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EXECUTIVE SUMMARY

Background

Since nuclear energy was first used to produce electricity in the 1950s, the evaluation of nuclear power
plant performance dimg accidental transient conditions has been the main issue in thHgrdnallic
safety research worldwide.

Different computer codes such as ATHLET, CATHARE, RELAP, TRAC and TRACE have been
developed since those days for this purpose and are currently widel in the nuclear community. These
codes are very sophisticated and can predict time trends of -ssifd quantity of interest during
transients of a LWR. Data recorded in scaled facilities is used to assess the capabilities of the codes.
Today,the amount of available experimental data obtained in very simple loops (like Basic Test Facilities
or Separate Effect Test Facilities) or in very complex Integral Test Facilities is huge. The use of a code to
predict a real NPP situation depends on twaddions: (1) the experimental data selected for qualifying a
code has to be able to reproduce the phenomena expected in the plant and (2) codes have to be able to
gualitatively and quantitatively reproduce those data on scaled facilities. The calcolfatiom plant
transient using besstimate computer codes should include an additional analysis evaluating the
uncertainties of the obtained results. This analysis can be also completed by a sensitivity analysis, which
provides additional information.

The BEMUSE (Best Estimate Methods Uncertainty and Sensitivity Evaluation, see Réf])
programmepromoted by the working Group on Accident Management and Analysis (GAMA) and
endorsed by the Committee on the Safety of Nucledallasons (CSNI)- represents in this context an
important step towards reliable application of higlality bestestimate and uncertainty and sensitivity
evaluation methods. The application of these methods to a -Baegé Loss of Coolant Accident
(LB-LOCA) constitutes the main activity of the programme, structured into two main stages:

- Step 1: Besestimate and uncertainty and sensitivity evaluations of the LOF5 et (Phases I
and IIl). LOFT is the only Integral Test Facility with a nuclear cohere thermahydraulic safety
experiments have been performed.

- Step 2: Besestimate and uncertainty and sensitivity evaluations of a nuclear power plant (Phases IV
and V).

A presentation of the uncertainty methodologies to be used by the participarsts (Pisaincluded in the
first step. The final phase (Phase VI) consists of the synthesis conclusions and recommendations.

Obijective of the work

The BEMUSE programme is focused on the application of uncertainty methodologies-LtOQA
scenarios. The mamoals of the programme are:

- To evaluate the practicability, quality and reliability of Best Estimate methods including uncertainty
evaluations in applications relevant to nuclear reactor safety

- To develop a common understanding in this domain
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- To promote/failitate the use of these methods by the regulatory bodies and the industry

The scope of Phase V of the BEMUSE programme is the uncertainty analysis di@dfbased on a
Phase IV reference calculation. The-LBCA scenario takes place in ZION plamhich is a generic 4
loop PWR reactor

The objectives of the activity are:

- To obtain uncertainty bands for the maximum cladding temperature (evolution plotted against time),
upper plenum pressure (evolution plotted against time), maximum peak cladding tanep@calar
value), bt peak cladding temperature (scalar value)d geak cladding temperature (scalar value),
time of accumulator injection (scalar value), time of complete core quenching (scalar value).

- When using a probabilistic approach methodoloyy: evaluate the influence of the selected
parameters on the maximum cladding temperature (evolution plotted against time) and the upper
plenum pressure (evolution plotted against time).

- To compare procedures with the experience gained in previous Phase |l
Task specification

Phase V deals with a generic plant without any
boundary conditions, fuel properties, etc... A similar situation was also present in Phase IV, where the lack
of data needed for bmtmodeling the reactor and performing the uncertainty analysis led to a spread of
results for the reference calculation. To solve this situation and diminish the spread, it was agreed to
provide common information about geometry and miautepl Consideringhe experience gained in Phase

IV, alist of common input parameters concerning uncertainties of the nuclear power plant was prepared by
CEA, GRS and UPC teams. These parameters were strongly recommendedntduded in the
uncertainty analysis when agbabilistic approach was followed. The list contains the selected parameters,
the uncertainty distribution type and its range.

The rest of the activity followed the example of Phase Ill and only a new scalar quantity was included in
the exercise: the mamum peak cladding temperature as a scalar parameter.

Used methods

Two types of methodologies have been applied in BEMUSE Phase V exercise to obtain the uncertainty
bands: Aipropagation of i nput uncertaintnmny,dandt ype
Aipropagation of output accuracyo type (two partic

The method based upon "extrapolation of output uncertainties"”, the so called CIAU, derives automatically
the uncertainty of the simulated scenario using a database of qualified experidagatahd qualified
system code calculation result§he applications based on the CIAU methale beerperformed with

two different thermahydraulic codes, RELAP5/mod3.2 (UNIPI1) and CATHARE2V2.5 1 (UNIPI2), and
two independent uncertainty databaseshzeen used for uncertainty quantification

The fAipropagation of input uncertaintyo type, the
of a set of input parameters for which a range of variation (uncertainty) is associated, the use Wil
formula to determine the number of code runs needed, and finally the statistical treatment of the results to
build the uncertainty bands.

10



NEA/CSNI/R(2009)13

The common features of the methodologies were: the Simple Random Sampling (SRS) technique used, no
dependency caidered among the uncertain input parameters, and the form of the uncertainty results: two
unilateral tolerance intervals, giving respectively an estimation of the 5% and the 95% quantiles, with a
confidence leveat leastof 95% for both quantiles.

The dfferenceswe r e : Wilksé order (from 2 to 9) the set
associate uncertainty and the treatment of failed calculations.

The two types of methodology have advantages and drawbacks. The main drawback of thdigtiobabi
approach is the need of engineering judgment for limiting the number of input uncertain parameters and, in
some <cases, for the process of associating the
approach, the main drawbacks are thatdétpde nds on the availability of
(therefore it is not applicable when no relevant experimental information is available) and that the process
of combining errors is not based upon fundamental principles and requires detailatiovalithis second
approach seeks to avoid engineering judgement as much as possible.

Main Results and conclusions

The main results can Bemmarisd as follows:

1 All participants managed to obtain the requested uncertainty bands with reasonable values.

1 A database, including comparative tables and plots, has been produced.

Concerning the results fane cladding temgraturetype output parameterthe uncertainty bands for both
the Ist and the #d Peak Cladding TemperatureBGT9, show nearly no overlapHowever when
comparing r enaxlitmu mf @re ak h e | A, dhe idispgrsion ef the dana widthr i€ 0
significantly reduced fothe probabilistic approach, and there is a regioovefrlap of about 15KThe
missing overlagan be explained by geidifferent besestimate calculationsombined withrather narrow
uncertainty bands.For the pressurype output parameters the estimation of the uncertainty bands
(accumulator injection time and time trend for primary pressure) is very different degearmbn the
approach used. The ClA&approaclobtairs a width larger thathe width found byther methods, which is
almost negligible

Although the overall results are clearly a step forward towards the consolidation of the different methods,
the uncertaty bands for the scalar output parameters, which do not show a clear agreement among the
probabilistic approach users, may point out that for this approach, the uncertainty analyses have been not
so well mastered by some participants.

Despite it was noah main goal of the exercise, it is worth mentioning that the upper limit estimations
(95/95) for maximum values of PCT predicted by participants do not exceed the safety criterion.

Sensitivity analysis hadeen successfully performed by all participargmag the probabilistic method
comparison has been carried out about the influence ranking of the uncertain pardsseternst the
CIAU methodology presented sensitivity reswdtgluating the effect of the nodalizatiarhich can be
found in their owrcontributiondocument.

The influence ranking has been estimated for two macro responses: cladding temperature and primary
pressure. The sensitivity coefficients used by participants are Pearson and Spearman correlation
coefficient, standardised rank regsims coefficients, Pearson and Spearman partial correlation coefficients
and SOBOL indices.

11
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The sensitivity results allowed defining several parameters as influential by the 12 particgagtthe
probabilistic methodThese quantities are:

I From the seb f common par ameter s: fiPower after2 scr an
conductivityo (112/12) for the cladding tempera
temperatureo (9/10) and Alnitialee UH temperatur

T From the other parameters: AFilm boilingo (6/8

The present document also contains a comparison with Phase lll, although final conclusions will be
provided in the following Phase VI document.

Phase V resultare a step favard that contributes to the general goals of the BEMUSE project.

12
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1. INTRODUCTION

1.1 Framework

The BEMUSE (Best Estimate MethodlsUncertainty and Sensitivity Evaluation) Programme has been
promoted by the Working Group on Accident Management and Analysis (WGAMA) and endorsed by the
Committee on the Safety of Nuclear Installations (CSNI).

The highlevel objectives of the work are:

1 To evaluate the practicability, quality and reliability of BEstimate (BE) methods including
uncertainty and sensitivity evaluation in applications relevant to nuclear reactor safety

1 To develop a common understanding in this domain

1 To promote and facilitate their use by the regulatory bodies and the industry

Operaional objectives include an assessment of the applicability ofelséistate and uncertainty and
sensitivity methods to integral tests and their use in reactor applications.

The scope of the programme is to perform Large Break-Oé<3oolant Accident (LBLOCA) analyses
making reference to experimental data and to a N
capabilities of computational toolsd including sc

This report is focused on BEMUSE Phase V activities asdlt® In Phase | the methodologies were
discussed, in Phase Il the Bé&sttimate calculation of a test was performed, in Phase Il the uncertainties
and sensitivities were analyzed for the previous test and finally, in Phase IV, the Best Estimatécalculat

for a NPP was developed. All these previous phases constitute the background which is intended to be used
in the present phase in order to produce final uncertainty results. Nowadays, Best Estimate Plus
Uncertainty Methods are broadly used worldwidegedatly for licensing purposes (USA, Netherlands,
Brazil, etc.) or linked to future use for licensing (Canada, Czech Republic, France, etc.). The results
presented in this report conclude on the computational aspects of the comparative exercise agthey are
necessary step for future uses of these methods for licensing purposes.

1.2 Content of the document

This documentis organied in 3 different parts together with a brief introduction and a final summary of
the main conclusions. In the introduction a suwsmy overview of the starting point of this Phase of the
BEMUSE programme is presented. After some basic comments on framework and contents a brief
description of the whole BEMUSE programme is given along with the list of participatyagisatios.

The gecification of this Phase V is cited and the requirementswarenarisd. The Zion plant and the
scenario are briefly introduced and the methodologies are also cited.

Part 1 is devoted to the uncertainties of the input parameters. The different sexjistepe established in
Phase |11 are slightly adapted here in Phase V
AfSel ection of wuncertainty parameterso and AQuant .
conclusions on input paranees are also given in Part 1.

13
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Part 2 is devoted to uncertainty analysis results. It also has the structure of steps. After reviewing the main
features of the methods used by patrticipants, it explains the main results of the uncertainty analysis using
figures and tables to show uncertainty bands of the selected output parameters.

Part 3 is devoted to sensitivity analysis results and has also a step structure. The general definitions needed
in sensitivity analysi s (i hdrdgivennincthés,sectiph aobgawith then d |
ranking of phenomena. A brief comparison with Phase lll is also added.

The document ends with a summarizing fiConclusions

A list of references is introduced after the conclusionsAgpuendix A contains the full text of the Phase
specification.

1.3 Description of the BEMUSE programme

BEMUSE programme consists of 6 Phases separated into two steps. The first step aimed at analysing the
experiment L25 carried out in the LOFT facility wheas the second one is focused on the study of a
hypothetical LBLOCA in a commercial Nuclear Power Plant (more precisely, a four loop PWR
Westinghouse).

The six Phases of BEMUSE are:

- Phase I: Description of the uncertainty methodology to be used byipamts: This phase was
coordinated by IRSN (see Rdf).

- Phase Il: Besestimate calculation of the ISBB: LOFT L25. It was to be the reference case for the
following phase. Some sensitivity calculations wpreposed in the specifications document and
performed by the participants. This phase was coordinated by UNIPI (s )Ref.

- Phase lll: Uncertainty and Sensitivity analysis of LOFT-8,2first conclusions on he
methodologies and suggestions for improvement. This phase was coordinated by CEA [#ge Ref.

- Phase IV: Besestimate calculations of a LBOCA in ZION nuclear power plant. Analogous to
Phase Il but withoutxperimental data. Reference case for next phase. Some sensitivity calculations
were proposed on Phase Il basis. This phase was coordinated by UPC (8¢ Ref.

- Phase V: Uncertainty and Sensitivity analysis&fB-LOCA scenario in ZION nuclear power plant.
Analogous to previous Phase lll. This phase has been coordinated by UPC.

- Phase VI: Status report on the area, classification of the methods, conclusions and recommendations.
This phase is being coordinategd ®BRS.

The present document compiles and compares the work performed by participants in Phase V of BEMUSE
programme.

1.4 Participating organisations
Fourteen groups from twelve organisations and ten countries have participated in the exercise.

Six thermalhydraulic system codes have been used, sometimes in different versions:

14
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- ATHLET: 3 participants.

- CATHARE: 3 participants.
- MARS: 1 participant.

- RELAPS5: 4 participants.

- TECH-M-97: 1 participant.
- TRACE: 2 participants.

The list of the organisations participagiin BEMUSE Phase V is given in

Table 1. List of participantsn BEMUSE Phase V

Numb. | Organisation | Country Name E-mail Code

1 AEKI Hungary A.Guba guba@aeki.kfki.hu ATHLET 2.0A
:-TTOth o | tothi@aekikfki.hu
- 10528 1 4 osztel@aeki.kfki.hu

2 CEA France T.Mieusset thomas_mieusset@cea_fr CATHAREZ?2
P.BaZin, Dascal.baZin@Cea.fr V25_1 (r5_567)
A.de Crécy agnes.decrecy@cea.fr

3 EDO Russia S.Borisov borosov S|@grpress_po|d;k|.ru TECH-M-97

4 GRS Germany T.Skorek Tomasz.Skorek@agrs.de ATHLET 2.1B
H.Glaeser | porst.Glaeser@grs.de

5 IRSN France J.Joucla ierome_iouda@irsn_fr CATHARE2
P.Probst pierre.prObSt@irsn.fr V25_1 mod6.1

6 JNES Japan A.Ui ui_atsushi@ines_qo_ip TRACE ver4.05

7 KAERI South Korea B.D.Chung bdchung@kaeri.re.kr MARS 3.1

8 KINS South Korea D.Y.Oh k392ody@Kkins.re.kr RELAP5/mod3.3

9 NRI-1 Czech Republig R.Pernica | per@ujv.cz RELAP5/mod3.3
M.Kyncl milos.kyncl@uijv.cz

10 NRI-2 Czech Republig Jiri Macek | mac@uijv.cz ATHLET 2.1 A

11 PSI Switzerland A.Manera | annalisa.manera@psi.ch TRACES5rc3
J.Freixa jordi@freixa.net

12 UNIPI-1 Italy A.Petruzzi | g .petruzzi@ing.unipi.it RELAP5/mod3.2
F.doAU d5808@ing.unipi.it

13 UNIPI-2 Italy A.Del Nevo a_demevo@inq.unipi_it CATHARE?2

14 UPC Spain M.Pérez marina.perez@upc.edu RELAP5/mod3.3
E'get""i”tos francesc.reventos@upc.edu
-bale lluis.batet@upc.edu

15 Specification for the BEMUSE Phase V

UPC, acting as codimator of the present Phase V, prepared a specifications document and, in close
collaboration with CEA and GRS, a list of common input uncertainty parameters to be used by those
participants using a probabilistic methodology (all except UNIPI). The dull of the specification is
included aAPPENDIX A.

15
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1.6 ZION and LB -LOCA brief description

Extended information on the simulated nuclear power plant and scenario features can be found in the
report of previous Rase IV (see Rgh]).

Zion Unit 1 was operated and owned by the Commonwealth Edison network. Its main features are:

- Location: Zion, Illinois.

- 4 loops PWR.

- Westinghouse design.

- Net output: 1040 MWe.

- Thermal powe 3250 MWth.

- Status: permanently shut down.
- Date started: June 1973.

- Date closed: January 1998.

The scenario simulated is a cold leg-LBCA without HPIS actuation.

1.7 Requirements for Phase V

Following Phase Il procedures, six output parameters argidgyed for uncertainty analysis: four scalar
guantities and two time trends (s€able 2). A new scalar quantity was included in the exercise, the
maximum peak cladding temperature as a scalar parameter.

Table 2. Output parameters for uncertainty and sensitivity analysis

Type Definition Criterion

Time trend | Maximum cladding temperature: MCT See comment below
Pressure in the upper plenum;, P No criterion

Scalar 1st PCT (blowdown Phase) MCT and t <ty

quantities 2nd PCT (~ reflood Phase) MCT and t > §;
Time of accumulator injection;t Time of beginning of injection
Time of complete core quenching.t Toaa O saft 30K
Maximum peak cladding temperature: MPCT See comment below

Where:

Tead Cladding temperature.
Tsat Saturation temperature.

The maximum cladding temperature (MCT) is defined as in previous phases: maximum cladding
temperature at each time step without location dependency (neither axial nor radial).

The maximum peak claddy temperature (MPCT) is a scalar quantity defined as the maximum temperature
value reached on the cladding surface during the whole transient, independently of its location (axial or radial).

Also following Phase Ill development, the specifications daminfor Phase V (seé@ required a number
of steps to describe the work performed by each participant:

Part 1. Input parameters and associated uncertainties.

Step 1. General sources of uncertainties consider&BwUSE Phase V.

Step 2. Selection of uncertain parameters.

Step 3. Quantification of uncertainty.

Step 4. Synthesis: selected parameters and their associated ranges of uncertainty.
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Part 2. Uncertainty analysis.

Step 5. Sampling (for the probabiliséipproach).
Step 6. Running the code.
Step 7. First uncertainty results.

Part 3. Sensitivity analysis.

Step 8. Sensitivity analysis.
1.8 Uncertainty methodologies

Uncertainty methodologies used by participants have been described in Phase | and Ripastsi(see
Ref[1] and Ref4]).

Except for UNIPI groups that analysed uncertainties with the CIAU method, the rest of participants used a
fully probabilistcap r oach, based on the [¥Fhge of Wil ksd for mul

17
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2. PART 1. LIST AND UNCERTAINTIES OF THE INPUT
UNCERTAIN PARAMETERS

2.1 Step 1 General sources of uncertainties

The UPC team, in collaboration with @Eand GRS, elaborated a list of input parameters with proposed
uncertainty ranges, which were strongly recommended to be taken into accquantibypants using a
probabilistic methodology (se@). The reasonfo pr eparing such | ist of i C
associated with a Specific UncertaintyoingfoCtheP SU) i
reference case of the different participants quite an important dispeXeiather reason was thatnumber

of data were not available for the Zion plant and participants would have taken different assumptions. In
order to minimize further dispersiont was agreed that participants while following their own
methodologyi should take into account toettextent possible the proposed list of CIPSdble 3 gives

types of distribution functions and ranges for the above mentioned parameters:

- Material properties
- Initial and boundary conditions
- Friction form loss factors.

Table 3: Conmon input parameters associated with a specific uncertainty, range of variation and type of
probability density function.

Phenomenon| Parameter Imposed range of| Type of pdf | Comments
variation
Flow rate at| Containment [0.85, 1.15], seg Uniform Multiplier.
the break pressure Table 4 in
Appendix A
Fuel thermal| Initial core [0.98; 1.02] Normal Multiplier affecting both nominal
behaviour power power and the power after scram.
Peaking factor [0.95; 1.05] Normal Multiplier.
(power of the hot
rod)
Hot gap dze [0.8;1.2] Normal Multiplier. Includes uncertainty o
(whole core gap and cladding conductivities.
except hot rod)
Hot gap size (hot | [0.8; 1.2] Normal Multiplier. Includes uncertainty o
rod) gap and cladding conductivities.
Power after [0.92; 1.08] Normal Multiplier
scram
uo2 [0.9,1.1] Normal Multiplier. Uncertainty depends o
conductivity (Ttue1 <2000 K ) temperature.
[0.8,1.2]
(T1ue >2000 K)
UO2 specific [0.98, 1.02] Normal Multiplier. Uncertainty depends o
heat (Ttuer <1800 K ) temperature.
[0.87,1.13]
(T1e >1800 K)
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Phenomenon| Parameter Imposed range of| Type of pdf | Comments
variation
Pump Rotation speed [0.98; 1..02] Normal Multiplier.
behaviour after break for
intact loops
Rotation speed [0.9; 1.1] Normal Multiplier.
after break for
broken loop
Data related Initial [-0.2; +0.2] MPa | Normal
to injections | accumulator
pressure
Friction form [0.5; 2] Log-normal | Multiplier.
loss in the
accumulator line
Accumulators [-10; +10] °C Normal
initial liquid
temperature
Flow [0.95; 1.05] Normal Multiplier.
characteristic of
LPIS
Pressurizer | Initi al level [-10; +10] cm Normal
Initial pressure [-0.1; +0.1] MPa | Normal
Friction form [0.5; 2] Log-normal | Multiplier.
loss in the surge
line
Initial Initial intact loop | [0.96; 1.04] Normal Multiplier. This paameter can bg
conditions: mass flow rate changed through the pump speed
primary through pressure losses in t
system system...
Initial intact loop | [-2; +2] K Normal This parameter can be chang
cold leg through the secondary pressure, h
temperature transfer coefficient or area in the- |
tubes...
Initial upper - [Tcoids Uniform This parameter r
head mean Teog+ 10 K] temperatureo of
temperature upper plenum (see Annex 1
Appendix A)

Table 4summariges the sources of uncertainties taken into aticby the participants. The table includes

UNIPI1 and UNIPI2 despite they are not considering directly input uncertainties. Three participants

considered only, and when possible, the set of parameters suggested in the specifications document:

- EDO did notinclude the following parameters: initial upper head temperature, initial accumulator
liquid temperature and hot gap size (zones 1, 2, 3, 4)

- JNES only usethe 20 CIPSU

- PSI did not consider the uppeead mean temperature parameter of the CIPSU due ts¢hef a

3D vessel nodalization used, but considered CCFL at the upper tie plate with the uncertainty
distribution specified in the specifications document

Participants using a 3D vessel nodalization (CEA, JNES, KAERI and PSI) could not implement directly
temperatureo
TRACE) could not associate uncertainty to the specified temperature. Among the other two, CEA group

t he

Ahuepapde rme a n
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specified in its contribution the way utilised for thigrpose. JNES did not give any specific explanation
for this parameter.

Two participants (AEKI, KINS) applied a unique multiplier for all temperatures when dealing with UO2
properties instead of splitting the temperature range into two as specified octhmeeahtation for phase V.
Three participants (IRSN, NRI2 and UPC) used two different multipliers, one for each range. The rest of
the participants used a unigue multiplier andgaled it depending upon the temperature falling within the
lower or the uppetemperature range as specified in the basis document for phase V.

Participants gave details on the way timeertainty of the CIPSU was applied when the general guidelines
given in the specifications document (see CD with the appendid@EMUSE Phase Report) were not
followed.

Figure 1 to Figure 5 show the reference case results for maximum cladding temperature and primary
pressure obtained by all participants. Theuffigs for these time trend quantities are included because
AEKI, CEA, GRS, IRSN, KINS and PSI groups have used in Phase V a different reference case
calculation than the one submitted in Phase IV (BIgf.The attailed information on changes can be found

in each participantébés contribution. Participant 6s
results (MARS code), are included in RELAPS graphs because of the similarity between the codes.

The KAERI reference calculation of Phase IV could not be updated in the last version of Phase IV
document; therefore the results here presented for KAERI group differ from those from the report of Phase
V.

General comments related to reference calculationsandd o de and wuser effects al
Go and in AAppendix Co of tpkle Phase |V report doc
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Table 4: Input parameters with uncertainty considered by theqiatits
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Figure 1: Reference calculation. ATHLET code
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Figure 2: Reference calculation. CATHARE code.
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Figure 3: Reference calculation. RELAPS code.
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Figure 4. Reference calculation. TRACE code
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Figure 5: Reference calculation. TEGM-97 code.
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2.2 Step 2 Selection of parameters associated with uncertainty

Only participants following a probabilistic apprdeare concerned by this step.
The Phase Il report distinguished two kinds of approaches to select the uncertain parameters.

In the first approach (KAERI, KINS, and UPC), a PIRT process was used. In Phase lll, participants using
the PIRT approach obtaineal lower number of uncertain input parameters than other participants.
Participants of both Phase Ill and V have increased in the present phase the number of uncertain input
parameters with respect to Phase Ill. The increase is, in the first place, tacdimeequence of the
agreement on a mini mal Anomi nal 0 set OddbleStraeea met e
participants (KAERI, KINS and UPC) considered less than 20 uncertain parameters in PHaslll

and EDO did not contribute to Phase Ill). Other reasons for the enlargement of the number of parameters
are related to the recommendations given in Phase Ill and to the experience gained by participants. For
example: some parameters that were déstaddl as relevant from the sensitivity analysis of Phase Il (see
Ref.[3]) are included in Phase V.

Participants using the second approach (CEA, GRS, IRSN, NRI1 and NRI2) obtain a higher number of
parameters since they consider all the potentially inflaeparameters. In Phase V, the three possible
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change options occurred in relation to Phase lll: increasing the number of input uncertain parameters
(IRSN and GRS), decreasing it (CEA and NRI2), and approximately keeping the same number (NRI1).

In this ptase some participants did not follow any of the previous two approaches. Three participants
(EDO, JNES and PSI) considerenly the 20 CIPSU andherefore did not take into account the

uncertainties related to code physical models.

Table5 compares the number of parameters used in Phases Ill and V by participants in Fbasersly

speaking, the mean number of uncertain input parameters considered is roughly the same but its dispersion
among participants has deased. When considering only the participants that do not apply only the
minimum2 0 CI PSU the mean number of the selected pal
limit for the number of parameters) to almost 39 and the dispersion between patsicdpainishes to 11.

When comparing these values with previous Phase Il the mean number increases by almost six parameters

and the standard deviation decreases of seven parameters.

Table 5: Number of input parameters. Comparisath Phase Il (Table 9 in R¢#])

T C

& g2

Sl<|olw|Z| Q| u|2|2|y|_|o|l& |EE

u x | @ Z | x| x a | o 8 3

E:J O B Ol X|3 § Sl z|z2|2 S| S n 3

Phaselll | - [ 53| - [ 49|42 27|14 1331|6424 14]33.1|18.1
PhaseV [ 36|44 | 17[55|54|20|25]24[33]44]20]|32]33.7]13.2
Phase V) | 36| 44| - | 55|54 - | 25| 243344 - | 32]38.6]11.4

®) Only participants considering more parameters than the ones proposed
specifications document.

Table 6: Order of Wilks' application. ComparisoritivPhase Il (Table 9 in R¢#])

v < o 0 z 0 o %) - N _ O

5 |8 g |g |2 |2 |g |2 |z |2z |7 |¢%
Phase Il - [2@00)| - | 2(100)] 1(59) | 1(100) | 2 (100)| 1 (59) | 1 (59) | 1 (60)| 3 (150)| 2 (100)
Phase V 3 [ 5(200)| 2 (%) | 4 (153)| 9 (300)| 2 (110)| 3 (200) | 3 (124)| 5 (200)| 2 (93) | 2 (120)| 3 (124)

(130)

The comparison of Wilksd order wused i[4])isBhowntin phase
Table 6 where thenumber in the parenthesindicates the number of code calculations performed,
including failed code runs. It is interesting to compare them since there were no recommendations on this

issue in the specifications document.

One recommendation provided in the phase Ill report (seg3efvas to increase the number of
calculations to about 150 to 200 when the upper tolerance limit approaches regulatory acceptance
criteria. Table 17 de<ribes the results for the Maximum peak cladding temperature. Some remarks to

this table are:

- The mini mum order for Wil ksds method in Phase
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- The general tendency among the participants has been to increase atdeasteo with respect to
Phase lII.

- Only one participant (PSI) decreased the number of code runs and the order of application.
- 4 participants usedn@ order (EDO, JNES, NRI2 and PSI).
- 4 participants used@ order (AEKI, KAERI, KINS and UPC).

- 4 participans used higher orders than third (GRS usBordler, CEA and NRI1 used"®rder, and
IRSN used 8 order)

Some participants performed additional analysis by increasing the number of runs and, thus, the order of
Wil ksd formul a applance & thes®analyseb eah laeifdurel ¢h thp €D df participant
contributions (se®ef{13]).

2.3 Step 3 Quantification of uncertainty
Only participants following a probabilistic approach are concerned by this step

Forthe CIPSU specifieth O, all the participants used the recommended type of uncertainty and range. The
methods to quantify the uncertainty of the other input parameters are: literature review such as code
manuals (e.g. R5 code manual, see [Bpf.fitting of experimental data, previous studies such as CSAU
(see Ref12]) or UMS (see R€B]), and expert judgement.

2.4 Step 4 Synthesis
2.4.1  Synthesis table

Table 7 summarises the input parameters used by each participant (that followed a probabilistic
approach) with its associatedaeartainty. Table 7is constructed following the same procedure as in

the Phase lll report (Ré¢é]). The i ndication AYOd (yes) means that
by the participant and, when necessarygmments have been added in parenthesis. When a number is
written, it indicates the number of multipliers (or added quantities) used for that parameter. Parameters
are associated, if possible, with certain phenomena or, if not, they are classified bypéehef

physical law.

Common input parameters written in specifications docun@®@raré shaded in grey.

26



NEA/CSNI/R(2009)13

Table 7: Input parameters considered by the participants (using a probabifipticach). Associated
phenomena or physical law

Participant

AEKI
CEA
EDO
GRS
IRSN
JINES
KAERI
KINS
NRI1
NRI2
PSI
UPC

N
[(6)]
N
S
w
w
N
N
N
o
w
N

Number of input parameters 36 44 17 55 54 20

Phenomenon | Parameter

Flow rates| Form loss coef.
repartition in the| T active core
circuit/ pressure| Form loss coef.
drops 1 core bypass
Form loss coef.
i DWR & core
Cross
connections
Form loss coef.
i lower core Y
plate

Form loss coef.
i ICL

Form loss coef Y
i BCL (DW

BCL)

Form loss coef.
i BHL

Form loss coef.
i all legs

Darcy
Weisbach
friction  factor
in loops and
HA connection
pipe

Darcy
Weisbach
friction  factor
in reactor vessel
Momentum
term
approximation
(yes or no)

Wall friction Wall  friction
factor, primary Y
system
Two-Phase
multiplier  of
pressure drop in
vertical pipe Y Y
(Martinelli-
Nelson
correlation)
Two-Phase
multiplier  of
pressurearop in
horizontal pipe Y Y
(Martinelli-
Nelson
correlation)
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Participant

AEKI

CEA

EDO

GRS
IRSN
JINES
KAERI

KINS

NRI1

NRI2

PSI

UPC

Number of input parameters

)]
a1
a1
SN
N
o
N
(¢}

Phenomenon

Parameter

Void fraction
dependent
correction
coefficient for
fraction of
water and stean|
in total wall
friction

Liquid-wall
friction

Y (2

Vapourwall
friction

Y ()

Flow rate at the
break

Energy (heat)
transfer at
liquid-vapour
interface due tg
flashing

Flashing delay

Turbulence
factor in critical
break flow
model

Wall
factor

friction

Momentum
term
approximation
at the break
(yes or no)

Break dischargeg
coefficient

Y(2)

Y(
2)

Fuel thermal
behaviour

Initial
power

core

Peaking factor

Hot gap size
(whole core
except rodts)

Hot gap size
(hot rod #5)

Power after
scram

uo;,
conductivity

% Y@ |y | Y

Y2

Y(
2)

UO, specific
heat

% Y@ |y | Y

Y2

Y(
2)

Boundary
condtions

Containment
pressure

Pump rotational
speed (IL)

Pump rotational
speed (BL)

Two-Phase
pump head
degradation

(L)

Two-Phase
pump head
degradation
(BL)
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Participant

AEKI
CEA
EDO
GRS
IRSN
JINES
KAERI
KINS
NRI1
NRI2
PSI
UPC

N
()]
N
~
w
w
N
N
[N)
o
w
N

Number of input parameters 36 44 17 55 54 20

Phenomenon | Parameter

Global heat| Complex of
transfer heat transfe|
models: heat] Y
transfer fouling
factor

Structure  heat
transfer

surfaces: hea Y
transfer fouling
factor

Heat transfer in| Forced
the rewetted| convection to Y Y Y(2) Y Y Y
zone liquid

Natural
convection to Y
liquid
Nucleate Y(
boiling 2)

Heat transfer in| Forced
the dry zone convection to Y Y Y Y Y Y
vapour
Natural
convection to Y Y
vapour
Vapour
interface energy Y
transfer
Alternative Y (Dittus- Y (Dittus-
models- forced | Boelter or Boelter or
convection to Mc Mc
vapour Eligot) Eligot)
Film boiling Y(2)
(all
Y Y Phases
reflood)

Y(

Alternative Y Y
models i film | (Dougalt (Dougalk
boiling. Rohsenov Rohsenow Y
/ Condie / Condie
Bengson) Bengson)

Minimum  of
stable film
temperature
(Tmfs)
Transition
boliling

Pool film
boiling for
natural
convection
Alternative
models i pool Y
film boiling

Y Y Y Y

Critical heat| Critical heat
flux flux

Alternative
models )
critical heat
flux
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Participant

AEKI

CEA

EDO

GRS

IRSN

JINES

KAERI

KINS

NRI1

NRI2

PSI

UPC

Number of input parameters

N
(¢}

Phenomenon

Parameter

Interfacial
friction

*Blowdown:
interfacial
friction (ILHL,
UP and core)

*Refill and
reflood:
Interfacal
friction in
dispersed flow
(core,
downstream
from the
quench  front
and UP)

*Refill and
reflood: Steen
Wallis velocity
for onset of
entrainment
IHL

Interfacial
friction
downstream QF|

Interfacial
friction (core
upstream from
the QF)

Velocity of
transition from
nondispersed
to dispersed
droplet flow in
vertical bundle

Critical velocity
of transition
from non
dispersed to
dispersed
droplet flow in
vertical pipe
and downcomer,

Interfacial shear|
in dispersed
vertical droplet
pipe flow

Interfacial
friction for
annular flows

Interfacial
friction (churn
bubblle flows)
in pipe
geometry

Interfacial
friction (churn
bubblle flows)
in assembly|

geometry
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Participant

AEKI
CEA
EDO
GRS
IRSN
JINES
KAERI
KINS
NRI1
NRI2
PSI
UPC

Number of input parameters 36 44 17 55 54 20

N
()]
N
~
w
w
N
N
[N)
o
w
N

Phenomenon | Parameter

Interfacial
friction (churn
bubblle flows) Y Y Y
in annular
geometry
Alternative
models i two-
Phase flow
interfacial drag
model: EPRI or
Bestion
Alternative
models: liquid
entrainment Y
model in he
downcomer
Interfacial
friction in
bubbly-slug Y
flow
(downcomer)
Interfacial shea
in stratified and
wavy horizontal
pipe flow
Interfacial shea
in bubbly, slug
and churn
turbulent
horizontal pipe
flow

Critical velocity
of transition
from stratified Y Y
to slug flow in
horizontal pipes
Velocity of
transition from
nondispersed
to dispersed
droplet flow in
horizontal pipes
Interfacial shea
in dispersed
horizontal Y Y
droplet pipe
flow

CCFL CCFL in the
upper core
plate: ¢ of Y Y Y Y
Wallis

correlation

Condensation Direct
condenstion
due to energy
transfer at
liquid-vapour
interface
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Participant

AEKI

CEA

EDO

GRS

IRSN

JINES

KAERI

KINS

NRI1

NRI2

PSI

UPC

Number of input parameters

N
(¢}

Phenomenon

Parameter

Liquid-interface
heat transfer:
Shah
correlation

Liquid-interface
heat transfer;
stratified flows

Liquid-interface
heat transfer;
turbulences
induced by
injection

Liquid-interface
heat transfer:
droplet flows

Liquid-interface
heat transfe
during reflood:
droplet flows

Vapour
interface  heat]
transfer in
condensation

Y (2

Fraction of wall
condensation
heat flow

Condensation
by injection of
undersaturated
water

Evaporation

Vapour
interface  hat
transfer in
evaporation

Y (2)

Droplet
diameter (core)

Number of
bubbles per unit
volume

Number of
droplets per
unit volume

Limiting of

vapour specific
volume for
evaporation rate
at low pressug

Data related tg
injections

Accumulator
pressure

Accumulator
line form loss
coefficient

Accumulator:
liqud
temperature

LPIS: Flow
characteristic of]

liquid injection
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Participant 4
" : |s(g| 2 |88\ % g5 |glz|8
< @) w 0] @ 51 2| < z Z|a|>
Number of input parameters 36 44 17 55 54 20| 25| 24 33 44 | 20 | 32
Phenomenon | Parameter
Data related to Form loss
pressurizer coeffcient in the Y Y Y Y Y Y Y Y Y Y Y
surge line
PSSR Y Yy | v Y Y|y |y | ¥y | vy |Y]|Y
initial pressure
IPressurlzer v v Y Y Y v Y v Y Y
evel
Data specific to| Droplets  fall v
0D module velocity
Bubbles rise v
velocity
Reflood (if not| Fluid-wall heat
quoted in heat transfer (2D
; . Y Y
transfer in the| conduction nea
dry zone) QF)
Interfacewall
heat  transfer Y
downstream QF|
Rewetted side v v
HTC: upper QF
Rewetted side v v
HTC: lower QF
Global HTC
(core, v
downstream
from the QF)
Initial Initial intact
conditions: loop mass flow Y Y Y Y Y Y Y Y Y Y
primary system | rate
Initial intact Y (upper
loop cold leg v v v plenum v v v v v v
temperature temperatu
re)
Initial  upper Y
head mean (recirculat
temperature v :(Ing mass v v v v v
ow at
UP and
UH)
Numerical Convergence v
parameters criterion
Checking sensitivities Y
"LIn this code only cold gap size can be modified.
"2 A unique multiplier was applied to the whole temperature range.

2.4.2  Comparison of the considered phenomena

In Table 8 the number of parameters associated to each phenomenon or physical law is liseed for th

di fferent participants. Those phe0arenshaded inigreg, | u d e
the number of parameters included in the specificationsndeicuis written in parenthesis.

Comments onTable 8:

Participants who have only considered the parameters set in the specifications document are not taken into

account for the following considerations. Nine participants have included all relevant parameters in the
uncertainty analysis.
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- 9 out of 9 9/9) participants considered the phenomenon of:
0 Critical heat flux.

- 8/9 participants considered the phenomenon of:

0 Heat transfer in the dry zone.

- 7/9 participants considered the phenomenon of:
0 Heat transfer in the rewetted zone.

Global heat transfer wasonsidered by one more participant not included in previous classifications,
therefore it may be stated that heat transfer was considered by 9/9 participants.

- 5/9 participants considered the following phenomena:

o Flow rates repartition / pressure drops,
o Interfacial friction.

0 Condensation (ATHLET and CATHARE users),

o

Evaporation (ATHLET and CATHARE users).

- 4/9 participants considered the phenomenon of:
0 Reflood (ATHLET and CATHARE users, except NRI2)

- 3/9 participants considered the phenomenon of:
o Wall friction.

When looking at codes and kind of phenomena treated, TRACE and-Me@Hcannot béncluded in

general comments since the participants using them, mainly considered only the set of 20 CIPSU of the
specifications document. Only ATHLET and CATHARE useosisidered condensati@md evaporation
phenomena, while for CCFL, all RELAP users and PSI (using TRACE) considered it. CCFL was
considered by ATHLET indirectly as the interfacial friction factor for vertical flows was developed on the
basis of CCFL corilation and considers counteurrent flow limitations.

Table 8: Number of input parameters considered for each phenomenon by participants using a
probabilistic approach

Phenomenon AEKI CEA EDO GRS IRSN JNES | KAERI KINS NRI1 NRI2 | PSI | UPC
Code Name/Version A20 C25 T97 A21B C25 T4 M31 R5 R5 A21A | T4 R5
Total Number of Par 36 44 17 55 54 20 25 24 33 44 20 32
Flow rates

repartition/pressure 6 3 0 2 0 0 0 0 2 0 0 1
drops

Wall friction 0 0 0 3 4 0 0 0 1 2 0 0
Flow rate at the break 2 3 0 3 1 0 0 1 2 0 0 2
I(:7L;el thermal behaviou 7 7 6 7 9 7 7 7 7 9 7 9
Boundary conditions (3)] 3 8 3 3 3 3 3 3 5 3 3 &
Global heat transfer 0 0 0 0 0 0 0 0 2 0 0 0
Heat transfer in the 0 5 0 3 3 0 2 2 0 2 0 2
rewetted zone

Heat transfer in the dry 3 4 0 6 5 0 3 3 0 6 0 3
zone

Critical heat flux 1 1 0 1 1 0 1 1 1 1 0 1
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Phenomenon AEKI | CEA EDO GRS | IRSN | JNES | KAERI KINS NRI1 | NRI2 | PSI | UPC
Code Name/Version A20 C25 T97 A21B C25 T4 M31 R5 R5 A21A | T4 R5
Total Number of Par 36 44 17 55 54 20 25 24 33 44 20 32
Interfacial friction 0 6 0 11 6 0 0 0 2 5 0 0
CCFL 0 0 0 0 0 0 0 1 1 0 1 1
Condensation 1 1 0 1 8 0 0 0 0 1 0 0
Evaporation 2 1 0 3 2 0 0 0 0 1 0 0
Data  related  to 4 3 4 4 4 4 4 4 4 | 4 | 4
injections (4)

Data _ related tol 3 3 3 3 1 3 3 5 3 3 3 3
pressurizer (3)

Data specific to OD| 0 0 0 0 5 0 0 0 0 0 0 0
module

Reflood (if not quoted in

heat transfer in the dry 2 2 0 2 2 0 0 0 0 0 0 0
zone)

Initial conditions (3) 1 3 2 2 3 3 2 0 3 2 2 3
Numerical parameters 1 0 0 0 0 0 0 0 0 0 0 0
Others 0 1 0 0 0 0 0 0 0 0 0 0
Ot her than the phenomena in the specificationds

Zone and Heat Transfer in the Rewetted Zone have been ecedsiiemost of the participanfBable9 and
Table10contain the parameters considered by participants regarding these two phenomena, respectively.

Table 9: Parameters related to HT in the dry zone and critical heat flux, considered by participants using a

probabilistic approach

HT in the dry zone AEKI CEA GRS IRSN KAERI | KINS | NRI1 | NRI2 | UPC
Code name/version A20 C25 A21B C25 M31 R5 R5 | A21A R5
Total num par 4 5 7 6 4 4 1 7 4
Forced convection to vapour Y Y Y Y Y Y
Natural convection to vapour Y Y
Vapourinterface energy transfer Y
Alternative models - forced . Y (Dittus-
convection to vapour Y (Dlttu&BoeIter Boelter or Mc
or Mc Eligot) -
Eligot)
Film boiling Y(2)
Y Y (Berenson/ Y Y Y Y(2)
Bryce)
Alternative model$ film boiling Y Y (DougalF Y (Dougalk
Rohsenow /
Rohsenow / . Y
CondieBengsont) Condie
Bengsont)
Minimum  of stable film v v v v
temperature
Transtion boliling Y Y Y
Pool film boiling for natural
- Y Y
convection
Alternative modlesi pool film v
boiling
Critical heat flux Y Y Y Y Y Y Y Y
Alternative models critical heat v
flux

Table 10: Palameters related to the HT in the rewetted zone by the participants using a probabilistic

approach
HT in the rewetted zonel AEKI | CEA | GRS | IRSN | KAERI | KINS | NRI1 | NRI2 | UPC
Code namel/version A20 C25 | A21B | C25 M31 R5 R5 A21A | R5
Total num par 0 2 3 3 2 2 0 2 2
Forced convection to liquid Y Y Y(2) Y Y Y
Natural convection to liquid Y
Nucleate boiling Y Y Y Y Y Y Y(2)
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243

Ranges of variation for the input parameters

Figure6 shows the uncertaintyranges4 0 i n case of nor mal | aws) for h
it is briefly commented below, differences among methods and also user effect will appear in this section.

Ranges for Aiforced convection to | iioguexpgrb s h o\
judgement in this case), which has a rather large range.

Ranges for fAnucleate boilingo, Afilm boilingo
groups depending upon the used correlation. UPC uses arangefor the multiplier of subcooled
nucleate boiling than other participarde for saturated nucleate boilinghe fact that RELAP5S

users apply different ranges and distributions to the same correlations is another example of user
effect, since the same code manual is diffeyamtiderstood depending on the participant.

Ranges for Acritical heat fluxd show two tende
ATHLET users apply similar ranges, and MARS and RELAP5 users apply similar larger ranges.
UPC multiplier is rather smiatompared to MARS and RELAPS widths.

Ranges for #Atransition boilingd are only appli
multiplier is quite different for the four participants, so this is an example of unsatisfactory state of
knowledge concerngnmodel uncertainty.

NRI1 used a global heat transfer parameter that represents the uncertainty of all heat transfer
parameters (the value of the global heat transfer multiplier is used for all heat transfer multipliers) so
for all heat transfer regimesdlfsame value has been depicted for NRI1 contribution.

As stated in Phase lll report (see RH), differences related to correlations are code and model
dependent. When users of the same code apply differeattaimty ranges for a correlation, the origin of

the discrepancy can be found in the source of information (code manuals, expert judgement, and
experimental database), its interpretation, and/or in the specific way the multiplier is applied.

Figure 6: Comparison of the uncertainty rasger heat transfer multipliers
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2.5 First conclusions on irput parameters. Comparison with Phase |l

Some preliminary conclusions can be drawn for this part of the Phase V:

Firstly Table5 shows that in comparison with Phase Il and even thdligltparticipants are considering
the same nmber of parameters, the dispersion has decreased.

Secondly as Phase V deals with a generic plant, there is no documentation available concerning the state of
the plant as initial and boundary conditions, fuel properties, etc... Therefore, in the dpmuifica

common set uncertain parameters with their rangesadftion (CIPSU) haseen proposed (other
parameters were not considered uncertain because the phenomenon was already covered by the CIPSU)
which has reduced not only the dispersion in its migakvalue, but also the dispersion in their ranges.

Nevertheless, the dispersion in the ranges of the parameters related to code correlations is still large. In
addition, and regarding specifications, not all the participants have considered the [DIRStde cases,
the ranges specified have not been used in the same way as proposed.

In Table 11 parameters which appeared influential on cladding temperature and primary pressure in Phase
lll (see Table 12 and Table 13 in Réf) are compared with parameters considered in Phase V. The aim of
this table is to evaluate the use among participants of the synthesis tables for sensitivities produced in
Phase Il as a tool to select the uncertainty parameters fee Rhdt is important to remind, as stated in
Phase Il report, that the synthesis tables produced in Phase Ill are not entirely valid for a LBLOCA
scenario in a typical PWR due to the specificity of both thes liPansient and LOFT facility. AEKI is
included inTable 11even though they did not participate in PhaseTkible 11compares parameters taken

into account by participants in Phase V with parameters found influential in Phaserdspective of

which group identified them as influential andtioé magnitude of the influence.
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