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Abstract

In 2003, threéAriting Groups (WG1, WG2, WG3) were established within the Working Group on
Analysis and Management of Accidents (WGAMA) of t©®&CD Nuclear Energy Agency. The
groups had the responsibility of summarising tlagesbf-the-art in the application of Computational
Fluid Dynamics (CFD) to items of concern in nucleaactor safety. The Best Practice Guidelines
(BPGs) drawn up by the WG1 group defined the procesiwhich need to be followed to produce
trustworthy results from a CFD simulation. The W@®up itemised the assessment base which
underpins single-phase CFD as an established tlgyoThe WG3 group focused on the
challenges that still need to be faced before thasp CFD may be regarded as a mature science.
The background to the activity, method of approadbcumented evidence, status and current
activities are described under appropriate sec¢teadings in this paper.

I ntroduction

The spectacular growth in computer hardware over st 30 years, accompanied by the
development of stable and efficient numerical atbars, has created a situation in which the use of
computational methods has reduced the relianceare-sodel tests in the safety analysis of reactor
systems. During this time, very reliable systemespdsuch as RELAP-5 [1], TRACE [2] and
CATHARE [3] for example, have been used in the ysialof primary circuit transients. Other
programs, such as GOTHIC [4] and GASFLOW [5] aredufor containment analyses, and MAAP
[6] and MELCOR [7] for severe accidents. The amilmn of CFD methods to problems relating to
Nuclear Reactor Safety (NRS) is less well develppetlis accelerating.

One of the reasons why the application of CFD nuidhio the NRS area has been slow to establish
itself is that transient, two-phase events assediatith accident analyses are extremely complex.
Traditional approaches using system codes have ©iemessful because of the very large database
of phasic exchange correlations on which they @sed). The correlations have been formulated
from essentially 1-D special-effects experimentsg #heir range of validity has been very well
scrutinised. Data on the exchange of mass, momeatuhenergy between phases for 3-D flows is
very sparse in comparison. Thus, although 1-D fdautimans may restrict the use of system codes in
simulations in which there is complex geometry, fitg/sical models are well-established and
reliable, provided they are used within their spiediranges of validity. The trend has therefore
been to continue with such approaches, and liveinviheir geometric limitations. However, fluid
flow situations arise which are strongly 3-D in i&@ier. A model approach involving networks of
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1-D or even 0-D elements may then be not only agyversimplification, but misleading, and
erroneous conclusions could be drawn from the t®sliypical situations of this type are flows in
the upper/lower plena, downcomer and core of atoeagessel, and circulation, mixing and
stratification in the pipe network and containmeolumes. CFD codes, with full 3-D capability, are
the most appropriate numerical tools to use indh@sumstances, provided the physical models
within them can be substantiated.

With a growing awareness of the emerging role fBDGnalyses in nuclear reactor technology, a
CSNI action plan was drawn up on the recommendationseoOECD/NEA® and IAEA to create
three Writing Groups, with mandates to performftiwing tasks:

WG1 Provide a set of Best Practice GuidelinesHeruse of CFD in NRS problems;
WG2 Evaluate the existing CFD assessment basesdanitify gaps that need to be filled;
WG3 Summarize the extensions needed to these tmu®eo-phase NRS applications.

Work began early in 2003. Teams of experts werigaad to the groups representing the following

OECD member countries: the Czech Republic, Fra@ermany, Italy, Japan, S. Korea, the

Netherlands, Norway, Sweden, Switzerland and thA.UEach of the groups prepared preliminary

reports which scoped the work needed to be cawigdto fulfil the mandate, and which made

recommendations on how to achieve their definedaivies. In January 2005, all three groups were
reformed to carry out their tasks. Each group idsu€SNI report [8,9,10], which can be considered
a state-of-the-art on the respective subject artdeeaime of issue.

The present paper summarises the work undertakémeby/riting Groups, as described in detail in
the CSNI reports, and some follow-up activitiest thave been initiated since their issue. The Best
Practice Guidelines (BPGs) drawn up by WG1 defireegrocedures which need to be followed to
produce trustworthy results from a CFD simulatibhe WG2 document focuses on the verification
and validation procedures that have been carriedt@uensure that single-phase CFD is an
established technology. The assessment is basedaterial assembled in both nuclear and non-
nuclear areas, since often the flow situationssarglar. The WG3 document itemises the challenges
that still need to be faced before two-phase CFD bwregarded as a mature science. These are
mainly in establishing appropriate 3-D closure lagsverning inter-phase transfer of mass,
momentum and heat, wall-to-fluid heat transfer, gaderalising single-phase turbulence models for
two-phase application.

Though the responsibilities of the Writing Groumsnhally ended with the issue of the CSNI
reports, many tasks remain ongoing due to theioreaf new initiatives. First is the establishment
of a web portal to act as a dynamic basis for tlagenmal collected and collated by the groups. The
portal has been constructed using Wiki softwarertable users to find information they need via
appropriate web links, and to actively participatehe maintenance and updating of the site. A
special WGAMACFD Task Group has been set up to this purpose. A smaller carepgitheCFD
Soecial Group, also operating within the framework of WGAMA, argses, on a biennial basis, a
series of international workshops under the tittkD@NRS, which are aimed at providing suitable
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forums in which experimenters and CFD practitioreans exchange topical information dedicated to
the application of CFD in nuclear reactor safetigisTgroup also provides the organisational basis
for launching international CFD benchmarking ex&gsi All these activities are also described in
this paper.

1. WG1: Best Practice Guidéelines
1.1 Background

Twelve WGAMA member organizations participated irritiwg the BPG document. Their
representatives, who acted as co-authors of thetyegre listed in Table 1. The group met twice per
year for summary discussions, starting in May 2808 concluding in September 2006 with formal
submission of the report [8], approved by WGAMA th@ CSNI for approval. All other exchanges
were undertaken remotely. The primary purpose efdincument was to provide practical guidance
for the application of single-phase CFD to the wgsial of nuclear reactor safety (NRS) issues.
Initially, it was intended to also include guidamme two-phase CFD applications to NRS, but this
was later considered too ambitious, and anyway sadhAsk should only be undertaken after
preparation of the WG3 document, which deals withrhodel extensions needed for this.

Table 1. Contributors to the BPG document.

J. H Mahaffy PSU us T. Morii JNES JP
B. Chung KAERI KO P. Mihlbauer NRI Ccz
F. Dubois IRSN FR U. Rhode FzD DE
F. Ducros CEA FR M. Scheuerer GRS DE
E Graffard IRSN FR B. L. Smith PSI CH
M. Heitsch GRS DE C.-H. Song KAERI KO
M. Henriksson  Vattenfall SE T. Watanabe JAERI JP
E. Komen NRG NL G. Zigh USNRC US
F. Moretti UniPisa IT

One of the main focus points for the use of simflase CFD in industrial flows is the appropriate
choice of turbulence model. Reynolds Average NaStekes (RANS), Large Eddy Simulation
(LES) and Detached Eddy Simulation (DES) modelsewa considered in this context. The
inclusion of Direct Numerical Simulation (DNS) wa®nsidered premature for practical NRS
applications. The full range of issues associatiia avhigh quality CFD analysis was covered by the
group. This begins with proper definition of theolplem to be solved, and the selection of an
appropriate simulation tool. For the probable raafjgols, generic guidance was provided on the
selection of physical models and numerical issiediding creation of a suitable spatial grid. Both
structured and unstructured meshing strategies disceissed. To complete the process of analysis
guidance was also provided for verification of thgut model, validation of results, and
documentation of the project application.

Although the primary target audience could be abereid to be the less experienced CFD
practitioners, the document should also be valuabkewider audience. High-quality CFD analysis
is a complex process, with many steps, and mangroppties to forget important details. More

experienced CFD users should find value in the ldistof steps and considerations provided at the
end of the document, and summarized here in theestibn 1.4 below. Project managers should
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find the discussion useful in establishing the lefeeffort needed for a new analysis, and regutato
should find the document to be a valuable souraguektions to ask those using CFD in support of
licensing requests.

The WG1 BPG document is built on, and extends,radbarces of guidelines for the use of CFD,
both of the generic and specialized type. The ERaoResearch Community On Flow, Turbulence
And Combustion (ERCOFTAC) produced a general sgfuidelines for the creation of CFD input
models [11,12], though the main application areghia case was turbo-machinery. In the area of
reactor safety analysis, a set of guidelines waslymed within the ECORA project [13]. Similar
guidelines were produced specifically for marinelagations by MARNET [14], and the AIAA had
previously produced a short guidelines documentasification and validation [15].

The BPG document produced by WGI was intended taadenternally complete as possible.

Specific guidance, that might also be availabléhimabove publications, is provided in the context
of NRS and the experience of the group in using CHBwever, “internally complete” does not

imply that the document is exhaustive. No attermphade, for example, to cover the full history of
turbulence theory and modelling, nor the full rarmjeurbulence models available today in CFD
software. For more details on these subjects,ghéer is referred to specialist papers on the sybje

such as the recent work of Wilcox [16].

1.2  Modeling Guideines

The BPG document begins with a summary of NRSedl&FD analyses being carried out in the
countries represented by the WG1 members, to peavisicope for the existing range of experience.
Examples cited in the summary date back as fanetate 1970s, but most analyses discussed were
performed after 2000. In parallel, the WG2 groupe($ection 2) were compiling a list of safety
issues for which (single-phase) CFD is consideredbring benefits in terms of better insights,
understanding and quantification. This materiab gi®ints to the application areas in which the
BPSs were concentrated. These included all aspéc®sD single-phase mixing, and in addition
there is an extended discussion of special modellveeds within single-phase CFD for:
containment wall condensation; pipe wall erosidmermnal cycling; hydrogen deflagration and
detonation; fire analysis; water hammer; liquid-ahesystems; and natural convection. Some
specific areas are listed here by way of illustrati

Turbulent flows in various rod bundle geometries;

Pressurized thermal shock;

Boron dilution transients;

Flow mixing and stratification in plant loops;

Natural circulation in the reactor primary circuit;

Thermal fatigue in a mixing tee;

Hydrogen distribution in a containment during aesevaccident;
Flows induced by hydrogen recombiners in contairisjen
Breaks induced by high temperature steam durirgyers accident;
10 Detailed analyses to improve understanding of hgilieat transfer;
11.Natural circulation in pools;

12. Steam-jet-driven circulation in pools;

13. Strainer clogging in a containment sump;

14. Fluid/structure interactions (particularly at tharsof a large pipe-break);

©CONoOORAWNE



The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

15.Cooling issues associated with spent fuel storagksc

Given such a diverse application area, it was ssible to give case-specific instructions on the
procedures to follow to produce quality CFD preditcs for each item on the list. Instead, four items
(2,3,7,15) were discussed in extended form by Walustration of the general BPG approach. The
compilation of precise guidelines for other entoasthe list is then left as a follow-up exerciSke
interested reader is referred to the full CSNI ref] for more details.

1.3 Overall Strategic Approach

Computer simulation is much more than generatipytirand plotting results. In an NRS project
producing trusted results, these activities doavein occupy the majority of the staff time expended
A project must begin with a clear written statemehthe problem, including identification of the
specific system and scenario to be analysed. Fijupephically depicts the procedural steps to be
followed. Ideally, things start with a PIRT Paenomena Identification and Ranking Table [17].

The PIRT approach originated as part of the US NRGéthodology for the use of best-estimate
simulation codes in the licensing of nuclear poplants. Phenomena and processes are ranked in
the PIRT based on their influence on primary sateityeria, and subsequent efforts are focused on
the most important of these. This process has bretiover the years, and is now used outside the
nuclear community as well, and now represents qooitant component of any assessment process.

Intended application, planning, PIRT

] !

Experiments CFD Code
1 !
Validation Verification
1 ]
Application Demonstration
]
Preferred Safety assessment
route

Figure 1. An assessment procedure from conceptifindl product.

Step #1 of the PIRT is a careful definition of tiigectives of the exercise. It is often more effaxt
to define a series of specific PIRT exercises (bayon dilution) rather than trying to cover
everything with a very general exercise (e.g. SiBadlak Loss of Coolant Accident SB-LOCA). At
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Step #2, a panel of experts is appointed. The psine@lild have both technical and managerial
expertise. At least one member should have a pyifiegus in each of the following areas, relevant
to the scenario being studied:

» Experimental programs and facilities;

» Simulation code development (numerical implemeatatif physical models)
» Application of relevant simulation codes to thiglamilar scenarios;

» Configuration and operation of the system undesystu

At Step #3, the panel reviews the defined objestiggstem and scenario to identify parameters of
interest (e.g. boron concentration at core inletthe boron-dilution problem). Step #4 consists of
identifying existing information that can be usedverify the coding, and to validate the physical
models in the code over the range of conditiorthénspecified scenario. This step relies heavily on
the knowledge and experience of the panel memibertscan be broadened. Step #5 involves
identification of the key physical phenomena inwalvin the specified scenario (e.g. turbulent
mixing). This is followed by Step #6 in which thgeenomena are ranked in terms of importance.
Perhaps initially this can be in terms of a low/medhigh categorization, but with subdivisions if
necessary. The process is often iterative. Thdtrssine ranking table containing all the phenomen
of importance, and the priorities given to themeTitientification and hierarchy ultimately guides
the analyst in the selection of an appropriate CBBe¢and in selecting optional physical models
within that code.

As exemplified in Fig. 1Verification and Validation, or V&V, are essential components of the
assessment process. Verification is the processdmdirms that accurate and reliable results @n b
obtained from the models programmed into the cddhe verification process entails comparing
code predictions against exact analytical resoiufactured solutions [18], or previously verified
higher accuracy simulations. The question of whethe models represent physical reality in the
context of the given application is not part of eogkrification. This issue is taken up within the
validation procedure. Roache [19] sums up the diffee concisely as:

Verification — solving the equations right;
Validation — solving the right equations.

As part of verification, analysts must always beaswof their ability to introduce errors into input
models, and developers’ ability to leave errorainode that can be very difficult to detect. It is
extremely important to have some quality assurd@# procedure in place for any CFD project,
part of which is a review of existing code verifica relevant to all the models being exercised.
Although rigorous adherence to international stesslfor a QA program is not recommended, since
this entails a very large overhead in terms of dusntation, what is recommended is the
development of a programme specifying requiremémtsthe four primary components of QA:
documentation of the work; development proceduecgsirfput models and the code; testing; and
review of all the work done. Documentation is teadt appreciated, but perhaps the most important,
of these. Writing a clear description of, and jiustition for, all aspects of an input model is an
excellent way to expose errors, and is a necegsargquisite for a good review process. The BPG
document [8] contains extended discussion of al§¢hQA aspects.

As part of the verification process, minimisatidnnamerical error needs to be demonstrated. This
can only be done by comparing solutions obtainedgudifferent mesh sizes (and different time
steps for transient simulations), and/or compasilgtions obtained using different orders in spatia
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and temporal discretization schemes. Frequenthilable time and computer resources restrict the
rigour in estimation of the discretization errdfmwever, analysts must not use these restrictisns a
an excuse to abandon quantitative error estimakaior analysis using portions of the mesh and/or
intervals in a transient can also be very prodectiv

Figure 2 illustrates the principle of how mesh ipeledence of the solution may be demonstrated by
performing multiple simulations for different mestzes. First, &arget Variable (or set of target
variables) is selected. The target variable is llsaascalar quantity. It should be representatfe
the goal(s) of the simulation (e.g. peak claddemperature in a core bundle calculation), and one
expected to be sensitive to numerical treatmentgaitiresolution. Thus, overall heat balance or
flow rate, for example, would be poor choices faa@et variable. Optimal, though not essential, is
that the target variable be monitored continuodsiging run-time. Otherwise, the converged value
can be found using post-processing.

Target
Variable
114 112 1
! |A — |

Figure 2. Testing for mesh independence.

For the example given in Fig. 2, the coarse-mesiana(A = 1) is far from the converged value and
would thus be considered unacceptable. There faraatic approach to the asymptotic value if the
mesh size is halved, and only slight improvemerth viurther refinement. The practitioner then
would need to decide whether a fine-megh=( 1/4) calculation is really necessary, given the
additional computational overhead, or whether tiiereassociated with th& = 1/2 option can be
tolerated. The error analysis can be placed omna fhathematical footing using the concept of
Richardson extrapolation [19], and the BPG docum&mbngly recommends following this
procedure.

Validation is the process of determining whether lasic code models chosen for the simulation
represent physical reality for the scenario beingestigated, and can only be established by
comparing numerical predictions against measuréal dfanew validation calculations are required,
a verification process is necessary to estimatergrassociated with discretization before any
comparison with real data. This may result in araiive adjustment of discretization until
quantitative assurance is available that errorscésted with selection of the spatial mesh, and for
transient analyses the time step also, and theciasst discretization schemes for both, do not
contaminate conclusions of the validation exerdiseors introduced by numerical errors can result
in incorrect choices being made for specific phgisjgrocess models. For more details regarding
V&V procedures, the interested reader is referoetthé work of Oberkampf and his co-workers [20,
21].

1.4 StepstobeFollowed in Performing Quality CFD



The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

The need for Best Practice Guidelines and theiesyatic use by analysts became very clear during
the assembly of the BPG document. With the excepifandividuals working within the ECORA
project [22], in which guidelines on the use CFDhutlear engineering had already been produced,
most CFD practitioners in the nuclear safety comtyunbrked from personal experience, advice
from co-workers, and at times code manuals. Fosehwith experience in development and use of
classic thermal-hydraulic safety codes, the proceito follow were in the most part somewhat
familiar. Even if the BPG document is not used aegular basis for CFD projects, it should have
significant value as a repository of expertisetfaming inexperienced CFD users. As a set of step-
by-step instructions, the list reproduced below Mobe the recommended path to follow in
performing a safety assessment using CFD, as dlestin Fig. 1.

1. Initial Preparation

Produce a clearly written problem description, #gew the system and scenario requiring
analysis, and clearly listing study objectives.

Assemble a panel of experts and go through a PIREegs based upon the problem
description.

Decide whether the problem requires full CFD or \wketa classical system code would be
adequate.

With knowledge of the problem and the physical peses, select an appropriate CFD code.

If necessary, develop enhancements (e.g. intetfacking) in addition to the standard models
in the code.

Decide whether coupling is required between the €B8e and a system code to supply the
boundary conditions to the CFD calculation. Thataiss there important system feed-back
effects that need to be taken into account?

2. Geometry Preparation

Ensure the coordinate system is appropriate, andrits correct.

Examine any modifications/simplifications that hdeen made to the geometry.

Confirm that the geometric domain is complete.

Assess the adequacy of any simplifications made;dele to symmetry.

Check that inlet, outlet, symmetry and cyclic boanyd condition regions are located
correctly.

Selection of Physical Models

Establish a basic understanding of the prevailimgsjzal phenomena and flow fields (part of
the PIRT process).

Select the appropriate level of turbulence repragiem (RANS, LES, VLES, DES, etc.).

For RANS or URANS, select the most appropriate stiatil model for turbulence (&-k-o,
SST, RSM, etc.).

For LES or DES, select an appropriate sub-grides(&GS) model (Smagorinsky, WALE,
etc.).

Either resolve the wall boundary layer explicittyahoose a wall-function model.

Set boundary conditions consistent with the chofderrbulence model.

Grid Generation
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» Check the grid quality. A good grid generation waite package will generate internal
statistics on grid quality in terms of skewnespgeas ratio, mesh size distribution, etc.

» Ensure the grid been appropriately scaled.

» Ensure grid nodes are concentrated in areas irhvgharp gradients in physical variables
occur.

* Avoid non-matching grid interfaces in critical regs of the flow.

» Ensure the grid is compatible with the physical elednd flow conditions (turbulence
model, wall treatment, etc.).

5. Numerical Method

» Avoid use of first-order upwind spatial discretipat and first-order time differencing (often
defaults) where possible, to reduce numerical slifo.

» If first-order methods are used, compare the nwakdiffusion coefficient against an
estimate of the turbulent diffusion coefficieneatumber of locations.

« When using LES, employ central differencing in spand 2*order time differencing, if
possible.

6. Verification

* Check for round-off errors. Generally, try to ruma 64-bit machine.

» Monitor target variables (these should have beedwing the PIRT).

» Check for errors associated with the selectiomefiteration convergence criteria. Ensure
that residuals/tolerances of internal code iterali@ps have been set low enough.

» Demonstrate mesh/time-step independence of rasitig target variables.

» Follow quality-assurance procedures to limit anzhte user errors.

If the CFD simulation is part of an exercise to gate models against experimental data, see Fig. 1,
then the following additional guidelines shouldoadsbe followed.

7. Validation

» Follow a tiered approach, comparing first to sefgaedfect experiments and working up to
complete system experiments.

* Where possible, use repeat experiments to helptifjuarperimental error.

» Using guidance from the PIRT process, select ap@teptarget variables for comparison
between calculation and experiment.

8. Application

« If sufficient computer resources are availablefqrar an uncertainty analysis. This will help
to place bounds on the numerical predictions, tssicheck the initial PIRT assumptions
concerning the relative importance of the differphlysical phenomena, and to quantify
sensitivity of results to uncertainties in inputgmaeters, e.g. lack of measured data on inlet
velocity profiles and turbulence statistics.

Note that without the validation step, it is onlgsgible todemonstrate to capability of the CFD
code to perform the required task, not to performgeauinesafety assessment (see Fig.1). As
reflected in the procedural steps listed above,prder simulation is much more than generating
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input and examining results. The initial PIRT pracegsiides the analyst in the selection of (i) an
appropriate CFD code, (ii) the appropriate physinatlels to be selected within that code, and (iii)
validation tests relevant to the final analysiswall-designed QA process is necessary to minimize
unintended errors in the input model, and verifarathrough use of target variables is needed to
bring discretization errors within acceptable baind

When the original 2007 BPG document [8] was finalizbe group realized that it could only act as
a starting point. Expansion of the document wassaged as more experience was accumulated
through WGAMA benchmarking activities (see Sectdb#) and from increased activity within the
NRS community. The group was also convinced ofrtbed for additional guidance for specific
applications: such as containment analysis, thefatigilue in piping systems, or pressurized thermal
shock. Such application-specific guidelines woulshtain more detailed recommendations on
appropriate selection of discretization and physicendels, and identification of appropriate
experimental data for validation. Such guidanceldcde defined as part of new International
Standard Problems (ISPs) sponsored by the OECD/NEA.

Since the appearance of the BPGs [8], the CSNtbkasled to promote further development of the
Writing Group documents through the creation of Mffoe pages at the NEA website. At the time
of writing, the original document has been conwette MediaWiki format, and is open for review
by a limited number of individuals associated W&@BNI programmes. A project is in progress at
CEA and EDF to improve the guidelines in respedutbulence modelling, while another project is
planned to include lessons learned from the OECDMNE#Atenfall T-junction benchmark [23]. It is
anticipated that the BPG Wiki pages will be pulyliavailable as a link from the NEA webpages
during 2011. The archival version of the BPGs [8]currently available from a link on this
webpage.

2. WG2: Assessment Database
2.1 Background

The group’s activities began in May 2003 and enditd formal endorsement of the final document
[9] by the CSNI in December 2007. The group was tiisbanded. During the time in which the
group sat, the following objectives were fulfilled:

* Provide a classification of NRS problems requirind>Gihalysis;

« Identify and catalogue existing CFD assessment pbe#s nuclear and non-nuclear;
» ldentify any gaps in the CFD assessment bases;

» Give recommendations how the CFD assessment dasaimasebe extended.

Table 2. Contributors to the WG2 document.

B. L. Smith PSI CH J. H Mahaffy PSU us
D. Bestion CEA FR F. Moretti UniPisa IT

U. Bieder CEA FR T. Morii JNES JP

F. Ducros CEA FR P. Mihlbauer NRI Ccz
E Graffard IRSN FR U. Rohde FzD DE
M. Heitsch GRS DE M. Scheuerer GRS DE
M. Henriksson  Vattenfall SE C.-H. Song KAERI KO
T. H6hne FzD DE T. Watanabe JAERI JP

D. Lucas FzZD DE G. Zigh USNRC US
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The contributors to the Writing Group 2 activityedisted in Table 2. The group’s first task was to
identify the NRS issues for which it was considetteel use of CFD would bring real benefits. Both
single-phase and two-phase safety issues weredewadi though in the latter case the information
was simply passed over to WG3 for closer attentionas recognized that, unlike the situation with
system and containment codes, the nuclear commu@gy not the primary driving force for the
development of commercial CFD software, but couldéefié from the validation programmes
originating in non-nuclear areas, since often trerhal-hydraulic phenomena were similar. This is
why it was thought relevant to include non-nuclassessment bases in the survey.

Table 3: NRS problems requiring the application oDCF

NRS problem System Incident Single- or
classification classification | two-phase
1 | Erosion, corrosion and deposition Core, primany a| Operational | Single/Mult
secondary circuits
2 | Core instability in BWRs Core Operational Multi
3 | Transition boiling in BWR/determination of MCPR ore Operational | Multi
4 | Recriticality in BWRs Core BDBA Multi
5 | Reflooding Core DBA Multi
6 | Lower plenum debris coolability/melt distribution Core BDBA Multi
7 | Boron dilution Primary circuit DBA Single
8 | Mixing: stratification/hot-leg heterogeneities irRary circuit Operational | Single/Multi
9 | Heterogeneous flow distribution (e.g. in SG inlet Primary circuit Operational | Single
plenum causing vibrations, HDR expts., etc.)
10 | BWR/ABWR lower plenum flow Primary circuit Omdional | Single/Multi
11 | Waterhammer condensation Primary circuit Openati | Multi
12 | PTS (pressurised thermal shock) Primary circuit | DBA Single/Multi
13 | Pipe break — in-vessel mechanical load Primiacyic DBA Multi
14 | Induced break Primary circuit DBA Single
15 | Thermal fatigue (e.g. T-junction) Primary citcui | Operational | Single
16 | Hydrogen distribution Containment BDBA Single/ily
17 | Chemical reactions/combustion/detonation Contaimt BDBA Single/Multi
18 | Aerosol deposition/atmospheric transport Containment BDBA Multi
(source term)
19 | Direct-contact condensation Containment/ | DBA Multi
Primary circuit
20 | Bubble dynamics in suppression pools Containment | DBA Multi
21 | Behaviour of gas/liquid surfaces Containment/ | Operational | Multi
Primary circuit
22 | Special considerations for advanced (includiag-G | Containment/ DBA/BDBA | Single/Multi
Cooled) reactors Primary circuit

DBA — Design Basis Accident; BDBA — Beyond DesBasis (or Severe) Accident;
MCPR — Minimum Critical Power Ratio

The entries on the list, with some overlaps, amipged into problems concerning the reactor core,
the primary circuit or the containment, listed mstorder. Full details are given in [9], whereleat

the entries in Table 3 is discussed in terms ofefgvance to nuclear reactor safety; (ii) desiipt

of the issue; (iii) why CFD is needed; and (iv) whas been attempted to date. For example, in the
case of boron dilution, mechanisms have been iigm{i24], such as SB-LOCA or steam generator

tube rupture (SGTR), which could lead to a slugoef-borated water being injected through one of

the coolant loops into the reactor pressure vegdeY/) of a Pressurized Water Reactor (PWR). If

the slug arrives at the core without mixing sigsafitly with the streams from the other cold legs, a
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(local) criticality excursion could ensue. The cdete phenomenological model requires two steps:
(i) knowledge of the concentration of boron at tmre entrance, and (ii) coupled thermal-

hydraulics/neutronics calculations for the coreiageg The first step (covered by state-of-the-art
CFD) thus provides the initial and boundary cowdisi for the second. Main CFD inputs to this

problem concern the description of the transpamathechanisms to the core: namely, pump start-
up, or natural circulation after restoration of thater inventory. Relevant parts of the reactor for
flow modelling concern at least the downcomer, kher plenum, and possibly the pipework

related to the initial transportation of the slogthe RPV. Given the intrinsic multi-dimensionality

of the flow, the geometrical complexity of the camgtional domain, and the requirement of

accurately representing the mixing of the diffefmiv streams, CFD analysis is needed.

Low boron slug

-

—

/

(a) Model layout (external surface) (b) Boron carication at core inlet

Figure 3. CFD simulation of a three-loop PWR to gtile boron dilution issue.

Figure 3a shows the outer surface of a CFD moddallifges removed) for a 3-loop PWR [25]. The
mesh is constructed in this case of 6.7 milliondmedral cells. At the start of the transient, a-low
boron water slug occupies the region indicatedhia af the cold-legs. The flow in all three colddeg

is started simultaneously. Profiles of the boronocemtration at the entrance to the core at thamtst
the slug arrives are shown in Fig. 3b. As can lem sthere remains a heterogeneous distribution of
boron, indicating that incomplete mixing of the a&xddég streams in the downcomer and lower
plenum is predicted for this case.

The assessment database underpinning CFD analystse dboron dilution issue at plant scale
consists of a series of scaled experiments periypniacipally in Europe and the US. For example,
very careful tests have been performed at the Wsityeof Maryland [26], the ROCOM facility at
FZD Rossendorf [27], and the Vattenfall 1:5 scakt te Sweden [28]. In addition, boron dilution
and general in-vessel mixing has been the subjebed=U-funded programmes EUBORA [29] and
FLOWMIX-R [30]. In all cases, measured data from elotésts have been made available for
validation of CFD code predictions. In this examled for the other safety issues listed in Table 3,
relevant information has been catalogued and docteddoy the WG2 group.

2.2 Assessment Databases (Non-Nuclear)

As remarked above, until perhaps very recently, thelear industry could not be considered a
primary driving force for the development of theypical models embodied in CFD software.

Consequently, the major sources of validation datst in the non-nuclear areas. Nonetheless, if the
flow characteristics are similar to those encowtdor the safety items identified in Table 3, the
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information can still be of relevance in the nucleantext. Consequently, major sources of non-
nuclear validation data were identified by the Wgs@up.

The principal commercial CFD software vendors, ngrdISYS-CFX [31], STAR-CCM+ [32],
FLUENT [33] and (to a lesser extent these days) PNICS [34], promote general-purpose CFD,
but increasingly have customers in the nuclearstrguEach code has an extended validation data
base to which their customers have access. Thesbeste of specific information is through their
respective websites. Here, one finds documentatooess to the workshops organised by the
company, and to the conferences and journals whastomers and/or staff have published
validation material, and details of the companysva participation in international benchmarking
exercises. It should also be noted that even cexjagitly written for the nuclear applications,cu

as TRIO-U [35] and SATURNE-NEPTUNE-CFD [36] also irsdu basic (often academic)
validation cases, just like the codes from whicbufb on customers within the general industrial
(commercial) area.

The European Research Community on Flow, Turbulemce @Gmbustion (ERCOFTAC) is an
association of research, educational and industgialps [37] operating within Europe. The
ERCOFTAC BPGs have already been referenced in Sectionflthis paper. The ERCOFTAC
database was started in 1995, and is actively amiagd by the University of Manchester, UK. It
contains experimental as well as high-quality nucaéidata relevant to both academic and applied
CFD applications. Regular Workshops on Refined Tenesd Modelling are held around Europe,
information from which is used to update and retime database. The Classic Data Base is open to
the public. There are more than 80 documented cagler containing experimental data, or with
highly accurate DNS (Direct Numerical Simulatiorgta available. Each case contains at least a
brief description, some data to download, and esiegs to published work. Some of the cases could
be used also in NRS applications, such as flonumved channels, mixing layers, separated flows,
impinging jets and flows through tube bundles.

QNET-CFD KB developed from the QNET-CFD web-baseshtatic network, which was a part-
funded European project to promote quality andttmsthe industrial application of CFD [38].
Between 2000 and 2004, a knowledge base contair8ngpgdlication Challenges was compiled,
expanded, and finally brought online by means diVii-based website developed from the
prototype pioneered by the QNET-CFD network. The iWjgages now come under the
administration of the ERCOFTAC organization [37]. Feach Application Challenge, its
description, test data, CFD simulations, evaluatimst practice advice, and information on related
underlying flow regimes are all available.

Other databases worth exploring are NPARC and AIARARC is principally directed towards the
aerodynamics community, but there is a link to da¢a archive of NASA, which is particularly
useful. High quality data are available in manyfloonfigurations relevant to NRS analyses at a
fundamental level [39]. The American Institute cgrAnautics and Astronautics (AIAA) participates
to the definition of standards for CFD in Merification and Validation Guide, and has important
links to websites containing lists of referenceap@rs, books, author coordinates) related to CFD
verification and validation [40]. With the informan from these and the European sites, there exist
extensive validation data for CFD simulations imtgerof basic, generic flow configurations. By this
means, the nuclear community can benefit from thaity and trust in CFD established in non-
nuclear areas in which there are similar flow amathtransfer situations. Of course, situation-
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specific data are also needed for nuclear safetlyses, and such data bases were also catalogued
by the WG2 group. Highlights are given in the nexbsection

depiction of 180° section

(a) Maryland (ISP-43 Benchmark) (b) ROCOM (FLOWMRKProject)
Figure 4. Two boron dilution experiments for whitkeasured data were released.

2.3 Assessment Databases (Nuclear)

Of the NRS items requiring CFD analysis identifiedtbg WG2 group and listed in Table 3, the
most comprehensive programmes to create a CFD asmsisdatabase have been made for boron
dilution, pressurized thermal shock, thermal fatigand hydrogen distribution in containments.
Concertive efforts have been made in terms of éxygarts, benchmark exercises, and nationally and
internationally supported study programmes. Thekwsrfully documented in the WG2 report [9],
and only some highlights are given here.

Experiments focusing on the boron dilution evennegally try to reproduce the mixing in the
reactor downcomer and lower plenum, upstream ofrélaetor core inlets. Data from two sets of
experiments performed at the University of Marylad12x4 Loop were made available for
numerical analysis under the terms of OECD/NEA mmaé&ponal Standard Problem ISP-43 [26].
Sixteen redundant Test A experiments (front mixesg, with an infinite slug of cold water entering
the RPV) and six redundant Test B experiments (slixing test, with a finite-volume slug of cold
water entering the RPV) were performed. The modehefRPV, with positions of thermocouples
marked, is shown in Fig. 4a. Time histories of temapures at nearly 300 positions at 11 elevations
within the downcomer and lower plenum were ultihateleased. Ten participants from eight
countries submitted numerical results to the btattulation phase of the benchmark before release
of the measured data. Large discrepancies werevaosbetween results from the blind calculation
and measured data, even for participants usingdahe CFD tool [41]. At the time the simulations
were carried out (before 2000), the use of BPGs meswidespread, and the disparities of the
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predictions reiterate the message that reliableemaal predictions can only be expected if very
precise guidelines are followed.

The ROCOM [27] facility (Fig. 4b) consists of fowdps, with fully controllable coolant pumps in
each. In contrast to the Maryland tests, demirsdlivater was used in these tests, supplemented by
the injection of slugs of a tracer solution (dillitealt) into one loop. The salt concentration was
measured by means of wire-mesh sensors [42]. [Rgepler Anemometry (LDA) was applied for
the velocity measurements. Data from selected teste made available for CFD analysis within
the European FLOWMIX-R [30] project.

Pressurized Thermal Shock (PTS) has become a sifatg of concern following plant-life
extension plans in many countries. During a SmadiaR Loss of Cooling Accident (SB-LOCA) in a
PWR, Emergency Core Cooling (ECC) water is injected the cold-leg pipe, and mixes with any
hot water remaining there. The combined streamw tiowards the downcomer, where further
mixing takes place. In the case of incomplete ngxoh the streams, the cold water from the ECC
line may come into direct contact with the RPV wgknerating high thermal stresses. Knowledge
of such thermal loads is important, since durisgsérvice life the RPV will have become subject to
radiation-embrittlement and the stress may accéntrack growth in the vessel wall.

ECC cold water Turbulent

mixing

Saturated ~ (Thermai
water stresses at
Gold e RPV wall)

Two-Phase PTS

Figure 5. Schematic of the two-phase PTS event.

Most attention has been paid to the two-phase REBtéFig. 5), with high pressure injection from
the top into a partially filled cold-leg pipe (aes@rio of relevance to French PWR designs), though
there remain thermal shock issues associated Wilsingle-phase event too, in which either the
pipe is full, or the injection is below the waterrface (as in the German Konvoi and Russian VVER
designs). An extensive experimental database fgtesiphase fluid mixing relevant to the PTS issue
was compiled in the 1980s [43]. Since that time, riijor PTS test facilities have concentrated on
the two-phase PTS issue, which is described irldet&ection 3below.

Flow-induced failures of parts of structural comeots of NPPs caused by high-cycle thermal
fatigue include Genkai Unit 1 (Japan), Tihange Un{Belgium), Farley Unit 2 (USA), PFR (UK),
Phénix (France), Tsuruga Unit 2 (Japan) and Lov{lSaland). As a result of these incidents,
considerable research effort has been devotecetpitbBnomenon. Thermal fatigue is studied mainly
for two geometric configurations: T-junctions, afwd two or more parallel jets in contact with a
neighbouring structure. In the case of T-junctidhe,work of the group is described in a companion
paper at this conference [23], and no further contmeill be made here. An example of a study of
thermal striping is the series of experiments edrout at the O-arai Engineering Center in Japan
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[44]. The tests were carried out using liquid sadias the fluid medium. The test section (Fig. 6a)
consists of three rectangular slots sandwiched detvtwo vertical plates through which alternate
hot-cold-hot sodium jets are discharged. Thermolesupn a movable rake measure the temperature
fluctuations at and near the plate surface. A glppower spectrum of the temperature fluctuations
(Fig. 6b) shows a low-frequency peak, which is mfte an indication of potential for high-cycle
thermal fatigue [45].
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Figure 6. Thermal Striping Experiment

The WG2 group endeavoured to assemble all assesbases relating to the nuclear safety issues
requiring CFD analyses, as listed in Table 3. Ins@ases, restricted data had been made available
to the nuclear community, either through partidgratin benchmarking activities or by the
involvement of the owners of the data in internagioresearch projects. It was recognized that
integral data would be of limited value in validefimodels in a CFD code, so special attention was
made to CFD-grade data, i.e. where localized measurements of temperatwekcities or
concentrations. Most valuable were experimentshitivmeasurements of upstream conditions had
also been made, to precisely defines inlet bounclamgitions for the subsequent CFD simulations.

24 Gapsin the Assessment and Technology Databases

The essential role of validation in the pathwayateafety assessment using CFD has already been
shown in schematic form in Fig.1. Of the 22 safissues for which the WG2 Writing Group
considered CFD could bring substantial benefits, igstdd in Table 3, not all have appropriate
validation data associated with them. These reptagps in the assessment databases. In addition,
in some instances, the need for CFD is acceptedtheuturrent stage of development of CFD
software prevents the recommended analysis fromgh@ndertaken. One might refer to this as the
CFD technology gap. Some typical examples are dmneza by way of illustration.

CFD simulations are computationally very demandiongth in terms of memory and CPU time.
Traditional system codes, such as RELAP-5, TRACE an@HHRE are much less demanding,
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and the models are well developed and reliableimvitfieir proven ranges of validity. Coupling of
the two approaches then becomes attractive, usiagltD system code to provide boundary
conditions for the 3-D CFD part of the calculati@rfprmed using the CFD code. A recent example
is the coupling of TRACE to ANSYS-CFX [42]. Thoughogress is being made in the area, the
validation database is not yet comprehensive ®rctiupled code concept.

Precise prediction of the thermal loads to fuelsfoahd of core behaviour, result from a balance
between the thermal hydraulics and neutronics. @mynuclear community has an interest in these
phenomena. The current state-of-the-art is a coggbietween a sub-channel description of the
thermal hydraulics and neutron diffusion at the-sh@nnel level. However, some progress is being
made in the direct coupling of CFD codes with emgstneutronics packages. An example is the
coupling between MCNP and STAR-CD [47], and betwS&NP and FLUENT [48]. Several
benchmark exercises have been set up in the frarke@ECD/NEA activities, including a PWR
Main Steam Line Break (MSLB), a BWR turbine tripdaior a VVER-1000 coolant transient (for
which fine-mesh CFD models were used). Howeveraerted effort is needed to bring together
all appropriate data to place the assessment @rocea sound basis.

In a recent PIRT-type exercise conducted within fthenework of the WGAMA activities [49],
aerosol deposition in containments following a seaecident was ranked ahead of thermal fatigue
in terms of generic interest. However, in compariadth the multitude of CFD-grade data available
from experiments based on flow mixing in T-juncBothere are virtually no data from the nuclear
area useful for validation of CFD aerosol depositinadels. All experiments are of the integral
type, with no local data measurements. More sugtdbta are available from experiments performed
in generic configurations, such as a straight pipepipe elbow, and in specific non-nuclear
application areas [50].

2.5 Perspectives

The activities of the WG2 Writing Group were coruagd at the end of 2007 with the completion of
the final CSNI report [9]. The group had provideddewnce to show that CFD is a tried-and-tested
technology, and that the main industrial-level Céa¥tware vendors were themselves taking active
steps to quality-assure their software productdebiing their codes against standard test dath, an
through active participation in international bemeliking exercises. However, at present, the
primary driving forces for the development of CFdahinology remain in non-nuclear areas, such as
in the aerospace, automotive, marine, turbo-machirehemical and process industries, and to a
lesser extent the environmental and biomedical striks. In the power-generation arena, the
principal applications are again non-nuclear: costibn dynamics for fossil-fuel burning, gas
turbine optimization, design of vanes for wind inds, etc. However, application of CFD to nuclear
power generation is growing.

It was recognized that like any state-of-the-aporg the WG2 document could only represent a
state-of-the-art at the time of writing, and, giwe rapidly expanding use of CFD generally, and in
nuclear technology specifically, the informationcibntained would soon become outdated. To
preserve topicality, improvements and extensiontéodocument are foreseen. This viewpoint is
also applicable to the WG3 document, since theliedseased use of two-phase CFD in nuclear
reactor safety, and to a lesser extent the WG1rdenti dealing with BPGs also. Consequently,
there was a common initiative to build on the infation already collected by the groups. The
consequent actions taken are discussed in Sectbthis paper.
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3. WG3: Extension to Two-Phase Flow Applications
3.1 Background

The focus of the third of the Writing Groups, WGBas to establish some requirements for
extending CFD codes to two-phase flow safety probleWmost of the work was accomplished
during the period 2003-2007, in parallel with tlwdéitthe other groups, of which there was some
synergy. The group produced a final report [10]jolvhwas endorsed by the CSNI in December
2009. The contributors to the report are listedable 4.

Table 4. Contributors to the WG3 document.

D. Bestion CEA FR F. Moretti UniPisa IT
M. Andreani  PSI CH T. Morii JNES JP
H. Anglart KTH SE P. Mlhlbauer  NRI cz
M. Heitsch GRS DE M. Scheuerer GRS DE
E Graffard IRSN FR B. L. Smith PSI CH
F. Kasahara JNES JP C.-H. Song KAERI KO
D. Lucas FzZD DE T. Watanabe JAERI JP
J. H Mahaffy PSU us G. Zigh USNRC US

Extending CFD codes for application to two-phassvfproblems enables safety investigations to
access smaller scale processes masked by tratlifgstem codes. Using such tools as part of a
safety demonstration may bring a better understgnodif the physical situations, which would
ultimately result in more confidence in the resulied thereby an improved estimation of safety
margins. Increased computer performance allows ee ragtensive use of 3D modelling of two-
phase thermal hydraulics to be undertaken with findalization. However, the two-phase flow
models are not as mature as those for single-pb&8e and much work still needs to be done on
the physical modelling and numerical schemes usedc¢h codes.

The WG3 group first identified and classified th&#eS problems for which extending CFD to two-
phase flow may bring real benefits, and classifteel different modelling approaches. A general
multi-step methodology was proposed, including @iprinary identification of the important flow
processes, model selection, and verification andlatdon processes. Of these, and given the
resources available to the group, six NRS problerase when selected to be analysed in greater
detail. These problems are dryout, Departure fromeléhate Boiling (DNB), Pressurised Thermal
Shock (PTS), pool heat exchangers, steam dischatgea pool, and fire protection. These are
issues where some effort was already ongoing, dretennvestigations using CFD had a chance of
gaining some level of success in a reasonable gp@fidime. The selected items address all flow
regimes, so may, to some extent, envelop many stfety issues.

A general multi-step methodology was applied tohessue to identify the gaps in the existing
approaches. Basic processes were identified, andkltimg options discussed, including closure
relations for interfacial transfers, turbulent stars, and wall transfers. Available data for vaition
were reviewed and the need for additional datatifieth. Verification tests were also listed, and a
few benchmarks proposed as future activities. Aimpreary state-of-the-art report was prepared,
which identified the remaining gaps in the existagproaches. Although two-phase CFD is still not
very mature, a provisional set of BPGs was creatdith would need to be expanded and updated
in the future. The proposed multi-step methodoladjpws users to formulate and justify their
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choice of models, including listing of some necegseonsistency checks. Some methods for
controlling the numerical errors were also giveraggrt of the BPGs.

3.2 Review of Safety I ssuesthat may Benefit from Two-Phase CFD

A list of 26 NRS problems for which two-phase CFD nhaiyg real benefits was compiled. Each
issue was examined in turn, and classified witlpeesto the degree of maturity of present CFD
tools to resolve it in the short or medium termréehmaturity ratings (Low, Medium and High)

were assigned according to the following definision

» ‘High’ maturity was applied to the case in whichfmient information was available, all
related phenomena were well identified, and motals been developed for each physical
phenomenon, even though improvements may be negéssaome of them.

* “Medium” maturity was applied if a published backgnd already existed, most basic
phenomena had been well identified, but where smiméels still required improvement and
validation.

* ‘Low’ maturity was applied to the case in which tnested information was available on the
validity of the existing models.

The results of the classification procedure arevshim Table 5. Some NRS problems require two-
phase CFD in an open medium, and others in a par®mdium approach. For some problems,
investigations with a two-phase CFD tool for an opedium were used for a better understanding
of the flow phenomena, and for developing appraeridosure relations for a 3-D model of the

porous medium type. These trends are marked id"tleelumn of the Table.

Table 5: Two-Phase NRS Issues that may benefit inmaestigations at CFD Scale.

NRS problem Level of Maturity Open/Porous
of CFD Tools M edium

1 | DNB, dryout and CHF investigations M 0, 0=P
2 | Subcooled boiling M 0;0=P
3 | Two-phase Pressurized Thermal Shock (PTS) M 6]
4 | Thermal fatigue in stratified flows with gas/ligunterface L @)
5 | Direct contact condensation: steam dischargepood M 0]
6 | Pool heat exchangers: thermal stratification randng H O; P
7 | Corrosion, erosion deposition L (6]
8 | Containment thermal hydraulics H O
9 | Two-phase flow in valves, safety valves L o]
10 | ECC bypass and downcomer penetration durinty refi L O;0=P
11 | Two phase flow features in BWR cores M P,O0=P

12 | Atmospheric transport of aerosols outside cantant

M

13 | DBA reflooding M P;O0=P
14 | Reflooding of a debris bed L P;O=P
15 | Steam generator tube vibration L O=P
16 | Upper plenum injection L P

17 | Local 3-D effects in complex geometries L O

18 | Phase distribution in inlet and outlet headésteam generators L O;0=P
19 | Condensation induced waterhammer L 0
20 | Components with complex geometry L O=P
21 | Pipe Flow with cavitation M 6]

22 | External reactor pressure vessel cooling M o]

23 | Behaviour of gas-liquid interfaces M [®)
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24 | Two-phase pump behaviour L ®)
25 | Pipe break causing in-vessel mechanical load M ;PO
26 | Specific features in passively cooled reactors M (@]

3.3 Classification of CFD Modelling Approaches

The traditional thermal-hydraulics system codeshsas RELAP-5, CATHARE or TRACE, have an
extensively validated “frozen” model — usually theo-fluid model [51] — and one choice of
numerical algorithm available (backward Euler forg differencing andtorder upwind for spatial
differencing). In contrast, CFD codes offer a multe of numerical modelling options, but the two-
phase models have only a very limited validatiotaldase in more than 1-D. If two-phase CFD
codes are to be used in NRS, some requirements toeb@ applied to the code, and to its
verification and validation procedures, which takeéo account the versatility of the options
available.

Consequently, the WG3 group proposed a classibicadf modelling options. These are listed here,
followed by some brief explanations.

1. Open medium or porous medium approach.

2. Phase-averaging or field-averaging option.
() homogeneous model (both phases have equatities and temperatures);
(i) two-fluid model (phases have different veloes and temperatures);
(i) multi-field model (i.e. to distinguish betweealroplets and continuous liquid, or
between bubbles and continuous vapour).

3. Filtering of turbulent scales and two-phase intéiency scales.
(i) all turbulence scales are modelled (RANS-tgpmiels);
(ii) large scales are calculated, small scalesraréelled (LES-type models);
(iii) all turbulence scales are calculated dire(NS-type models).

4. Interface treatment.
(i) use of an explicit interface tracking/caphgitechnique;
(i) use of a purely statistical treatment of nféees (i.e. in terms of void fraction);
(iif) use of Identification of the Local Interfa&ructure (ILIS);
(iv) characterization through Interfacial Area DénglAD), or by other quantities.

The choice between open medium or porous mediunpapp depends ultimately on whether the
boundaries of the flow domain are exactly capturgdhe mesh (open medium) or not (porous
medium). For example, in a CFD simulation involviageactor core, it may not be possible to
model explicitly all the flow channels surroundirtige fuel elements, due to the associated
computational overhead. In this case, represeptatactions of the core are “homogenized” to
reduce the number of meshes. Clearly, in an opeatiume the cell size — and by implication the
region over which the basic equations are timeamyext, and possibly space-averaged — is much
smaller than a typical hydraulic diameter: the gayo® = 1 everywhere. In a porous medium, the
equations are space-averaged over a scale laggethié hydraulic diameter: each cell contains solid
as well as fluid, an® < 1.

Unless one is performing DNS and explicitly resotyvall liquid/gas interfaces, some averaging (or
filtering) procedure will need to be applied to thesic conservation equations of mass, momentum
and energy in order to distil from them a workabét for computation. The averaging process
simplifies the equations, but at the expense ah¢psmformation concerning the interplay between
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physical processes. Already for single-phase teriiuflows, time or ensemble averaging is a
common way to derive equations for the mean flaidfin the Reynolds Average Navier-Stokes
(RANS) approach that can subsequently be used wteldy, or quasi-steady, flow conditions. For
two-phase flows, the situation is vastly more c@®plsince one is not just averaging over the
turbulence scales, but over the phase-exchangesst@b. For example, time-averaging does not
allow for the prediction of the positions of thetdrfaces of dispersed droplets and dispersed
bubbles. There is also a smearing or diffusiveceftd the large interfaces between continuous
liquid and continuous gas, such as a free surtadbe surface of a liquid film along a wall.

Space-averaging, or filtering, is the basis of ttegge Eddy Simulation (LES) approach to
turbulence modelling in the open medium contexe Téchnique has become increasingly applied
in single-phase CFD in order to predict large-scadderent turbulence structures. The filter scale
defines that part of the turbulence spectrum whscho be simulated and the part that is to be
modelled. Space-averaging in two-phase flow filtet only the small eddies, but also the
interfaces. Only statistical or averaged informatan interfaces of dispersed fields (bubbles and
droplets) can be predicted through averaged quesjtisuch as void fraction or interfacial area
density. Statistical treatment may result from tiaveraging or from space-averaging. An interface
is a filtered interface if its position in spacedaevolution in time, is predicted with some filtey
due to either a space filter or time-averaging.e8asn this classification, the various time anccepa
resolution options possible in two-phase CFD aremsarized in Table 6.

Table 6: Time and Space Resolution in the Variousiélong Approaches in Two-Phase CFD

Open Medium Porous
M edium
Time and | No filter and no Space filtering Time Time
space filtering averaging averaging averaging
Turbulence DNS LES LES LES RANS RANS
model VLES VLES URANS URANS
Interfaces Calculated Calculated Filtered plus Statistical Statistical Statistical
statistical
No. of fields 1 1 1,2,n 1,2,n 1,2,n 1,2,n
Types of Pseudo-DNS LES with Hybrid LES LES with RANS, Statistical
model calculated with filtered statistical URANS with interfaces
interfaces | and statistical interfaces statistical
interfaces interfaces

Three different sub-classes exist in the case adesfiiltering:

» The filter scale is much smaller than the scalethefinterfaces (bubble size, droplet size,
wavelength at a free surface), and all interfacesalculated explicitly (3 column).

» The filter scale is larger than the scales of theerfaces (bubble/droplet size) and no
interfaces are calculated explicitly"{£olumn in Table 6). All interfaces are then treate
statistically.

» The filter scale is larger than some interfaceesc@§mall bubble/droplet sizes) but smaller
than other interface scales (free surface, filnerface, interfaces of large bubble/droplet
sizes). No interface is explicitly calculated, somgerfaces are filtered, and some interfaces
are treated statistically (4olumn).
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3.4 Multi-Step Methodology

The WG3 group proposed the general method illedrat Fig. 7 for using two-phase CFD for NRS
problems. The first step is to identify all the ionfant flow processes. This is followed by the
selection of the main modelling options, includictyposing a basic model (1-fluid, 2-fluid, multi-
field), choosing a turbulence model, and decidimgtiee way to treat the interface(s). Next, the
choice of closure laws has to be made, involving @ model the interfacial, turbulent and wall
transfers. Finally, there are the verification amtidation procedures to follow, as discussed earli
in Section 2. Ideally, if the CFD tool is to be usedthe context of a nuclear reactor safety
demonstration that uses a best-estimate methodolmgy should add a final step: uncertainty
evaluation. This may be difficult to fulfil withowccess to high-performance computing facilities.

Multi-step methodology for applying two-phase CFD to NRS

Identification of all important flow processes
Experiment analysis + PIRT

~ 522
. C"”)_x/
consistency | | o G
4@ _
MODEL OPTIONS Co\""’\s}‘ _~A Exp. Data + DNS
Basic model .
- 1-fluid model, 2-fluid model, multi-field ‘/ EX}’F"’S’T’VB
models... e Validation
Filtering turbulent and two-phase scales.
- RANS, URANS, LES, LIS, VLES.. CLOSURE LAWS
Identification of Local Interface structure: .
Statistical or deterministic? ITM? P ~] Interfacial franster
ILIS: local flow map | Turbulent transfers
Characterization (a, AiAa)? consistency
Polydispersion? Wall transfers

\
{ /
Verificati LA
erification Application with BPG

Uncertainty e valuation

Figure 7. General Methodology for Two-Phase CFDI&sptions to NRS

Most issues with reactors involve complex, two-ghplsenomena in complex geometries, and many
basic flow phenomena may play a role. The user nuesttify all these basic thermal hydraulic
phenomena before selecting the various modellingiag. None of the available CFD codes can be
used as a black box in this regard, and the useRIRT procedure [17], or something similar, may
be the best way to proceed. Here also, a preliyiaaalysis of experiments simulating the problem
(or part of the problem) may be of great help ieniifying the phenomena. Given the inherent
complexity of any two-phase flow situation, thigstmay need to be revisited several times during
the successive steps of the general methodologso, Analysing experimental data from the
validation matrix may highlight some sensitive pbena that had not been previously identified.
The methodology route may then become iterativ€j@s7 indicates.

Three choices are necessary to select the setaideaequations to be used to solve the problem,
and they must be consistent with each other. Tblesiees are related to separation into fields, time
and space filtering, and the treatment of integgcalculated, filtered or statistical). Any twogse

flow situation may be seen as a juxtaposition ofesad fields and/or phases. The separation into
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fields is particularly necessary if each field laagelocity and/or temperature significantly diffiere
from the others. In some cases, it may be necessagparate droplets (or bubbles) into several
classes of different sizes, especially if theirdoabur significantly depends on their size.

The second important choice is the type of timespmace averaging, or filtering, to be employed.
Pseudo-DNS techniques are still too time-consuroargputationally for pragmatic application, and
currently can only be used as support to the miodebiarried out at more macroscopic scales.
Filtered approaches (LES) are also CPU-intensive,abel now within the realms of possibility.
RANS-type models are more affordable, and remagnirtustrial standard for most applications.

Depending on the averaging, the interfaces arereithcked directly (i.e. deterministic), filtereat,
treated statistically. Two-phase flows have inteefa with a wide range of geometrical
configurations. There are localtyosed for dispersed fields, e.g. bubbles and dropletd, lacally
open for free surfaces, a falling film, or a jet. Trackor filtered interfaces are more appropriate for
large interfaces, such as free surfaces or filmpurely statistical treatment is more appropriate f
dispersed flows, such as bubbly or droplet flowsa RANS context, one may need an Identification
of the Local Interface Structure (ILIS) to selebe tappropriate closure laws for the interfacial
transfers. Such an ILIS is equivalent to the flegime map used in 1-D two-fluid models in system
codes. A local interfacial structure is definedthmee items:

1. the presence of a dispersed gas field (i.e.lbapb
2. the presence of a dispersed liquid field (ireptets)
3. the presence (and orientation) of a large iatexf

In some cases, one may combine a deterministitnmiezd of large interfaces with a statistical
description of the dispersed fields. In a stat@tidescription of interfaces, the interfaces are
characterized at least by volume fraction, but \aétgn further information, provided by additional
equations, is required for particle number dendityerfacial area density, multi-group volume
fractions (e.g. the MUSIG model), or any other pagters relating to the particle population.

Any kind of interface may be subject to mass, manman and energy interfacial transfer. The
formulation of these transfer processes dependseomodelling choices made at previous steps, as
described above. If a large interface (such asea &urface) is present, the model may require
knowledge of the precise position of this interfaegher by using an Interface Tracking Method
(ITM) or some other approach. If an ILIS has beeaduto define the interface structure, the choice
of the most appropriate closure laws is then ptessill mass, momentum and energy interfacial
transfers have had to have been previously vatidateavailable Separate Effect Tests (SETSs). This
is also true for the turbulent and wall transfers.

The importance of the verification and validatideps has already been exemplified in Fig. 1. The
verification step is very difficult to achieve faictual 2-phase flow situations, though the use of
numerical benchmarks may be useful to check thalitiaof the numerical schemes and to measure
the accuracy of the solution. A matrix of validatiests (and possibly also demonstration tests) has
to be defined and employed. Scoping tests may bessary to demonstrate the capability of the
modelling approach to capture all the importantflprocesses, at least qualitatively. Validation
tests are then necessary to evaluate the modeistéofacial, turbulent, and wall transfer, as dar
possible by using SETSs.
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3.5 Analysisof Pressurized Thermal Shock

As mentioned previously, six NRS problems for whieb-phase CFD may bring significantly more
information than possible from traditional lumpeakgmeter or 1-D system code approaches were
selected by the WG3 group for detailed analysiswRy of illustration, one of these — the 2-phase
PTS event — is described here, since this typifiagy of the modelling difficulties described above.

ECC injection
DCG on the jet Steam
ff—

Jet instabilities Cold leg Heat and mass transfer at the interface

omentum transfer at the interface

Turbulence at the gas-liquid interface

Mixing of hot and cold water

tratefication of hot and cold water
Turbulence production by the jet

and entrained bubbles Heat transfer to the walls

Figure 8. Schematic of the 2-Phase PTS Event

The Pressurized Thermal Shock (PTS) event has laonssue of concern in many countries as a
consequence of plant-life extension programmeslowolg a Small Break Loss of Coolant
Accident (SB-LOCA) in a PWR, cold water is injecteid the Emergency Core Cooling System
(ECCS) and mixes with the hot water in the primarcuwit. A typical situation is shown
schematically in Fig. 8 in which the ECCS water eni@ cold leg partially filled with saturated
water. If insufficient mixing occurs, cold wateruwd enter the downcomer and directly contact the
Reactor Pressure Vessel (RPV) wall. There is contieah for ageing plants, for which there is
radiation-induced lack of ductility of the RPV miagd, the sudden overcooling, coupled with a high
internal pressure, could lead to vessel failure.

The main fluid flow and heat transfer processesade indicated in Fig. 8. Though analysis of PTS
events have been carried out using traditionalsi$dem codes [52] the rapid progress in computing
power now enables use of fine-resolution CFD toofTS investigations using a 3-D nodalization
of the cold legs and part of the downcomer regiimee main heat source of the liquid is due to
steam condensation in the cold leg and in the toth® downcomer. Condensation is mainly
dependent on the interfacial structure and turliul@ring in the liquid phase, and a rather simple
interfacial structure is that of the stratifiedil@onditions existing in the cold leg. The use oDCF
enables the liquid temperature field to be predicthis depending mainly on interfacial heat and
mass transfer related to direct contact condemsafisteam on a sub-cooled liquid, and on turbulent
diffusion of heat within the liquid.

Many previous studies have supported the beligfttirulence behaviour near the interface plays a
dominant role in interfacial transfers. For ECC atijen cases, the turbulence mainly comes from
the impact of the water jet, as well as the sheaated at the wall and gas-liquid interface. Tlass,

a first step to simulate such scenarios, sepaffaet®tests in simple geometries need to be set up
order to develop and validate the physical models.
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The identification of all basic flow processes hasently been made in the context of the
NURESIM [53] project. Many of the phenomena indickite Fig. 8 were identified. In the ECCS jet
area, these are:

» Instabilities of the ECC injection jet;

» Condensation on the jet surface before impact thgHiquid surface;
» Entrainment and migration of steam bubbles bel@awthter level;

* Turbulence production in the liquid below the jet.

For the stratified flow in the cold leg, considéathas to be given to:

» Interfacial transfer of momentum at the free swefac

» Interfacial transfer of heat and mass at the ftefase;

* Turbulence production due to wall shear, and inrkerfacial shear layers;

» Heat transfer with the cold leg pipe and RPV wall;

» Effects of turbulent diffusion on condensation;

* Interactions between interfacial waves, interfattiabulence production and condensation;
» Effects of temperature stratification upon turbtléiffusion;

* Influence of non-condensable gases on condensation.

And in the downcomer:

* Flow separation (or not) in the downcomer at tHe t&g nozzle exit;
» Heat transfer with the downcomer and vessel walls.

The free surface of the liquid in the cold leg pipay be flat or wavy as a consequence of the
passage of the steam over it. Though the entrainofdubbles below the surface due to the impact
of the ECCS jet may produce a somewhat complex ader$tructure, it is at least limited to a small

region. The question of whether to treat the fnedase very precisely, using an interface tracking
method, remains open, and several options haveeégxored [54] within the NURESIM project.

The flow occurring during a PTS event is quasi-dyeand generally averaging over all turbulent
scales (i.e. a RANS approach) would then seem &ppropriate. However, it is recognized that this
modelling approach may affect the interfacial wapadterns. If the interfacial waves play an
important role in the condensation process, the 89 modelling approach remains unclear.
Turbulent diffusion within the liquid controls theondensation efficiency, and mixing and
entrainment due to the ECCS jet impingement areingrtdne main sources of turbulence. The k-
turbulence model seems to be a reasonable firgspbaglp for this situation, but a sufficiently fine
meshing is required for the turbulence levels tadreectly predicted. Interfacial transfer of haatl
momentum (friction force) on the free surface regud specific modelling that takes into account
the space filter scale imposed by the meshing {lne.transfer coefficients may depend on the
distance to the interface in the same way as tstartie to the wall is used in wall functions for a
solid surface). Nonetheless, modelling turbulenk fzeat transfer at the free surface in the case of
high interfacial shear and the presence of wavieg) @8RANS model requires additional modelling.
Yao et al. [55] and Costest al. [56] have used a two-fluid approach for this, wattk-e model in
each phase. The interface position is determinadguhe void fraction. Momentum and heat
transfer in those meshes containing the free sairése treated using an extrapolation of the wall
function approach. The model was found to be safisfy for the momentum transfer and
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turbulence intensity, but further development i®dedl to improve the heat and mass transfer
predictions.

More recently, the LES turbulence modelling hasnbemployed in combination with an interface-
tracking method (ITM) to investigate stratified coer-current air-water flow with high interfacial
shear [57,58]. Such fine-scale simulations may tbgreat interest in understanding the complex
interactions taking place at the free surface duarPTS event. Close investigation of the processes
at a fundamental level can yield closure modelsriore macroscopic (RANS) approaches, and be
complementary to experiments aimed at developimgla models. All this illustrates the benefits
of having a multi-scale approach to two-phase CFD.

Several experimental data sources have been igeht¥ith NURESIM [53] and used for the
development and partial validation of physical mede be used in PTS studies. Most feature free-
surface flows without mass transfer, but with srhomt wavy interfaces, including wave breaking
[59]. Two experiments provide information on plumgijets with entrainment of air bubbles and
production of turbulence below a free surface. thibulence induced by a plunging jet was found
to be the main source of turbulence, dramaticaifueéncing condensation. Theekturbulence
model was found to be generally inaccurate, but alle to predict the turbulence intensity
reasonably well [59]. Condensation at the free serfaf a stratified steam/water flow in a
rectangular channel was the subject of two experiaignvestigations [56, 60] and condensation
driven Kelvin-Helmholtz instability in a horizontgdipe was also investigated in the PMK test
facility [61]. Finally, the COSI tests are combireffiects tests with several phenomena
representative of those occurring during PTS stenaand a UPTF-TRAM test could simulate at a
reactor scale many phenomena, but without condensat

3.6 Guiddinesfor using Two-Phase CFD

As remarked earlier, two-phase CFD models remaineratmmature in comparison with those
formulated for single-phase CFD. Nonetheless, asloge example demonstrates, two-phase CFD
is being used actively to bring insights into NR&uess for which there is a strong 3-D component to
the flow and when a rather fine space resolutiaedsiired. Other two-phase safety issues are listed
in Table 3. Many of these are currently being asedlyusing CFD, and it is anticipated more will
follow in the near future. The WG3 group thoughtintportant that some guidance be made
available to any potential two-phase CFD analysthethough the physical models were still under
development. Certainly, all the major CFD codes n@awehtwo-phase modelling capability, and
some help in choosing the most appropriate modeiséded.

A general multi-step method of working for usingotphase CFD for safety issues is recommended,
as explained below. Following these steps, andgoglte to justify what is being done at each step,
is a good way to demonstrate that the users agteatitrol the whole process and do not simply rely
on simulation tools which are still relatively imtnee. The first step just states that the userlshou

not expect that the CFD code will tell him/her whitow processes will take place in the problem

that needs to be studied. The user must himsaitifgehese flow processes, and then check that the
simulation tool is able to describe them, eitheitas, or after some additional developments are
made. The second and third steps will exist as Bmgrecise guidelines lack options for selecting
the main model and closure relations. The user relagtorate the rationale for these choices for
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each application. Feedback from many users, in nvamgd applications, will eventually provide
more guidance to users for this step in the future.

A number of consistency checks must also be maetahberated below, .

1. The basic choice of the number of fields needdoktadapted to the physical situation, or to
an acceptable degree of simplification of it. Irrtgalar, if two fields are mechanically
and/or thermally uncoupled, and have very differbehaviour, they must be treated
separately.

2. The averaging procedure needs to give a clearitiefirof the principal variables, and of the
closure terms in the equations. The filtering oé tlurbulent scales and the two-phase
intermittency must be fully consistent.

3. A deterministic treatment of an interface usinglrerface Tracking Method (ITM) can be
chosen, but only if all phenomena having an infageeron the interface are also
deterministically treated.

4. The choice of an adequate interfacial transfer @dation must be consistent with the
selected interface treatment, and with the Idemwtifon of the Local Interfacial Structure
(ILIS).

5. The SET validation matrix should be exhaustive wéspect to all flow processes identified
in Step 1, and should be able to validate all titerfacial, turbulent and wall transfers
regarded as playing an important role accordingtép 1.

6. The number of measured flow parameters in the &iid experiments should be consistent
with the complexity of the selected model they &invalidate. A model defined by a setrof
equations having a set of principal variablesX; (i = 1, n) can be said to be clearly
“validatable” when one can measurparameters giving theprincipal variables.

7. The averaging of measured variables must be censisith the averaging of the equations.

The proposed multi-step methodology and classiboadf modelling approaches represent a first
approach to producing Best Practice Guidelinesvia-phase CFD by inviting users to formulate
and justify all their modelling choices, and by farming to some necessary consistency checks.
The work performed by the WG3 group confirms tlvad-phase CFD is developing into a useful
tool in safety investigations, one that is completagy to those carried out using system codes. An
estimation of safety margins for any of the selgaessues has not yet been provided, but the work
has given access to small-scale flow processesgliheoroviding a better understanding of the
physical situations. CFD is already a useful tooldafety analysis, and may become one for safety
demonstration too once all the steps in the metloggchave been correctly addressed, including
uncertainty evaluation.

4. New Initiatives
4.1 Background

During the time the Writing Groups were still maetiregularly, there was already discussion
among the groups of how better to make use of theemal collected. These thoughts manifested
themselves in a proposal to the WGAMA committeextend and broaden the work beyond just the
production of the three archival documents. Thio¥ahg ideas were put forward:

* To organise a new series of international workshopgrovide a forum for experimenters
and numerical analysts to exchange information;
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» To establish a Wiki-type web portal to give onliaecess to the information collected and
documented by the groups, and to provide a meansupdating and extending the
information by inviting reader participation; and

» To encourage nuclear departments at universities rasearch organisations to release
previously restricted test data by initiating aeeof international benchmarking exercises.

The first of these activities was organised disebtl the WG2 group, while the remaining two were
accomplished by a small§pecial CFD Group formed later, consisting of the chairmen of the¢h
Writing Groups together with the NEA secretariat.

4.2 The CFD4ANRSWorkshops

The first of the workshops, which are all specificéocused on the application of CFD to nuclear
reactor safety (NRS) issues, took place in 2006 wtite acronym CFD4NRS [62], sponsored
jointly by the OECD/NEA and the IAEA. The workshgpovided a forum for both numerical
analysts and experimenters to exchange informatidime field of NRS-related activities relevant to
CFD validation: there were 79 attendees. Papersidesy CFD simulations were accepted only if
there was a strong validation component. In t@8ltechnical and 5 invited papers were presented.
Most related to the NRS issues highlighted in tlapgy, such as pressurised thermal shock, boron
dilution, hydrogen distribution, induced breaks d@hdrmal striping. Selected papers appeared in a
special issue of Nuclear Engineering and Desigh [B3 workshop flyer is reproduced in Fig. 9a.

The second workshop in the series, XCFD4ANRS [64k fmace in Grenoble, France in September
2008. Here, the emphasis was more on new expemneéathniques and two-phase CFD,
addressing many of the NRS issues identified in dalB3,5. The workshop attracted 147
participants. There were 5 invited speakers, 3 &®ymalks, 44 technical papers and 15 posters.
Again, selected papers have been collected in@adpgsue of the journal Nuclear Engineering and
Design [65]. The workshop flyer is reproduced ig.HEb.

The third workshop, CFD4NRS-3, took take place insWiagton DC in September 2010. The
workshop proceedings will appear during 2011, agldcsed papers in a Topical Issue of Nuclear
Engineering and Design in 2012. Plans are in glaica fourth workshop in the series, to take place
in Daejeon, Korea in 2012.

The CFD4NRS workshops are a very useful additiothéomore general conferences aimed at the
nuclear technology community in that they are hightused on CFD applications to nuclear safety
issues and the special-effects validation experisnerich qualify them. There is a strict review
process for all papers. For the numerical analybesuse of BPGs is mandatory, and the papers
reporting experimental findings must contain datamf local measurements, suitable for CFD
validation, and the use of error bounds on the daatrongly encouraged.
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Figure 9. Pictures taken from the flyers annoumdire first two OECD/NEA-IAEA workshops.

4.3 Movingthe Writing Group Documentsto the Web

The activities of the three OECD/NEA Writing Groums CFD were concluded at the end of 2007
with the completion, or near completion, of thesspective CSNI reports. It was recognized, like
any state-of-the-art report, these documents woulg be up-to-date at the time of writing, and,
given the rapidly expanding use of CFD in the nucleghnology field, the information they
contained would soon become outdated, though petleap so for the WG1 document dealing with
BPGs. To preserve their topicality, improvements axtgnsions to the documents are foreseen. It
was decided that the most efficient vehicle forutegupdating would be to create a Wiki-type web
portal. Consequently, in a pilot study, a dedicatetbpage has been created on the NEA website
using Wikimedia software [66]. In a first step, &2 document in the form in which it appears as
an archival document [9] has been uploaded to geoon-line access. (The WG1 document [8] has
since also been uploaded and the webpages for 68 Wdbcument [10] are currently under
construction.)

The current version of the main page is shown @ EO; a customized version is being prepared.
There is unrestricted access to the webpages, wtéch be reached via the NEA website
(www.nea.f) by following successively the links Work Areasudlear Safety, CSNI, WGAMA.
Listed are the main chapter headings as they appdgae archival WG2 document [9], the blue
colour signifying an active internal link to thetd#ed information. There is also an active schai,
and a hierarchical search facility for finding testtings in the pages. Navigation can be via the
Navigation Bar or by use of the Browser functions.

However, the most useful feature of the web paritilbe the opportunity to modify, correct, update
and extend the information contained there, thei\8bktware being the vehicle for this. The aim is
to have a static site, with unrestricted accessd&sawill not be able to directly edit or change th
information, since this requires CSNI endorsemeant,dan communicate their suggestions to the
website editors (the authors of this paper). Inalel; a beta version of the webpage will be
maintained for installing updates prior to transter the static site. It will be the editor’s
responsibility to review all new submissions, amplement them into the open-access version of
the site. A speciaCFD Task Group has been set up within WGAMA (currently 30 membpéos
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organize and coordinate the regular updating thiesikes. This group is chaired by one of the
authors of this paper (DB).
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Figure 10. Current layout of the WG2 main Wiki page

4.4 Benchmark Exercises

At a meeting of the authors of this paper in 2008as decided to utilize the organization within
the Special CFD Group of WGAMA to launch an intéim@al benchmark exercise. Both single-
phase and two-phase flow options were consideteevak generally agreed that it would be
desirable to have the opportunity of setting ugiad benchmarking activity in which participants
would not have access to measured data, exceptwdsahecessary to define initial and boundary
conditions for the numerical simulation. This wolddtail finding a completed experiment for
which the data had not yet been released, or eagimg a new experiment (most likely in an
existing facility) to be undertaken especially tbis exercise. The group took on the responsibility
of finding a suitable experiment, for providing theyanisational basis for launching the benchmark
exercise (though not on the scale of an InternatiStandard Problem, ISP), and for the synthesis of
the results.

Experiments to study mixing in T-junctions had beenducted at a number of facilities in France,
Germany, Sweden, Japan and Switzerland, but prelyianreleased test data became available
from tests carried out in November 2008 at the ANéby laboratory of Vattenfall Research and
Development in Sweden. These became the basisedfirtt blind CFD benchmarking exercise
organized within WGAMA. Interest in mixing in T-jotions arose following the incident at the
Civaux-1 plant in France in 1998 in which both aimferential and longitudinal cracks appeared
near a T-junction in the Residual Heat Removal (RH®)esn of the N4-type PWR [67]. The
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Vattenfall experiment was an ideal test basis &amthing a blind CFD benchmarking exercise
based on this safety issue. The reasoning is Iieteel

» There was widespread interest in the context di-oigcle thermal fatigue [49];

» Downstream data from the test had previously nehbeleased;

» Temperatures, velocities and turbulence data wpstread been carefully measured to
provide precise boundary conditions for a CFD satiah;

* Uncertainty estimates were available for all measwants;

» Vattenfall R&D agreed to release measured data tothalse who submitted blind
calculations in this benchmark.

More details of the benchmarking exercise are ¢oethin a companion paper at this conference
[23], and a full CSNI report is due to be circulatkaing 2011.

5. Final Summary

Since their creation in 2003, the three CFD Wri@rgups of the OECD/NEA were very productive
in their respective areas. A set of Best Practiop@@ines (BPGs) for performing high quality CFD
simulations for nuclear reactor safety analysesehasen produced for single-phase applications.
These give guidance on preparation for the (safetgssment) task in terms of proper tool selection,
geometry, mesh construction, physical modellingionst error control, and verification and
validation procedures to follow. The initial worleeds to be followed up by application-specific
BPGs for the safety issues being currently addresgdlde nuclear CFD community, and placing all
the information on a Wiki-type web portal is a Vifast step in this process. Already, improved
guidelines have been submitted to the newly forM&AMA CFD Task Group for updating and
extending the material.

The assessment databases for single-phase NRSatippkchave been collated by the WG2 group,
binging together information from the nuclear ar@himuclear domains. The work started with

identifying those NRS issues for which the applmatiof CFD tools is needed. These are all
characterized by recognition of a strong 3-D congmbrio the flow. Many of the thermal hydraulic

situations arising in nuclear technology are medin other industries, and the quality assuraiice o
CFD simulations directly relating to NRS issues nitsehe verification and validation efforts made

elsewhere. In addition, NRS-specific validation date also available, and much has been
circulated in the context of common projects andcbenarking exercises. Some gaps remain,
however. A notable example is the lack of CFD-gradidation data in support of deterministic

studies of aerosol deposition in containments withsevere accident scenario.

Many of the safety issues for which CFD can bringdvemodelling capability involve two-phase
flow situations. Two-phase CFD used for safety itigesions are able to predict small-scale flow
processes not amenable to the classical systemmahéydraulic codes. However, the two-phase
CFD models are not as mature as those developegirigte-phase CFD, and the assessment
databases available are mostly restricted to 1tatons. Nonetheless, two-phase CFD is being
practised, both within and outside the nuclear ,ase@ potential users need proper guidance to
ensure meaningful results. The WG3 group madege Istep forward in producing a classification
of the various modelling approaches to be usedviengNRS situations. A general-purpose, multi-
step methodology for performing two-phase CFD wasymused, which included a preliminary
identification of the different flow processes, adel selection procedure, and listing the necessary
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verification and validation steps. A list of 26 eer reactor safety issues that could benefit from
investigations at the CFD scale was identified fy ¢roup. Then, some issues were analysed in
more detail, and a preliminary state-of-the-areassient proposed for each. The outstanding gaps
in the existing approaches were also identifiedalfy, guidelines for users performing two-phase
CFD simulations were proposed. Highlights of theknare described in the preceding sections.

The work of the WGAMA Writing Groups did not onlytail the writing of the respective archival
documents. A small core group was formed, congjstinthe chairmen of the three groups plus the
NEA secretariat. This group took up three new atites. The first was to organize a series of
international workshops under the acronym CFD4NR®@rawvide a forum for numerical analysts
and experimentalists to exchange information infiklel of NRS-related activities relevant to CFD
analysis. The workshops include single-phase amdpitase CFD applications, and experiments
producing CFD-grade data; i.e. detailed local measents.

The second initiative was to promote a series imidobenchmarking exercises to test the analysts’
ability to perform trustworthy CFD simulations witltoguidance in advance from the experimental
data. Such exercises would also encourage uniesrsihd research institutions to release previously
unpublished test data, and so contribute to the &$d@ssment database. The first such benchmark
addressed thermal mixing in a T-junction, and kbaslpeen completed. The second will be launched
during 2011, and will focus on turbulent flow gesitexd by spacer grids in a rod bundle geometry.

Finally, a web portal has been established basd¢tdeomformation gathered by the Writing Groups.
Online access will not only provide a more coortkdaframework for the material, but the Wiki-
type format will give readers an opportunity to nigdupgrade and extend the information, and
ensure it remains topical and dynamic. A spe€@&D Task Group has been formed within
WGAMA to oversee and coordinate this work.
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