack lengthad corresponding CODs were
reached. The COMependent effective number of turns changed only slightly. For the
17 um local roughness, the friction factor decreased rapidly for longer crack leagths

the effective roughness increased. Since the effective number of turns only depends on the
ratio of the COD to global roughness, the effective number of turns was the same for the
114 and 17um local roughness calculations.

Table 3.25.NRC result of the LBB sensitivity analysis

Local roughness 114 pm 17um
Fullcrack Crack Friction MUkt NtLeft Massflow | Friction MUkt NtLeft Mass
length open. factor rate factor flowrate
displ.

[mm] [mm] [l [um] [1/m] [kg/s] [l [um] [1/m] [kg/s]
50 0.019 0.924 114 5904 0.0013 0.924 17.7 5904 0.0013
75 0.030 0.924 114 5852 0.0036 0.924 18.6 5852 0.0036
100 0.042 0.924 114 5795 0.0076 0.924 19.6 5795 0.0076
125 0.056 0.924 114 5729 0.0141 0.634 20.8 5729 0.0157
150 0.072 0.924 114 5653 0.0235 0.426 22.2 5653 0.0283
175 0.091 0.924 114 5563 0.0372 0.318 23.8 5563 0.0458
200 0.111 0.924 114 5468 0.0549 0.260 25.6 5468 0.0676
225 0.133 0.924 114 5364 0.0777 0.222 275 5364 0.0948
250 0.157 0.834 114 5250 0.1064 0.196 29.5 5250 0.1283
275 0.183 0.573 114 5127 0.1419 0.177 317 5127 0.1689
300 0.223 0.385 114 4938 0.1985 0.158 35.2 4938 0.2321

3.2.7.0ClI

OCl 6s analyses of the benchmar KE gdeqded e ms
Section2.5.5, developed by OCI.

In the context of an LBB assessment where emphasis is placed on the detection of small
leakage rates, the distinction betweenservativeindbestestimatenodels becomes very
important. This classification can provide guidance on where these models can be
appropriately appliedaking account ahargins and uncertainties.cnservativéeakage

rate model is required to consistently underestimate the actual leakage rate and is typically
applied in deterministic procedures, e.g. the deterministic approach in the German standard
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KTA 3206. A bestestimateleakagerate model places greater emphasis on predictive

accuracy. In a probabilistic frameworkjgimo del 6 s esti mated sol uti ons
measure of central tendency (mean, median, or mode) for a prescribed statistical
distribution characterising the uncertainties in the leakate predictions. LO@E

provides botlbestestimateandconservativdeakagearea and leakagate models.

Note onmorphologyparameters

LOCIE contains a database of morphology parameters preselected as a function of damage
mechanismin Table3.26, he values from this database are compared to the parameters
provided in the problem statements for three cases: (1) Fatigcle (2) Reakvent, and

(3) LBB sensitivity.

Table 3.26.Morphology parameters as gunction of damagemechanism

Data Damage Rz(local) Rz(global) Rt(max) h Kag K gL
Source Mechanism (microns) (microns) (microns) 1/m ) )

LOCI Database fatigue 8.814 40.51 NA 6730 1.017 1.060
Fatigue Crack Case fatigue NA* 40.00 NA NA NA NA
Real Event Case fatigue NA 7.60 10.6 NA NA NA

LOCI Database PWSCC 16.86 114 NA 5940 1.009 1.243
LBB Sensitivity PWSCC 17o0r114 114 NA 5940 1.2 1.2

*NA = not available

OCl results for theartificial dit case

Two leakagerate models included in LOEI are applied in the analysis of thdificial

dit case 1) the extended Henfyauskebestestimatemodel (se&ection 2.4 %and 2)the
conservativenodified Bernoulli model (segection 2.4.5 The computed values from both
models are shown in TabB27 and comparisons to the measured leakage rates for this
case are presented in Fig@d.

As shown in Figur&.4, the leakageate results for the modified Bernoulli model
consistently underestimate the actual leakage rate for this case, thus satisfying the design
intent of a conservative model as required by the KTA 3206 standard [20]. Contpare

the modified Bernoulli model, the results from the HeRayske model provide predicted
leakage rates that are closer to the experimentadigisured data for ttatificial dit case

as expected for a besstimate model.

Table 3.27.0CI results for theartificial dlit case using LOCE

Datanumber 10 13 14 20 33 38
Pressurdbar] 45.2 70.3 75.2 35.4 48.6 104
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
HenryFauskdkg/s] 0.0966 0.171 0.146 0.134 0.156 0.0932
modified Bernoullkg/s] 0.0563 0.102 0.0844 0.0818 0.105 0.0496
Measuredieakrate[kg/s] 0.122 0.201 0.183 0.166 0.214 0.104
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Figure 3.4.Artificial slit case LOCIE solutions from Henry-Fauske and modified
Bernoulli models
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OCl results for thdatiguecrack case

LOCI E analysis results for thiatiguecrack case are listed in Tab&28 and shown in
Figure3.5. Flowrate solutions were calculated for each case usingcohnservative
modified Bernoulli and thdvestestimateHenry-Fauske models. For the Herpauske
solutions, a comparison is made in Tab@8 between the morphology parameters
provided in théatiguecrack problem statement and the parameters taken from thed.OCI
database (see Tal3e26).

Table 3.28.0CI results for thefatigue crack case using LOCE

Datanumber 2 9 27 45 61 80

Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
HenryFauskefg/s] 28.1 7.7 25.7 34.7 28.9 29.6
HenryFauske*fg/s] 28.4 7.7 26.0 35.0 29.2 30.0
modified Bernoullg/s] 15.3 4.3 111 20.6 15.1 16.8
Measuredeakrate[g/s] 16.0 6.1 16.4 40.8 16.5 33.1

*Morphology parameters provided fatiguecrack case problem statement.
**Morphology parameters taken from Tal8e26 LOCE database.
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Figure 3.5.Fatigue crack case solutions from the HenryFauske and modified Bernoulli

models
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As observed for the artificial slit case, tbenservativemodified Bernoulli leakageate
solutions are consistently lower than thestestimateHenry-Fauske predictions. The
modified Bernoulli leakageate predictions trend towards underestimating the
experimental data.

OCl results for theeal eventcase

LOCI E analysis results for theeal eventcase are listed in TabR29 for three bending
levels: 1) no bending, 2) medium bending at Qid6-m], and 3) high bending at O[JEN

m]. In addition to the applied bending moment, pressure loading is also included in the
required leakagarea analysis irsg the modified GE/EPRI model available in LECI

Table 3.29.0CI results for thereal event caseusing LOCIE

Bendingmoment [kNm] Leakrate [g/s]
Underestimate Bestestimate Overestimate
0 29.2 54.8 291
0.05 315 59.2 292
0.1 33.9 63.8 292

The HenryFauske solutions in Tab&29 make use of the LOEI flow regimes that are
defined in a transition model developed for the MERIT projectimsdribed in [44]. This
transition model is divided into four flow regimes as shown in Fi§use

! Regime 1:L_ / D, >30(HenryFauske model for twphase criticalchoked
flow)
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1 Regime 2: Bridge between Regirheand Regim& (HenryFauske model at
L, / D, =30)

f Regime 3: Transitioni linear interpolation of g2solution between
46<L, /D, 42

1 Regime 4. Orifice flow of subcooled liquid 7
p./P, =0.522 (fixed) at L., /D, .6

where

L, = effective crack flow length including morphology effects
D, = hydraulic diameter of crack flow channel
G, = critical leakage rate of mass flux at crack exit

p. = critical pressure at crack exit
p, = fluid pressure inside of pipe

In Table3.29, three estimation types are included:

1. an under-estimate solution based on thénear-elastic GE/EPRIlleakagearea
model Section 2.2.p and the modified Bernoulli leakagate model $ection
2.4.9,

2. abestestimatesolution based on tHmear-elastic GE/EPRleakagearea model
(Section2.2.2 and the HennFauske leakagemte model $ection2.4.4 (Regime
171 two-phase critical flow), and

3. anoverestimatesolution based on tteasticplastic GE/EPRleakagearea model
(Section 2.2.1and the LOCE leakagerate model for high flows (Regimei2
bridge between Regime 1 and Regime 3).

Figure 3.6. Transition model in LOCI E i flow regime definitions.
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OCl results for the LBRensitivitycase

The OCI results for the LBBensitivity case are presented in TaBI&Q where all cases
were executed using the Herfrpuske model implemented in LGE]I The CODswere
calculated using the EPFM GE/EPRI meth8ddtion2.2.1).

Table 3.30.0CI results of the LBB sensitivity analysis

Local roughness Rz (local) = 114 pm Rz (local) = 17 pm
Crack length,  Average Darcy Massflow Darcy Massflow
2 COD friction rate friction rate
factor f factor f

[mm] [um] [ l9/s] [l l9/s]
50 26 0.924 2.83 0.924 2.83
75 40 0.924 7.59 0.516 8.87
100 55 0.924 15.3 0.322 18.9
125 72 0.924 26.9 0.236 333
150 94 0.924 447 0.188 54.3
175 117 0.924 68.9 0.159 82.1
200 143 0.924 101 0.141 118
225 171 0.924 141 0.127 163
250 202 0.661 200 0.118 218
275 234 0.475 271 0.111 286
300 290 0.326 389 0.103 401

For the local roughnesd 114mm, the primary contributors to the total pressure drop are
shown as percentages of the total pressure loss in Hgurgor short cracks, the frictional
pressure drop plays a dominant role. As the crack becomes longer, this wall friction effect
falls off and the morphology of the crack face becomes more dominant. Bigure
demonstrates that the same trends be observedhen the local roughness is din;
however, the contribution of the wall friction to the total presdoss decreases more
rapidly thanin the 114nm caseln both cases the pressure drop due to crack path tortuosity
dominates for longer crack lengths.
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Figure 3.7.Primary contributors to total pressure drop with local Rz = 114mm.
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Figure 3.8.Primary contributors to total pressure drop with local Rz = 17nm
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3.2.8.PSI

PSI used the LEAPOR (se®ection2.5.49 code with the HenrfFauske model (see

Section2.4.4 to calculate the friction and resistanaadthe homogeneous equilibrium

model (HEM) was used as the flow model. The HEM approach considers tphase

mixture to be a pseuedtuid, which can be described by the same conservation law

principles that are valid for a singphase flow condition. In thismiodel, the two phases are

assumed to be everywhere in a state of both thermal and mechanical equilibrium. For

adiabatic flow, the process is assumed to be reversible and, therefore, isentropic, and the

velocities of the two phases are assumed to be equal. The equilibrium properties of the two

phases can be obtained fromawgar oper ty f or mul amplamentel A St eam T
in the code or from some general equation of state.

Note that LEAPOR can only deal with pipe cases. Therefore, thevpdatapproximated
as a very large pipe witnouter diameter of fOmm.

Table 3.31.PSI results of the artificial slit case

Datanumber 10 13 14 20 33 38

Pressurdbar] 45.2 70.3 75.2 35.4 48.6 104
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
Measurednassflowrate[kg/s] 0.122 0.201 0.183 0.166 0.214 0.104
Secondestimatefkg/s] 0.1 0.203 0.157 0.174 0.189 0.117
Leakrate[kg/s] 0.102 0.172 0.15 0.135 0.161 0.16
Differencg%] 2 2.9 3.3 3.1 5.3 5.1

Compared with the measured mass flow rate, the numerical leak rate is a bit lower when
the temperature and pressepeeedl22.4°C and 35.81Pa, respectivelybut is more in
agreement with the second estimate. However, the calculated flow rates are in good
agreement with the measured ones because the difference between the measured and
calculated rate is less than 5%. Note that the calculated leak rate isthaghthe measured

one when the temperature and presanedower, i.e. 79.3°C and 10MPa, respectively.

It can be inferred that there exists a pressure and temperature limit in the implemented
model of LEAPOR, below which the leak rate would be ovaneded.

In addition, it is found fotheartificial slit casethat the internal pressure has more influence

on the leak rate than the temperature. When the pressure is increased fravar 46.2
48.6bar, the leak rate is increased by 50% although the temperature is reduced from
233.9°C to 122.4°C. Likewise, the leedte increased also by 50% with the temperature
around 240°C when the pressure is increased fromb&s.® 75.2ar.

Table 3.32.PSI results of the fatigue crack

Datanumber 2 9 27 45 61 80
Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
Measurednassflowrate[kg/s] 0.016 0.0061 0.0164 0.0408 0.0165 0.0331
Secondestimate[kg/s] 0.0226 0.0145 0.0182 0.0478 0.0217 0.0369
Leakratefrom LEAPORkg/s] 0.0197 0.0046 0.0181 0.0452 0.0203 0.0208
Differencg%o] 18.7 32.6 9.4 9.7 18.7 59.1
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In the fatigue crackase it is found that some leak rates calculated with LEAPOR are far
from the measured mass flow ratespecially if the pressure and temperaame62.1bar

and 161.8°C, respectively. When both pressure and temperature are at high levels, the
simulated leak rate results are a bit higher than the measnedThe leak rates are
overestimated by the numerical method.

Table 3.33.PSlI result of the real event analysis

Reference leak rate: 0.013 kg/s Underestimation BestEstimate Overestimation
Zero Bending Bending Moment [kNm] 0 0 0
Leak rate [kg/s] 0 0 0
Medium Bending | Bending Moment [KNm] 0.6 1.11 1.31
Leak rate [kg/s] 0.00913 0.04613 0.05953
Large Bending Bending Moment [kKNm] 1.61 1.81 2.01
Leak rate [kg/s] 0.08157 0.10893 0.12509

As LEAPOR codeannotdeal with the variable bending moment, we can refer to the COD
and leak rate calculation methods implemented into this code (Zaho&estEm?2.2.1).

Finally, we can conclude that the leak rate is regarded as zero when no bending moment is
introduced. Hence, the best estimate lies on the applied medium bending moment range
between 0.6 and 1.KINm, which causes the leak rate to approach the refelesiceate.

It also reveals that the crack is closed withebending moment.

Table 3.34.Result of the LBB sensitivity analysis

Local roughness 114 pym 17 um
Fullcrack Crackopen. Friction Massflow Friction Massflow
length displ. factor rate factor rate
[mm] [mm] [ [kg/s] 8! [kg/s]
50 0.024 0.01336117: 0.00195 | 0.00941838: 0.00195
75 0.0368 0.01336117: 0.00529 | 0.00941838: 0.00533
100 0.0503 0.01336117: 0.01075 | 0.00941838: 0.01134
125 0.0649 0.01336117: 0.01884 | 0.00941838: 0.02211
150 0.0808 0.01336117: 0.03009 | 0.00941838: 0.03667
175 0.098 0.01336117: 0.04499 | 0.00941838: 0.05532
200 0.117 0.01336117: 0.06443 | 0.00941838: 0.07893
225 0.137 0.01336117: 0.08845 | 0.00941838: 0.1074
250 0.1595 0.01336117: 0.11893 | 0.00941838: 0.14331
275 0.183 0.01336117: 0.15534 | 0.00941838: 0.18439
300 0.209 0.01336117: 0.20002 | 0.00941838: 0.23477

As shown inTable3.34,ahigher local roughness increases the friction faaolas aresult

the mass flow rate is reduced. Wah increase othe full crack length, theCOD also
increases, which results in the rise of the mass flow rate. The leak rate difference caused
by different local roughness is bigger when the crack is lofiderconclwsion isthat the

COD has more influence on the mass flow rate than the local roughness.

LEAPOR is a simple tool to simulate the leak rate. Therefore, external loadings are not
considered as variabtesnly the definition of pressure and temperature is possible once
the geometries and sizes of pipe and flaws are given.
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3.2.9.SNC

Forthe artificial dlit andfatiguecrack exercise problemsheleak rate is estimated using
LEAPOR Section2.5.4, SQUIRT Section2.5.8 and CFX software Gection2.5.]). In

both SQUIRT and LEAPOR, the structure is considered a large diameter pipe
(D>1000mm) instead dd plate andhe COD is estimated from the crack length and cross
sectional areaconsidering it was rectangular shaped flaw. In SQUIRT, both ID and OD
crack lengtrareconsidered as average values of crack lengths provided inJ.abighile

in LEAPOR, the actual crack lengthreused. For both these problenas; is assumed in
SQUIRT with crack morphology parameters from Tehi of Reference [14]. Cck
morphology parameter in Tabel is used in LEAPOR.

In the CFX calculation, the flow inlet is modelled using the subsonic flow regime with

ATot al Pressure (stable)odo option for mass an
(intensity =5%) antheil Tot al T e mp eareaséddor hedt trangfet setting. The
flow outl et is modelled using the subsonic fI

option (pressure profile blend = 0.05) for mass and momentum setting. Pressure is
considered averaging over the whole outlet. The wigdeboundary is modelled ugirthe
ANo Slip Wallodo option f othefimhald sa band cmo merttiwm o

transfer settingTheAh Rough Wal |l 6 option with different sa
The results ofthe artificial dlit and fatigue crack exercise problems are presented in
Table3.35 and Tabl&.36.

Table 3.35.SNC results of the artificial slit case

Datanumber 10 13 14 20 33 38
Pressurdbar] 45.2 70.3 75.2 35.4 48.6 104
TemperaturfC] 233.9 216.9 250.5 161.4 122.4 79.3
LEAPOR [kg/s] 0.0950 0.1580 0.1379 0.1245 0.1475

SQUIRT [kg/s] 0.0932 0.1535 0.1345 0.1202 0.1538 0.0711
CFX [kg/s] 0.1080 0.1360 0.1370 0.2000 0.2400 0.1116
Reference [kg/s] 0.122 0.201 0.183 0.166 0.214 0.104

Whencompared to the measured leak rate, both LEAPOR and SQUIRTpuedietthe
leak rate witha maximum absolute percentage difference of 46 Sicethe temperature
for data numbeB8is low andit can be considered a singlbase flow, LEAPOR did not
achieve aconverged solutiomandthus data number 38 not considereih percentage
difference calculation

Ansys CFX overestimatetie leak rate fothreeof the test data and underestimaiteftr
the other threayith amaximum percentage difference of 47.8%.
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Table 3.36.SNC results of the fatigue crack

Datanumber 2 9 27 45 61 80
Pressurdbar] 65.7 20.8 70.7 76.7 77.2 62.1
TemperaturfC] 204.3 204.4 254.4 20.8 229.9 161.8
LEAPOR [kg/s] 0.0282 0.0078 0.0258 - 0.0290 0.0297
SQUIRT [kg/s] 0.0296 0.0083 0.0271 0.0463 0.0305 0.0312
CFX [kg/s] 0.0240 0.0120 0.0300 0.0380 0.0380 0.0372
Measureltakrate[kg/s] 0.016 0.0061 0.0164 0.0408 0.0165 0.0331

For the fatigue crack, in summary all three methods overestimate the leak rate when
compared to the measurede,except for data numbe8® and 45 (CFX only). Due the

low temperature in data numb&s resulting ina singlephase flow, LEAPOR didhot
achieve aonverged solutiormhe maximum absolute percentage differesice LEAPOR,
SQUIRT and CFX are 58.3%, 45.9% and 56,68spectively.

The keak rate fothereal eventexercise problem is estimated with SQUIFSE¢tion2.5.8

with crack morphology parameter @fF. An dliptical crack shapeand an operating
temperature of 40°C asssumed for the leak rate estimation in SQUIRT. For each level of
bending moment, COD at mislall is estimated usingnin-house solution. Midvall COD

is assumed at both ID and OD surfaces.

The hgh bending moment was calculateding equation (9) in Article 3652 of ASME
BPVC Sectiorlll using the Code value of design stress intensity of332 Type304. The
medium bending moment was taken as halfthahigh bending moment, and the low
bending moment wadefinedas zero. Results @he real event analysiare presented in
Table3.37.

Table 3.37.SNC result of the real event analysis

Reference leak rate: 0.013 kg/s Bestestimate
Zero Bending Bending Moment [kNm] 0
Leak rate [kg/s] 0.0294
MediunBending Bending Moment [kNm] 293.79
Leak rate [kg/s] 0.2384
Large Bending Bending Moment [kNm] 587.58
Leak rate [kg/s] 1.87

Forthereal eventinalysis, even with zero bending moment, the predicted leak rate is above
the measured leak rate of 0.0ds. Uncertainty in temperature can be ignored as the given
range of temperature from 40°1°C typically results in singiphase flow. Uncertainties

in the crackmorphology, COD solution and shape of the crack can be attributed to
differencesin theestimated leak rate.

Both SQUIRT and LEAPORreusedto estimatdeak rates for LBB sensitivity analysis
where COD was calculated usiagin-house solution with weld material properties. As
expectedthepredicted leak rate is higher for lower local roughness parasnéisrata
lower COD level, the leak rate is not sensitive to local roughness.
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Table 3.38.SNC result of the LBB sensitivity analysis

Local roughness 114 pm 17 pm
Fullcrack =~ Crack SQUIRT LEAPOR SQUIRT LEAPOR
length open. Friction Mass | Friction Mass Friction | Massflow | Friction | Massflow
displ. factor flowrate factor | flowrate factor rate factor rate

[mm] [mm] [ [kg/s] [ [kg/s] [ [kg/s] [ [kg/s]
50 0.0312 0.0029 0.92425 0.0025 0.0027 0.92425 0.0025
75 0.0485 0.0079 0.92425 0.0071 0.0073 0.84117 0.0073
100 0.0674 0.0163 0.92425 0.0144 0.0174 0.46856 0.0170
125 0.0888 0.0291 0.92425 0.0257 0.0323 0.32740 0.0316
150 0.1131 0.0474 0.92425 0.0419 0.0527 0.25528 0.0516
175 0.1413 0.0727 0.92425 0.0647 0.0804 0.21149 0.0787
200 0.1742 0.107 0.92425 0.0961 0.1173 0.18235 0.1148
225 0.2128 0.1546 0.92425 0.1386 0.1663 0.16171 0.1628
250 0.2583 0.2152 0.92425 0.1959 0.2313 0.14645 0.2263
275 0.3120 0.3068 0.60823 0.2862 0.3176 0.13484 0.3106
300 0.3754 0.4192 0.41379 0.4042 0.4328 0.12581 0.4230

In general, both LEAPOR and SQUIRT where able to predict the leak rates reasonably
well; no consistent trend of overestimation or underestimation could be established and the
results are very sensitive to the input parameters.

3.2.10.U3v

UJV analyses of the benchmark problems are done with the LeakH co8e¢sea2.5.3
developed byJV. Results are presented in the fafintervak correspondingo the COD
scatter as defined in the input. Compliance betweemeasured and calculated flow mate

is excellem, with a reasonable level of conservativity (lower values are conservative for
LBB).

Table 3.39.UJV results of the artificial slit case

Pressurdbar] TemperaturfC] Measurednass Numerical
flowrate[kg/s] participantresult
[kg/s]
45.2 233.9 0.122 0.087i 0.112
70.3 216.9 0.201 0.157i 0.203
75.2 250.5 0.183 0.130i 0.169
354 161.4 0.166 0.126i 0.163
48.6 122.4 0.214 0.162i 0.209
10.4 79.3 0.104 0.074i 0.096

In the case of fatigue cracthe COD was defined by one value in the ingonhtrary to
artificial crack andtherefore the calculated leak rate can be expressed by one value. The
code LeakH was used in this calculatian in the previous case. The results are shown in
Table3.40.
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Table 3.40.UJV results of the fatigue crack

Pressurdbar] TemperaturfC] Measurednass Numerical
flowrate[kg/s] participantresult

[ka/s]
657 2043 0.016 0.0317
208 2044 0.0061 0.0105
707 2544 00164 0.0248
767 208 0.0408 0.0425
772 2299 0.0165 0.0314
621 1618 0.0331 0.0347

Thedeviation between the model computation and the measurement is significantly larger
than for the artificial slit case. In four cases, the computed leak rates are higiein
two cases the measured values are practically identicathwittalculated values.

In the real event analysiew, medium and high bending moments were definedNis 0

40% of maximum allowable stress and 80% of maximum allowable stress of uncracked

pipe. The maximum allowable stress was calculated accordingpédCzech code A.S.I.

Only the best estimated value was calculated for both 40°C and 70°C. The COD was

calculated according to Akram Zahoor Ductile Fracture Handb8ektijon2.2.1). One
roughnessof 76 m was used. The comput3dd values are s

Table 3.41.UJV results of the real event analysis

Bendingmoment COD [mm] Leakrate kg/s]
[kNm] 40°C 70°C
0 0.075 0.159 0.158
0.187 0.597 1.79 1.77
0.374 2.021 6.19 6.14

The detected leakagef 0.013kg/s is lower thanthe minimum calculated leakage
corresponding to zero bending momerhis may be due tahe effect of plugging. The
effect of plugging is higher for lower COD. The influence of temperature is negligible.

Results of LBB sensitivity tasks are presented in Takla below. LEAKH is noableto
calculate local surface roughness, oalglobal onecan beenteed as input. Instead of
influence of roughness, the influence of type of turnings (either 90° or 45°) is considered.
The COD was calculated accordingte Akram Zahoor Ductile Fracture Handbofdee
Section2.2.7). The rumber and type of turningre crucial for LBB analysisas seen in
Table3.42.
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Table 3.42.UJV results of the LBB sensitivity analysis

Number of turns

90° turns 24( 45° turns 24(

Fullcrack
length

[mm]
50
100
150
200
250
300

Crackopen.

displ.
[mm]
0.12008
0.306417
0.60296
1.110101
2.002956
3.622305

Massflow

rate
[kg/s]
0.00313
0.0365
0.162
0.473
1.22
3.48

Massflow
rate

[ka/s]
0.0232
0.377
1.79
5.39
13.8
37.9

3.3.Comparison

3.3.1.Artificial dlit

In total, 12 contributions were received for the computation of the mass flow rates through
artificial slits. The received computations and the reference values are shown irBEgure
The tests were of data set numbers 18, 14, 20, 33and 38, and were numbered

consecutively.

Figure 3.9.Left: Comparison of the calculated leak rates (coloured) with the reference
(black). Right: The test conditions in the pFdiagram of water
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From ths figure, it can be confirmed that most methods have a good qualitative agreement
with the relation between thermodynamic conditions and mass flow rate. All except one
are carried out as a besitimate analysis, while one analysis is dorenasderestimation
(which consistentlyreports the lowest rates well below the measured values). For an
understanding of the different approackesongthe participantsa classification of the

contributions is proposed.
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Figure3.10 showswhich geometrical information is used by each participant, since the
exercise table provides information about the inlet and the exit. In this graph, it is visible
that the participantthatuse both sides are the largest group. Only one participant uses the
COD specification as geometry information, which leads to significant differences to the
other teams. Thus, the different choice in geometric information can be identified as a
possible rason for a different leak rate prediction.

Figure 3.10.Analysis results for the artificial slit with emphasis on the leak geometry
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The second evaluation is done with respect to the friction and resistance model. There are
different approaches: One fraction is computing a friction factor based on the morphology
(roughness) information using a relation as the one by Paul et al., 30heKTA 3206.

Two contributions use the singtdase flow resistance measured for the leak. One
contribution assumes only a form loss coefficient and no frictional loss. In two
contributions, the treatment of flow resistance cannaetdieseparatedrbm the approach.

The comparison of all approaches is shown in Figuté.
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Figure 3.11.Influence of friction modelling to the leak rate computation
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From this figure, it seems to be clear that the use of the actual resistance value yields a
higher accuracy than the use of the morphology. The result for the inlet loss is also very
good in this case. The use of the KTA 3206 relation is the key to wigaihe
underestimating trend in this result, which is well achieved.

The third classification is the actual flow model, which describes the evolution of
thermodynamical properties of water along the flow channel. The models according to
HenryandPana, a homogenous equilibrium approach, the modified Bernoulli equation, a
computational fluid dynamic (CFD) approach, t8®R model, and the model from
Zaloudek are used. A classification according to the actual flow model in the simulation is
applied in Figures.12.

Figure 3.12.Evaluation of flow models in the artificial slit exercise
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It is evident fom this figurethatthe grouping influenced by ttedorementionegeometry

and resistance assumptions remains. The grouping of the-Hanngodels with accurate
crosssection and roughnesietermined resistance is clearly visible. Compared with the
other contributions, thego nothave the highest accuracy, lmather showa trend to
smaller leakage rates. To separate the flow model influence from geometrical and
resistance assumptions, the dependency of the leak rate on the test numifeongi
thermodynamic conditions) is a good measure. Most model computations (despite outliers)
follow the measured trend, with the notable exception of the CFD contribte&irNo 3

and 4).

3.3.2.Fatigue crack

The 12 contributions for the fatigue crack are shown in Figur®@. One is an
underestimating analysis, while all others are-bssitnateanalysesAs before, the tests
are numbered consecutively.

Figure 3.13.Phase Ifatigue crack result
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The differences between measured emmiputed values are satisfyjrige worst examples
differ by about a factor of 2. The underestimating analysis is below the measured values,
but not the lowest of all.
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The friction and resistance assumption are important building blocks of the analysis. In the
assessment of the fatigue crack, different levels of information can be used:

9 the fact that it is a fatigue crack and assuming standard values for the morphology

9 the measured surface roughness as morphology, and computing the friction factor
by standard relations

i the measured resistance as obtained in cold flow tests.

The classification according to this scheme is visualised in FRylife
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Figure 3.14.Resistance classification for fatigue crack exercise
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The use of the measured resistance leads to a good agreement between computation and
measurement, but some of the results based on the measured morphology are of similar
precision. The results based on the damage mechanism show a lower accuracy. The
underestimating contribution is based on the conservative computation of the resistance
and is therefore shown as a particular class (KTA 3206).

The influence of the flow model is discussed with help of Figut®. Most of the
participants use implementations of the Henry mdddhe users of the LEAPOR
implementation are shown as a clasgheir own. The other participants use the Pana
model, a homogeneous equilibrium apprqactthe modified Bernoulli approach.

Figure 3.15.Flow model analysis for fatigue crack case
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Test No4 is a coldwater test, and several Henry model implementations fail to treat (or
catch) this case correctly, mostly skipping the value (note the missing points in the
diagram). The modified Bernoulli approach is not appropriate for the cold flowitiest
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consequently, the behaviour at that point is of minor quality. However, the modified
Bernoulli equation, the homogeneous equilibrium approach and the Pana model are the
only models in the contributions trettowthe correct qualitative trend for all poiritsnany

Henry models fail to predict the increase in leak batsveerpoint 5and6.

3.3.3.Realevent

For the analysis of the real event, the task was to estimate the unknown bending acting on
a circumferential crack, and to perform a sensitivity study with different bending
assumptionsi-ourteendifferent computations were received: nine bEsttmate analyses,

three undeestimations and two ovastimates. The predicted leak rates for the individual
bending moment assumptions as chosen by each participant are shown i3 Bigure

Figure 3.16.Phase Irealevent
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The undefestimates are significantly lower than the egstimats, but the besestimates
rangefrom very low to very high values. Whiletpea r t i @ssymatioris @h@realistic
bending moment are in goagreement (between 0.1 and &NIm), the leak rates vary by
three orders of magnitude.

One important assessment step is the computation of the leak opening, as manifested in the
COD. Most participants use the GE/EPRI method from the ductile fracture handbook, and
another significant group uses the elastic version of this methodp@nepantuses the
LBB-ENG2method and one (undestimateusesghe GRSPB method; other participants

are not reporting the (intermediate) COD values anthasmot included in the comparison

in Figure3.17.
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Figure 3.17.Phase Irealevent: COD analysis by method
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The figure shows that the COD valudiffer greatly The elastic methods show an affine

linear dependence of the COD with the applied bendingxpsected. As the material
properties are not proposed, the contributions based on the same methods are not
necessarily identical.

3.3.4.LBB sensitivity

In the analysis of the LBB sensitivity, eight contributions were received. As this analysis
involves the whole computation from crack opening to mass flow $seton2), it is
preferable to compare the reswf intermediate steps. The first step, the computation of
the COD as a function of crack lengthshown in Figur@.18. The different contributions

rely mostly on the ductile fracture handbook solution (GE/EPRI), its derivate LBB.ENG2
and the elastic approximation. The methofdthe XLPR code is lso used inthe
contributions.
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Figure 3.18.Phase 1 LBBsensitivity study crack opening displacement as a function of full
crack length
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Most methods are in good agreement with each other, with two notable exceptions: The
SQUIRT-implementation of the elastic EPRiethod predicts a shrinking COD with
increasing crack length, and one participant reports a very steep increase of the COD
compared with the others.

The next step is ass@sgthe friction factor as a function of ti@OD. All participants refer

to the friction factor relation according to Paul et st is not necessary to distinguish
betweenthe models. Unfortunately, only five participants reported this value in the
contributions,so only those values are included in the comparison of models shown in
Figure3.19. Solid lines indicate the assumption of fubdlocal roughness, while dashed
lines correspond to J7m.
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Figure 3.19.Friction factor as a function of the crack opening displacement
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The results for 1pm are in reasonable agreement, while the results fopdidiffer
significantly. In addition, all but onef the participants assume a saturation of the friction
factor, i.e. the value is limited to unity, while the value is not truncated for the single
participant.

The last step in the assessment is the computation of the leak flow rate for a given crack
opening.This isclearly influenced by the friction factor modelling, as discussed above.
Thep ar t i adsutsaanetcaentpared in FiguBe0. The line styles alidenticalto the

ones in theprevious figure.
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Figure 3.20.Mass flow rate as a function of crack opening displacement
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Many mass flow rateeomputations foa given CODcoincide resulting insimilar COD
computations and similar friction factors. The exceptions discussed previously can be
identified in this figure as well. The small values of one solid curve, leading to very small
values of leak rates for finite crack openings of aboutrirl, area resultof the diverging
friction factor.
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phase

The second benchmark phase was started after the results of the first benchmavkghase
discussedThe computational phase was prolongedrderto allow blind computations
even in case of delayed contributions.

4.1.Exercise set

4.1.1.Blind calculation of artificial slit

The exercise sheet for the blind calculation is given in TéaldleThis test was done in
analogy to the artificial slit test described in the first benchmark pasti¢n3.1.1), but

with different specimen dimensions.

Table 4.1.Exercise sheet for the blind calculation of artificial slit

Category Attribute Variable Value Unit
Structure Geometriype - Plate -
Wallthickness t 16.85 mm
Additional loads
Leakgeometry Approximate shape - -
Interior Full length 2c 20.5 mm
Maximal width ' COD 138158147 pm
Cross section | COA 3.08 mm?
Exterior Full length 2c 20.9 mm
Maximal width = COD 211213204 pm
Cross section | COA 4.39 mm2
Morphology Damage mechanism - Eroded slit -
Inlet form loss zeta_in Unknown -
Roughness Local Rz Unknown pm
Global Rz 22 pm
Bends Local N Unknown -
Global N Unknown -
Measured total resistance | Zeta 4.56 -
Fluid gtagnation) Pressure p variable bar
Temperature T variable °C

The pressure and temperature variaiae given in Tabld.2.

Table 4.2.Pressure andtemperature variation of the blind artificial slit case

Test No. 1 2 3 4 5 6
Dataset 8 15 18 38 40 55
Pressurdbar] 60.4 10.5 45 45.4 63.6 255
TemperaturfC] 19.9 122.1 122.3 234.6 213 206.1
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4.1.2.Blind calculation of fatigue crack

The blind computation of a fatigue crack is tmmtinuation of the first benchmark phase
fatigue crack computation. The data sheet is reproduced in Z8ble

Table 4.3.Exercise sheet for the blind calculation of fatigue crack

Category Attribute Variable Value Unit
Structure Geometrype - Plate -
Wallthickness t 7.05 mm
Additional loads None
Leakgeometry Approximate shape - Rectangular -
Interior Full length 2c 52 mm
Maximal width = COD 94 pm
Cross section | COA 4.89 mm?
Exterior Full length 2c 41.05 mm
Maximal width = COD 84 mm
Cross section | COA 3.45 mm?
Morphology Damage mechanism - Fatigue -
Inlet form loss zeta_in Unknown -
Roughness Local Rz Unknown pm
Global Rz 40 pm
Bends Local N Unknown -
Global N Unknown -
Measured total resistance | Zeta ca.32 -
Fluid Pressure p variable bar
Temperature T variable °C

The pressureand temperature variation is in the same range as for the artificial slit case
and the first phase exercises. The six selected points are shown id Bable

Table 4.4.Pressure andtemperature variation for the blind calculation of fatigue crack

Test No. 1 2 3 4 5 6
Dataset 31 18 32 13 44 49
Pressurdbar] 75.3 65.5 15.7 45.4 50.6 30.1
TemperaturfC] 199.4 234.8 200 238 16.7 151.9

4.1.3.Blind calculation of realevent analysis

The blind calculation of a real event proposes the computation of an axial crack in a reducer.
The data sheet is shown in Tallé.
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Table 4.5.Exercise sheet for the blind calculation of real event

Category Attribute Variable Value Unit
Structure Geometriype - Reducer (3inchto2 | -
inch)
Outediameter D 75 to 50 mm
Wallthickness t 12 mm
Material Number AlSI type 304 -
Young's Modulus E Unknown MPa
Yieldstress Rp0,1 Unknown MPa
Ultimatetress Rm Unknown MPa
Poissomumber nu Unknown -
Ramberg | Prefactor alpha Unknown
Osgood | Exponent n Unknown
Loads Pressure p 7 MPa
Bending M Unknown Nm
Lealgeometry Orientation - Axial -
Approximate shape - Wall -
Interior Full length 2c Unknown mm
Estimated COD Unknown mm
maximal width
Cross section | COA Unknown mm?2
Mean Full length 2c Unknown mm
Estimated COD Unknown mm
maximal width
Cross section | COA Unknown mm?2
Exterior Full length 2c <25 mm
Estimated COD Unknown mm
maximal width
Cross section | COA Unknown mm?2
Morphology Damage mechanism - Thermal fatigue -
Inlet form loss zeta_in Unknown -
Average | Local Rz Unknown pHm
roughness  Gjopal Rz Unknown pm
Mean Ra Unknown
roughness
Maximal Rt Unknown
roughness
Bends Local N Unknown -
Global N Unknown -
Measured total resistance | Zeta Unknown -
Fluid Pressure p 7 MPa
Temperature T 280 °C
Leak rate Measured flow rate m (blind) kals

Since this evaluation is only done with one singkasured value, it is proposed to make
a besestimate, an underestimatiand an overestimain analysis.

4.1.4.LBB sensitivity analysis

The findingof the parallel LBB benchmark activity, that the computed leak opening has a
strong effect on the leak rate, motivated the analysis of a past experim&@®@n
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Table4.6 summarises the test condisari a pipe with a circumferential flaw under interior
pressure andvariable bending load.

Table 4.6.Exercise sheet for the LBB sensitivity analysis

Category Attribute Variable Value Unit
Structure Geometrype - Cylinder -
Outediameter D 796 mm
Wallthickness t 47.3 mm
Type - NiMoCGCast -
Material Yield strength Rp02 479.6 MPa
Ultimate tensile strength Rm 663 MPa
Elastic modulus E 196 GPa
Poissomumber nu 0.3 -
Ramber@sgood Go 479 MPa
v} 0.02 -
U 3.9 -
n 6 -
Loads Interiopressure p 15.8 MPa
Temperature T 140 °C
Bendingroment M Variable MNm
Lealgeometry Orientation tial -
Approximate shape - -
Centre Fulllength 2c 417 mm
Full angle 2 gamma 63.8 °

The change inCOD as the bending moment increases was measured in the test and
computed by the participants. The measured dCOD values are shown id.Table

Table 4.7.Bending moment and resulting crack opening for the LBB sensitivity analysis

Bendingmoment Crackopening
M displacementhange

[MNm] dCoD
[mm]
0.00 0.00
0.55 0.23
0.98 0.38
1.47 0.48
2.00 0.64
2.51 0.86
2.92 1.08
3.43 1.44
4.00 1.79
4.49 2.53
5.08 3.52
5.45 5.08
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The dCOD value is definetd bezero at vanishing bendindue to the test conditions,
crack opening solely due to pressure is not relevant for this exercise.
4.1.5.Steamgeneratortubeleakanalysis

This exercise is different from the others, since a very thin test specimen with a leak is
investigated. The test was also conducted at MPA University of Stutkgaithe test
conditions are summarised in Tadl8.

Table 4.8.Exercise sheet for the SGT analysis

Category Attribute Variable Value Unit
Structure Geometrype - Plate -
Wallthickness t 1.23 mm
Leakgeometry Approximate shape - Circle -
Interior Diameter D 0.3 mm
Cross section | COA 0.0707 mm2
Exterior Diameter D 0.3 mm
Cross section = COA 0.0707 mm?2
Morphology Damage mechanism - Eroded hole -
Inlet form loss zeta_in Unknown -
Roughness Local Rz Unknown pm
Global Rz 7.4 pm
Bends Local N Unknown -
Global N Unknown -
Measured total resistance | Zeta Unknown -
Fluid Pressure p variable MPa
Stagnation T variable °C

As in the cases of the artificial slit tests and the fatigue crack tests, six fluid conditions are
selected. The test conditions are summarised in Hadle

Table 4.9.Pressureand temperature variation for the SGT analysis

Datanumber 10 13 19 20 22 24
PressurdMPa] 7.59 2.09 8.08 5.55 6.54 7.45
TemperaturfC] 16.7 128.6 128.9 263.1 262.9 262.8

It wasleft to thediscretion of theparticipantavhetherthese testaere to beassessed with
the same methodssedfor thick-walled components or with specific methods for steam
generator tube leaks.

4.2.Computation

In this section, theé ndi vi dual comréutionsacei dpcamentsddand shortly
discussed. The subsections amanged according the participantdorganisatios.
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4.2.1.BARC

BARC used the SCALE code (s&ection2.5.7) for the assessment; the Burnell model

(Section2.4.3, the Zaloudek modeSection2.4.6§ and the Henry modebgction2.4.4)
arecompared. The results for the artificial slit cases are summarised in4Tadle

Table 4.10.BARC results of the artificial slit case

Datanumber 8 15 18 38 40 55

Pressure [bar] 60.4 10.5 45.0 45.4 63.6 25.5
Temperature [°C] 19.9 122.1 122.3 234.6 213 206.1
Burnell [ka/s] 0.195 0.073 0.161 0.107 0.161 0.082
Zaloudek [ka/s] 0.186 0.067 0.151 0.084 0.145 0.062
Henry [ka/s] 0.220 0.024 0.123 0.091

The fatigue crack case is analysed with the same methods. The BARC result for this case
is given in Table4.11.

Table 4.11.BARC results of the fatigue crack case

Datanumber 31 18 32 13 44 49

Pressure [bar] 75.3 65.5 15.7 45.4 50.6 30.1

Temperature [°C] 199.4 234.8 200 238 16.7 151.9

Burnell [kg/s] 0.209 0.165 0.053 0.115 0.119 0.138

Zaludek [kg/s] 0.192 0.142 0.010 0.087 0.189 0.127

Henry [kg/s] 0.086 0.082 0.038 0.128 0.224 0.033
4.2.2.GRS
As the organiser of the benchmark exercises, GRS was involved in the selection of the
individual problem sets and the preparationofdh®es cr i pti ons. Therefore,
of the fatigue crack, the artificial slit and the real event are not performed as blind
computations.

In the LBB sensitivity analysis, two analytical methods are chosen for the computation of
the incremental COD changtite underestimating GRBB approach (seSection2.2.3

and the besestimate LBB.ENG2 approach (s8ection2.2.4. While the latter considers

a RambergDsgood material stresdrain relation, the plastic strain parts of GRB are

more qualitative and, in addition, conservative. The result is shown in Falethe
dCOD values were obtained by considering the GDRero bending moment.
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Table4.12GRS06 result of the LBB sensitivi
Underestimating BestEstimate
(GRSPB) (LBB.ENG2)
Bending Total dCoD Total dCoD Measured
moment CcoD coD dCob
[MNm] [mm] [mm] [mm] [mm] [mm]
0 0.37 0.00 0.37 0.00 0.00
0.55 0.52 0.15 0.55 0.17 0.23
0.98 0.64 0.27 0.68 0.31 0.38
1.47 0.77 0.40 0.84 0.46 0.48
2.00 0.92 0.55 1.00 0.63 0.64
251 1.06 0.69 1.16 0.79 0.86
2.92 1.17 0.80 1.29 0.92 1.08
3.43 1.31 0.94 1.45 1.08 1.44
4.00 1.46 1.09 1.63 1.26 1.79
4.49 1.60 1.23 1.79 1.42 2.53
5.08 1.76 1.39 1.97 1.60 3.52
5.45 1.86 1.49 2.09 1.72 5.08

The conservative dCOBomputation is well below the measurement. In the more elastic
regime up to about BINm bending moment, the besstimate values and the measurement
are in sufficient agreement, but at larger bending moments, thineanity of the dCOD
cannot be predied quantitatively by the analytical method.

The steam generator tube leak case computation is based on the Pana model, but it is
guestionable if such an equilibrium typhase flow model is appropriate here, since it
cannot be expected that the phasasition in this very short channel is in equilibrium.
The computed values are shown in TablES.

Table4.13.GRS6 result of the SGT anal ysi
Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45
Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8
Measuredeak rate [a/s] 6.43 3.00 6.31 3.70 412 4.57
Computedeak rate [a/s] 6.6 3.2 6.6 2.1 2.7 3.4

It can be seen that the accuracy is good for low temperature discharge, but the real leak rate
is significantly underestimated for higgmperatures, when evaporation is expected. This
underlines the importance of the effect of a correct phase transition model for short orifice

leaks.

As a conclusion from this second phase, the LBB sensitivity exercise showed that analytical
methods for the computation of t®Dshave inevitable accuracy limitations, especially

when leaving the elastic regime. For higher accuracy levels, an analysis with Finite
Elements Analysis (FEA) would be a better
underestimation can be achieved with this appgrodbe steam generator tube case is a
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good demonstration that LBElated methods assuming friction and evaporation have
their limitations for thinwalled specimens, and tailored suitable methods are required here.

4.2.3.KINS

KI NS analyses of the benchmark problems wer
developed by Oak Ridge National Laboratory Seetion2.5.4. LEAPOR is based on the
modified HenryFauske model for the therniydraulic calculationection2.4.4.

The wall thickness, full lengths of the crack at both interior and exterior, COD values
measured at three different positions, and COA were provided for the artificial slit case.
The wall thickness and full lengths were employed for the analysis, an®@be/&ues at

both interior and exterior were assumed to be 0.148 and ha()%espectively, so that the
calculated cross section is the same with the provided COA. For crack morphology
parameters, both local and global roughness were assumed tocher@2d local and
global path deviations of 1.1 were applied. The calculated values are summarised in
Table4.14.

Table 4.14.Results of the artificial slit case calculated by KINS

Datanumber 8 15 18 38 40 55
Pressure [bar] 60.4 105 45 45.4 63.6 25.5
Temperature [°C] 19.9 122.1 122.3 234.6 213 206.1
Computedeakrate [ka/s] 0 0.0507 0.1069 0.0637 0.1175 0.0406

In case of the fatigue crack analysis, global roughness was provided, and the statistical local
roughness value of 8.884m was adoptRdhmandsdiegeaonch [14].
global path deviations were assumed to be 1.017 and 1.06, respectively [14]. As shown in
Table4.15, LEAPOR treats all cases except the case of low pressure and temperature (data

number 44).

Table 4.15.Results of the fatigue crack estimated by KINS

Datanumber 31 18 32 13 44 49

Pressure [bar] 75.3 65.5 15.7 45.4 50.6 30.1
Temperature [°C] 199.4 234.8 200 238 16.7 151.9
Computedeakrate [kals] 0.0543 0.045 0.008 0.0284 - 0.036

The real event analysis includes the calculatio@©OD with limited material properties.
The elastieplastic COD estimation of the GE/EPRI ductile fracture handbook (see
Section2.2.]) requires the Rambei@sgood parameter.-R fit, proposed by Kim et al.

[33], was employed using the material properties give@ Rpar amet er s ( U, n)
determined as foll ows oywheamdc dresisgidrei rsg raemligyt hy
81 TQ
1

n 8

c oTcwp®o¢ pxcdS  maprt
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Basedot hi s approach, U and n were determined toc
opening displacement of the crack with a length ofri2® was obtained using-@
parameters. The statistical local roughness value of 8884 and gl obal roughnes

of 405le m were adopted according to Rahmanbés res
deviations were assumed to be 1.017 and 1.06, respectively [14]. The computed COD and
leak rate are shown in Tablel6.

Table 4.16.Result of the real event analysis calculated by KINS

Bestestimate
Crackopeningdisplacement Leakrate
[mm] [9/s]
0.01429 0.5

In the LBB sensitivity analysis, participants were required to calculate the crack opening
by using incrementally increased bending moment. As stated in the previous exercise, the
GE/EPRI elastiglastic analytical method was used dalculatethe COD. Tabl&l.17

shows the dCOD values obtained by considering the COD at zero bending moment.

Table 4.17.Result of the LBB sensitivity analysis estimated by KINS

Bending Computed Measured
moment COD dCoD
Total dCoD
COD
[MNm] [mm] [mm] [mm]
0 0.37 0.00 0.00
0.55 0.55 0.18 0.23
0.98 0.70 0.32 0.38
1.47 0.86 0.49 0.48
2.00 1.06 0.69 0.64
251 1.26 0.89 0.86
2.92 1.44 1.07 1.08
3.43 1.70 1.33 1.44
4.00 2.07 1.69 1.79
4.49 2.47 2.09 2.53
5.08 3.13 2.76 3.52
5.45 3.68 3.31 5.08

Overall, thecalculation of dCOD shows a good agreement compared to the measured
dCOD up to about MNm of bending moment. The GE/EPRI method, however,
underestimates the dCOD at the larger bending moments.

In the case othe steam generator tube leak, participants were required to predict the leak
rate through the hole with a diameter of B in the thin plate specimen. Regarding crack
morphology parameters, the local roughness was assumed tosben7.4 whi ch i s t he s
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asthe given global value. Local and global path deviations were both assumed to be 1. The
calculated values are shown in Tabl&8.

Table 4.18.Result of the SGT analysis by KINS

Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45
Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8
Measuredeak rate [a/s] 6.43 3.00 6.31 3.70 4.12 4.57
Computedeak rate [a/s] 19 5.3 5.3 7.6 7.6 7.6

In conclusion, the exercise set for Phase Il was treatable with the LEAPOR software except
in the case of low pressure and temperature (see Zdig Overall, the calculation tie

dCOD shows a good agreemayith the measured dCOD in the LBB sensitivity case. It is
worth noting thathe applicability of leak rate calculation softw&e short flow lengths

limited.

4.2.4. KIWA

Kl WAGs analyses of the benchmark probl ems are
Section2.5.2. ExcelSQUIRT has a simplified user interface as compared to previous

versions (SQUIRT or WIinSQUIRT). ExcelSQUIRT also lacks an opportunity to obtain

intermediate results that are part of an analysis (leak rate is the only result from an analysis).

The artificial dlit blind casehas detailed information about the size of the crack and

COD/COA values. However, some infioationregarding the crack morphology is missing.

The global roughness is 22m. The unknown value for the local roughness does not have

a |l arge i mpact on the resud4di9andthElesdséran resul t s
a sensitivity analysiaregiven in Figured.1.

Table 4.19.KIWA results of the artificial dlit blind case

Datanumber 8 15 18 38 40 55
Pressure [bar] 60.4 105 45 45.4 63.6 25.5
Temperature [°C] 19.9 122.1 122.3 234.6 213 206.1
Computedeakrate [ka/s] 0.0588 0.1173 0.0785 0.1358 0.0522

As shown in Tablé.19, no result was obtained for case 8 using ExcelSQUIRT. In order to
get a valid result, ivould have beenecessary to assume a higher temperature for this case
(>52°C).
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Figure 4.1. KIWA results of the artificial dlit blind case, with a sensitivity analysis using
different local roughness (122 mm)
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Thefatiguecrackblind casehas detailed information about the size of the crack and that it

is a fatigue c¢rack ( wintgihen iihn@k mjuadata). KBMAg hne s s 0
performed a sensitivity analysis using diffe
comparedts resultswith default datafoCF( as gi ven i n Excel SQUI RT) .
are given in Tabld.20, and the results from a sensitivity analysis is given in Fig@re

Table 4.20.KIWA results of the fatigue crack blind case

Datanumber 31 18 32 13 44 49
Pressure [bar] 75.3 65.5 15.7 45.4 50.6 30.1
Temperature [°C] 199.4 234.8 200 238 16.7 151.9
Computedeakrate [ka/s] 0.057 0.0472 0.008 0.0262 0.0373

Figure 4.2.KIWA results of the fatigue crack blind case, with a sensitivity analysis using
different local roughness (340 nmm) and predefined data within ExcelSQUIRT
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Fortherealeventleakcase the actual position of the axial crack has a significant influence
on the numerical result. However, this information is not given or known for this case.
Furthermore almost no informatiomboutthe geometry and @D/COA of the cracks
provided the onlyvaluegiven is that the exterior crack length is less thams Finally,

the bending load is also unknown.

KIWA performed a number of sensitivity analyses of this case, based on what is stated in
the input data (crack length less thamah, wall thickness 1thm and outer diameter 50
75mm). Reasonable input data gave a very small leak rateg{span attempt to get the
upper bound value gave a leak rate in the interval 60002kg/s.

In the LBB sensitivity study, a sealed througWall crack in a cylindrical pipe is subjected
by a fourpoint bending at a constant pressure of MiF&. At the crack centre, the change
in COD is measured as a function of the bending moment. The pwpitbse study is to
calculate the additional COD given by the bending moment and contpaith the
measured values.

KIWA uses anin-house tool to calculate COD (inner, centre, outer position). The tool
calculates an elastic and an elagliastic estimate othe COD . KI WAGs results
presented in Figuré.3 and Figurd.4.

Figure 4.3.KIWA results of the LBB sensitivity study, using elastic COD estimates

Compare with elastic analysis
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Figure 4.4.KIWA results of the LBB sensitivity study, using elastieplastic COD estimates

Compare with elastic-plastic analysis
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Thesteamgeneratotubeleakspecimernis a case with a very thimall thickness (1.281m).
This case differs from the others as it
ExcelSQUIRT are presented in Tadl21 and Figurd.5.

Table4.21.K1 WA G s r e s gdam genefatortubeldalespecimen

Datanumber 10 13 19 20 22 24

Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45
Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8
Measuredeak rate [a/s] 6.43 3.00 6.31 3.70 4.12 4.57
Computedeak rate [a/s] 3.67 1.83 3.67 2.83 3.00 3.33

Figure45.K1 WA G s r e s gdaingenefatoritubeldalespecimen

Leak rate [kg/s]

0.007
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4.2.5.NRC

The leak rates for the blind artificial slit case (Tahkl22) were determined using LEAPOR

(see Section2.5.49 and its GUI input programe LEAPORSA. The geometry and
thermodynamic parameters for the Atrtificial Slit problem that were given in the problem
description were used for the specified inside diameter and outside diameter. Crack lengths
(2¢) were usedand the COD values were the average of the three values specified in the
problem descriptionl47.7 and 209.8m for the inside and outside, restieely. Further

a rectangular crack cross section was assumed. A second set of calculations was performed
using COD values derived from the tabulated 2c and COA v&l66s2 and 210.Qm for

the inside and outside, respectively. The specified total resistance valuegazetat used

in the calculations as LEAPOR internally performs its own calculation of the Darcy friction
factor. Since the slit was artificial and no further information was given, a value of zero
was assumed for the number of turns yeit length parameter. The leak path deviation
parameters were assumed to be unity and an entry loss coefficient of 0.95deded dn
LEAPOR. The calculation for singlghase leak, data number 8, could not be performed
because LEAPOR is specifically designedtieo-phase calculations. The calculati@e,

COA) for data number 18 did not converge so no result is given.

Table 4.22.NRC results for the blind artificial slit case

Datanumber 8 15 18 38 40 55
Pressure [bar] 60.4 10.5 45 45.4 63.6 255
Temperature [°C] 19.9 122.1 122.3 234.6 213 206.1
Leak rate [ka/s] N/A 0.0507 0.1070 0.0637 0.1175 0.0406
(2c, COD)

Leak rate [kals] N/A 0.0517 N/A 0.0649 0.1195 0.0414
(2c, COA)

For the fatigue crack cageOD-dependent crack morphology parameters for CF with local
roughness of 8.Am, global roughness of 40un, 6730 turns per met, global path
length of 1.017 and global plus local path length of 1.06 were chosen. As lteé@@®D

was evaluated from the COA and 2c valums sincethe calculated COD values did not
differ significantly from the tabulated COD valyesly calculations using the tabulated
COD values were performed (Talll3). Data number 45 could not be evaluated because
it involved asinglephase leak.

Table 4.23.NRC results for the blind calculation of fatigue crack

Test No 1 2 3 4 5 6
Data set 8 15 18 38 40 55
Pressure [bar] 75.3 65.5 15.7 45.4 50.6 30.1
Temperature [°C] 199.4 234.8 200 238 16.7 151.9
Leakrate [ka/s] 0.0786 0.0696 0.0135 0.0499 N/A 0.0582

Input parameters for the blind calculation of the real event, i.e. wall thickness, internal
pressure and temperature, and crack shape and axial orientation, were specified in the
problem description. Other parameters, i.e. material properties, leak ggoametrcrack
morphology, were supplied by the participants for best well as underand over
estimates (Tabléd.24). The NRC chose the values to minimise the COD and leak rate as
the undetestimate.
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Material parameters were those of 304 stainless steel taken from the XLPR Inputs Group
Report [36] and the COD was calculated using the xLPR axial crack COD module [37].
Crack morphology parameters were those of air fatigue of stainless steel [14]. Local and
global roughness values were varied for the uraled overestimation but the number of

turns per length of 2520/m and the global and local + global deviation factors of 1.07 and
1.33, respectively, were held constant for all three cases.

Table 4.24.NRC exercise sheet for the blind calculation of real event

Under Beststimate Over Comment
estimation estimation
Assumptions | Pipe diameter D =50 D=625 D=75 Straight pipe
assumed
Justification Min D4 min Mean Y Max D4 max
COD, min leak = nominal COD, max leak
Parameter Young's Modulus [MPa] 203200 176700 150200 304SS from xLPF
estimates Inputs Report
[35Error! R
eference source
not found.
Yieldstress [MPa] 190 153 123
Ultimatstress [MPa] 507 442 438.6
Poissomumber-] 0.3 0.3 0.3
Ramber@sgood alphd [ 2.137 2.314 2.439
Ramber@sgood r][ 3.838 3.558 3.253
Bending [KNm] 0 0 0 Axial flaw: no
bending effect
Full crack length [mm] @ 15 18 22 Engineering
judgement
Local roughness [um] @ 15 8 3 Air fatigue (SS)
NUREG/GR004
Underandover
estimation:
Engineering
Global roughness [um] 50 33.65 20 judgement
Crack openin Crack opening 0.00272 0.00358 0.00521 Midwall
area results displacement [mm]
Crack opening area [mr 0.0320 0.0506 0.0900 Midwall
Hydraulic diamefierm] 0.0042 0.0055 0.0080
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Table 4.24.NRC exercise sheet for the blind calculation of real everiContinued)

Under Beststimate Over Comment
estimation estimation
Effective Effective roughness [un 15.0 8.02 3.28
morphology ;
results Effective flow length [mi 16.0 16.0 16.0
Effective number of turr 2520 2519 2483
Flow resistanc Inlet resistance CD =0.95
results S
Darcy Friction Factor 0.924 0.924 0.854
Frictionaksistance
Totakesistance
Leak rate Mass flow rate [kg/s] 2.76ED5 4.95E05 1.04E04

For the LBB sensitivity analysis (Tab4e25) the COD for zero bending moment was
computed for an axial force that resulted from the internal pressure. Two sets of inputs were
chosen for the computation of the COD. The first set included the influence of 50% crack
face pressure (CFP, M@Pa) while he second set did not include CFP in the COD
calculation. The dCOD values were calculated by subtracting the COD value at zero
bending moment from the COD value at the applied bending moment @.ab}eAll of

the reported COD values are those at thewad.

Table 4.25.NRC result of the LBB sensitivity analysis

COD with 50%ackface COD withoutrackface Measured dCOD
pressure pressure
Bending Total dcoD Total dcobD
moment COD COD

[MNm] [mm] [mm] [mm] [mm] [mm]
0 0.495 0 0.382 0.000 0.00
0.55 0.718 0.224 0.606 0.224 0.23
0.98 0.895 0.400 0.782 0.400 0.38
1.47 1.099 0.604 0.985 0.603 0.48
2.00 1.327 0.832 1.211 0.829 0.64
251 1.561 1.066 1.442 1.060 0.86
2.92 1.765 1.271 1.643 1.261 1.08
3.43 2.052 1.557 1.921 1.539 1.44
4.00 2.436 1.941 2.292 1.910 1.79
4.49 2.846 2.351 2.686 2.304 2.53
5.08 3.482 2.987 3.294 2.912 3.52
5.45 3.989 3.494 3.777 3.395 5.08

For bothsets of inputthe calculated dCOD was smaller than the measured values. For
lower bending moments, KA1 MNm, where the strains were probably elastic, the dCOD
for the calculatioawith and without CFP were identical and closely mirrored the measured
COD values. However, for larger applied moments where plasticity was presumably
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involved, the calculated dCOD lagged the measured dCOD values. The dCOD values when
CFP was included became increasingly larger than those when CFP was not included, as
might be expected when plastic deformation is occurring.

For the steam generator tube leak case, the wall thickfids23mm and the tube hole
diameterof 0.3mm resulted in a thickness to diameter ratio of wHich placed it within
the LEAPOR orifice flow regiméRegime4). The computed values for all cases except for
the singlephase leak case are shown in Tabib6.

Table 4.26.NRC result of the SGT analysis

Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45
Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8
Measuredeak rate [a/s] 6.43 3.00 6.31 3.70 412 4.57
Computedeak rate [a/s] N/A 2.05 4.04 3.05 3.31 3.54

As was the case for the artificial slit, LEAPOR significantly underestimated the real leak
rate. The reason for this underestimate isatedr as the LEAPOR Regimdefor orifice

flow was specifically developed for such a problem.

4.2.6.0Cl

Blind artificial dlit casei LOCIE solutions using the extended Hetffguske model for
the blind artificial slit case are presented in TabRY.

Table 4.27.0CI results for blind artificial slit case

Datanumber 8 15 18 38 40 55

Pressure [bar] 60.4 10.5 45.0 45.4 63.6 255
Temperature [°C] 19.9 122.1 122.3 234.6 213.0 206.1
HenryFauske [kals] 0.179 0.051 0.107 0.064 0.118 0.041

Blind fatiguecrack casei LOCIE solutions using the extended Hetfguske model for

the blind Fatigue Crack Case are presented in PaB& The morphology parameters were
obtained from the LO@ morphology database for the fatigue damage mechanism as
given in Table3.26.

Table 4.28.0CI Results for blind fatigue crack case

Datanumber 31 18 32 13 44 49

Pressure [bar] 75.3 65.5 15.7 45.4 50.6 30.1
Temperature [°C] 199.4 234.8 199.4 238.0 16.7 151.9
HenryFauske* [afs] 54.3 45.0 8.0 28.4 51.6 36.0

*Morphology parameters taken from Table 3.26 L@&Cdatabase for fatigue.

Blind real event casei LOCIE solutions for the blindeal event case are presented in
Table4.29. The morphology parameters were obtained from the EO@brphology
database for the fatigue damage mechanism as given in 3dbleThe COA for a
rectangle is calculated liie GE/EPRI EPFM model with cradiace pressure included.
The undetestimate solution was obtained with the modified Bernoulli model; the best
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estimate solution applied théenry-Fauske model, and the ovestimate solution applied
the Bernoulli model.

Table 4.29.0CI Results for blind real event case

Leakrate [g/s]
Underestimate Bestestimate Overestimate
0.158 0.243 0.545

Blind LBB sensitivity casei LOCIE solutions for the blind LBB Sensitivity Case are
presented in Tablé.30. TheCOD for a rectangle is calculated by the GE/EPRI EPFM
model with cracKace pressure included.

Table 4.30.0CI Results for blind LBB sensitivity case

Bestestimate
(EPRI/GE EPFM)

Bending Total dcoD Measured
moment COD dCcoD
[MNm] [mm] [mm] [mm]

0 0.34 0.00 0.00
0.55 0.49 0.15 0.23
0.98 0.61 0.27 0.38
1.47 0.74 0.40 0.48
2.00 0.89 0.55 0.64
2.51 1.03 0.69 0.86
2.92 1.14 0.80 1.08
3.43 1.28 0.94 1.44
4.00 1.44 1.10 1.79
4.49 1.58 1.24 2.53
5.08 1.74 1.41 3.52
5.45 1.85 1.51 5.08

Blind SGTcasei Applying the modified Bernoulli model, the LOEI solutions for the
blind SGTcase are presented in Tall&1.

Table 4.31.0OCI results forblind SGT case

Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45

Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8

Measuredeak rate [a/s] 6.43 3.00 6.31 3.70 412 4.57

Computedeak rate [a/s] 5.58 2.65 5.48 1.41 2.28 2.85
4.2.7.PSI

PSI applied the LEAPOR and the WinLeck code. The analysis results for the blind artificial
slit case are shown ihable4.32.
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Table 4.32.PSI results of the blind artificial slit case

Pressure [MPa] 6.04 1.05 4.5 4.54 6.36 255
Temperature [°C] 19.9 122.1 122.3 234.6 213 206.1
Leak rate [ka/s] 0.04463 0.01941 0.03933 0.02917 0.04388 0.02064

Table4.32 showshat the leak rate calculated with LEAPOR increases with higher pressure
and temperature. At pressures aboWF&, its influence on the leak rate increases. The
leak rate is 0.4%g/s and 0.44g/s when the temperature is 19.9°C and 213°C, respectively.
For the eroded glitt is likely that the leak rate is influenced more by the primary loadings,
e.g. internal pressure and bending moment, than by the thermal stress caused by
temperature difference.

Table 4.33.PSI results of the blind fatigue crack

Pressure [MPa] 7.53 6.55 1.57 4.54 5.06 3.01
Temperature [°C] 199.4 234.8 200 238 16.7 151.9
Leak rate [ka/s] 0.13529 0.10428 0.01946 0.07126 0.0447 0.08925

For the blind fatigue case, the highest leak rate is obtah#tw highest pressure and
temperature. It is found that at higher temperatilre leak rate is increased. Around a
certain temperature (i.e. 200°C), the leak rate drops by six times when the pressure is
reduced from 7.581Pa to 1.5™MPa.Howeverwhen the pressure is around a certain value
(i.e. 4.54MPa and 5.081Pa), the leak rate drops by 1.6 times when the temperature is
reduced from 238°C to 16.7°C. The leak rate drops from 0.13 to 0.1 (by 23%) when the
internal pressure is reduced by 1 MBespitea temperature increasd 34°C. It is likely

that the leak rate is more influgad by internal pressure rather than by the temperature.

The results for the blind real event caseshown in Tablel.34; a crack length of 5Om
was assumed to produce these results.

Table 4.34.PSI result of the real event analysis

Underestimation Bestestimate Overestimation

Leak rate [kals] 0.0144 0.0173 0.019

The moment of inertid and the polar moment of inerti& are given in the following

formulas,
“0 0O
0 ——— (65)
QT
“0 0O
, S 66
& O (66)

whereD, andD; are the outer diameter and the inner diameter of the pipe, respectively.
Given a certain thickness, batlandW increases with largdd,. The maximum bending
moment is given as below:
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(67)

Thereforep is proportional to the polar moment of ineMi&lt can be concluded from
this case that with a certain wall thickneasarger outer diameter increases the bending

moment linear, causinghigher mass flow rate.

Table 4.35.PSI results of the LBB sensitivity analysis

Bending Total COA dCoD Measured dCOD
moment COD

[MNm] [mm] [mnd] [mm] [mm]
0 0.002 0.65469 0 0.00
0.55 0.180107279 58.95721712 0.178107279 0.23
0.98 0.318699101 104.3245571 0.316699101 0.38
1.47 0.478282791 156.5634802 0.476282791 0.48
2.00 0.651598229 213.2974221 0.649598229 0.64
251 0.817816256 267.7080624 0.815816256 0.86
2.92 0.949308716 310.7514615 0.947308716 1.08
3.43 1.11521434 365.0598381 1.11321434 144
4.00 1.301953353 426.1879203 1.299953353 1.79
4.49 1.459980559 477.9173361 1.457980559 2.53
5.08 1.652111781 540.810531 1.650111781 3.52
5.45 1.773389307 580.5101226 1.771389307 5.08

Figure 4.6.PSI result for bending moment and COD
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As LEAPOR code cannot deal with the variable bending moment, the COD calculation
method implemented into this code (Zahoor, Smxtion2.2.1) can be referred to
Meanwhile, WinLeck softwaravas also applieth this caseThe calculated results from
thesetwo different tools are in good agreement, but the computation results do not agree
with experimental findings if the bending moment is overNNim. One possible reason
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for the difference in COD is that the implemented models in LEAPOR and WINLECK can
only assume the conservative CODs at lower bending moment.

Table 4.36.PSI results of the SGT analysis

Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45
Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8
Measuredeak rate [ka/s] 0.00643 0.00300 0.00631 0.00370 0.00412 0.00457
Computedeak rate [ka/s] 0.00517 0.00263 0.00517 0.0039 0.00424 0.00453

Because LEAPOFRSA canonly be usedor cylindrical pipes, heré is assumd that the
outer diameter of this pipe is velgrge (10° mm) and can be regarded as a plités
assumd that the crack length is OBm andthe COD is 0.3mm. The final results are in
good agreement with the measured results. There is onlg>aeption The calculated
leak rate with lower temperature is lower than the measured leak iatikely that there
is atemperature limit in the LEAPOR code, as mentione8eation 3.2.8

4.2.8.SNC

Leak rats for theexercise set in Phase Il of the benchmark are estimated using LEAPOR
and for singlephase flow probleswith low temperaturea singlephase flow equation is
used.

For the blind artificial dit problem, a pipe with a large diameter (D=200&im) is
considered instead afrectangular shaped plate. Based on the crack length andt@©A,
COD is calculated at ID and OD. As the information of local roughness was not provided,
it is assumedo be thesame aghe global roughness (22m). The results of thélind
artificial dlit problem are provided in Tab{e37.

Table 4.37.SNC results of the blind artificial slit case

Pressure [MPa] 60.4 10.5 45 45.4 63.6 255
Temperature [°C] 19.9 122.1 122.3 234.6 213 206.1
Leak rate [ka/s] 0.127 0.052 0.109 0.065 0.12 0.041

For the test case with temperaturg of 19.9°C and 122.3°C, LEAPOR was unable to
converge to a solution, henasinglephase flow equatiowas used.

Similarly, for theblind fatiguecrack problem,a pipe with large diameter (D=2000m) is
considered instead afplate andalocal roughness of 40m is usedwhich is thesame as
the global roughness. The results of thiénd fatigue crack problem are provided in

Table4.38.
Table 4.38.SNC results of the blind fatigue crack
Pressure [MPa] 75.3 65.5 15.7 45.4 50.6 151.9
Temperature [°C] 199.4 234.8 200 238 16.7 151.9
Leak rate [kg/s] 0.073 0.059 0.012 0.043 0.106 0.049

The kak rates for all test cases were estimated using LEAPOR, excép fase witha
temperature of 16.7°C, for whiasinglephase flow equatiowas used.

Forthereal eventinalysisafull crack length of 2%nm is considered for all the casésr
underestimatiomnd besestimation casdhe crack is assumed to be smallean theOD
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of the reducerfor overestimation casthe crack is considered largtdran theOD, as the
influence of hoop stress on the axial crack would be higher.

The COD is computed using the formulation used in XLHRe dfect of the bending
moment onthe axial crack COD is not consideredhe material propertyin the
underestimatiogase is based on reference material property provided in the test problem.
Experimental data is used for estimatithe material properties for besstimate and
overestimation cases. For all the three saseck morphology due tGF (Table3.9 of
Referencd14]) is considered.

Table 4.39.SNC result of the real event analysis

Underestimation Bestestimate Overestimation
Leak rate [ka/s] 1.07ED4 1.16ED4 2.3904

The COD inthe LBB sensitivity analysis is computed using the solution available in API
5791/ASME FFS1, June 2016, which is based on the WRC methodSeeton2.2.6,

with plastic corredbn factor applied. The correction factor is purely based on reference
stress solution with yield strength.

Table 4.40.SNC result of the LBB sensitivity analysis

Bending Total COA dCoD Measured
moment COD dcoD
[MNm] [mm] [mm] [mm] [mm]

0 0.444 145.247 0.000 0.00
0.55 0.605 197.916 0.161 0.23
0.98 0.726 237.743 0.283 0.38
1.47 0.868 284.175 0.424 0.48
2.00 1.033 338.216 0.589 0.64
251 1.218 398.863 0.775 0.86
2.92 1.399 457.879 0.955 1.08
3.43 1.692 554.041 1.249 1.44
4.00 2.151 704.355 1.708 1.79
4.49 2.687 879.592 2.243 2.53
5.08 3.582 1172.710 3.138 3.52
5.45 4.324 1415.600 3.880 5.08

The computed COD reasonably agrees with the measured onexpect forafew cases.
In general, the calculated COD is lower than the measmefbr the load levels.

For steam generator tube leak assessmh&#RPOR is used without any modification to
the prograrme. A pipe with a large diameteand an elliptical cracks consideredThe
CODs at ID and OD are calculated from the crack diameter and COA provided.
Additionally, local roughness is assuntede thesame as global roughness.
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Table 4.41.SNC result of the SGT analysis

Pressure [MPa] 7.59 2.09 8.08 5.55 6.54 7.45
Temperature [°C] 16.7 128.6 128.9 263.1 262.9 262.8
Measuredeak rate [ka/s] 0.00643 | 0.00300 | 0.00631 0.00370  0.00412 0.00457
Computedeak rate [ka/s] 0.0040 0.0021 0.0040 0.0031 0.0033 0.0035

LEAPOR undeipredicts the leak rate for all the cases considered and the percentage
difference varisfrom 21.25% to 58.9%.

4.3.Comparison

In this section, the individual submissions are compared, and the agreement among the
participants as well as the accuracy relative to the reference values is discussed.

4.3.1.Blind artificial slit case

Seven organisations submittadbtal of eight contributions with analgs of the artificial

slit case. Due to a unit mistake in the evaluation sheet, two evaluations were asked to be
repeated as they deviated by several orders of magnitude, but they were also received
without information about the actual measured leak ratgesalAll evaluations are based

on the COD values of the slit and the roughness value; one participant used the flow
resistance value. The graph with the individual mass flow rategshendeference (the
measured mass flow in the experiment) is shown in Figute

Figure 4.7.Result comparison for the blind artificial slit case
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The contributed values are mostly very close to each other. All computed values
underestimate the real leak rate for most cases. The accuracy is in most casesabeiwteen
20% and 30%which is in agreement with the ndutind artificial slit cases and evaluation
based on roughness insteafdl measured resistance. Two contributions (two variants
produced by a single participant) are significantly lower than the rest. For the analysis of
the influence of different approaches, the flow contributions are ard@meording to the

used flow model in Figuré.8.
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Figure 4.8.Comparison of flow model influence in the artificial slit case (blind
contributions)
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This evaluation shows that participants with the same model have very similar results, even
in a blind analysis. There were also four fimd contributions of two participants, which
are evaluated separately in Figdt8.

Figure 4.9.Comparison of nonblind contributions for the artificial slit case
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In this comparison, it is visible that the contributions are in good agreement with the
reference result. The agreement of three of the contribus@pparently better thathat
of the blind contributions, which justifies the separate analysis.

4.3.2.Blind fatigue crack case

For the blind fatigue crack case, eight contributions from six participants were received.
Due to a unit conversion mistake in the case definition, three contributions originally
deviated by several orders of magnitude from the rest; these analyses neragdm
without knowledge of the actual leak rates in the tests. Most evaluations are based on the
COD values, and all but one participant based their evaluations on the reported roughness
values instead of the total resistance measured in the testoffiparison of the results is
shown in Figuret.10.

NEA LEAK RATE BENCHMARK FINAL REPORT



NEA/CSNI/R(2022)9| 99

Figure 4.10.Result comparison of the blind fatigue crack case
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The agreement of most participants with the measured leak rate in the actual test is
satisfying. Most participants have a good agreement between each other and with respect
to the measuremeim test 3, which is close to the saturation line. Another qualitative
difference is observed for test 5, which is in the awdder regime. This overall result is
comparable with the observations in the 4itind fatigue crack test. Contributions 2, 3 and

5 show a systematic overestimatiowhile 2 and 3 originate fra the same contributor, 2

and 5 are both produced with LEAPOR.

To analyse the differences between the contributions, the friction characterisation is
considered first, as some participants report
friction influence in each contribution is shown in Figdrg&l. It can be véied that the

three contributions with a friction factor of 0.14 are very accurate and very close to each

other (there is an exception for the cold test3\aHowever, the other contributions are

not directly scaling with the friction factor, which couddd explained by different effective

flow paths and additional pressure loss effects considered by the participants.
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Figure 4.11.Characterisation of friction and pressure loss in the blind fatigue crack case
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Concerning the flow model, all contributions but one use a Heasgd approach, while
contribution 3 applies a modified Bernoulli model. The latter has the tendency to
underpredict leak rates close to saturation conditions, so one could argue thatdthe goo
match for tes8 compensates a general overestimation by chance. This can be verified in
Figure4.12.

Figure 4.12.The blind fatigue crack case by applied flow model
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As with the artificial slit case, nehlind contributions were received to this casewell

They are compared in Figuel3.Analyses 1 and 5 show a better agreement than analyses
2, 3 and 4; in general, the nbfind contributions have a similar accuraaythe blind
contributions.
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Figure 4.13.Comparison of nonblind analyses of the fatigue crack

0.2 s

0.175 . = /]
T 15 /// \ Contribution T ——
2 s AN\ \ N Contribution 2 —-—

. tributi —
E o AN A \ Contribution 4 —=—
8 0075 —— \\ / \ %ﬂontributionst
a8 " \ £ASUrEMENt msm—

0.05 Q\\ / /@;\\‘ '

0.025 — d

0 I

3 4
Test No.

In summary, it can be concluded that some participants from the blind comparison were
able to accuratg and consistehyt predict the leakage rate of the specimen. Most have a
moderate accuracy, and two outliers show a good result close to saturation conditions and
minor quality for the rest of the tests.

4.3.3.Blind real event case

Seven analysis contributions were receifreth six organisationfor the blind real event

case, but two contributions were based on significantly different geometry assumptions and
produced very different results; these two contributions were therefore removed from the
comparison. All but one of the remaining contribas gave underestimating, bestimate

and overestimating predictions for the leak rate. The trend was obtained by choosing
differentODs (from 50mm to 75mm), motivated by the fact thdie crack is located at a
reducer. Another uncertainty was the actual crack length, which is only known to be smaller
than 25mm (full crack length), and which was also used for estimating the possible range
of leak rates. Both choices have a significargact on the crack opening, as shown clearly

in Figure4.14 (one contribution did not indicate the COD values and is not included in this
evaluation).

Figure 4.14.COD as a function of the full crack length in the blind real event case; the
different choices of the effective pipe radius (not indicated) are a reason faertical
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In this figure, the deviations in COD for the same 2c are mostly due to different choices of
effective pipe diameter: Larger C@Dorrespond to larger radii since the pressodeiced
hoop stress acting on the axial crack is lar@srvirtue of their geometry alon¢hese
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different leak areaalreadyhave a strong effect on the mass flow yraftther influences
originate from friction and flow model. The comparison is shown in Figurg (the over
estimate contributiod did not indicate its COA valy@and its reported value is hence

shown as a horizontal line the comparison).

Figure 4.15.Leak rate as a function of the leak opening area
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The figure shows clearly that the COA is the main influence on the computed leak rate, and
friction/morphology effects and model differences between participants seem to be of
ch smaller

mass flow values. The overall comparison of all contributions, ordered by underestimation,

minor importance. With regard to the reported leak, @téeams compute mu

bestestimate and overestimation, is shown in Figufe.

Figure 4.16.Result comparison of the blind real event case
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From this figure, it is visible that most contributors underestimate the reported leak rate
significantly.

Three norblind contributions were also received for this analysis. They assume a crack
length of 2527.4mm and also underestimate the reported leak rate (Fglirg.

Figure 4.17.Results comparison of norblind analyses of the real event case
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This finding raises the question about the reason for the systematic underestimation for all
computation with consistent crack geometry. In principle, two mechanisms are observed
that cause an excess of the leak rate from the fracture mechanical ideahdaterial loss

due to (possibly flow accelerated) corrosion causes a larger leak opening than the pure
mechanical displacement of the crack faces, and plastic deformations due to overloading
which cause a permanent plastic opening in addition to thkinoaced contribution.
(Since clogging of narrow cracks is a wietlown mechanism for the contrary effect.) This
seems to be more likely than an error in the event report (for instance, the leak raisof 20

is an estimated and not a measured value).

4.3.4.LBB sensitivity case

For the computation of the differential leak opening (dCOD) as a function of the applied
bending moment in a fullcale test for the LBB sensitivity case, seven organisations
provided nine contributions in total. One contribution is eg@émating (1), two are
underestimating (3 and 8) and the rest is -beimate. The results are compared in
Figure4.18.
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Figure 4.18.Result comparison for the LBB sensitivity case
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In the result, all contributions (except the intentionally overestimating contrikiLjtitmd

the correct elastic behaviour at small bending montEwiations appear as plastic effects

are manifest in the measured differential COD. The overestimating trend of contribution

and the underestimating trend of contributBoare clearly verified. In the beststimate

approaches, contributions 8, 6 and 7 have the best accuracy event for large bending

moments. The analysis of the contributions by methokaw/s in Figure4.19.

Figure 4.19.LBB sensitivity case by COD model
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In this comparison, it is visible that the two Withrizhsed approaches (which use the

GRSPB and the KTA 3206 approach) are very close. The GE/EPRI based contributions

differ much (note that the intentiohabverestimating contribution is an elastic approach).

The two contri but iaemestacdumte.si fi ed as fAOt her o

4.3.5.Steam generator tube leak case

The steam generator tube leak cass analysed by seven participants vétiotal of nine
contributions. The comparison of the leak rate computation with the actual measured leak
ratesis shown in Figuret.20.
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Figure 4.20.Result comparison for the steam generator tube leak case
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The measured leak rate is in most cases higher than the computed values of the participants.
Contributions 2 and 8 show a good agreement with the measured leak sgtecific

regimes Contribution3 does not include a value for the cold water caseNigst). Most

others qualitatively follow the trend between the selected test points, except for
contribution7. A remarkable difference compared to e.g. the atrtificial slit case is the fact
that the accuracy varies with the thermodynamic fluid conditiss ilumbet)rather than

them being arough scaling factor. For an improved understanding of the different
predictions, the applied flow models are indicated in Figu2é&. Note that one LEAPOR

Henry contribution does not include a cold water test fesiL) and is almost identical to

a Henrybased contribution for the other test numbers.

Figure 4.21.Steam generator tube leak case analysed by model
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Most of the participants use Herpased approaches (although the strict Henry model is
not applicable since the ratio of wall thickness to hole diameter is too small), three of them
by applying the LEAPOR code. The Pana model, the modified Bernoulli raodethe
metastable jet model are all used by one contribugimch Apparently, the Pana and
modified Bernoulli contributiosresemble each other, and they both underestimate the leak
rate at high temperaturgg¢tnos. 46). The metastable jet approdnktead overestimates

the hightemperature point3.wo participantaising the Henry approa@mdoneusing the
LEAPOR analysis have very similar results, underestimating the measured leak rates
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systematically with a slightly better performance for the tests closer to the saturation line
(2, 4,5, 6). One other LEAPOR analysis has a quite good agreement with the measurement
(alsowith larger deviations for tests 1 and 3), while the athes different.

These findings indicate that the thermodynamic phenomena for steam generator leaks can
be different from thickwalled piping leaks in specific regimes of fluid conditions. It can

be expected that the vapour content in a short leak channel is smaller edbritpiomg

leaks, which increases the density and hence the mass flow rate. This could be an
explanation for the systematic underestimating trend of most model preslinttbis case

and the rather good performance of uncommon models.
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5 Concl usi ons and recommendati ons

The twoephase activity on leak rate computatiorakes it possibldo draw several
conclusions on different levels. The following section summarises the conclusions from the
benchmarking approach, the result analysis and the lessons. lkaalso provides
recommendations for future activities.

The instructiondor the benchmark exercises in tabular sheet form can be seen as a good
approach to define the different test cases. However, additional details about the laboratory
tests would be beneficias well aschematic drawings to make geometric settings clearer.

In general, thearticipants saw theenchmarking as an effective way to understand leak
rate computation. The combination of open and blind sections was informative and can be
seen as a distinct feature of this activity.

Animportant conclusion is that the participants applied different softwar§&éatien2.5),

but these software tools often implement the same models and shositjuentlyead to

similar results. In this way, this benchmarking was technically a code comparison, but the
analysis of the contributionmade it possiblgo identify the imprints of the model
implementations. This reveals details about the individual tools used in the analysis and
emphasises the (software) design background of each tool lzatddigtinguishes them

from one anotherThis surveygives an overview of the state of the art of approaches,
methods and tools. The experience gained in this round robin activity can also help to
improve the programes inthefuture, while the experiment analysis and code comparison
contribute to thie validation.

The leakage model perspective (in contrast to the computation code perspective) played a
key role in the analysis of the different contributions. Starting from fixed settings or
assumptions of structure geometry, leak geometry and loads, the leak ratgatimmp
involves a model for leak opening (such as COD), for flow resistance and frictioforand

the actual fluid motion. Each analysis approach, in principle, combines a model for leak
opening, one for friction and one for fluid motion. In the analg$isontributions, this

made it possibldéo track differences and agreements between different participants to
model choice$ even despite blind test case settings, as notably s&atiiond.3.1

Given this insight in the analysis of the contributions, it is possible to estimate the
agreement between prediction and measurement with each model. As an alternative to the
absolute accuracy, the suitability of approaches for underestimation or ovatiestis
alsodiscussed. Thus, the round robin activity gives indications on the uncertainties in leak
rate predictions and the approaches used by the participants. The limited selection of cases
is not sufficient to quantify the uncertainties (e.g. fatetnents concerning probabilistic
treatments). A preliminary conclusion is that the relevant influence factors on accuracy and
the reliability of the leak rate prediction can be traoackto the performance of individual
models and to detailed knowledge about the leak situaMwreover, the present
comparison gives an impression about the general range of variabitig/etxpected in

leak rate predictions.

From the perspective of individual computer codes, the margin between predicted and
measured leak rates within the benchmark cases is interesseyeral codes were able

to find that the difference is bounded &jactor of 2 (for the laboratory tests). Also, it is
interesting that several analyses show conservatigerestimating behaviour, which is
also relevant frona regulatory perspective. The benchmarking showed also that there is
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indeed a difference between blind and 4dind computationshoughblind analysesilso
have a good accuracy.

Within the different test cases in the round robin, the analyses of real leak events stand out
from the rest. These open analyses in the first benchmark phase and the blind analysis in
the second benchmark phase have a surprising outcome. The first phase test case is based
on a publicatiothatdemonstrates the capability of a leak rate software. The analysis result

for this case shows that most participants are able to explain the reported leakage rate, but
the uncertainties in the case definition duertknown parameters allofer a larger range

of possible leak rates. The second phase test case is based on event data and was selected
according tahe availability of data allowing an accurate model. The uncertainties in this
case seem to be under control, beitnarkably no model can explain the observed leakage

rate The actual leak rate is beyond the ratiget seems to be possiblmderthe allowed
conditions.

This behaviour of leakage rai® of course, a singular observation, and it is too early to
draw conclusions about this finding. However, the behaviour of real leaks from the
operational experience is relevant for all leak rate assessments, and also for LBB
procedures. While most analgsand model validations in leak rate analysis concentrated
on laboratory specimens, it seems justified to think about validation of leak rate models
also under consideration of real leaks from the operational experiensevdiid also be

in accordance with the IAEA guide for deterministic safety analyses [35]. This finding
could motivate followup activities in analysing leak events.

One of the test cases discussed within the benchmark was a steam generdilae tube
specimen, which is different from ordinary LBBIlated leak rate setups by a much smaller
wall thickness and a smaller mass flow rate. This turned out to be an unusualr daak
assessment based on the traditional models, which provided new data for model
comparison and showed a different behaviour than the other cases (namely a variation of
the accuracy with the thermodynamic stagnation conditions).

Finally, the leak rate benchmark within the WGIAGE can also be seen as an update of
former CSNI leak rate benchmark activities. A benchmark performed about 15 years ago

[46] came to the conclusiothat fithe compilation of the results shows very large
scatterbands in general, with deviations equally large between the calculations of the

di fferent participants and the <calcul ation
achieved irgaining adeeper understanding of the phenomand improved analysis tools

have been developed. Therefore, the current activity shows a rather good accuracy, at least

for the (wellcontrolled) laboratory leak tests. Also, the comparative assessment approach

is able to understand detailthe differences between approaches and to explain deviations.
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