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Executive summary

Thermathydraulic (T/H) transient and accident analyses rely heavily on computer codes

to simulate system answers to physical phenomena and engineer safety feature actions. The
reliability of the methods and tools used should be fully demonstrated and the
approximations, lack of knowledge and an evaluation of the uncertainties identified.
Improving the reliability of codes used for T/H analyses is an important objective for both
regulators and operators.

All flows are by nature thredimensional (3D). T/H system codewstly relyon one
dimensional (1D) models and their validation is mainly based on reduced scaled 1D
experiments. In some geometries and within a certain range of given parameters, there may
be one predominant flow direction and the 1D approach is sufficient. Nelemshfor most
applications, this approachas used to avoid solvinpe equations related tmmplex

flows where all dimensions should be considekeder, in the 1980spsne 3Dcapabilities

were introduced into system codes. However, developed models include an overall
contribution of interactions in all dimensions through empirically adjusted coefficients.
Simple extrapolation of 1D closure laws to 3D modasused. Yet there is no guarantee

that these simplifications will be relevant to all situations.

This report aims to establish the status of current 3D capabilities irsy&teém codes,
covering all aspects and limitations, including the equations and simplifications considered,
the time and space averagiqgoceduresthe closure models and available or needed
experimental supportheseaspects are organised sequentially. The reasons for developing
multidimensional capabilities in T/H system codes are first discussed to illustrate the
variety of situationgo be covered. The multidimensional phenoraeand the general
approach for modelling them are then described. THeseriptionsclarify the general
picture after which the report presents the current situation regarding codes, experiments
and validation. The repopresents gap analysis between what is available and what is
desirable. Finally, the main challenges are summarised and some proposals on how to
tackle them are suggested.

Multidimensional phenomena that can have a significant impact occur in the course of
asymmetric design basis accident scenarios, such as a feed water line break (FWLB), main
steam line breakMSLB) and lossof-coolant accident (LOCA). Furthermore, 3D
phenomena can play a key role under natural circulation flow regimes, in which flow
mixing and stratification are predominasimilar situations occur when passive systems

are involved.

The reliability of heat removal passive systems and their compdnsath as core make

up tanks, passive residual heat exchanger, isolation conderisedriven by natural
circulation and depends on which local 3D phenonaeataking place. These phenomena
could be temperature stratification and mixing, heat losses under prolonged transients,
competing driving forces, etc.

Another scenario involveggssurised thermal shock in the reactor pressure vessel due to
cold water injection in a quastagnant loop condition. A local pressure stress results on
the vessel wall, which can lead to crack propagation. This multidimensional phenomenon
takes place wter thermal stratification and inhomogeneous fluid temperature distribution
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In the case of the spent fuel cooling pool, hundreds of parallel fuel assemblies are stored in
the racks. Under such conditions, 3D local vortices and 3D large recirculation structures
exist, whereastemperature stratification is possible under a generally stable natural
circulation convection regime.

Flow regime, wall and interfacial friction, heat transfer, turbulence dispersion and diffusion
are immediatelyidentified asthe maintopics to be analyséd and the approaches for
considering them in multidimensional theramgidraulic system (SYSTH) codes are
presented.

The averaging hypotheses, in time and in space, are key subjects in fluid mechanics
simulations. Averaging procedures filter the information and are deeply interrelated with
multidimensional phenomena. The closure models are therefore linked to spaireeand t
considerations.

This report also considers the crossflows in open geometry, sircla pressurised water
reactor core. Transverse flows are related to the power radial distribution and the pressure
losses. These crossflows du@damentally3D and require specifiteatmento provide a
reliable description of the full core. Témtransverse flows can be beneficial when a
chimney effecbccurs with flows converging from the cooler channels into the hotter areas

of the corewherethe higher power rods alsmdergathe highest peak clad temperature.

Some typical T/H system codes with 3D capabilities implemented are briefly described in
this report, as well as the approaches followed that enable multidimensional simulations,
their advantages and drawbacks. The porous medium approach is widely addptéd i
system codes. Although quite compatible with the geometries encountered in the reactor
systems and components, this approach has inherent limitations. The relative importance
of the diffusion terms highly depends on the porosity and hydraulic diesnetewever,
whatever the approach, computed quantities need to be time and space averaged, leading
to a limited resolution of space and time variations. &ksociatedrery small scales
involved in T/H phenomena, and the related computing resources and central processing
unit (CPU) cost, mean that there are intrinsic limitations directly linked to the coarse
nodalisation. Information on local flow processes (such asliembe) is lost due to the
averaging and has to be compensated by additional modeMs;@ result, there are
deficiencies due to numerictimitations and unavoidable imperfections of the closure
laws. When system codes are used, attention should be paid to the following aspects:

1 Many physical phenomena heavily depend on the geometry and the models
may only be valid for a specific geometry.

9 Closure laws can have large uncertainties due to simplification of the physics
and noamodelled phenomena. Although intrinsic limitations will ultimately
remain, more accurate models may be required to enhance the reliability of the
computation.

Since 1D equations have been modified and extended to 3D, one or more types of
multidimensional components or modules have been implemented in current T/H system
codes. The available closure laws were developed in association with 1D discretisation and
therefore the simplest approach was to directly extend thenmultidimensional
applications. However, the closure laws are based on measurements in some typical
geometries (circular pipe, rod bundle or tube bundle, annuli) and do not cover all situations.
Due to their intrinsic origin as an extension of the 1D component equations, the current 3D
models have deficiencies. Another option was to consider some terms-sigméinant,

for example the 3D diffusion terms that are sometimes not present in thed® mo

From the numerical solution perspective, the temporal discretisation is inherently
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connected to the used solution method (implicit or semplicit). Although fully-implicit
algorithms are more CPU tirednsuming to solve, they have some advantages. Another
option is to use the operatsplitting approach with a sermplicit discretisaibn. The non

iterative semimplicit methods enable faster calculation (low computational cost of a
single time step), yet the time step sizes are limited by the material Gdtrradtichs

Lewy condition. Time and space averaging procedures are not 8iisped have already

been addressed for the 1D approach. The problem lies in the extension of existing closure
laws that are incompatible with 3D modelling.

The growing role of 3D modelling of reactor core and pressure vessel requires additional
experimental data for proper validation. Elements on available experimental support, which
were used to develop some of the current T/H system codes, are proposetegSenvere

not specifically designed for 3D measurements, but still provide useful information for the
validation of the 3D simulations of T/H system codes. More recent tests have larger two
dimensional (2D) or 3D features. The experimental supporegepted following the usual
typology, separate or integral effect tests (SET and IET). Several test facilities (e.g. upper
plenum test facility [UPTF], Losef-Fluid Test [LOFT]) are already known to have
previously supported the validation of therrhgbraulic codes; other facilities
(e.g.Advanced ThermaHydraulic Test Loop for Accident Simulation [ATLAS]) were
constructed to support the new generation of nuclear reactors.

The qualification procedure is based on verification and then validation procedures. Typical
verification tests for checking the correct implementation of 3D capabilities in the codes
are suggested. The validation that was performed on T/H system cedesnisrised for

each code, which is separated into the validation performed by the code developers and
comparisons carried out by independent users. Code developers must demonstrate the
validation of their codes alongside an identification of the areagphitations. The bases

of their demonstrations are summarised. Independent comparisons provide another
il lustration of the codesd capability.

The results showed that although the 3D capabilities brought significant improvements
compared to 1D usual discretisation, there are several axes for progress. Directions for
developments consist of three main parts: (i) the type of geometry in relatibie to
identification of phenomena and their ranking (PIR), especially in the core, where radial
power distribution is a major driver for 3D phenomena, and in the downcomer, because of
the highly unsymmetrical geometry in case of broken loop and safetyionjeii) the

terms in the field equations; and (iii) the mesh size dependence.

The first action should b revisit the PIR to identify the physical models where closure
laws showed significant deficiencies. The porous media approach must also be taken into
consideration because it globally simulates the real geometry. One of the key issues is with
the diffusiordispersion models.

Ultimately, there is a need for additional validation support. The definition of such
experimental need is also associated with the mesh size dependence strategy and the
measurement possibilities. The role of multiscale validation is a promising option tha
requires irdepth analyses to establish the limitations of this approach. Ideally, a solution

to cases where local measurements are not feasible would be to evaluate them through
computational fluid dynamics (CFD) calculations and then report the vial@esoarser
thermathydraulics system (SYSTH) modelling.

In conclusion, capabilities of the current T/H simulation tools have reached a certain
maturity. Although relative improvements can be achieved in 3D capabilities and numerics,
significant i nvestments in experneadeditd al suppo
generate a breakthrough new step. Multiscale validation cannot provide all insights and
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therefore experiments should ideally be performed and provide 3D velocity measurements.
Steam is indeed preferable to using air as a surrogate. The use of heating rods with adjusted
radial distribution would increase transverse velocitiagiich are key prameters in heat
transfer in rod bundle$ and consequently increashe reliability of core modelling.
Regarding the more theoretical side, the derivation of equations for a porous 3D approach,
in two-phase flows, must be documented in detail. All triamptions and simplifications

made must be identified and their treatment justified. Looking beyond the specific case of
3D, ongoing work in numerics and uncertainty qualification should be continued.
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Doubleended guillotine break
Departure from nucleate boiling
Departure from nucleate boiling ratio
DOwncomer BOiling

Pressure drop

Direct vesseinjection

Drywell vessel

DYNamics of Air/water $stem
Emergency condenser
Emergency core cooling
Emergency core cooling system
Electricité de France

Extended loss of AC power
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EM
EMDAP
EOP
ESBWR
FA

FLB
FPV

FRAMATO
ME

FRP
FVM
FWLB
GDIS
GIF
GRS
HPIS
HPSI
HZDR
IAEA
IAC

B

IET
INKA
IRWST
ISP
JAERI
KAERI
KEPRI
KINS
LB
LBE
LES
LHS
LIF
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Evaluate model

Evaluation model development and assessment process
Emergency operating procedures

Economic simplified boiling water reactor

Fuel assembly

Feedwater line break

Flooding pool vessel
Franceaméricaine deonstructions atomiques

Fibrereinforced plastic

Finite-volume method

Feed water line break

Gravity-driven injection system
Generation |V International Forum
Gesellschaft fir Anlagerund Reaktorsicherheit gGmbH
High pressure injection system

High pressure safety injection

Helmholtz Centre Dresden Rossendorf
International Atomic Energy Agency
Interface area concentration
Intermediate break

Integraleffect test

INtegral Test Facility KArlstein
In-containment refuelling water storage tank
International standard problems

Japan Atomic Energy Research Institute
Korea Atomic Energy Research Institute
Korean Electric PoweResearch Institute
Korean Institute of Nuclear Safety

Large break

LeadBismuth Eutectic

Large eddy simulation

Left-hand side

Laserinduced fluorescence
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LOCA
LOCE
LOOP
LOFT
LORHR
LPCI
LP
LPI
LPSI
LSTF
LWR
MARS

MARS-KS

MIDAS

MIR
MOKE
MOST
MOTIE
MS

MSIV
MSLB
MTF
MULTID
MV

NC

NCI

NEA

NMV

NRS
NUPEC
NURESAFE
NURESIM
ODE
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Lossof-coolant accident
Lossof-coolant experiment
Loss of offsite power
Lossof-fluid test

Loss of residual heat removal
Low pressure coolant injection
Lower plenum

Low pressure injection

Low pressure safety injection
Large Scale Test Facility
Light waterreactor
Multi-dimensional Analysis of Reactor Safety

Multi-dimensional Analysis of Reactor Safetiforean
Institute of Nuclear Safety

Multi-dimensional Investigation in Downcomer Annulus
Simulation

Matching index ofefraction

Ministry of Knowledge Economy (Korea)
Ministry of Science and Technology (Korea)
Ministry of Trade, Industry and Energy (Korea)
Mixing scalar

Main steam isolation valve

Main steam line break

Moderator Test Facility

Multidimensional

Mixing vane

Natural circulation

Natural circulation interruption

Nuclear Energy Agency

Non-mixing vanes

Nuclear Reactor Safety

Nuclear Power Engineerir@orporation (Japan)
NUclear REactor SAFEty simulation platform
NUclear REactor SIMulation

Ordinary differential equation



OECD
OPR1000
PAFS
PCCS
PCFS
PCS
PCT
PDE
PDF
PE
PHWR
PIRT
PIV
PKL
PMCS
PORV
PRHR

PRIUS

PSBT
PSPV
PSS
PTS
PT

PV
PVC
PWR
PZR
QA
RANS
RCP
RELAP
RHRS
RHS
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Organisation for Economic Gaperation and Development
Optimised power reactor 1000

Passive auxiliary feedwater system

Passive containment cooling system

Passive core flooding system

Primary coolant system

Peak clad temperature

Partial derivative equation

Probability density function

Polyethylene

Pressurised heavy water reactor

Phenomena identification and ranking technique (or table)
Particle image velocimetry

PrimarKreisLauf

Passive moderator cooling system

Pressure operated relief valve

Passive residual heat removal

in-PWR Rod bundle Investigation of Undeveloped mixing
flow across Suthannel

PWR SubchannelandBundleTest
Pressure suppression pool vessel
Passive safety system
Pressurised thermal shock
Pressure transmitter

Pressure vessel

Polyvinyl chloride

Pressurised water reactor
Pressuriser

Quality assurance

Reynolds Average Naviestokes
Reactor cooling pump

Reactor excursion and leak analysiegramme
Residual heat removal system

Right-hand side (of an equality)
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RIA
ROCOM
ROSA
RPI
RPV
RTD
SBO
SCA
SCR
SCTF
SET
SFP
SG
SGTR
SLB
SPACE
SIT
SRV
SS
SWR
SWR-1000
SYSTH
TIP
TFD
T/H
TRACE
TRAM
UPTF
US NRC
V&V
VVER

WGAMA

WWER
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Reactivity insertion accident

Rossendorf Coolant Mixing Model
Rig-of-safetyAssessment

Rensselaer Polytechnic Institute (RPI)-®aterExperiment
Reactor pressure vessel

Resistance temperature detector

Station blackut

Shared cost action

Silicone controlled rectifier

Slab core test facility

Separate effect test

Spent fuel pools

Steamgenerator

Steam generator tube rupture

Steam line break

Safety and Performance Analysis Eod
Safety injection tank

Safety relief valve

Simple spacer

Siedewasserreaktor (BWR German Design)
Siedewasserreaktdi000

Thermathydraulic system

Traversing iRcore probe

Thermalfluid dynamic

Thermalhydraulics

TRAC/RELAP Advanced Computational Engine
Transient and accident management programme
Upperplenum test facility

US Nuclear Regulatory Commission
Verification and validation

Russian type PWR

Working Group on the Analysis and Management of
Accidents

cf. VWVER



NEA/CSNI/R(2020)6| 25

1.l ntroducti on

1.1. Background

The evaluation model and computational capabilities required for engineering design and
safety analyses of nuclear installations have shown significant progress compared to the
first tools established in tH®60s.For the specific case tiermalhydraulics(T/Hs), first-
generation codes were based on simple models associated with conservatisms intended to
coverthe lack of knowledge, simplifications and limited computational capabilities and
experimental support available at that time. The second gemeliatluded the more
advanced twdluid six-equation model, adoptesibestestimate approach and benefited
from an extensive experimental programnvljch wasa significantimprovemenion the
first-generation tools. However, the current tools still hamne limitations and
deficienciesthat industries and regulatory bodiegendto addressAny progresswvould
improve confidence in the safety demonstration and extend the application of these tools
to therecentlydeveloped components and new systems offered by designers and vendors,
such as the systerttsatrely on passive phenomena.

One of the limitations of the current evaluation toodatesto coarsenodalisation
particulaty for threedimensional(3D) aspectsBesides the loss of information due to
averaging procedure$/H system codes first focused one-dimensiona(1D) models and

their validation was mainly based on reduced scalgdxperimentsalthough fultheight

rod bundle tests were availableargescale multiimensionaleffectswereidentified in
pressurised water react@arge breakossof-coolant accidentsPWR LB-LOCAS) in the

80s andthe two-dimersional @D)-3D international experimental programme provided
(eg.[1-1]) largescale 3D validation dat&longside these developmen8d capabilities

were introduced ito system codes for the pressure vessel modelling. However, some
important questionaboutthe derivation and simplifications of 3D field equatioasained
unansweredand experimental date/as not detailed enough to justify all simplifying
assumptions. Many licensing studies usebdimensional QD) and 1D modelling of the
pressure vessel sutomponents with potential parallel channel modelling ofctive and

a possible addition of crossflow junctions. Detailed 3D processes are then simplified and
only a global validation on fukcale mockup was proposetbr model qualification.

Progresshas beenmadein the last two decades the 3D modelling of twephase flow

thanks tothe development of oRghase and twghase computational fluid dynamics
(CFD) tools ando the improvements of the sciiiannebnalysis modelling and validation.
Validation and international benchmarks on PWRc®alnneland Bundle Tests (PSBT)

[1-2] and BWRFull-size FineMesh Bundle TestBFBT) [1-3] rod bundle tests could
compare the predictions of PWR and boiling water reactor (BWR) core flow by 1D models,
sulchannelmodels and CFD in open mediuithese investigationall provided a more
precise identification of 3D processes in open medium and porous medium approaches and
allowed a revisiting of 3pressure vesséPV) models of system codes to better evaluate

the capabilities and limitations.

All flows are3D by nature However there can be one predominant flow direciiosome
geometries and within a certain range of given parametéhsthe result thal D analysis

is sufficient. Neverthelessthe 1D approach was initially used evésr some applications

in complex flows where all dimensions should be considered. Therefbeajeveloped
models include an overall contribution of interactiodingm all dimensions through
empirically adjusted coefficients associated to a particular geometry. For example, the
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complex 3D flow phenomena in a PWR downcomer durifayge break lossf-coolant
accident LB-LOCA) refill phase was first treated in 1D with some tuning of interfacial
friction and condensation modelwith many other 3D processes naging explicitly
considered. 2D downcomer modelling whsnused to take the azimuthal flow repartition
into account fothe LB-LOCA refill phase Following the development of 3D capabilities
in T/H system codes, simple extrapolation of 1D closure laws to 3D mocdeisised
instead This method provided reasonably good resiitsexamplethe simulation ofore
reflooding experiments with significant 3D effedid not requiresignificantreformulation

of the models despite the simplifications used. However, there is no guarantee that these
simplifications will apply to all situations.Increased computer powenablesa finer
nodalisation A careful check of all simplifications and a more complete modelling of all
3D processes is requiréaimprovecodereliability.

The current validation database of system codes is nid3tnd only largescale 3D LB

LOCA phenomena were experimentally simulated. A more extensive use of 3D modelling
in system codes for other transients may require additional validationQiatant 3D
modelsmayalsonot include all phenomen&he stateof-the-art of 3D capabilities inf/H
system codes shouttiereforecover all aspects and limitations, from the equations and
simplification consideredp time and space averaging with unavoidableafselatively
coarse meshes, closure mogdalsd a review of available or needed experimental support.

This report presents thatatus of the current availability and development of
multidimensionalcapabilities of T/H system codesSituations are identifiedwhere a
multidimensionaldescription of the geometry would improve the accuracy and reliability
of the calculationsPresent applications and limitations are reviewed, and experimental
support describedThe mtionale for future developments and additional experimental
support is also proposed.

1.2.Objectives and scope; safety issues with 30DH phenomena

The main objective of this work is to identify actiahat will allow for more reliable and
accurate system code simulations through a better knowledge of the various 3D phenomena
and by taking advantage ofncreasing computer power to use good and validated 3D
models ofsystem codes with an improved space resolutiois décument witl

9 establish current code limitations fouclear power plarapplications;

1 determire smallscale flow processes in relation to 3D set of equations and identify
all simplifications of current models;

present simplifying assumptiorzheckingthat there is no flaw in the modelling;

clarify the role and impact ofiodalisationand strategy for mesh convergence
(develop physics dedicated to a specific mesh size and validate the code with this
same mesh size or accept some-convergence and estimate the error or any other
possible strategy to be defined);

9 check whether the validation is sufficient or not; if not, propose additional
experimental programmes;

9 suggestverification and validations (V) matrix for 3D capabilities system
codes.
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1.3.Related CSNI andinternational activities

T/H system codes and related topics have been well documented since their initial
deployment. International initiatives continue to foster collaboration and exchanges on
code development, experimental support and model improvement. The presentofeview
3D capabilities off /H system codes should p&acedin the historical and general context

of the development of scientific todlsat aim 6 generateeliable and accurate simulations

of physical phenomena.

The United StatesGermany and Japan started an international programrne early
1980son theT/H behaviour oemergency core coolindeCC) during the refill and reflood
phases of a LOCA in a PWR, involving the assessment and use ofestimsite computer

code (TRAC). The objectives were to study the rdirtensionaleffects during post
blowdown phases of a PWR LOCA and provide supplementary experimental data and
analysis tools for this transient. Referencel[bresents a summary of the reactor safety
issues investigated.

Most of the international eoperation projects have been supportethbyNEAand IAEA.
This report does not includeeamprehensiveurvey but focusesnthe major contributions
related to 3D capabilities of system codes. Two main aeadiscussed below(i) the
transients, related physical phenomena and experimental suppartii) the transverse
studies.

1.3.1.Transients, physical phenomena and experimental support

Among the significant international collaboratiotispserelated to the identification and
ranking of phenomena associatetth LOCAs are important because theyesent a
comprehensive description of the transients and their phenomena.

The NEA Committee on the Safety of Nuclear InstallatioBSNI) published a report [1

5] in 1987 about code validation matrix for the assessmentti codes forlight water
reactor (WR) LOCA and transients. This report, updated in 1996][lintroduces a set

of tests in support of code validation. A specific validation matrix using separate effect
tests [17] was made available in 199®ne sectionin it was devoted to global
multidimensionafluid temperature, void and flow distribution in the uppkmpm, core,
downcomer and secondary side of a steam genervatmther report [18] describing
LOCA and norLOCA transients, phenomena identification, code modelling capabilities
andtheneeds for experimental data was published in 1989.

A 1996workshop on transieff/H and neutronic codésequirements [B] identified the
needs fol- or 3D hydrodynamics and their closure la&velopments carried out 2000
after the 1996 workshop were discussed at another workshop in Barceltfja [1

Other significant international collaborationsoncern the experimental facilities.
Documentsaboutfacilities with multidimensionafeatures are briefly described.

The need for using 3ID/H system codes for a better representation of complex phenomena
thatcanoccur during accidental transients in nuclear power plants was mentio2@@ai3in

in the IAEA-TECDOG1539 [:12]. The need for code validation was also emphasised.
The validationprocess could be carried out within dedicated frameworks like the NEA
experimentalT/H Primér-KreisLauf (PKL) (20042020) and the Advanced Thermal
Hydraulic Test Loop for Accident Simulation (ATLAS) (202820) projects. The PKL
facility was built to simulate the integral behaviour of a typicalodp PWR [113].
However, the 1D geometry of the pressure vesgelairs why the facility was not
equipped to deal with 3D phenomena. An alternaperoactwas found by incorporating

the Rossendor€oolantMixing Model (ROCOM) test facility in the projech series of
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tests were performed to sgi a database for 3D code validatiofild]. The twaeloop half

height scaled ATLASintegral effect test(IET) facility [1-15] was equippedwith
instrumentatiorfor performing temperature measurement in several locations of the fully
annular pressure vessel downconttundreds of thermocouplémve also beeimstalled

in the inlet and outlet chamber of the steam generators. These features make the ATLAS
facility suitable for investigating 3D phenomena occurring during the considered
experiments.

The NEA Rig-of-safety Assessment ROSA) Project (20052009) [116] and the
OECD/NEA ROSA2 Project (2002012) [317] were performed to resolve issuedinl
analysesoncerningPWR safety. The ROSRArge Scale Test Facilify STF), which is a
full-pressure and futeightIET facility, was used to simulafe’H phenomena in LOCAs

and operational/abnormal transients of PWRs. The test data obtained in these igrojects
available for validation activities witBD systemscaleT/H codes.Chapter 5 summarises
theexperimental sefp and results.

The CSNI organised a PWR main steam line break (MSLB) benchm&®©9to examine

the coupled systenT/H and 3D kinetics codes [18]. The benchmark assumed a
hypothetical MSLB at the Three Mile Island Unit 1 system. The nuclear #hddata for

the coupled codes were provided to the participants. The break in a steam line evoked
asymmetric flow behaviour in the twoop PWRthatleads to 3D flows in the reactor vessel
downcomer, the lower heathdthe reactor corél he result was furthedD reactor kinetis
behaviour. The MSLB benchmark was not based on an experimstetag a numerical
benchmark using code-code comparisons was perform&tie participants used eithar

1D system codegr a3D module of a system code, or CFD colesr t he reactor ve
T/H calculationsAmong the various solutions, at least four of them, provideddsQEA,
Siemens, Purdue University, atitek Korea Atomic Energy Research Institute (KAERI),
produced complementary resylis19, 144]. Althoughthey had used compleyadifferent

codes, the results weeatremelysimilar.

The NEA organised théNuclear Power Engineering Corporation BVWAII-size Fine

Mesh Bundle TesNUPEC BFBT) benchmark programmni@-3] to makecomparisons of
currently available computational approaclas encourage the development of novel
nextgeneration approaches that focus ranre microscopigrocesses. The fuficale
NUPEC 8x8 rod bundle test facility hasvade range of steadgtate test capabilities under
typical BWR operating conditions and can simulate the unsteady characteristics of
operational transient¥he replacement afome heater rods with water rods or unheated
rods enabled the testing dbur different fuel assembly types. \odistributions were
measured for a finmesh using an Xay computerised tomography scanner at a point 50
mm above the heated zone for steathte cases. The attained spatial resolution was as
small as 0.3 mm by 0.3 mm, which is very valuable for the assessment of both subchannel
codes and CFDodes [120]. Furthermorethree Xray densitometers measdiie cross
sectional average void fractions during transients at three different axial locations.

The NEA also organised the NUPEC PSnchmark programnijé-2], which is similar
to BFBT butrelated toPWR core geometry.
1.3.2.Transverse studies

Multidimensionalphenomena and their treatmentTifH system codes are considered in
several international activitiegithin a much larger framework.

A specific chapter in [R1] examines theelationship between scaling aiidH system
codeswith a section related thespecific limitsof porous 3D modeld.he chapter outlines
howclosure relations used in 2D and 3D models are generally extrapolated or simply taken
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from 1D modelsquch aswvall heat coefficients, wall friction and pressure losses and flow
regime map) and interfacial friction is isotropic in a fisotropic medium. The lack of
turbulent diffusion and dispersion modelling in many 3D models ishadgdighted When

these last models are taken into account, they derive from subchannel analysis, and they
should be extended to larger spéittering as used in applications of system code.
Distortion on scaledlown geometries namely forlETsT is also add¥ssed and should be
carefully analysedor 3D calculations in system codes.

There are also important links betwéBR system codes and passive systems, which can
be highly multdimensional The ghenomena and specificities are described in several
documents, most of them assembled by the IABédcumen{1-22] provides a efinition

and classification of passive safety systefuditional documents ([123], [1-24] and [

25]) are dedicated to natural circulation phenomena in advanced water cooled reactors. A
CSNI status reportlescribesanalytical andcalculationtools focused mostly on passive
systems using natural circulation as a main drivez(]L

Another CSNI reporinvolving multidimensionalphenomenaconcernsthe phenomena
identification ranking table (PIRT) in spent fuels pool2[l]. A CSNI status report on
spent fuel pools (SFPs) under accident conditiorZ8]ointsout thattheanalysis of SFP
accident scenarios requir@modelling of 3D effects in a large domamhichneitherT/H
system codes nor CFD methooln currently performiThe later PIRT exercise on SFPs
[1-27] concludeghat properlyscaled experimentsnodel development and h@ation are
required to studyi/H behaviour and the larggcale natural circulation flow pattefrom
certain phases of accident scenarios.

Significant developments and increased performances made CFD a major tta for
simulation of multdimensional phenomena. Several international activities present
interesting studies that can be used fbe development ofT/ H sy st ems codes
multidimensionakapabilities. The CSNI promoted activitieselated tathe application of

CFD to nuclear reactor safety. Three Writing Groups were created under the auspices of
the Working Group for the Analysis and Management of Accidents (WGAMA) to produce
stateof-the-art reports on different aspects of the subject. The first group, WG1, estdblish
Best Practice Guidelines{9] for CFD application to Nuclear Reactor Safety (NRS); this
document was revised in 2014. The second group, WG2, docemndrd existing
assessment databases3{l] for CFD application to some identified NRS issues; this
document was also revised in 2014. The third group, WG3, estedbistjuirements for

the extension of CFD codes to tghase flow safety problems-RIl]. These activitiesll
identified safety issuethat may benefit from a 3D modellingecause it woulimprove
knowledge of turbulence in reactor components in sipgkse and twphase flowsand

of thecurrentsimulation toolécapabilities

Four benchmark activities reports have been released so3at, [lL-33], [1-34] and[1-

35]. Three successive European projects addre$fddmultiscale analysijsincluding
activities on CFD in open medium and porous medium approacheslUtlear REactor
SIMulation NURESIM) Integrated Project [B6] provided the initial step towards a
common European Standard Software Platform for nuclear re@siorslations. The
overall objective of NURESIMIH is to improve the understanding and the predictive
capabiities of the simulation tools for key twghase flowT/H processes that can occur in
nuclear reactors, focusing on the critical heat flux (CHF) and the pressurised thermal shock
(PTS). The NURISP project (20®12) continued the NURESIM activitieS.he
publication of a statef-the-art in twophase CFD in a special issueMiiltiphase Science
and Technologpresents contributionsn the variouswo-phase CFD approaches 3],

on adiabatic bubbl§low [1-38], on boiling bubbly flow [139], on annulamist flow and
dryout [1-40] and on stratified flow F41]. The NUclear REactor SAFEty simulation
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platform NURESAFB project (20132015) made new advances in the {waseflow
modelling[1-42], including a modelling of turbulent effects in LOCA conditions 43].
The maturity of CFD for singlphase applications (including computation capaciies)
sufficientfor some industrial caseblevertheless, significamesearcrefforts concerning
their use in safety assessmestill need to be madé&he uncertainty quantification or the
coupling with larger scale (system scale) stugigmrticularly concerningrhe 20192021
activity of the task groupims for more accuratdentificationandto driveimprovements.

1.4. Structure of the report

Chapter 2 explaindie reasons for developing mditnensionatapabilities inT/H system
codesand describesome important transients and phenomesith multidimensional
characteristicsChapter 3 describebé 3D equations, models and closure la@sapter 4
reports the current implementation of 3D capabilitiesTiA system codes, including
simplifications and limitations. Simulation tools require qualificatiwhich is based oa
comparisorof measurements and experimental data. Chapter 5 summbgsagailable
information concerningeither separate effect tedtsat arefocused on a single specific
phenomenon (such as those described in Chapter BTs, where multiple phenomena
are presentChapter 6 providese full process of code qualification. Chapter 7 attempts to
synthetise the rationaleehindsuggesting actionthat are detaileth Chapter 8Finally,
Chapter resentsomerecommendations and concludes the report.
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2. Needs of -s3cDaldeycsh@daens f or nucl ear

Thermathydraulic system (SYSTH) codes have been used for licensing and design issues
of nuclear power plants. The purpose is to carry out numerical simulatfomsclear
reactoraunder steadytate and transient conditions. SYSTH codes baea significantly
modifiedand improve since the 6Q4-irstly, the fluid model was progressively upgraded
from homogeneous to two or thrfleid models.Secondly a large number of facilities

have been designédsuch as integratffecttest (IET) facilities and sepate effect test

(SET) facilities 1 thatwill validatec o d predi@tions capabilitiesAs a result, a greater
amount of experimental dates available that then contributes to additional code
improvements.

Multidimensionalphenomena that havesanificantimpact occur in the course of many
design basis accident (DBA) scenarios sucHeasl water line breakF{VLB), steam
generator tube ruptu&GTR), and(lossof-coolant accidentl OCA (see the following
chapters).Threedimensional D) phenomenacan also play a key role under natural
circulation flow regimeswhere flow mixing and stratification are predominakiiore
sophisticated SYSTH codes wetereforeconsideredhrough the incorporation &D
capabilities alongsi@ thetypical onedimensional 1D) model®$representation.

Until now, limited reactor componentigve beerconcerned by 3D representatiofibey
aregenerallysuitable for large vertical geomgiromponentsuch adoiling water reactor
(BWR) cores, pressurised water reactdPWR) cores andpressure vessgl steam
generators and spent fuel pools. The need for horizontal 3D components representation
such aghe hot and cold legsasnot yetbeenhandledbecausehe velocity field remains
mainly 1D, excepfor some very specific caseldeverthelessvalidation assessments of

3D computational tools are still in progredse tothe limited number of dedicated
facilities. Recently, some international experimental programmesaxaveinedhis issue

at the Rossendorf Coolant Mixing Model (ROCOM) [Z]L and AdvancedThermat
Hydraulic Test Loop for Accident Smulation (ATLAS) [2.22] test facilities. The
outcomes show reasonable prediction capabilities in comparison with experimental and
computational fluid dynams (CFD) code$results [2.2.54].

2.1.Plant types, components and transients

This report cannot provide@mprehensive survey of the identified needs of 3D system
scalethermathydraulic T/H) codes for nuclear safety. Only some typical transients will

be hereafterpresented to illustrate the applications where 3D phenomena should be
considered in order to increase the accuracy and reliability of the simulations. These
transients mostlyelateto pressurised water reactors (PVWRfhough boiling water or

other water reactors type are sometimes considered. Small modular redd®ysa(& also

quite sensible to 3D phenomena, not only because of the use of passive systems (cf. para.
2.2.7, but also when water pools are surrounding the vessel. This report is not a
comprehensive studyf all 3D phenomena. For example, boron dilution is not presgnted
even though iis a transient where 3D phenomena (and mixing effects) are key aspects.
Loss of residual heat removal system (RHRS) atloog conditions or mixing transients

inside the pressuriser are also possible examples of transients where 3D capabilities are of
interest.
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Vessel and core are principally mentioned in this repathough other components
(e.g.steam generators, spent fuel pools, pool heat exchangers) are also places where 3D
phenomena can occur.

2.2.ldentification of 3D phenomenafor selected transients

2.2.1.Lossof-coolantaccidenti largebreak LOCA

The evolution ofdrgebreak (LB) lossof-coolant accidents (LOCg) depend onthe type

of reactor (PWR, BWRCanada Deuterium Uraniur@ ANDU], etc.), type of components

(for PWR, especially the type of steam generdétdy-tube, but alsooncethrough or
horizontal) and the design of emergency core cooling systems (in particular the location of
the safety injectionwhich can be in the vessel (direct vessel injecfiovil]), in the cold
and/or hot legs anthe location of the brealSome general trends can be identified and
significant 3D phenomena are present in most deditmsever the following description
mainly addressdarge break lossf-coolant accident (LBLOCA) in thecold leg with cold

leg safety injection. Some patrticularities for other situations are also provided

2.2.1.1. Transient description
The course of a PWR lardgpeeak LOCA has three main phases:

1 blowdown, during which the primary system depressurises and forces coolant water
rapidly outof the broken leg, starting in liquid phase then coolant flashing to steam;

9 refill, during which emergency cooling water refills the lower plenum to the bottom
of the fuel rods;

91 reflood, during which water refills the core, cools and rewets the fuel rods.

The most detrimental scenario regarding the core thermal response described here below
deals with a cold leg break. This break location leads to core flow stagnation conditions
during blowdown countecurrentsteam/water flow in the downcomer during refill aand

steam binding effect which limits core cooling during reflood.

Blowdown

During blowdown the primary coolant flows from the intact loops and the vessel to the
break through the broken loop. In a first stage a stagnation point is located in the core
wherethe boiling crisis occurshat thenexpands in the whole core. Within few seconds,
the core is almost emptied of liquid water and the clad temperatures reach a first peak.
Then the stagnation point moves to the steam generator tuloethe primary pressure is
below the secondary pressure and the core flow is negative {@ito bottom) in the
whole corewith some water from the upper plenum flowing downwards through the core.
During this period a film boiling heat transfer allows the clad temperatures to decrease until
no more water crosses the core. At the-efdlowdown, some of the water from the lower
plenum is swept out by higielocity steam moving downwards through the core and
upwards in the downcomeup to the broken cold leg. The removal of liquid from lower
plenum by the impacting jet of steam (lower plenum voiding) has been identified as a
dominant phenomenon during blowdown with significant 3D effeste Figure 2.1)

which controls the minimum mass inventory during thellBCA. The main process is a
Kelvin-Helmholtz instability at the free surface thie liquid pool in the lower plenum
which induces some liquid entrainment from the wave crest up to the break. Core radial
power distribution will develop a 3D repartition of the energy stored in the core. The clad
temperature evolution during the blowdomainly depend®nthe local heat flux and the
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boiling crisis occurrence (within the first seconds of the transiesich dependsn the

core flow conditions due to the critical flow at the break and the flow resistance in the
pumps. Since thdeparture from nucleate boilif@®NB) is reached very rapidly, the first

peak clad temperature is mainly due to the stored heat before the occurrence of the break
and depends on fuel properties such as pellet conductivity and gap conductance. The
locations of the highest clad temperaturethattime of the firspeak dependn the 3D
repartition of the stored energy in the fuel

Figure 2.1. The lower plenum voiding during the blowdown phase of a PWR LR OCA
| :

Refill

The refill phase starts at the beginning of accumulator injeétibaefore completion of
blowdowni in the cold legpr downcomerpr hot leg or upper plenundepending on the
emer gency c BGGe)PWR designsn Whrswater is injected in the intact loop
cold legs or directly in the downcomer from the accumulator, it cannot reach the lower
plenum. Insteadsomeis swept out through the broken cold fegm the downcomeby

the countercurrent flow of steam. This is the
ECC water is lost at the break (See Figure 2.2). This bypass process depends on the
difference between the pressure in the vessel and the one in the contaimhéetreases

with time accordig to this pressure difference. Later, multidimensional effects occur in the
downcomer, with steam converging to the broken leg and water flowing down to the
opposite region [2.2:1]. Distribution of water in the vessel is a key parameter duhiag

refill period. Flow is multilimensionalin the downcomer during ECC bypass and the
efficiency of safety injection is directed by the ratio of injected water finally reaching the
lower plenum. Figure 2.3 shows a temperature field measurad tipper plenum test
facility (UPTRP test (cf.Section5.1.3), simulating a refill phase. The ECC water from the
intact cold leg close to the broken leg is fully bypassdtbreas the water from the other

two cold legs is only partly bypassed.

Figure 2.2. Ideal sketch of therefill phaseofa PWRLB-L OCA wi t h bypass of the EC(
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Figure 2.3. Contour plot of fluid temperature distribution in downcomer during the refill phase of a LB
LOCA as observed in a UPTF test
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Note: 1/2/3 are intact loops, and BR is the broken loop; pink region is at saturation and the blue region indicates
subcooled temperatures, corresponding to the presence of liquid.

Figure 2.4. Phenomena in the upper plenum during the refill phase in case of hot leg ECC injection
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In the case of hot leg or upper plenum injection, ECC water is delivered into the local
regions of the upper plenum and flows down through the core into areas located below the
hot legs or injectors. This cold water creates condensation near the injectipie,
resulting in subcooled water plugs that are intermittently delivered to the upper plenum.
Despite extensive condensation in the upper plenum, ECC water still flows to the core with
substantial subcoolingzuel rods are mostly quenched the waterdownflow regions,
whereas they heat up in the other regions. Steam condensation by subcooled ECC water
accelerates depressurisation of the primary system. However, ECC water accumulation in
the upper plenum is limited (liquid fractions were about 10%hewupper plenum test
facility [UPTF]) and the liquid distribution is twdimensional (2D) (there is higher liquid
accumulation above core downflow regions). Figure 2.4 illustrates the phenomena in the
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upper plenum with hot leg injection. Subcooled water delivered to the upper plenum

condenses steam in the upper plenum and flows down through the tie plate to the core.

Condensation in the upper plenum and delivery to the core are strongly affected by the rate
of ECC delivery and water distribution in the upper plenum. Water delivery to the core is

also affected by countercurrent flow phenomena at the tie plate. Figusk®vs the area
of the downflow region (where liquid water can reach the core) for UPTF separate effects

tests (described iBection 5.1.3 The area of the downflow (or breakthrough) region is

about ten fuel assemblies per injection nozzle in the high pressure tests (small break loss

of-coolant accident [SBOCA], test 30) and 18 to 23 fuel assemblies per injection nozzle
for the low presste tests (LBLOCA, tests 12, 20 and 26). The size of this area increases

with increased ECC injection rate.

Figure 2.5. Downflow area versus ECC flowrate for UPTF hot leg injection tests
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Reflood
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Reflooding begins when ECC water enters the cor¢hdrcase of cold leg injection, it
occurs as soon as the lower plenum is completely filled with water from the safety injection
system. Water progressivaiyencheshe fuel rods with a bottomap quenching and a tep

down quenching (falling film of dentrained water from upper plenum). During reflood,

steam flow is generatday both heat release from rod quenching and residual power in the
guenched zone of the core. Various flow regimes (bubbly flow flehug inverseannular,

inverseslug, annulamist flows) and heat transfer regimes (forced convection to liquid,

subcooled boiling, saturated boiling, transition boiling, inv@seular film boiling,

inverseslug film boiling, dispersed flow film boilingare encountered during the reflood

process [2.2-2]. Droplets are created and entrained by steam out of the core and can be
partially deentrained in upper plenum, hot legs andteam generatoB5(@) inlet headers.

The steam flow from the core througjie intact and broken loops creates friction and

acceleration pressure losses which are balanced by the difference of collapsed water head
between the downcomer and the core. This pressure difference limits the core cooling rate.
The vaparrisationof entrained droplets in the SG tubes creates an additional pressyre drop

which further inhibits the gravitd r i ven r ef |

oodi

ng

of

t he

cor e.

e f f ,avhbich @epresents the flow resistance between the core and the break (see Figure
2.6). The pressure loss is mainly due to wall friction in the SG tubes and in the pumps.
There is also an acceleration pressure drop in the SGs due to evaporating drops and
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superheating of the vapo This total pressure loss and the corresponding steam flowrate
in the loops are limited by the available downcomer head. In the most favourable case, the
entire vapour is created in the core and participates to rod cooling.rmo#teealistic and

less favourable case, some entrained liquid dropletsuviggin the SG, and only part of

the total vapour flowrate is created in the core and participates to rod cooling. The higher
the droplet entrainment to SGs, the lower the cording capacitylt is thusimportant to
reliably evaluate the amount of water entrained to thei®@lerto correctly predict the
reflooding duration.

Figure 2.6. Sketch of the core reflooding in case of cold leg injection

There is a first phase okflooding consisting ofoscillatiors of the collapsed levels
betweerthe core and downcomer, and a progressive damihiagredues the amplitude.

A second peak clad temperataembe observed at the beginning of refloodegausé¢he

first oscillationscan induce efficient cooling by film boiling. When the reflooding is
stabilised, there is usually a slow heating of the cladding in the dry fadlosved by a
precooling when quench front approaches. Therefore, three successive clad temperature
peakscan be observedduring blowdown, at the beginning of reflooding, and during the
stabilised reflooding.

The core and upper plenum coupling with steam generators drives the amount of water
available There areimportant multdimensional aspects due tdhe heterogeneous
distribution of heat release with surrounding structures between the periphery and the
centre of the core and between neighbouring assentidiizave different burup. Some

of the entrained liquid is dentrained in the core upper tie plate or in the upper plenum
internals forming aform of two-phase poothere The liquid from this pool care-enter

(by gravity) the lowpower region where steam flow is loweresulting ina three
dimensional(3D) flow pattern. In the core, the twghase flow is from low to high powered
regions beneath the quench frorts a result there ian increase of the heat transfer above

the quench front (referred to as fiimney effead cf. Section3.8).

Above the quench front, the highest power region benefits from increased liquialvearry
due to transfer from colder regions (see Figure 2.7) as observed in PERRDLEStS
(Section5.1.5 and inslab o©re testfacility (SCTF) tests $ection5.1.4. In the upper
plenum, the flow is in the opposite direction.
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Figure 2.7. Radial transfers during reflooding due to radial power differences
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During the reflood phase, the quench front progresses in association witbvtapand
bottomup rewetting and is muitimensionatue to the radial power profile, courdarrent
flows, droplet entrainment and -@atrainment in very complex geometries (eygper
plenum or spacer grids).

In thecase of upper plenum or hot leg injection, ECC water flowing dotendoal regions

of the core, just below the hot leg nozzles, contributes to the global reflooding process.
Core cooling is enhanced these regionand the fuel rods are quenchadrequickly than

those in other regions

2.2.1.2 Key processes

One of the safety criteria is the peak clad temperature (PCT), directly related to residual
power and heat transfer. Convection heat transfer is the main driver to rod and clad cooling.
Flow condition isthereforeone of the key parametan determining PCT. The first peak
(during blowdown) reflects the stored heat and depends mainly on hydraulic conditions in
the core and time afritical heat flux CHF) occurrence. The second peaktfetbeginning

of reflooding) depends on the duration of the refillgghand on all phenomena occurring

in the downcomer during refillThe third peak (during reflood) thencontrolled by the
cooling of the dry zone of the core. The heat transfer to the steam is the main driver of rod
and clad cooling with some radiation to droplets and to steam. The rod cooling depends on
the steam temperatyravhich is also affected by convection to droplets and droplet
vapaurisation which depends on the droplet size distribution. Droplet size is controlled by
several processgsuch adilm sputtering at the quench front, dynamic break up by steam
flow, break up on dry spacer grids, entrainment from liquid films alorwetéed spacer

grids, coalescence between droplets, and wagetion Current system codes do not
precisely model theserocesses but use an equivalent droplet size model based on
prototypical reflood experimental data (e.g. PERICLES reflood tests with prototypical fuel
assembly). Therefore, the equivalent droplet size is one of the key parameters in
determining PCT by sysin codes during reflooding.

2.2.1.3 Main 3D phenomena

Core radial power distribution will result in 3D repartition of energy stored in the core.
Therefore, 1D analysis may not be sufficient to depict the impact of this 3D repatrtition.
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Additional multidimensionakffects that have been identified as being of high importance
([2.2.2-3] and [2.2.16]) are:

1 3D flow in the lower plenum during the blowdown phase associated with the liquid
entrainment by KelvirHelmholtz instability;

1 3D flow in the downcomer during the refill phase for cold leg or downcomer
injection;
3D flow in the core and the upper plenum for hot leg or upper plenum injection;
3D flow in the core during the reflood phase (chimney effect);

3D flow in the upper plenum during the reflood phasmiftecurrentflow limit
[CCFL] at top of the core, pool formation, -datrainment and rentrainment of
droplets).

The multdimensionainfluence and significance during the course of a LOCA are not the
same when direct vessel injection and hot leg/cold leg combined injection are considered.

2.2.1.4 Known applications and main drawbacks of these applications

LB-LOCA is the historical transiethathelps the design and sizing of ECCS. Therefore,
3D capabilities in thermdiydraulic system (SYSTH) codes such as TRAGEactor
excursion and leak analysis programme BEIAPYS, Code for Analysis of
THermalhydraulics during an Accident of Reactor and safety Evaludfiéimf IARE),
Multi-dimensional Analysis of Reactor SafetylARS) and Safety andPerformance
Analysis Codt (SPACE)i among other$ have been used mainly foB-LOCA ([2.2.1-

7] and[2.2.1-8]). Anothertypical example of LBLOCA applications can be found ftire
newadvancegowerreactor APR) 1 400 reactor [2.2:D and 2.2.413] and fotheRussian
type PWR(VVER) 1 000 [2.2.110]. Nowadaysnew requirements in safety demonstration
related to other transien@nd especially intermediate break LOG#ave resulted i83D
applications of SYSTH codd®ingextended to several other typdstansients (cf. the
remaining paragraphs in this chapter).

3D SYSTH codes are based on the porous media approach amdligerse rather coarse
nodalisatiorthatcaptures only largecale 3D effects. Possible modelling strategies based
on the phenomena identification and ranking technique (or talBlBT) could consider
molecular and turbulent diffusici benegligible (and therefore not modelled) compared
to inertial force, interfacial friction and interfacial heat and mass traiddenodules with
coarse meshingight be requiredespecially when simulating the full reactiorthis case,
scaling effectsvould bedifficult to evaluate and fulscale ¢r at least very largecale)
experimentsvould benecessary for code validatiowhich will be restricted to specific
configurations.

The main 3DBrelated LBLOCA safety issues initially suspected in th@&70s have been
solved thanks to the fulicale 2D/3D programme [2.26], which provides relevant data

at the reactor scale to validate the 3D code prediction. UPTF (para 5.1.3) can be used to
validate LBLOCA 3D effects in the downcomer (refill and reflood phases) and SCTF,
cylindrical coretestfacility (CCTF) (para. 5.1.4) and PERICLE® (para 5.1.5) may be

used to validate 3D effects during reflood.

Nevertheless, finer multidimensional 3D aspects can be simulated with moreTéAd¢ent
system codes (e.g. CATHARE3, SPACERAC/RELAP Advanced Computational
EngineTRACE). For example, modelling one mesh per assembly for the whole core and
one mesh per sehannefor the hot assembly could become a standard practice in the near
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future. To achieve this, xperimental data will be needed to validate the code predictive
capabilities at this scale on specific separate effect tests.

Water reactor fuel behaviour during LOCA phenomeballooning, burst, oxidation, fuel
relocation and possible fracture at queidire important aspects coupled with thermal
hydraulics. Fuel ballooningfor example modifies the flow path and heat transfer
performance is degraded for very high flow blockags ¢an enhance the cooling for low
flow blockage by local flow acceleration). 3D flows should be considerembnducta
proper evaluation of both flow parameters and fuel behaviour.

2.2.2.Intermediate and small break LOCA

The intermediate break los$-coolant accident (IRROCA) described in this section is
usuallyrelevantto PWRs and corresponds to a break in the primary cirttait isbetween

two and 14 inchef.5% to 25% of the cold leg section). This parage@Emineshe main

3D phenomena involved during this transient, where the use of 3D modules of system codes
improves the simulation.

The following chapters refer mainly to4BOCA, for small break LOCAandreferences
[2.2.21] and [2.2.22] providesomegeneral information.

2.2.2.1 Transient description

In case of an intermediate break LOCA, the transient dynamics can be very different
according to the break size, location or orientation and assumgtiochsgumps tripping.
However, only the cold leg break withssof off-site power will be considered, in a
conservative wayThe followingfirst describs the main phases of this transient, before
focusing on the phenomena where 3D modules of system codes are required to be correctly
modelled. A typical reactor coolant intermediate break transient in the cold leg consists of
the following sequence of events

1. Singlephase natural circulatipn
2. Two-phase natural circulation and possible reflux condensation for smaller;breaks
3. Loop seal filling and clearing with decreasedactor pressure vessBRV) water leve]
4. Accumulator injection, waténventory recovery and core reflooding.

Phase I: Singlphasenaturalcirculation

This phase corresponds, at the system scale, to the draining of the pressuriser followed by
singlephase depressurisation through reactor coolant draining until saturation conditions
are reached in the hottest parts of the system. At the fuel assemblyfecddrge size
intermediate breaks, the boiling crisian appear in the core before control rods drop,
leading to a possible first but short cladding temperature increase.

Phase II: Twephasenaturalcirculation

At the system scale, steam production due to flashing in the hottest areas considerably
slows down reactor depressurisatidhe core residual power is remowauting this phase
via theSGsby the secondary sidevhichcontrols the primary side pressure.

After the reactor coolant pumps coast down, natural circulation replaces forced circulation.
A void is created in the upper parts of the SG and at the top of-thieeld. When overall
circulation with continuous crossing at the top of the S@ulhés is no longer possible,
complete phase separation occueslgx condenser modefondensed steathen forms a
countecurrentflow in the upward part of the SG-tubes and returns towards the hot leg
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and the RPV, falling into the upper plenum and the core, around and preferentially under
the hot leg nozzles (3D water fall back).

Phase llI: Loop seal filling and decrease véttiecrease in RPV water level

The end of natural circulation creat@svater slug in the crosserlegs which enables

some independence between the pressure in the hot and cold legs. A pressure decrease is
observed in the cold legs (partly due to the effect of the break and condensation by ECCS
water)while pressure remains almost constant in the hot legs (it stabilises just above SG
pressure so that the entire vapour created in the core is condensing in the SGsudbes).
result, the water level in the cordecreasespossibly leading to cladding temperature
excursion in the upper part of the core.

When the level in the downward part of the coves leg passes under its horizontal
section, the steam can go up into the upward part to reach the break, also removing part of
the water slug (loop seal clearing). The pressure equilibrium which then follows between
the upper plenum and the downcomer reldathe core and downcomer water levels,
ending any previous uncovering of the core.

Once the break has turned to steam, the volume balance beheeteamproducedby
residual power antemovedat the break (in addition to condensation in the SG tubes) is
radically modified: depressurisati@ontinues reaching accumulator injection conditions
and therlow pressure safety injectiobPS]).

The core uncoverg at the hot fuel assembly scaleesout of the uncovered part of the
fuel rods, which are then only cooled by steam produced by wateunsgqtmnbelow the

swell level. This single@hase cooling issufficientfor removingthe residual power and
consequentlythe cladding temperature begins to rise. The overheated cladding also
undergoes thermahechanical loads, possibly leading to clad deformation archanbel
blockage.

Phase IV: Accumulatdnjection, reactor coolant filling and core reflooding

Reaching accumulator injection presstesuls in anincreasd flow beinginjected into
the reactor circujtwhich providesan immediate rise in the total reactor coolant naasb
is followed by thecorereflooding.

2.2.2.2 Key processes

This sectionidentifies thedominant 3D phenomena regarding the PCT related to the core
uncovery level and duration and the downcomer water inventory during the refilling phase.

Redistribution of liquid in the primary coolant system

During the reflux condensation mode (Phases Il and Ill), vilates back into the RPV. It

flows back into the core in a mutmensionaway. The downward water flow from the
loops towards the core through the upper plenum takes place at the periphery of,the core
where heat generation is generally lower and the steam flow we&hker occurs
preferentially close to the hot leg nozzles, from which the water from SG falls back. 3D
modelling of the corén this scenarimeeds taaccount for this heterogeneowater fall

back, and especiallfpr its absence in some assemblies, including potentially the hottest
assembly.

Crosdlows in the core

The flow behaviour below and above the liqdigring core uncovering crucialto the
core cooling. The heterogeneous core power induces 3D eff@ttgenerate crossflows
whose nature is different above or below the swell |aagendingonthe pressureMore
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powerful assemblies tend to produce more vapmlow the swell levelOne possible
process is thathe gravity tends to homogenise the void fraction and steam quality (see
Figure 2.2.7 abovejt is possible thathte friction pressure dre@bove the swell level and

at high pressure conditions is low compared to the gravitational component of the pressure.
Thehotter steam in the hotter assemblies is lighter and flows faster. It induces a crossflow
from the colder to the hotter assemblies to balance the pressurevhigdt,isalso called
thefichimneye f f esee$ectionB.8) andhas a beneficial impatdr the hotter assemblies
cooling.

Following the same assumptiohetfriction pressure drop becomes predomimdrgn the
pressure is lowA higher vapour velocityn this scenarioneans higher friction pressure
drops. The steam crossflottsusappear from the hotter assembliehere the velocity is
higher, to the colder ones, where the velocity and the friction pressure drops are lower.

Refilling by accumulator injection

Condensation in the region surrounding the injected watethe largest intermediate
breaksaccelerates the primary depressurisatieading to flashing of the downcomer
water. When the cold accumulator water reaches the downcomer, it encounters boiling
water and steam going upwards towards the break. The possibility to model geometrically
differentiated flows in the downcomer requiteg use of a 3D module in order to have
different azimuths to let steam produced in the downcamego to the breakwhile
accumulator cold wategoesdown in other azimuths below intact cold leg nozzles. In this
configuration a 1D modelling of the dowsrmaer would lead t@ non-physical bypass of

the accumulator water (going from intact cold leg directly to the broken leg).

For these three phenomena, 3D representation of the core is reqursthke computing
of the steam and liquid crd&sws between assemblies of different temperagure

2.2.2.3 Known applications

3D applications for IBLOCA areincreasinglynore common in the literaturin [2.2.23],

for exampleathreei n ¢ koddde@ break is simulated with CATHARE 3 and a 3D vessel.
In this paper, nomonform junctions are used to combine cylindrical and Cartesian
modelling for the different vessel zones (Cartesian for the core and cylindrical for the
plenums, the uppédreadand the downcomer).

Comparison of &ig-of-safetyAssessment/ largecale test facilityROSA/LSFT) test and
the 3D module of CATHARE 2 is shown in [2.242 Results provided by the 3D module
showed promising capabilities.

2.2.3.Main steamline break

Themain steam line breaMSLB) is relevant foPWR The MSLB accident is initiated
by a break of one of the main steam lines upstream from the main steam isolation valve.

Followinga brief description of the transient sequetitekey processes are identifiadd
3D phenomena are detailed. The analyses hereaftqragtially based on the reference
reports [2.2.31l] and [2.2.22]. Both reports are prepared for MSLB at full power condjtion
assumingsingle failure and the most reactive control imstuck.

2.2.3.1 Transient description

The initial condition for MSLB is normally assuméd beat the end of a cycle at full

power, when the boron concentration is very small. The rapid decrease of moderator
temperature caused by mass and energy discharge in the affected SG makes moderator
density reactivity positive and the core returns to power after reactor trip.
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The major concerns in a MSLB calculation are:

9 the evaluation of the positive reactivity developed by the moderator temperature
reactivity feedback athe core returns to power

1 the evaluation of the boron concentration injected by the safety injection system to
reduce the reactivity rise

1 the large temperature and flow asymmetric effects through the vessel downcomer,
lower plenum and ahecore inlet

9 the heat transfer by singfhase vapour convection and nucleate boiling as the
tubes start to be uncovered in the broken SG

the steam discharge flow rate through the break
the rapid radial and axial power redistribution due to moderator reactivity;effect

the primary water inventorsit the top of the pressure vessghere voidingcan
appeabecausehe primary water shrinks rapidgnd thisvoiding can mitigate the
primary pressure decrease

According to the MSLB phenomena identification ranking table (PlK&yeloped by
KEPRI [2.2.31], the transient was divided into three phases. The first phase is the fast
cooldown of primary coolant befothe reactor trip on low primary pressurhesecond
phasecorresponds to theapid cooldown aftethereactor trip and before safety injection
Thethird phase is after starting safety injection.

1stphase: period before reactor trip

The accident is initiated by a main steam line brBakingthis phase, the discharge flow
through the break is choking flow. The large amount of steam discharge cools down the
primary side. The primary temperature decrease makes the moderator temperature
reactivity positive and reactor power increabe reactor power increase and primary
pressure decreasesults in a decrease thfe departure of nucleate boiling ratio (DNBR).

The reactor is tripped bgither high reactor powerlow pressuriser pressyrlow SG
pressure or low DNBR.

2nd phase: period for rapid cooldown

This phase is the period betweite reactor trip and stanf safety injection. Afterthe
reactor trip, the pressuriser and pressure vessel doideand the positive reactivity
continuously increaseIhe water level of broken S@ecreasesr dries out if auxiliary
feedwater is not supplied to the broken SG. The main steam isolatiorci@gdeeand the
main feed wateceasesMinimum DNBR canoccur just aftethereactor trip signal due to
the delay for reactor scram aftbereactor trip signal anthetime required for control rod
drop.

3rd phase: period for safety injection

This phase is the period after broken SGodtyf no auxiliary feedwater flow exists.
However, it is commonly defined dise safety injection phase when auxiliary feedwater

flow is available in the plant design. The safety injection system is initiatéde if
pressuriser pressuffalls below the safety injection sepoint pressure. The reactivity
reaches a maximum just before borated water enters the reactor core. The reactor power
may experience retwto-power condition if the steam discharge throtighbroken SG

cools down the primary side coolant.
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2.2.3.2 Key processes

The key parameters fateam line breakSLB) are:
9 possibility of a posttrip return to power
1 possibleDNB beforethereactor trip.

The phenomena cited below are linked with pheviously mentione#tey processes. The
below paragraphdescribeshe main3D phenomena involveith this transient, phenomena
for which a3D modelling would improve the simulation performed by the system code.

The nost relevant3D phenomena affectintheseprocesses are asymmetric power and
temperature distributions.

These phenomena actosely connected and coupled 3D systerii/H and 3D neutron
kinetics calculation is essentfal predicing the interactions between the core kinetics and
fluid behaviour Turbulentmixing and crossflow modelling ithe downcomer and lower
plenum are importarfor predicting the asymmetric moderator temperature in the core

Due totheimportance of coupled calculation of core neutronics, €dfieand systenT/H
simulation, OECD member countries performed PWR MSLB benchmark exercises [2.2.3
2]. Three exercises were performed, and the first two exercises were utifieethifinal
exerciseA comparison of the resultisom thefirst exercise (performed using pceikinetics
models) andhelast (performed using 3D neutronics models and@Dpseude3D- T/H
models) demonstrate that 3D analysis removes some of the conservatism inhgo@rtt i
kinetics analysis and reduces the peak local power by up to 25%. The differences are mainly
caused by the inability of the standard pdiimetics approach to properly account for the
detailedT/H feedback. As a result, the 3D core transient modelling provides a margin to
recriticality over the poinkinetics approach during an MSLB analysis. This difference is
highly significantconcerningextended refuelling cycles and high bunps, which result in
increasingly negative moderator temperaturefoments.

2.2.3.3 Known applications

In some existing safety analysis methodologies for MSLB,THhe system, 3D reactor
kinetics and hot channel analyses are performed separately (or chained) by independent
codes and the results of one code are transferred to another as boundary conditions. During
this process, some bounding hypotheses are introduced donservative analysis. For
example, an accident event may have been analysed with a beginning of cycle moderator
temperature coefficient and an end of cycle Doppler feedback coeffisiémbugh he use

of these assumptions simplifies the safety analysis, it resultpoiantially large
conservatisms. However, using coupled codes with consistent assummptiongesthe
excessive conservatism while sufficiently demonstrating the safety of the plant.

I n this regard, n u e ramus 3do urpelaecdt off s yksitneemt i Tc s O
RELAP5/NEM, RELAP5/PARCS, RELAP5/PANBOX, CATHARE/CRONOS, TRAC

PF1/NEMand MARS/MASTER have been developed [2.23B Their performance has

been assessed using HEA MSLB benchmark problem [2.24)]. The calculation result

of power history during MSLB scenario 2 is shown indke&f.8. In scenario 2, the problem

is enforcing the returhato-power phenomenon by decreasing the negative scram rod

reactivity. The NEA MSLB benchmark repoitoncludes thathe application of the state

of-the-art coupled 3D computer code systems can help improve the performance of nuclear

power plantsit is necessary to devel@more indepth knowledge of such code systems

because 3D kinetit/H codes will play a critical role in future nuclear analysis.
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Figure 2.8. Core-averaged total power time history for scenario 2 0OECD MSLB benchmark problem
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2.2.4.Feedwaterline break

2.2.4.1 Description of the transient

A FWLB event is a DBA scenario for nuclear P&/RVhen it occurs, it is followed by a

rapid depressurisation and emptying of all thesS&condary sidesvhich triggersthe

reactor trip due talow secondanside SG levelDuring thereactor trip, the reactor cooling
pumps (RCPs) are shdbwn, the steam lines are isolated via their main steam isolation
valves (MSIV) and the auxiliary feedwater (AFW) statédiveringwater to the unaffected

SGs. The safety relief valves (SRV) evacuate the core decay power until the operator starts
the cooldown procedure via the atmospheric relief valves (ADM.objective is to reach

the conditionghat enabléhe RHRSconnection.

2.2.4.2 Key parameters

A FWLB accident followed by a loss of offsite power (LOOP) is an asymmetric scenario
where the presence of active and inactive 8@ lead tothe natural circulation (NC)
interruption in the loopof the affected and isolated SGhe operators are generally
instructedin these conditionto apply a prescribed linear cooldown rate in order to bring
the plant to RHRS conditions. A cooldown rate limit is prescribed in the emergency
operating procedures (EOP) in order to avwith the formation of ateam bubla under

the reactor vessel head during the depressurisation phase and the interruptipwiitNC
could be the origin of several problemsschas:

9 The connection of the RHRS could be jeopardisechus¢he temperature (in the
suction lines of the loopf theaffected SG) and /or the primary pressam®o high

1 A steam bubble coulfborm during the depressurisation phastethe top of the
inverted Utubes (or elsewhere) of the correspondhtd

9 If there ispoor or no circulation in a loop, the homogeneous boration of the RCS
during the cooldown process could become problematic. Problems related to core
recriticality couldarise
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9 Pressurisethermal shocphenomeacould occudue toextremelylow or stagnant
flow and an operating safety injection (Sl) systdm.theseconditions, fluid
temperature stratificatiowould takeplace and cold plumesould lead towelds
and crackappearing in thermal loadahichcould threatenthp r essur e vessel 6
integrity.

1 For some accidents, NC interruption leads to an increased release of radioactive
products due to a longer cooldown phase; the latter also requires a larger SG
feedwater supply.

2.2.4.3 Main 3D phenomarnvolved

Flow mixing in the reactor pressure vessel (Re&play an important rolen the course
of the transienturing a FWLB This can impact theatural circulation flow during the
cooldown phase of the primary systgmarticularly the flow in the affected loop. As soon
as the cooldown phase begins, a counter buoyancy force in the affected loop begins to build
up and th s | masgfléws rateggraduallydecreasesContinuous cooldowrtauseghe
counter driving forceo become high enough to overcome the dgviorces in the reactor
vessel.As a result the mass flow in the affected looppidly decreasesirtil it stops
altogetherThe density difference in the downcomer and the reactoiceoises the driving
forces in the RPVConsequentlythe 3D flow and temperature mixing in the RB¥fing
the cooldown phasas well as the stratification in the downconaee the key parameters
that govern the RPV buoyant driving forces.

2.2.44 3D applications

The emergency operating procedunesier a postulated FWLB accident can enable the
safe cold shutdown conditions by imposing a cooldown rate of 14K/h. This vallietas
obtained using computational tools basedadtD approach. Howeveuntil now, open
literaturehas rarely investigateftbw mixing in the RPV during a FWLB scenario using a
3D vessel modelThe impact of a 1D or 3D RPV model on the NC interruption prediction
is alsonot well known. An investigation usirthe CATHARE code shows differences in
the NC interruption prediction whem 1D or 3D RPV downcomer model examined
[2.2.4-1]. The calculation results are sholaowin Figure2.9,which depicts hovgimilar
trends of the mass flow rates in the active Ibape beepredictedYetdiscrepanciebave
also been obtainelletween the coolant mass flow rates in the inadig. These
differencesincreasewhen the cooldown startdhe 1D model does not predict the
occurrence ohatural circulation interruptionNCI) when a cooldown rate of 14 K/h is
considered. Howevewhen the 3D modetith the same cooldown raiteusedNCI occurs.
The presence of the stratification phenomenon and flowcesrin the downcomes
supposed thave an impact on the net flow rate through the inactive e of the total
momentum goes to these vortices, and their presence forces the flow coming from the
inactive loop to go in the azimuthal directjoimstead ofin the downward direction.
Additionally, full mixing in the downcmer takes plac&vhena 1D model is use@nd
consequently the RPV driving force is uniform and remains high enough to faltow
continuous positive flow in the inactive loop.

Overall complex 3D mechanisms taking place during asymmetric cooldown-gihgte
natural circulation flow could not be accurately simulatesing standard 1D code
nodalisation Detailed 3D representationsuld likely improve the simulation results.
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Figure 2.9. 1D vs. 3D loop masflow rates in the loop with inactive SG (loopA) and the loop with active SG
(loop-B) during FWLB+LOOP
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2.2.5.Pressurised thermal shock (PTS)

2.2.5.1 Description of the transient

A fast depressurisation can be observarihg) a LOCA event in pressursedwaterreactor
(PWR) due to a break of the primary coolant lodpe pressure decrease induties
production of a large amount of vapduhe amount varying according to the break $ize
due to flashing. The flow in the core and part of the primary loop, can becorphase.
The pumps being switched défadsto a liquidvapour stratified flow in the cold legs and
free surface in the downcomer with a plume of cold water, whishsflfrom the cold leg
into the downcomer in the vicinity of the wall.

The depressurisatioresults in theEEC beingput in operation taauseprimary circuit
cooling. The first effect of the injection is the mixing with the ambient fluid in the cold leg
and, consequently, a cooling of the flow in the downcomer and core. Large and fluctuating
temperature differences between the liquid temperadnd the vessel wall induce a heat
exchange between the wall and the fluid. Aeslt a temperature gradient appears inside
the structurewhichbrings about aignificant thermal stress in this part of the wall.

The pressure in the cold latso slowlydecreaseduring the ECC injectianThe(still) high
pressure in the primary circuit produces a mechanical stress on the vesséheratial
stress in combination with high pressure is knowRES It cancause crack propagation
through the wall in the region of the cold leg nozzle and downcomer {§.2/%6 PTS
analysis isthus requiredo ensure the vess@lsntegrity and monitor the e a clifeor 6 s
duration.

The probability of a vessel failure increases if the ECC injection induces thermal
stratification in the liquid layer of the cold leg. The ECC injection is colder than the main
liquid flow in the leg andhereforehasgreaterdensity.Gravity effectsthustend toget the

colder flowatto the bottom of the horizontal channelth minimal mixing with the main

flow until it reaches the downcomand createa thin cold layer along the vessel wall.

is possible to observe not only a vaptiquid flow straification, when there ishe
presence of vapour in the cold leg, but also a thermal Hogued stratificationin the cold

leg and downcomer. The temperature of this cold layer can be much lower than the average
coolant temperature in the other parts of the cold leg and downcdheerassociated

STATUS OF SIMULATIONCAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



50 | NEA/CSNI/R(2®0)6

thermomechanical stress on the vessel wallbeamore intense than in the case of well
mixed flow.

The liquid stratified layer temperature distributiomighly important tahe evaluation of

the vessel wall stresH.can becalculatedusinga local modelling approactuch asCFD
codes. However, the most penalising conditions must be foutide purposes of a safety
demonstratiorand vessel integrithas to be demonstrated for the most penalising cases.
Many calculations mughereforebe madeHowever the required calculation tinieas for

a whole reactor CFD calculation is not yet compatibldor an industrial contextA
calculation scheme based on shoentral processing unitCPU) time is therefore
extremely useful. The system code approaalms to provide calculations with an
acceptable accuraayuickly. The system codes mube ableto simulate the principal
phenomena involved in this transieatperform this

The envelop transient for PTS is the small break LOG% phenomena identified for SB
LOCA in paragraph 2.2.2 atieereforestill relevant for the PTSalbeitwith different levels
of importance.

2.2.5.2 Keyparameters

As previously mentioned, the most severe PTS conditions arise during a small break
LOCA. However, the consequences are different fituwse caused gmall break LOCA
becausehey are relative to the thermomechanical impact on the vesselTwallkey
parameters for PTS are as follows:

9 The primary circuit behaviourthe primary pressure tends to increase the
thermomechanical stress in the vessel wall. Moreover, the safety injection rate is a
function of the primary pressur€his parameter plays a major role.

1 The vessel wall coolinghis includes both the liquid temperature near the vessel
wall, andtheheat transfer betwed¢hewall and liquidthatinfluences the local wall
cooling temperature gradients and stresses inside the structure.

2.2.5.3 Main 3D phenomena

Each phenomenon that impadither the primary circuit pressur@ndbr vessel wall
cooling is relevant for PTS studies.

The primary pressure depends on the break flow rate and safety injection flow rate. These
related processes are relevant to 3D phenamidrey are briefly mentionegelowand in
reference [2.2.2]:

1 Phenomena involving safety injection in the horizontal cold legs: stratification,
countecurrent flow, jet impingement on the wall (transverse flow), bubble
entrainment and condensation. In system codes, these phenomena are generally
modelled by a 1D modulendcomplemented by specific closure laws, which take
these 3D effectsito account.

1 Phenomena related to break flolashing and flashing delay, wall friction in the
break location and interfacial friction in the break vicinity.

The phenomena which play a ratevessel cooling are:

1 Phenomena involved in the downcomer liquid temperature in the vessel wall
vicinity: one of the main issues of PTS studies is degdjthe liquid temperature in
the vicinity of the vessel wall. The mixing phenomena in the downcaresr
extremely importantin this scenaripthe turbulent mixing, axial and transverse

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



NEA/CSNI/R(2020)6| 51

mixing mustbe taken into accounthg diffusion and dispersion of energy and
momentum). Regarding the identification of SB-.LOCA phenomena, the
accumulator penetration in the downconmeust be well simulated in order to
predict the cold water flow. The condensation in the downcomer is also an
important parameter for the temperature evaluation. This includes direct contact
condensation at the free surface and below the swell, leddre bubblesan
condensandaffect the liquid temperature.

1 Phenomena involved in the downcomer liquid veloditys parameter, combined
with the temperature difference between vessel wall and liquid temperature, is
involved in thecalculation of théneat transfer coefficient. Blparameter is driven
by gravitational effectsand accordinglythe temperaturanust beaccurately
predicted. Other parametersfluendng the liquid velocity are the interfacial
friction, the wall friction, transverse flow fluctuations and bubble entrainment.

1 Phenomena involved in the liquid/vessel wall heat transfer: Closure laws for all
heat transfer regimethat can occur during a PTS transient at the downcomer
location areextremelyimportart (both natural and forced convection for both
laminar and turbulent flows).

Themain identifiedparameters for the PTS simulation at a 3D sysdéeate approach, at
least for the downcomer, are:

1 turbulence modelling (diffusion, dispersion for energy and momentum)
1 transverse flow in the downcomer

9 accumulator penetration in the downcommer

1

direct contact condensation at the free surface and below the surface in case of
bubble presence

interfacial friction
wall friction;

liquid/wall heat transfer closure laws.

2.2.5.4.3D applications

The pressure vessel or downcomer 3D modepimmgluceshighly representative results for
the liquid temperature distribution in the pressure vedsdl few resultshave been
published that areledicated to the PTS. The references [23.&nd [2.2.54] should
nevertheless be mentionedhichillustrate 3D modelling with system codes for the mixing
phenomenon in the downcomer. The reference [BR.presents comparisons of
temperature fields im downcomey obtainedusing SYSTH code and CFD for several
representative PTS cases in VVER reactors.

Some adviceegardingimprovementgo be made téthe 3D modelling with system code
can be providedNon-conform junctions are not yet possililemost codes and therefore
the downcomer azimuthal meshingusually afunction of the number of loop&very
junction between the downcomer and the coldnhegtbe affected tamnly one mesh cell

and consequentlthe downcomer azimuthal mesh sizeaideast equaio the cold led s
diameter.This constrainmeans thathe downcomer is oftemodelled by an azimuthal
nodalisatiorequal to the double the loop number. The-nonform meshing development
will be a step forward for PTS applications by allowing a finer meshing in the downcomer.
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Currently when the porous 3D approach does not model the turbulent diffusion and
dispersion in an open mediunsuallyonly one mesh is used in radial directi@hysical

model development would also be a major improvement for PTS modelling in the system
code by allowindor the use of finer mesh. A finmesh in the downcomer (3D meshing
instead of 2D) would be significantimprovement and would simulate the relevBiiS
mixing phenomenon in this are@ore preciselyConsequently, the turbulent diffusiand
dispersion termmustbe modelled and validated to prove their relevance for downcomer
flow conditions. This approach woultteatethe possibilityof modelling a quasiopen
medium with the system code 3D module.

2.2.6.Spentfuel pool lossof-cooling and LOCA

This sectiordescribesghe safety issues related tggent fuel poolossof-coolingor loss
of-coolant acciden{SFRLOCA). The main safetyelevantT/H phenomena aréhen
describedwhich will be shown to beosty 3D bynature

2.2.6.1Description of the transient

The first phase of a SHROCA, whatever the scenario, involvasoss of water from the
SFPto the point thathe top of the spent fuel assembiligsncovered. As long as the fuel

is immersed in water and effectively cooled, it will betdamaged or degraéd so that it
releasesadioactive fission products, provided that subcriticality is maintained in the pool.
Subcriticality could be lost during the spent fuel puacovery phaselue todecreasing
neutron absorptigncauseddy an increase in coolant voftaction and/or a decrease in
coolant soluble boron concentration. Criticality in the SFP would provide an additional
source of heat and radiatiand also generate an inventory of shimed fission products

in the fuel that could add to the release of radioactive materialdatier the accident.
Immediate fuel damage by the criticality excursion cannot be precluded, although very little
is currentlyknown abouthelikelihood of its occurrence

Besidesthe riskposed tccriticality, safety issues during the puacovery phase ardso

linked to anincreased release of hydrogen, tritium and radioactive contaminants from the
pool watemwhile it heats upThese safety issues moreover incladmsufficient protection
against radiatiorshould the pool water level drop to less than about 0.6 m above the spent
fuel assembliesHASs). These issues couldbstructaccess to the SFP building, thus
hampering mitigation measures, surveillance and contrath&unore, the increasing
water temperature and decreasing water level in the SFP could prevent the recovery of the
SFPcooling when the normal cooling systésnrestartede.g. by pump cavitation dhe

loss of suction to the strainers in the upper part of the pool.

Boiling in the SFP could have several potential consequdhde®ccurs during the
accident Firstly, boiling would increase the release of hydrogen and radionuclides from
the pool water to the building. Hydrogen is produced in the pool mainllgdanadiolysis

of water, and the radiolytic yield ofHncreases in boilingonditions Moreover, the
solubility of hydrogen and other gases in the pool watarld decrease as the pool heats
up, releasingpre-existing gaseous species in dissolution to the building. Radionuclides in
the pool stem from activated corrosion products deposited on the spent fuel, leaking fuel
rods (if any) and tritium. Tritium (3H) poses a particular problegcausét cannot be
removed from the pool water by the normal purification system.rtiamly formed by

10B neutron capture ansitherefore a problem predominantly in PWR and VVER plants,
where boric acid is used for reactivity control in both the reactor and the SFP. Tritium is
formed in the SFP bus also carried over from the reactor to the pool during refuelling.
Since it has a halife of 12.4 yeas, the SFP tritium inventory blagis up over time.
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Secondly, spent fuel pools are not designed to operate at high temperature. If boiling occurs
the normal pool cooling system may prove difficult to restart because of pump cavitation
and/or loss of suction at the straindbmmage to the steéhed concrete structuralso

cannot be precluded if the pool is operated in boiling conditionsdignificantlength of

time. The technical safety limit for the SFP water temperature typicallysaegeeen 65

and 90°C. This limit ensure theproper operation othe pool cooling and purification
system anén acceptabl&FP building environment fats personnel.

Thirdly, boiling may lead to loss of subcriticalitynen the storage racks amd a low
density desigti.e. a design with large pitch between the stored fuel assemblies that make
no use of borated structural materjals this case, the water between the Ffmuld
provide the main neutron absorption and a reduction in the effective water density by
boiling would reduce the subcriticality margin.

2.2.6.2Key parameters to be calculated

The key parameters are the level of water in the pool, water temperature and rate of
evaporation when boiling occurs in the pool.

As the pool water heats up, the evaporation rate at the pool surface isdvap@ration
of water from the pool surface is considered dibeninantmechanism for heat removal
from a SFP witraninoperable cooling system, and it increases dramatiakdhygside the
temperature when the water temperature exceeds aboult. 3@te evaporation rate is
sensitive to thair velocity and humidity above the pool surfatbe evaporation ratso
depend®nthe 3D natural convection heat transfer from the lower gfathe pool to the
pool surface.

Boiling mechanisms- The contribution of boiling mechanisms to the overall SFP loss of
mass (in addition to the free surface evaporation), depmmtfe possible vapour bubble
nucleation within the pool and vapour bubble flow across the pool. Bubble nuclestion
occur due talifferent physical processes, each corresponding to specific conditions. One
of the most common processes, wall heterogeneous nucleation on heated structures, is
likely to first occur in the upper part of higitower FAs. Bulk nucleation processes by
homogeneous nucleation (sometimes referred to as bulk or surface boiling) or
heterogeneous nucleationither onsuspended solid particles or on fmeeving non
condensable gas bubbles) are unlikelgigmificantly contribute to the SFP loss of mass,
since it would require very large liquid superheats and/or high concentrations of suspended
particles or nortondensable gas bubbles. Bubble nucleation along unheated solid surfaces
such aspool walls or immersed solid structurésn ame |l y fipoerustbel as hi
considered as a possible mechanism of vapour formatienthe local liquid temperature

well exceeds the saturation temperature. This conditmrid beexpected t@risenear the

pool surfaceGenerally the occurrence of nucleate boiling in an SFP dependse 3D

liquid temperature distribution within the pothereby orconvective thermal mixing and
power distribution between the FAsalso depnds onlocal conditions (wall heat flux and

wall temperature of heated structures, surface roughwessbility for unheated walls),

as well as the water content in roondensable gases, and the pool water |&¥ed. hot

water that exits from higbower FAs and initiates nucleation processes is mixed with
colder water as the fluid rises and bubbles may condeimsethe pool water level is high
above the fuel rack3 he impact of steam generated by bubble nucleation processes on the
SFP loss of mass couttlereforebe weakened\otably, even though bubble nucleation
processes do natirectly contributeto the SFP loss of mass, they cosidnificantly
contribute to the overall heat transfer from FAs to the pool syrifaddbling is understood

to powerfully enhanceonvective heat transfer in comparigorsingle natural convection.
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Water supply as a mitigation measure Mitigation measures for the prercovery phase

of a SFPLOCA include SFP building ventilation, to evacuate steam and heat, and pool
water injection tacompensatéor evaporation and leakage. Howevan,injection of un
borated water into a SFP that normally uses boric acid for criticality control woséibly
reduce the subcriticality margifhe distribution of urborated water within the pool is a

3D phenomenorby nature. This fact should beken into account durg SFP safety
evaluations.

2.2.6.3Main 3D phenomena

A SFRLOCA is dominated by 30/H phenomendy nature AnalysesusingCFD show
that natural convection loops develop in the pdblke nost modern storage rack designs
for spentlight water reactor (WR) fuel have a closed cell design, in which each fuel
assembly is enclosed in a separate celliwithalls made of stainless steel or aluminium,
andsometimes combined with neutron absorbing matec@mt¢aining boronThis closed
cell design allowsor lateral crosiow in only the regions below and above the rackse
overall shape of the natural convection flow pattern in the |aogely dependson the
location of free paths for water to flow downwards amdthe distribution of fuel
assemblies with rega to their power generation. The power generation stems tliem
radioactive decay of unstable fission products and actinides.

Flow reversal is made possible in lkpewer FAs due taatural convection in a large
number of parallel heated channels that are fed by the same downéarenesult,
unstable natural circulation floean occur. Furthermoréhe flow could be reduced and
the cooling of the FAs perturbaed some channeldeading to local nucleate boiling.
Another possible reasdar the occurrence dbcal boiling is the natural convection flow
in some FAdeingperturbed byhe outflow of water through a nearby leak. 36 also a
3D thermalhydraulic procesby nature

2.2.6.4Known applications and main drawbacks of these applications

Several SPF accideanhalysesvere performed using CFD [2.21§ or SYSTH codes such
as RELAP [2.2.&] but with pseud@D simulationsand ajunction between several
channeldo stimulatecrosd$lows. Detailed information is provided in a specific chapter of
NEA/CSNI report [2.2.63].

2.2.7.Passivesafety systems

2.2.7.1Introduction

Apassive safety system (PSS) is defined as
passive components and structures or a system which uses active components in a very
limtedwaytoi ni ti ate subsequen-]. passive operationo

In contrast to active safety systems, which are the basis of the safety concept of currently
operated reactors, a passive safety syste@s physical processes such as natural
convection heat transfer, vapour condensation, liquid evaporptesgsuredriven coolant
injectionor gravity-driven coolant injection.

According to [2.2.72], PSSs can be classified into two different groups:
1. PSSusedfor decay heat removal;

2. PSS usedor containment cooling and pressure suppression.
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ThePSS<onsideredor theremonal of decay heat from the core after a reactor scram are:
accumulator: prepressurised core flooding tanks

core makeup tanks: elevated tank natural circulation loop

gravity drain tanks

passively cooled steam generator natural circulation

passive residual heat removal heat exchangers

passively cooled core isolation condensers

sump natural circulation.

The PSSsused to removédieat from the containment amdducepressure inside¢he
containmenfollowing a lossof-coolant accident are:

=A =4 =4 =4 =4 A 4

i containment pressure suppression pools
i containment passive heat removal/pressure suppression systems
9 passive containment spray

The agplication ofPSSshas a wide spectrum of embodiment; plant design specific features
and commonT/H phenomena of natural forces, large advanced light water reactors
(ALWRs) and innovative SMR&.he weak driving forces of passive safety systems based
on natural circulation, careful design and analysis methods shoutthbigleredo assure
their intended safety functions.

2.2.7.2Phenomena involved in the PSS

The T/H characterisation for the same systems requiresonsideration ofcertain
phenomena,e. PSSphenomena.

The identification and characterisationpdfenomena involved in the operation of passive
systems are presented in Table [2.2.72].

Table 2.1. PSS phenomena identification

Phenomena identification Charactesing thermahydraulic aspect
1)Behavioun large pools of liquid (including Thermal stratification
surrounding SMR) Natural/forced convection and circulation

Steam condensation (e.g. chugging, etc.)

Heat and mass transfer at the upper interface (isg.tioa

Liquiddraining from small openings (steam and gas tra

2) Effects of nonndensable gases on condensi Effect on mixture to wall heat transfer coefficient
heat transfer Mixing with liquid phase
Mixing with steam phase

Stratification in large volumes at very low velocitie

3) Condensation on containment structure Coupling with conduction in larger structures

4)Behaviowf containment emergency syster Interaction with primary cooling loops
(PCCS, external air cooling, etc.)

5) Thermfluid dynamics and pressure drops 3D large flow patbgy. around open doors and stair we
various geometrical configurations connection of big pipes with pools, etc.

Gas liquid phase separation at low Re and in lamina
Local pressure drops

6) Natural circulation Interaction among parallel circulation loops inside and ¢
vessel

Influence obncondensable gases
Stability
Reflux condensation

SourcelAEA, 2009.
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Table 2.1.PSS phenomena identification (Continued)

Phenomena identification Charactesing thermahydraulic aspect
7) Steam liquid interaction Direct condensation
Pressure waves due to condensation
8) Gravitglriven cooling and accumulator behaviou Core cooling and core flooding
9) Liquid temperature stratification Lower plenum of vessel

Dowcomenf vessel
Horizontal/vertical piping

10) Behaviourehergency heat exchangers and isola Low pressure phenomena
condensers
11) Stratification and mixing of boron Interaction between chemical and tnetraalic
problems
Time delay for the boron to become effective in
12) Core makmptank Thermal stratification

Natural circulation

SourcelAEA, 2009.

The T/H performance oPSS is characterised by no less than a dozen key phenpomena
which were thercharacterised through specific descriptiansluding multiple relevant
T/H aspects as shown in Tabld 2

Particular attention should hgaid to the natural circulation phenomenomhich isan
important aspect in PSP eperation (see e.g. phenomena 1, 6 or 12 of Tab)e 2

The implementation ofiatural circulation as a central mechani@my. for nuclear core

heat removal, either directly or through the use of passive safety syagears toequire

a thorough understanding of local and integral system natural circulation phenomena,
validated benchmark data, accurate predictive taslsyell acomprehensivandreliable
analysis methods.

There are three important reasons for identifying the local and integral system phenomena
that can impact the natural circulation behaviour BS&or nuclear plant design:

1. Some local and integral system phenomemadadversely affect the reliability of
PSS.

2. Some modetlevelopmentsnay be needed to accurately model these phenomena
using predictive tools.

3. All significantphenomenanust befaithfully simulated in the test facilitiewhen
usedto assess the safety and operation of an advanced plant design.

A predictive tool, such as a computer code, must be assessed against applicable
experimental data before it can be used in the design or analysis of a reactor system. The
uncertainty in the codeds predictiamitss of Kkey
ability to model system operation during normal and transient conditions demonstrated.

These are the typical requirements fobtairing final design approval and plant

certification. Although numerous natural circulation experiments have been ocemduct

can be difficult to finda database that directly relates to mesign A new, properly scaled,

test facility will likely need to be designed aogerated to obtain a sufficiently broad range

of datafor the coddo befully exercised and assessed.

T/H aspects related to passive systems are studied in aMgthrging Group for the
Analysis and Management of Acciderif8GAMA) activity [2.2.73].
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The principal local transport phenomena encountered in the natural circulation systems of
an advanced water cooled reactoraetailedbelow:

9 a)reactor core phenomena
b) interconnecting piping
¢) heat sinks (steam generatqrs)
d) passive residual heat removal system
e) containment shedl(external air or water cooling)

f) containment cooling condensers/heat exchangers

= =4 =4 =4 4 =4

g) large cooling pools (for heat exchangers, spargers and as a source of coolant).

The integral system behavioig complexdue tothe coupling of many local transport
phenomena occurring in components and subsystémgredictive tools used to describe
integral system phenomena typically consist of sysbeanalysis computer codes. The
system transport phenomena detailedbelow:

1. working principles of a natural circulation loop.

The buoyancy force (that drives the fluid through the loop) produced by the density
differenceandacted on by gravity over the difference in elevation between the source and
the sink is known as natural circulation.

2. instabilitiesin natural circulation systems

TheT/H instability is any periodic time oscillation of flow, flow pattern, temperature, fluid
density, pressure or core power i/l system. Such oscillatiorsanarise in multiple
parameters simultaneously, may bephmase or oubf-phase with each other, andnbe
present at multiple locations in the system.

Theevidentadvantages of using natural circulation as a means of core heat removal have
prompted the worldwide development of separate effects and integral system test facilities.
The data from these facilities has been usédtioidentify a wide range of/H phenomena

that areimportant to natural circulation systems and alsoassess the predictive
capabilities of a variety oF/H analysis codes.

Passive heat removal using large water pools

Large pools of water at near atmospheric preskake beerincorporated into several
advanced reactor desigi®&me @amples include:

9 the pressure suppression pool (wet well) ofdbenomic simplified boiling water
reactor ESBWR);

1 the incontainment refuelling water storage tank (IRWST) of #uvanced
pressurised D00 AP-1000 andadvancegowerreactorl400(APR1400);

91 the flooding pool of the KERENAreactor (Siedewasserreaktd000 SWR-
1000);

1 the pool of the passive auxiliary feedwater system (PAFS) aidiiancegower
reactorplus (APR4);

1 the gravitydriven water pool of thadvanced heawyater reactorAHWR);
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9 the flooded reactor pool ¢ie NuScale modular reactor
9 the reactor water storage tank of the mPower

These large pools provide a heat sink &ither heat removal from the reactor or
containment by means of natural circulation inside the pookaagoration of the water
inventory, as well as a source of water for core coolitgat exchangers consisting of
vertical oralmosthorizontal tube bundles are uded the heat transfeDue to the limited
zone in terms of volume waide spectrum of geometric configuratidnghe large poolss
possible whichresuls in an inhomogeneous distribution of pool temperature and thermal
stratification. Depending on the considered redc#esign, the water reservoir (together
with connected componentsg.those usefbr heat transfer) isspecially importanb the
control of many of the initiating eventBhe following paragraphs providedascription of

the processes typically occurring inside the pool during operation.

Description of the operation method

Thermal stratification can occur during theaing of the water inside the pool by an
immersed heat exchanger, witke lowest temperatures below attk highest within the

heat exchangeTemperature decreasebove the heat exchangdue to mixing with
unheated water at the top of the pool. The inhomogeneous temperature distribution causes
natural circulation inside (parts of) the large water pool. Subcooled bea#imgccur on

the heat exchang&rsurface,with the rest of the water inventory temperatibelow
saturation. Pressure inside the containnoery increaseslowly during this state ahe
operation. Oncall the water inside the pool is in saturation conditions, boistr@ngly
increasegressurewithin the containmentAdditionally, injected steam may be released
from the pool into the containmeand further increageressureUnlike most large pools,

the pool of PAFS of the APR+ is located outside the containrhientever, temperature
stratificationis also important in the pool of PARScausehermal stratification and
natural circulation play a key role in heat transfer between the heat exchanger and the water
pool.

If other passive systems with naative (i.e. small) driving forcesreimplemented in the
facility, the processes inside the paaluldtrigger thes e s y activatioms An example

is the interaction of the emergency condenser and the containment cooling condenser of
the KERENA SWR1000 design. The containment cooling condenser is located above the
flooding pool, which is heated up by the emergency condefsier.the steam evaporated

from the flooding pootomes into contaawith the containment condseib s t hedit e s
removal is initiated. The heat transfer is affected by the local concentration of non
condensable gases within the containment. Ultimate heat sink of the containment cooling
condensealsooccurs ina large water pool.

Several advanced reactor designs implement core-ojatenks (CMTS) to provide natural
circulation cooling to the core. CMTs are elevated tanks connected to the reactor vessel
and primary loop at the top and bottom of the tank. Special lines connecttibra bf the

tank with the reactor vessel, termed D¥Aln important interaction occurs between the
CMT, accumulator and IRWSIh relation to DVI andhe actuation signal for automatic
depressurisation. The tanks are filled with cold borated water androaitg coolant
injection at system pressure. The tanks are normally isolated from the reactor vessel by an
isolation valve located at the bottom of the vessel. The fluid alsexyses the fullystend s
pressure through the top connection line. In the event of an emergency, the bottom isolation
valveopengo complete the natural circulation loop gretmitcold borated water to flow

to the core. The relative elevatiafi the corecompared tahe CMT, and the density
difference between the hot primary systerater and the cold CMT water creates a
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buoyancydriven natural circulation flow that eliminates the need for a pump. Decay heat
is removed from the core by convective heat transfer from the fuel to the ghagle liquid

in the reactor vessel. CMT behaviour includes natural circulation, ligugdmal
stratification in the tank, and liquid flashing during plant depressurisation.

2.2.7.3Key parameters

The nost important parameter of a PSS using a large water pool for heat removal is the
heat e X ¢ h a n g eheat ttansterecapacityn he¢ leeat dransfer dependde

single or two-phase flow states on tlheu biesgl@®and outsidddeat transfer capacityno

the poolside of the heat exchanger tube bundle, where pronounced 3D flows establish, is
mainly influenced byhefollowing parameters:

1 single and twephase heat transfer ialfnos) horizontal or vertical tube bundles,
depending on the particular design;

fluid temperature in the pool;
fluid velocity in the pool and around the tubes;

1
1
91 thedegree of temperature mixing inside the pool;
1

heat and mass transfer between the water inventory of the pool and the containment.

2.2.7.4Main 3D phenomena

The parameterglentified in the previous sectioare the most significant for the heat
transfer capacity o PSSandare mainly influenced by the flow state inside the pool. A
3D two-phase modelling of the macroscopic natural circulation processes inside the pool
would capture flow behaviour ar@brrespondingemperature distribution and evaporation

in the pool.

The followingmost significanBD phenomenthathave to be simulated bySY STHcode
can be considered:

9 3D natural circulation: it determinéisetemperature distribution and fluid velocity
inside the pool and in the region of the tube bundles.

T (Subcooled) nucleate boiling at the tubeds
affect the degree of 3D mixing inside the pool due to increasing buoyancy effects
and fluid velocity.

1 The @ndensation of bubbles inside the water reservoir and release of vapour out of
the poolinto the containment: the strength of these interdependent processes
influencesthe heat and mass release out of the pool thedebythe degree of
subcooling inside the pod\ sufficiently exact description of the free water surface
inside the poomustbe provided by the employed simulation cadeorder to
capture this phenomenon

1 The mndensation and evaporation at the free surface of the water: these processes
affect the water inventory of the pool. Their simulation requires a detailed
resolution of the free water surface as welhasnsideration of the effect of nen
condensing gases in the atmosphere on the mass transfer rate across the water level.
The fluid at the top of the pochnreach the saturation temperature while the bulk
fluid is still sulcooled depending on the actual temperature distribution
Temperature stratifation thus influences local evaporatiorCondensation and
evaporatioralsoimpact the pressure increase inside the containment.
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Another important quantityhat directly affectsthe heanhg and natural circulation in the
pool is the twephase heand condensatiamansfer atth e at e x c hamnerggedr t ubes 6
the outer surface Adequate heat transfer correlations for the prevailing flow regimes and
fluid conditionsmustbe implemented. The correlationsed toaccount for the 3D bundle
character of the horizontal or vertical tubes us¥d.flows and the 3D nature of the
temperature stratificatiomn all the above described phenamaerequire appropriate
modelling. The simulation of a large pool with an acceptably fine grid to capture the
relevant flow processes generally also necessaihe turbulent diffusion and dispersion
terms aresignificant for temperature mixing phenomeiie processes at the free water
surfacemustalsobe considerefbr the simulation of twegphase flows, interfacial friction
and heat and mass transfer

Some rather coarse 3@bdalisatios were used to model such passive systems aith
porous region and open meditinatcapturedhe phenomenather well. These situations
usually haveturbulence mixing effects ovwahadowed by density gradients. However,
other situations more sensitive to turbulencgingi may require a finemodalisatiorof all
zones with shear flows.

2.2.7.5Known applications

In the pastseveral CFD codebave beeremployed to simulate (singlghase) natural
circulation and temperature stratification inside a water,paloich wasused as heat sink

in aPSS [2.2.74]. Recently, the 3D model of Analysis of THeramgidraulics of LEaks

and Transients (ATHLET) was employed to simulate the flooding pool of the INtegral Test
Facility KArlstein (INKA) test facility, representing the KERENA S\WIRO00 design. The

T/H aspects that had to be captured with ATHLET were:

heat transfer frorthe primary side to th¢ o o wateisinventory

1
1 single and twephase natural circulation inside the pool
9 tracking of 3D water level

1

boiling and vapour release to the containment across the free water.surface
The following tests were simulated [2.25]:
separatesffect tests

emergency condenser tests for the simulation of thermal stratification within the
core flooding pool during heaip by the EC

1 passive core flooding test, with focus on the mixtleneltracking model of
ATHLET to capture drainage of the flooding ppool

IET;
main steam line breaMSLB);

additional calculations are intended for the future: feed water line break, RPV
bottom leak and station blackout
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3.Physi cal model s

3.1.Flow regime identification

Flow regime identification iighly importantto the development ophysicallybased
mechanistic closure laws. Interfacial transfgreatlydependon the interfacial structure
which caninclude bubblesanddrops of various sizeand large interfacesuch adree or
film surfaces. Wall heat and momentum transfers also depetiie flow regime. Flow
regime maps exisin an experimental basis for twahase flows in horizontal and vertical
pipes and for preand posiritical heat flux CHF) conditionsin the contextof wall
heating. Howevemo such flow regime map exists for the various-saimponentof a
light water reactorl(WR) pressurevessel. This was a difficulty fahe zeredimensional
(OD) andonedimensional 1D) modelling ofthe annular downcomer, lower plenum, core
rod bundle, upper plenum and upiperad.There is imited information available for flow
regimes in the coravhich is the most important component in safety analygagous
system codebaveimplemented flow regime mapisat depend to a certain extentftow
geometry. For exampléhe Code for Analysis of THermalhydraulics during an Accident
of Reactor and safety EvaluatioBATHARE) code developed in the 1D modudeves
specific interfacial friction correlationsifeubes, rod bundlemndannuli. This is almost the
same caséor Analysis of THermahydraulics of LEaks and Transients (ATHLET)r
which the geometry, tube or bundleasditionally considered for the wall heat transfer.
However, all other closure lave® not depend ogeometry. For example, in CATHARE,
with a 3D modelling of a core, the rod bundle interfacial fricttatwas developed for 1D
is used whatever the flow directiofiherefore there is no consideration of timapact of
the flow directionon the flow regimeA specific set of interfacial friction models is used
in the annular downcomewhich was based on thpper plenum test facilitfyPTF) test®
analysis. A keyword was necessary in the CATHARE code developnfi@nta 0D
modelling of lower plenum and upper plenum. The keyword identifieccomponent and
activatal specific closure laws controllinthe lower plenum voidingremaining mass at
the end of alarge break lossf-coolant accident (LB.OCA) blowdown and de
entrainment irtheupperplenum duringa LB-L O C Aréfleoding phase.

Much more has to be done to achiewmmplete and detailed modellingtbEgeometrical
effectsinape s s u r e subeom@rehtdirs all situations of the domain of simulation.
Only dominant phenomena in some LOCA situations rsvéarbeen considered and
treated in some dedicated closure lénamodel some geometgependent flow reginse

3.2.Scaledependent modelling and mesh convergence

All principal variablesn 1D models of system codese functions of abscissa and time
solutions of the set of partial differential equations. The equations are destritibe
solved, and mesh convergence and time step convergence tests are neCeBRBTNSD
numerical errorThe blerance criterialependon the situation of interest and required

s i mu | aatcuracy. $ndmany cases, the use of rather coarse meshes is acceptable
although the firsorder upwind scheme induces rather high numerichlgddn. The axial
evolutions of flow parameters are often dominated by convective and source terms due to
wall and interfacial transferAs a result,axial diffusion (molecular and turbulent) is
negligible as well as numerical diffusion.

What isoften termed.D flows are in fact 3D flows with a privileged directjdar example
in a pipe or rod bundjevhen the flow is parallel to the rods. However, strong gradients of
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flow parameters (phase velocities, phase temperatures and void fraction) exist in the radial
direction due to wall friction and wall heat transfers. Such gradients induce high molecular
and turbulent diffusion termsvhich are simply modelled as algebraic wall transfers (wall
friction and wall heat fluxes).

The use of a time and space averaginghemtegration ovethegiven space domains of
apressure vessePy) in a porous 3D moddilters all mixing processes at the space filter
scale.All turbulent time fluctuations are filtered. Some of the space gradients are also
filtered. Both time and space filtecanlead to mixing processdbat affectthe mean
variables and require specific modelime averagingcan be assumed to covére
spectrum of turbulent time fluctuatioinsas in a singlgphase Reyndis-averaged Navier
Stokeg RANS) approach and requires turbulent diffusion models. However, the use of a
space averaging or integration requisesledependent dispersion terms to model the
mixing effects, which depesan the space filter scal®ispersion termsanthereforebe
treated as a turbulent viscosity (conductivity) in singasdargeeddy simulation (LES)
model.

Two slightly different approachesnbe used in porous 3BYSTH codes

1. A homogensed spacefiltering approach all equations are filtered using
convolution products. This results ilhamogensed problem and the solutiomill
produce continuous filtered flow variablestime andspace. In this approach, the
required mesh size is smaltban(or atleastequalto) the space filter.

2. A space integration approach: space integration is fiasemlumes linked to the
solid structures. For example, there is theckabnelanalysis approacim a core,
with integration over the volume of each sblnnein the radial direction. There
may be other more macroscopic approaches avithtegration ovethe assembly
or part oftheassemblyor even a volume containing several assemblies.result
is a discretsed problem with a juxtaposition of OD interconnected control volumes.
In this approachthe mesh size is equal to the space integration scale.

The former is a rather theoretical approach, which canfbelfhe general derivation of
equations. Howeveusing it results irthe link to the physical realityeingpartly lost and
the second approach might malaysical modelling easiemwhich is preferable for
engineering applications.

The homogenised filtered approach requine® andspace convergence in the same way
as the 1D mode]svith the difference that there ageeaterchancef havinggradients in
three directions than in the axial direction of the flow.

Forthe space integration approach, the models for all diffusive proaesstdependon

the mesh size. The validation should also be made dependent on the meshdsize
determination of the uncertainty of each closure law. No mesh convergence is rdatired
only atime step convergence. Howeydetermining the model accuracy or uncertainty as
a function of the space scale is a similar exerms#going mesh convergence study in a
homogenised space filtered model.

The mesh sizian the code application to reactor transiesfitsuld be similato the one used
for the validationand the uncertainty shoudgtcount foithe mesh size dependence.

3.3.Wall friction and singular pressure losses
Wall friction terms in gas and liquid momentum equatioresstandard 1D twéuid model

are usually derived from old correlatiathsit weredeveloped for 1D threequation models
[3-1] and[3-2]. Such models were developed from tube datdthereforenot flow regime
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dependentbut coveredhe whole domain of void fraction in a continuous way. A phase
repartition of the total friction term for the twahase mixture is necessawhich requires
furtherresultinterpretatiorfrom data analysibecausdt is impossible to measure wad-
vapour and walto-liquid friction separately This repartitioncan result from physical
assumptionsaboutthe flow regimesSuccessive modifications of the old models were
found necessary the CATHARE codeafterthe comparisorof a large data base and two
flow regime transitions in the final modelling. The stratification criterion and the onset of
droplet entrainment are used in the wall friction mogkich now considers three possible
situations;

1 stratified flow regime
1 non-stratified bubblyslugchurnannular flow regimes
1 non-stratified annulamist flow regime

The general formulation of the wab-phase k friction ternf  in 1D models is:

t 0 00 ——

. is the friction perimeter (m)
0 "Qs the singlephase wall friction coefficient
0 is a twephase multipliethatdependonthe flowregime
In a portion of duct of length L, the friction pressure logbésefore

. 0 & & e
v Wssag 29 gg5q®
0 c c
with:
) 10
O i

The models fod andd “Care validated for tubes ahdve beeextrapolated to annuli and
rods, or tube bundles, due to the lack of experimental data in all geometries.

The same friction terms can be us@®@D modelswith two possible extrapolations:

t 5 .0F W 0Q Wy —
or
t 5 LO0F WP 0Q P —

... is the friction perimeter for a flow along the j direction (m)
W is the jcomponent of the velocity vector for phase k (m/s)

Tt  is the jcomponent of the friction for phase k (N/m)

! As implemented in CATHARE
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The second formulation is supposed to be more physically based (the friction vector is
collinear to the velocity vector) but the first formulation maypoeferablewhen large
meshes are used for numerical reasons.

The pressure repatrtition along walls in singular geometries induces some pressure losses
thatare expressed in the following way in bbephase models:
v o B2
q
The form loss coefficient caonly be a constant dependent on geomeirya function of
the Reynolds numbeA repartition of the singular pressure loss term is hecessamo-
phase flow A simple repartition is implemented in the CATHARE code:

C
However, this repartition induces a rather strong perturbation of the void fraction and slip
ratio. Since no experimental data can provide sufficient information for this repartition, the
total singular pressure loss term is usually modelled and a riepanmiay be chosen which
does not influence the slip ratio. It must satisfy the following conditions:
Yo 5 YO 5 WO
p | Y0 oo Y0 BT

Yo ooq 0|

This is obtained with the following repartition
v~§’6 oo yﬁv~
Yo 5 p | Y
The total singular pressytless may be expressed as follows:
Y0 0 ¥ or ¥ o ¥

In a3D module, the simplest extrapolation of wall friction and singular pressure losses was
first implemented

Weé 67 . . Po
M —oa —
on 106 0 Q i WP W
0 —oa Y <
Woe 6 . . PO
M —oq Y Y

However more complex formulationsan be proposeathere each component of thé
vector dependsnt he t wo angles d and (G bet wedahen t he
figure below) such as the following expressions:

We 6 . . aPo
Yo O—Q ] O b T
o w6 6@ . . WP
Yo Qoo U] O b T
Woe sQ . . . Pa
Yo T ] O b T
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Y

X

No experimental data aurrently available to determine the functici®— in the
reactor core where frictiocanplay a significant role.

3.4.Interfacial friction

In 1D models, the interfacial friction is expressed as:

T 06" Yoyn
0 interfacial area density (f)
0 interfacial friction coefficient

gas or liguid density (depending on the flow regime)
Yo velocity difference between phases (m/s)

o M hid ¢ dependnthe flow regime that is determined in the codethefasis of flow
regime maps.

In a 3D module, the simplest extrapolation of interfacial friction was first implemented
with the assumption a$otropic behaviour:

T 06" AYORY®
However, more complex neisotropic formulationgan be madeyhere each component

of the interfacial friction vector dependsm two anglesd a n fbr eample inthe
following expression:

T 66 "0-h AORP
T 866 "0 b AP
T 86 "0-h AP

A tensor formulation of the friction coefficienan also be made

5 &6 6
t 56 8 8 ARV
5 6 6

No experimental datare available to determine the functionsf g or the tensor
components in the reactor core where the geometry issotnopic.
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3.5.Wall heat transfer

Wall heat transfers were first established and validated in 1D models. Heat transfer
coefficientsonly dependon one geometrical scale (the hydraulic diameter) and the two
phasic velocities. The simplest extrapolations just replaced the two phasic velsitities

the modulus of the two velocities. No other geometrical effects were taken into account
even inthe presence of singular geometry such as spacer grids. However, a bundle
geometry (horizontal or verticafight have aignificantimpact on heat transfer

A more complete modelling wouldccount for thepossible effects of the flow velocity

direction(e . g . 0 n)imacgré andgeametfical parameters other than the hydraulic

diameter. Some worlas foceed onthe effects of spacer grids in a colat no
experimentaldatareavai | abl e to determine the functions

3.6.Interfacial heat transfer

Interfacial heat transfers were first established and validated in 1D models. Heat transfer
coefficients dependn only one geometrical scale (the hydraulic diameter) and the two
phasic velocities. In 3nodelsthe simplest extrapolatiossmply replaced the two phasic
velocities by the modulus of the two velocities. No other geometrical effects were taken
into accounteven in presence of singular geometry such as spacer grids. One exception is
the splitting of drops on spacer grids in refloodimgpich increases the steato-droplet

heat transfers and the wad-droplets radiative heat transfer.

A more complete modelling woulthclude thepossible effects of the phase velocity

directions (e.g. on angles d,d4 in a core) and
diameter on all possible interfacial transfebsit no experimental datare currently
available.

3.7.Turbulence and dispersion

The time averaging of momentum convection terms causes momemhutent diffusion
(thefirst right-hand side term afhe below equation Space averaging or integration of
momentum convection terms causesnmmentum dispersion terms. Both terms can be
modelled as diffusion terms. The dispersion tex@n become significantly larger than
turbulent diffusion terms in componem@nsisting ofnany internal structurefor example

a reactor core. Thmomponentsirehighly sensitive tageometrydetailsandin paticular to
mixing vanes of spacer grids in cdhatare designed to promote radial transfers between
sulchannels Some component codbavemodelled the effects of spacer grids as a-non
isotropic wall friction tensor in a sabannelmodel to bettetaccount forthe specific
arrangement of various mixing vadesientations.

I M— | m6B6EDP —ngnym4 N0 & & | mC

Turbulent dispersion of the void fraction results fréme time and space averaging of
viscous and pressure interfacial forces. It is included in the interfacial momentum transfers
& and represents the transport of a dispersed phase (bubbles or drops) by the turbulent
eddies of the continuous phase.

Turbulent diffusion of heattle third righthand side term dahe below equatignresults

from the time averaging of enthalpy convection terms. Heat dispersion terms result from
the space averaging or integration of enthalpy convection terms. Both terms can be
modelled as diffusion terms. The dispersion teoasbecome significantly larger than
turbulent diffusion terms in componem@nsisting ofmany internal structurefr example
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a reactor core. Theomponentarehighly sensitive to details of the geometry, in particular
to themixing vanes of spacer gridsdcore.

h Ny M ° 0 n8ny me@ °
M ( c ny ( c
6 . .
Ny m@&BB N3 ( — 1§ N nN 3N
Momentum and heat diffusion and dispersion coefficients are coupled and may be related
through a diffusiordispersion Prandtl number.

Diffusion and dispersion terms also eXist a scalar transport (e.g. boron concentration),
which can be coupled to momentum diffusiaispersion terms through a diffusion
dispersion Schmidt number.

There is soménformationavailable from small rod bundle experiments (cf. Chapter 5)
aboutsuch diffusiondispersion terms in rod bundlsach asa pressurised water reactor
(PWR) Sulzhanneland Bundle TegtPSBT),boiling water reactorBWR) Full-size Fine
Mesh Bundle TedBFBT), AGATE (cf. 5.1.13.4) GRAZIELLA (cf. 5.1.13.3) OMEGA

(cf. 5.1.13.2) PERICLESrectangulalcf. 5.1.5) cylindrical wretestfacility (CCTF)and
slab ore test facility (SCTF). These terms are usually neglectedystemthermat
hydraulic T/H) codes and somexplanationgor thesesimplifications are as follows:

9 It can be reasonably assumed that the turbulent void dispersion of momentum plays
a minor role vien crossflowsrisedue to radial power profilethatinduce void
radial gradients and buoyant recirculation (below a swell level in a core uncover)

9 It can be reasonably assumed that the turbulent void dispersion of momentum plays
a minor rolewhen crossflowsarise due to radial power profileghat induce
temperature and density radial gradients.

9 It can be reasonably assumed that the turbulent void dispersion of momentum plays
a minor role vinen wall heat transfers and interfacial heat transfer are high (core
during core reflooding or core uncovery).

However it would be better to quantify such terms than qualitatively nagtpttiem The
modelling of such diffusiomispersion termis also important, as is the fact thia¢ effects
of crossflows dependnthe space integration scale and mesh size.

3.8.Modelling of the chimney effect and other crossflow

Core uncovering phases are expectedng lossof-coolant accidentl(OCA) transients.
A lack of water coolingan result ira two-phase mixture upntil the swell level and a pure
vapour flow in thec o r w@espart. Such configuration takes place aftesthemwhen
the power decay is below 5% nominal power (NP3]3

Water is generally at the saturation temperatumger the swell levednd boiling occurs
due to power decay. Hot assemblies with kHiglver regions produce more vapour than
othersand gravitydriven natural circulation creates a radial flow from Raglwer regions

to low-power regions. This phenomenon tends to homogenise the void frdttismadial
homogenisatiormeans thaswell level is almost uniformThe phenomenoihas been
observedn experiment$3-4] and[3-5]. The vapour mass flux leaving theell levelalso
tends to be homogeniseatiie to radial flows. The prediction of these crossflows is
controlled by the wall and interfacial friction models for repfial twophase flow.
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In the dry zone, where cladding temperature excursion qabervapour flow is mainly

axial. There can be aigiher cladding temperature in the highest power assembly. Then,
crosglow can occur between assembliascording to the radial power profil@wo

situations couldrise  tchiemiey 6 e f f e ¢ scomevrbmethe dowestrpaovers f | o w
assemblies to the higher power gresdthefidi ver gi ngo ef fect, where c
from the highest power assemblies to the lower power ones. The cladding temperature is
linked to the local vapour mass flux: higher cladding temperatures are expected with lower
mass flux.Crossflowsthereforeimpact thepeak clad temperature (PCThefich i mney o
effect tends to decrease the R@hile thefidi v e r g i ntendsto mdrelase the PCT by

providing or removing cooling to the highest power assembliesiré&gj1 presents both

situations. The predictionfdhese crossflows is controlled by the axial and radial wall

friction and singular pressure losses models iraraal vapour flows.

Figure 3.1. Chimney (right) and diverging (centre) effectphenomena (radial power profiles appear in grey)
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4.1 mpl ement ati on of sB3dt-sceaaplldebCOD d 9 e s

Engineering design and safety analyses of nuclear installations often require modelling the
entire power plant coolant system. Some general information, not specifive®
dimensional 8D) modelling, on features implemented system thermathydraulics
(SYSTH) codes can be found 1] and [42].

The current simulation tools still havinitations that industries and regulatory bodies
would like to address. Some limitations are related to the simplifications and assumptions
behindthe models of the systestale codes describing physical phenomena.

The field equations are averaged in time and in sipeggstemscale coded-low systems

of anuclear power plardgre mainly built of pipeand thereforene-dimensional(1D) flow
equations are usually sufficient. Howeyait flows are3D by nature an@D phenomena
predictions are nowadaygplite essential for correctly reproducing the system behaviour
periaining to recenhuclear power plasbgenerationThe development of 3D capabilities
in thermathydraulic (T/H) system codesvas followed by asimple extrapolation of 1D
closure laws to 3D models. There is no guarantee that these simplificatoakvantto

all situations. The growing role of 3D mdliley of reactor cors and pressure vessel
requires additional experimental data for a proper validatiat least transienthatthe
2D-3D experimental programntid not address

Some nformation related to some of the present 3D SYSTH codes is summarised in Table

4.1.
Table 4.1. Overview of main features of 3D modules in SYSTH codes
CODE Models and Numerics (Time) Equation Numerics Solution Notes
correlations discretsation | (Advective Algorithm
(3D related) terms)
E SI NI/FI O FV| FD|/ U HO O
ATHLET | Multidimensional X X X Linear implicit Extrapolation
flow model Newton method method to
achieve higher
order accuracy
CATHARE Multidimensional X X X X Full Newton
flow model iterative method
3D diffusion
terms
MARSKS = Multidimensional X X X X 1. Solve for Lineariseseven
flow model phasic velocities equations
3D diffusion as function of including non
terms pressure and condensable gas
3D conduction substitute to continuity
terms mass and energy equation
equations
2. Solve for
linearised
pressure
equation
3. Back
substitution for
remaining
variables
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Table 4.1.Overview of main features of 3D modules in SYSTH codes (Continued)

CODE Models and Numerics (Time) Equation Numerics Solution Notes
correlations discretisation (Advective Algorithm
(3D related) terms)
E SI NI | FI O FV| FD U | HO O
SPACE Multidimensional X X X X 1. Solve for Linearise ten
flow model phasic velocities equations

as function of | including non
pressure and condensable
substitute to gas continuity

mass and equation
energy
equations
2. Solve for
linearised
pressure
equation
3. Back
substitution for
remaining
variables
RELAP Multidimensional X X X X X Border profile
flow model lower upper
BackwareEuler
(BPLU)
TRACE Multidimensional X SETS X X | X CD Sability-
flow model enhancing
no models for two-steps
turbulent diffusion (SETS)
and shear between
fluid cells
FV: finitevolume FD: finite difference
E: explicit Sl: semimplicit
NI: nearly implicit FI: fully implicit
U: upward difference HO: higher order upward difference
CD: central difference O: other

The existing 3D TH system codes are too numerous to be presented in this report.
However, the ones presented hereafMul(i-dimensional Analysis of Reactor Safety
[MARS], Safety and Performance Analysis CofiGPACH, Analysis of THermat
hydraulics of LEaks and Transients ATHLET] and Code for Analysis of
THermalhydraulics during an Accident of Reactor and safety EvaludisiHARE]),

which arebased on the contributions received fromtdsk group memberare sufficiently

A

representative of the current status to cover idd3t c a p afbatudes. t i es 6

General considerations are followed by specific code descriplibe main characteristics
of these codes arsummarisedand propositiongiven for the code @apabilities and
limitations, aimingto clarify what theconditionsarefor a correct application of the codes
for safety analysis.

4.1. Approaches

4.1.1.Field equations

The cerivation of the field equations used in SYSTH codes starts from the fundamental
physical principle of mass, momentum and energy conservation. Thédinagiour of
each field considered in the systsgale codes model is describegingfield equations
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that are averaged in time and in spatle spatial and temporal averagimgans that
additional models are needed to compenfatte loss of information.

Further simplificationsvould reduce the number of solved field equations in systeahe
analyses. Different simplificationgroduce different flow models andseveral field
equations:

9 homogeneous equilibrium model (HEM)
9 drift-flux model

M the twofluid model

9 multi-field models

Fewer assumptions are associated with a larger number of field equatighsrahore the
predictions arenore accurateHowever usingmore field equations alstemands mar
constitutive equations artdus greater quantities that must be measured

One or more types of multidimensional components or modules have been implemented in
current SYSTH codefsom the equations of 1D componettst have been modified and
extended to 3D componentsuch as thdulti-dimensional Analysis of Reactor Safety
Korea Institute of Nuclear SafetyMARS-KS) code which has two kinds of
multidimensional componentBurthermore specific options for 3D modules exist in the
codes TRACE,reactor excursion and leak analysis programmeRELAPS and
CATHARE for modelling he reactor pressure vessel.

Nearly all current twephase flow models used in present SYSTH codes are bashd

itwad ui d model 0. Phases are treated as i nter
separate balance equations for each phase are obtained by a space andfarisaenble

averaging of the local instantaneous basic flow equatiéos the ensemble averaging,

source terms represent the wall and interfacial transfers for mass, momentum and energy.
Generally, the norquilibrium twaphasehreefield (of continuous liquid, gs/vapour and

droplets) governing equations are implementsaltirec o d #@andule in Cartesian and

cylindrical coordinates The droplet field isometimesonsidered separatelyut only in

the mass and momentum equations. The field equations and assumptmetaaienally

componentor geometryspecific.

The porous media approattas beenwidely adoptedwith the aim ofincluding the
geometric features of the system parthe modding while also enabling coarse mesh
nodalisationof the reactor vessel. Nasondensable gas and a boron transport equation
havealsobeenconsidered.

4.1.2.Numerical scheme and solution algorithms

The field equations have to Hescretsedin time and in spac®r numerical solutionsThe
temporal discregation is inherently connected to tfimplicit or semiimplicit) solution
methodused Fully-implicit algorithms are morelemanding ofcentral processing unit
(CPU time to solvebut mayhave some advantagahdy bring abouheither material
Courant Friedrich$ Lewy condition[CFL] nor diffusion time step limitation) [4-2].

The first-order upwind scheme is mastmmonlyusedfor the convection termig spatial
discretsation Thisproducesa stable and robust solution schemvhich isalso associated
with ahigh level of numerical diffusion.

The system c ode besactualsspatiafliscratgation vehite building thet
simulation model.Guidance is usually provided by code developers and should be
followed.
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Practically all systerscale codesisethe secalled staggeredrid discretsation In this
scheme, the momentum equations are disebtt different points than the other (scalar)
field equations:

9 pressures, enthalpies and void fractions are solvadim | c ul atenten cel | &s
9 velocities are solved at tliee | bbusidaries.

Solving all the field equations with fulynplicit discretsation at the same time is possible

whenthe general approadh used with nodinearpar t i al der i PRE®i)ve equat
generalised Newton methothis solution method is used in the CATHARE or ATHLET

codes, among other3he drawbacko this approach is that the matrix that has to be

inverted (the Jacobian of the coefficient matrix) becomes relatively, legelting inthe
inversionrequiring a large CPU This isespeciallythe casan 3D situations wherethe

coefficient matrix idar denser than iaD situationsEfficient methods for calculation and

storage of the Jacobian atleerefore requiredThe drawbackcan be bypasselly a

numerical estimation of the Jacohjanthe use of Jacobiafiree NewtorKrylov method.

The other option is to use naterative semimplicit methods which produce a rapid
calculation speed (low computational cost of a single time .dttqpyever the time steps
sizes are limited by the material CFL condition. Ni@mative semimplicit methods are
used in thdollowing computer codeRELAP5, TRAC, TRACE, MARS and SPACE.

High-order numerical methods with flelimiters or other low diffusivity methaihave
alsobeenconsiderediuringrecent development of SYSTH codes f4]land[4.1-2].

4.2. Simplifications and limitations

The systenscale codes use simplified approaches and methods to achieve thelihgoal.
following limitationsmust be kept in mind when system codes are [4584.]:

1 Many physical phenomena highly depesrdgeometry and the modetlerefore
may onlybevalid for specific geometry.

1 There can be significamincertainty associatedwith closure lawsdue to the
simplification of physicsisedor the presence of nemodelled phenomenand a
better and more accurate motlerefore mighbe required.

9 Correlations are derived for fuligeveloped flowwhich iscertainlynot the case
for nuclear technology.

1 Computed quantities are time and space averaged, providing a limiednd
space resolution dime andspace variations.

Another important limitation of present system codescernghe coarsaodalisationof
the reactor circuit due to CPU cost. The geometrical complexitygkly simplified for
this case lad specific effects cannot be predicted.

Informationaboutlocal flow processesuch as turbulence and transfers at the interface
separating the two phases or at the region near the walls, duosd the averaging. This
lost information musbe compensatdor by additional modelling for specific phenomena,
which leaddo errors duetd h e ¢ | o Bnperfectiohsamnd sidnerical issues.

Closure laws are empirical correlations based on measurements in different geEometr
(circular pipe, rod bundle or tube bundle, annthigt donot cover alpressure vessePy)
subcomponents and situations:

1 The correlations are always based on stesdie measurements.
1 The parameter ranges used for deriving the correlations are often limited.
1 The correlations are usually tuned during the validation process of a code.
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Their intrinsic origin asnextension of the 1D component equatibas resulted ithe 3D

modelshowingsome limitationswhich aremainly related to theypically-employed coarse
numerical grids and the closure relations used for the physical modéflimgels and
correlationghat weredeveloped for 1D flowthe condition ofafully -developed 1D flow
and simple geometry) haatsobeen extended to tt8# modulecode in a simplified way.

The coarse meshes limit the spatial resolution of flow phenomena teskalpeeffects,
while the adoption of models and correlations developed specifically for 1D situations
means that there is now a great need for the developmaspetialised set of experimgnt

to validate the 3D modules (e.g. in the bundle region, downcomer) in more 3D flow
situations. Confidence in the simulation results obtafrmd systemscale tools has to be
established through an extensive verification and validation effort.

The 3D diffusion terms (the viscous and turbulent stress terms in the momentum equation
the fluid molecular and turbulent energy diffusiandthe dispersion terms due to space
averaging) are sometimes not present in the 3D madtied canimpair the modelling of
natural circulation at low flow or quastagnant flow in large tankg.g. passive cooling
tank. The MARSKS codesapply a s i mp | e mikng d¢engtht modeko the
implementation of the turbulent diffusion termdowever,this application ofsuch a
simplified modelis only suitablefor relatively fine grids. Models for turbulent and
diffusion phenomena are also implemented as options in some 3D modules.

The relative importance of the diffusion terrssongly dependson the porosity and
hydraulic diametersThe transfers with walls (friction and heat transfénsa fairly low
porosity smaHlhydraulicdiameter component such as a light water reactor (LWR) core can
play a dominant role compared to diffusion terms. Natural circulation phenomena are then
controlled by a balance between wall friction and buoyancy foinetead ofa balance
between diffusion and buoyancy forasin an open medium. The objaa is toclearly
identify thesubcomponent and physical situatiansvhichdiffusive termsshouldbe used

and validated.

Additional effortis also likely required to identifthe flow regime in complex geometry
multidimensional components amtkvelopsuitable theoretical physical models for 3D
applications, such as transport equationgfonterfacial area or turbulent scales, or multi
field modelling.

4.3.Review of 3Dsystentscale analysis codes

The development of the present generation of system codes was initiated in thieyears
1970 to 1980. The main objective of developing these cadsto replaceevaluation
models thatised conservative assumptions best estimate approawhth more realistic
predictions ofthe accidental transients of a pressurised water red@WRY or boiling
water reactor (BWR).

SYSTH codes have a wide range of applicatidram research to safety and design
purposes. Examples i applications aréistedbelow[4.2-1]:

1 Safety analysis

1 The quantification of the conservative analy8swargin

1 The nvestigation of plant operating procedures and accident manag@hint
1 The cfinition and verification oEmergency operating procedu(EOFs);
1

Investigations for new types of fuel management
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1 The peparation and interpretation of experimental programmes with scaling
analyses

Licensing when used intsest estimate plus uncertainBEPU) approach

The design of new reactors and systemsludingthepassive features for thieird
andfourth generations ofiuclear power plast

1 The implementation in a full scope plant simulator.

The gstem code application hafienbeen extended to the field of severe acciddritsy
are coupled with other coddsatmodel core degradation and fission product release

3D modules were implementedanSYSTH codes with the main objective of modelling
largescale 3D phenomena imaclear power plargressure vessel duritegyge break loss
of-coolant accidentd 8-LOCAS), for example emergency core cooling systeBEGS
water downcomer penetratiaor reflooding of the core with transverse power profile
effects. The range of application of the 3D modectele usually relate tthe reactor
pressure vesseRPV) andcore.A 3D component is rarely used to model thatev pools

of passive safety systems, moderator tankséssurised heavy water reacteHWR) and
thespent fuel pool, where multidimensional flow processes are expected to occur.

Other applicationsouldbe developedelating toresearch reactors, petype liquid metal
cooled reactors arsteam generatorsy other heat exchangemhere are fewaplications
to cold leg and hot leg: CATHARE 3 used the 3D module for sprassurised thermal
shock(PTS)analyses.

The transient applicatios mainly relevant to
1 LOCAs (LB-LOCA andintermediate breakB-]LOCA);
1 Steam line breakSLBs);
1 Boron dilution transients

Other transierstcouldbenefit from 3D simulations, but onbfew applications have been
performedso far These include thdeparture of nucleate boiling ratiDBR) analysis
for transient accidentsontrol rod CR) ejection,protectedloss offlow, BWR reactivity
insertion accidentsRJAS), design extension condition®EC), PTS, station blackut
(SBO) andsteam generator tube ruptu&3TR.

The heavy computational effaquired has led t8D modules beinghainly used for fast
(short) transientsuch aslarge break LOCA. Rather coarsenodalisationschemes are
appliedin most applicationand consequently the advantage of a 3D modelling of the flow
processesanbe offset to a certain extent. However, lasgale 3D effects can be better
modelledwith 3D modelghan with 1D models.

The applications of 3D modetkat have beehriefly introduced aboveriginate fromthe
experiencs ofthe projecd partnersA questionnaire@bout the use of 3D SYSTH codes
was filled-out by themwhose main content is summarised in Appendix A.

4.4 MARS-KS code

MARS-KS is the code for simulating tiéH behaviour ofreactor system during transient
conditions. The backbones of MARSS are the RELAP5/MOD3.2.1.2 [44 and the
COBRA-TF codes [4.4€] and[4.4-3]. The RELAPS5S code is a versatile and robust code
based on dD two-fluid model for twephase flows. The COBRAF cod® specific
purposds to predict nuclear fuel channel behaviour during a LO&W itemploys &3D,
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two-fluid, threefield model on rectangular Cartesian or subchann@rdmatesin order

to fully exploit the features of each code, these two codes have been consolidated into a
single code in the form adystem analysisnodule (RELAPS) and 3¥essel analysis
module (COBRATF) through the integration efhydrodynamic solution scheme and the
unification of variousT/H models, equatioof-state and 1/O features. Theo d sosrées

were entirely restructured using the modular data structure and a new dyna@mory
allocation scheme of FORTRAN 90.

Thesystem analysisiodule employs a twéluid model for twephase flows. The twéuid
equations consist of (awo phasic continuity equations, (vo phasic momentum
equations, (chwo phasic energy equatiorand (d) several additional continuity equations
The 3D vessel analysisnodule adopts a twfluid, threefield model on rectangular
Cartesian or subchannel-oadinates The adopted field equations are f@)r continuity
equations for vapour, continuous liquid, and entrained liquid dropletfiré@momentum
equations for continuous liquid, entrained liquid, and the mixture of vapour and non
condensable gaseand (c) two energy equations for the mixture of vapour and-non
condensable gases and mixture of continuous and entrained liquid.

The MARSKS code runs on a Windows platform andis currently used as a
multidimensionall/H tool to analysaeactor transient$p experiment facility simulations
andfor various safety research purposes. dtdecan also be connectéttrough dynamic
linkage using DLLs to other codssch as the 3D kinetics code, containment analysis codes
and severe accident caddhe MARSKS code has been updated with several features
such as Canada Deuterium Uraniur@ ANDU) Channel component, newflood model,
interfaces for uncertainty analysis, amore [4.4-4]. The first version othe MARS-KS

code was developed by Korea Atomic Energy Research Institute (KAERI) and released in
early 1997 The Korean Institute of Nuclear SafeiIlS) has used and maintained the
MARS-KS code for regulatory purposes since 2007. The latest code version is-KIBRS
V1.4, which was released in P®.

4.4.1.Description

The MARSKS has two kinds of multidimensional components:
1 theVESSELcomponent of the 3D vessel analysis module

1 theMULTID component of the system analysis module.

Two multidimensionalcomponents can be solved independently or together in the same
hydrodynamic scheme, while each multidimensional component adopts distinct field
equations and assumptions.

4.4.2 Field equations of MULTID component

The field equations of orgimensional mass, momentum and energy equatiaws been
modified and extended to the 3D form to develop the MULTID compoiidet.control
volume is assumed to be porous mealia thereforean area fraction factor or volume
fraction factor are multiplied to appropriate terms. The mass equations implemented the
3D convection termwhile the momentum equations implemented the full 3D convection
and diffusion terms. The energy equations implemented the 3D convection and conduction
and diffusion term for turbulent mixing. The dissipation term in energy equations is
proportional to the square of volume velogityhile other dissipation effects due to
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interface mass transfer, interface frictaomdvirtual mass are neglected. The field equations
of MULTID components are given by:

rF—1" nNOr | " WP W (4.4.21)
[ — @ MO "@®P | 0 [| "®nr| P 170 [ O (44.22)
I "YY  —nDr | " YR 0 — —df|] ¢» 3 5 —

—n | Ap AP ABPD®P R D P | O 0OOYY (4.4.23)

k is a subscript as phase indicator,is an area porosity, is a volume porosityQs a
subscript for phasiaterface 0 is a subscript foawall,| is a volume fraction of k phase
andO "O"¥ ¥n energy dissipation term.

4.4.3.Field equationsof the VESSEL component

The VESSELcomponent employs field equations for three fields without porosity factors,
with the 3D effect terms implemented in similar wayf@she MULTID component. The
mass equations implemented the 3D convection,tevhile the momentum equations
implemented the full 3D convection and diffusion terms. The energy equations
implemented the 3D convectipeonduction and diffusion term for turbulent mixing.

— " 1) " @ (4.4.31)

k=l, v, eor n for continuous liquid, vapour, entrained liquidd noncondensable gases
respectively.

— ] "GP nNO "GP | N0 | "R nND P 0P 0P (4432

k=l, v+n, or e for continuous liquid, gaseous phase, entrained liquid respectively.

Thed Pandd Pstand for the average supply of momentum to phase k due to mass transfer
to phase k and the average drag force on phase k by other phases.

— 1" 0] " YwP 0 — nd @& 3 5 — 12 nAp AP
ApBP R pD P | O (4.4.33)
k=l+e, or v+n for liquid and gaseous phase respectively.

4.4.4.Simplifications andlimitations

Although the 3D VESSEL analysismodule can handle the mutthannel flow, therare
limitations in the application of shear terms atfe cylindrical ccordinate system.
Overcomingthese limitationsrequired the development @& new mulidimensional
(indicated by MULTID in the input cards) compongwhich has beeimstalled as a new
component othe gstemanalysis moduleThe MULTID componenglso provides more
flexible 3D capabilities in the system code and allows the user to more accunatkdy

the multdimensionahydrodynamic features of reactor applications, primarily in the vessel
(i.e.thecoreanddowncomer) and steam generator.
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The MULTID component defines a onéwo- or threedimensional array of volumes and

the internal junctions connecting these volumes. The geometry can be either Cartesian
(x,y,z) or cylindrical (r,d,z). Full 3D conve:«
momentum equationA s i mp |l e Prandtl 6s mi xi rfay thd engt h mo
implementation of turbulent viscosityrhe 3D turbulent thermal mixing terms are also

implemented in the energy equation. The flow regime map of MULTID component is

identical to that of th@nedimensional component tiie ystemanalysis module, except

for the fact that théorizontal stratified flow is removed from the horizontal flow regime

map.

3D diffusion term

The viscous stress gradient terna@® diffusion term in the second termtbé righthand
side RHS of momentum equationsontains two termswhich are the viscous diffusion
term (f ) and the turbulent diffusion terrt ().

2 L (4.4.41)
Forthe Cartesian cardinate the viscous diffusion term is given by:

P — — - — - — (4.4.42)

Forthecylindrical caordinate thisviscous diffusion term is given by:

- - — f —i - - ——= i —1— — — (4443
ThePrandtl 6s mixing | ength model iasdthea ppl i ed f
momentum mixing length and the energy mixing lemgtlst thereforée defined. MARS
KS allows users to define the lengths based on the experi@ndd@able 42 provides

reference. As MARXKS does not adopt the wall function, the recommended range of
mixing length is also suggested. The turbulent diffusion term is defined by

"'D c‘ ,(_)z (444’4)

whereQ" is the deleted bulk deformation tensor ands the turbulent or eddy viscosity.

Forthe Cartesian cardinate the deleted bulk deformation tensor is given by

T[ — — — —
, & ey
(6] ™ &— — T - —& (4.4.45)
6 T o
Forthecylindrical coordinate the deleted bulk deformation tensor is given by
T[ — — - — —
, v éy
(6] ™ &y~ — - 1 — —%& (4.4.46)
& - n (04
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The turbulent viscosity igiven by

v d — Ta O (4.4.47)

g

Forthe Cartesian caprdinate the product of deleted bulk deformation tensor is given by:

(O do — — - — — — (4.4.48)

Forthecylindrical ccordinate the product of deleted bulk deformation tensor is given by:

oo - — - o _ (4.4.49)

The mixing length range is recommended as:

Yy

— a Yo (4.4.410)
Table 4.2. Turbulent length
Flow Turbulent length scéte) ( Length scale, L
Mixing layer 0.07L Layer width
Jet 0.09L Jet half width
Wake 0.16L Wake half width
Axisymmetric jet 0.076L Jethalf width
Boundary layer 0.09L Boundary layer thickness
Viscous sdayer
Loglaw layer
Outer layer
Channel L[0.14-0.081-yL2-0.061-y/L 4] Channel half width

3D heat diffusion érms

The 3D heat diffusion is the third term thie RHS ofthe energy equation consisting of

the viscous conduction term & and turbulent thermal mixing term) 9, which are given
by:

Ap RP T N Y (4.4.411)

whereE is the thermal conductivity ari@® theturbulent thermal conductivity.

The turbulent thermal mixing term is similarly treated with the turbulent viscosity term.
The turbulent thermal diffusivity of the mixing term for the mass cell centre is computed
fromthe double dot product of the deformation tensothe same mann#ératthe turbulent
viscosity was obtained.

Turbulent thermal mixing term is given by
P QY (4.4.412)

Q "6- " daa O dO (4.4.413)

whered is the momentum mixing length aadthe energy mixing lengtithe nomentum
and energy mixing length is defined by user input.
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4.5.SPACE code

The Korean nuclear industry launched tBafety and Performance Analysis CodE
(SPACE)for nuclear power plants code development project in 2006 projectims to
develop a neWw/H system analysis code by adopting advanced physical modelling-of two
phase flows, mainly using mufield models and with a multidimensional simulation
capability by the use of structured and/or unstructured mebshesode development and
validation process was completed in early 204f8er this, he licensing work for plant
applicationwasstarted in mie2013 and accomplished in March 2017.

SPACE includes multidimensional nequilibrium twophase flow models, heat transfer
models, nuclear fuel kinetics models and a reflood models, based orpada® (liquid

and gas phas#reefield (continuous liquid, gas, and droplets field) governing equations
which is a nineequation model. SPACE also offeassix-equation model similar to
RELAPS5 [4.41], which neglecithe droplet field in the nirequation model. SPACE was
programmed in an objedriented manner using C++ programming language. SPZDE
simulate the lossf-coolant accidents, main steam line break, main feed water pipe rupture,
and main steam generator tube rupture accidents, which are necessary for pressurised water
reactor safety analyseSPACE can also stimulathe transient phenomensuch as the

loss of offsite power (LOOP), turbine trignd nuclear reactor shutdown¥his use of
SPACE couldbe appliedto establish strategies for mitigating accidents, developing
operating guides and plannifi¢gH tess and analyses. SPACE was developed to simulate
transient phenomena in nuclear power plant reactor cooling systems. However, because it
is a general purposBH system code, it can be also used in themaeiearpower fields

where a stearwaternoncondensable gamixture is included. SPACE has various
interfaces with other codes for the multiphysics analysis. Figure 4.1 shows the summary of
major code interfaces of SPACE.

The SPACE includes, among othigms input and output packages, a hydrodynamic
model package, heat structure model, control system model and reactor kinetic model. The
input and output packages read the input and reesriand inspect input errors, memory
allocation and variable initilation, generating output files that include redfites. It also
transfers data between different modules such as the input module and hydraulic solver.
The hydrodynamic model package consists of a hydraulic saleestitutive models,
special process models and component models. The hydraulic solver offers a numerical
solution scheme for the mudtmensionaltwo-phase threéield governing equations as

well as the 1D flow model. The governing equations (including the mass, energy and
momentum equation) deal with the three fields comprised of water, steam and droplets.
The governing equations require porosayaccount for the structural material impact on

the fluid flow. A mass conservation equation of roamdenshle gas and boron transport
equation are also considered. The finvitdume method (FVM) was applied to establish

the discreied governing equations. The nlimear temporal and source terms are

|l inearised by using Taylor expansi on. The SP.
condensable gas pressure, phasic temperatures, phasic volume fractions, total pressure and
phasic velodies. The nofprimitive variables, such as the density and internal energy, are
therefore linearised with respect to the primgtivariables, by applying the firstder

Taylor expansion. The mesh systessesa structured or unstructured mesh system. It is

also possible to use a combination of the two mesh systems. Such a combined mesh system
could not only depict a 1D pipe flow network, but also describe more complex 3D geometry

by using the structured meshai@sian, or cylindrical cordinate system, and the
unstructured mesh system.
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Figure 4.1. SPACE code interfaces §4.54]
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Sourcelee et al.2016.

A semiimplicit scheme is implemented into SPACE as the bamimerical time
advancement schemsimilar to the RELAPS solution schemend developed so that
simultaneous solution could be obtained with struckuneunstructured mesh schemes.
The constitutive modeiacludethe flow regime map, interfacial heat transfer models, wall
and interfacial friction models, droplet entrainment andaeainment models and wall
to-fluid heat transfer models. The SPACE code also contains component models, 1D and
2D heat structure modeland reactor kinetics moddhat arébased on the poitkinetics

model. The component models inclualpump, pressuriser, valve, steam separator, safety
injection tankand turbine. Finallya special process mod=intainghe critical flow model,
countecurrentflow limitation model, abrupt area change model, offtake model (liquid
entrainment by vapour) and water level tracking models, which can simulatediear
power gpecalfHdPhenomena. Further more, for t he
SPACEalso provides the functions of steaslgite run and restart run

4.5.1.Governingequations

The nultidimensional component of SPAQEhose component namefidDo, can handle

one, two and thredimensional flow in Cartesian and cylindricatcalinateg4.5-1]. The
governing equations used in the SPACE code are derived, applying theotimee
averaging scheme to the local instantaneous conservation equatitsis described in
detail in the reference [43]. The resulting twdluid, threefield formulation uses a
separate set of conservation equations for each field. The three fields inajuoidr,
continuous liquid and entrained liquilhe method of Widing the liquid phase into two
fields is a convenient and physically reasonable way of handling flows where the liquid
appears in both continuous liquid and droplet form, because the thermal and hydraulic
behaviours of the droplets cdiffer significantlyfrom those of the continuous liquid. The
governing equations of SPACE are described as follows:

Continuity equation for vapour phase

eb(g g+ PO LAYy €, &+ 4 (4.5.21)
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Continuity equation for continuous liquid phase

eﬁ( ayr DO gu)r €, 6 § ¥ (4.5.22)

Continuity equation for entrained liquid phase

eﬁ( aJ+ DO ey E 0% 8 (4.5.23)

where the subscript v, |, d and g refer to the vapour, continuous liquid, droplet and
vapour/norcondensable gas mixture respectively. The mass transfer due to phase change,

denoted byG, G, occurs at continuous liquidapour and dropletapour interfacesThe
two liquid fields canalso exchange mass by entrainment oredrainment, which is
denoted byS., § respectivelyandrrefers tathec e |fllicpsrosity.

The energy conservation equation iswgefor each of the vapour/gas mixture, continuous
liquid, droplet fields with the assumption that all fields are at thermakqaiiibrium.

Internalenergyeguation for vapougas mixture

Hag(ge, + @)
pt
ha,

D(Oevél NV 3V g)

= eP

P (Dégdg) (Q% N+ Ghy QG Qf, Q;,g (4.5.24)
ve(Q +1®, Q.6 Q'

Internalenergyeguation for liquid phase

e%+ B(Cg g81))

, (4.5.25)
= ep% P (9694) (Q?’ |ﬁ'§3h §dh |Q) (-I@' |W'F'Ih iIQ
Internalenergyequation for droplet phase
6M+ D((}dadewd)
(4.5.26)

=Pl P pde) (@ Ji-®h 80 Q) (@

In the above phasic energy conservation equations, the interfacial heat transfer rate per
volume and the associated mass transfer rate are denoted byS@eapdctively.
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Eac h momedtuin@&enservation equatidrare beewerived using senrgonservative
momentum flux term and phasic intensive form, in which the governing equation is divided
by phasic volume fraction and phasic densisyfollows:

Momentum equation for vapour phase

pu . ,
e utg + D(oegug) Us (ﬂug)
= p Twy Bwy oy, 8 (U,
Iy q 4 94y I £
“
ag

GU @, UG Y PB (45.2-7)
e U

a,

u) eB +

=n

(‘EE ! +;v,::GJd ;I,V'EU(Q; ZV,EU993

3 MU, Uy) (W, U 1
© ‘Cg,gdagai f gd : : "ngl A1 G of : : )
A Vi H !

o

+
=+

)

whereC,, and C; .4 are coefficients of virtual massid.is body force.

Momentum equation for continuous liguid phase

e%'+ B(Gg\y,) U- (D

- _€ erI eFI e .
= B alru' l;(LrJI U, eB — g U - &Y, 808, Usg) (4528)
e e Hu, U,)
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where

Momentum equation for droplet phase

quT“ B(C8,U,) Uy (D)

e eF ek, e
= — P wd S (U, U eB Ur G 1S S 45.2-9
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As shown in the equations above, there are no 3D diffusion teatase the viscous stress
term in the momentum equatioand the fluid conduction term in the energy equation.
However the momentum flux terms in the governing equations and convection terms in
the mass/energy equation consittefull -3D flow model.
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SPAC E &taggered mesh system is based on the orthogonal hexahedral sheglearfd

its surrounding faces. All the geometric quantities are described in terms of cell volume,
centroid, face area and face centre, so that Cartesian and cylindrical mesh systems can be
expressed in same manner. Each scalar cell normmadigix faces in threelimensional
Cartesian or cylindrical mesh blocks. But tdimnensional Cartesian meshes or -one
dimensional pipe can be also represented kimply reducing the numbersof the
surrounding faces. Each momentum cell is shifted by the half size of scalapdbkt it

consists of the frortalf-part of the owner scalar cell and the baak-part of the neighbour

scalar cellas shown in Figure 4.2.

Figure 4.2. Momentum cells in the SPACE staggered mesh system
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4.5.2.Simplifications andlimitations

As mentioned in the section abo®&P A C Bdltslimensional flow model dessnot have

3D diffusion terms such as viscous stress terms and viscous/turbulent heat conduction terms
in the governing equations. SPAGIkereforecannot be usetbr an analysisvhere 3D
diffusion effects are dominant, for exampbeanalysenatural circulation in the large tank

or almost stagnant flow. Howevdhe multidimensional component used in the safety
analyses of nuclear power plardselated to bundle geometries such asaxtor core and
U-tubes in the steam generatds a result, anultidimensional component of SPACEN

be applied tall major nuclear reactor componentsth the exception darge tanks such

as a passive cooling tank andcontainment refuelling water storage tank (IRWST).

The constitutive model@ncluding the flow regime map, wall and interfacial drag models,
interfacial and wall heat transfer models and droplet entrainment aedt@énment
modelg are based on the correlatiahgt wereestablishedvith fully -developed 1D flow

and simple geometry such as pipe and bundle. For example, the wall drag model of SPACE
is based orthe Churchill (1977) [4.53] correlation which was developed in pipe flow
conditiors. The @ame correlation is applied to all directions with different hydraulic
diameters and velocitiedepending on flow direction.

4.6.ATHLET code

4.6.1.Description

The T/H system code ATHLET is being developed Ggsellschaft fur Anlagenund
ReaktorsicherheffGRS for the analysis of the whole spectrum of operational conditions,
design basis accidents abdyonddesignbasis accidents without core degradation for
nuclear energy facilities. The code provides specific models and methods for the simulation
of nuclear power plants covering all common LWR designs, advanced Generation I, Il+
and IV reactors as well asnall modular reactord he latest code version is ATHLET 3.2,
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which wasreleased in June 2019 [416 as part of the GRS code package R019
(including ATHLET, ATHLET-CD [core degradatign COCOSYS andomplemented by
the interactive simulator software ATLASL.6-2].

ATHLET consistsof several basic modulesedfor the simulation of the fundamental,
multi-physical phenomena involved in the operation of a nuclear reactor, including thermal
fluid dynamics (TFDB), heat transfer and heat conduction, neutron kinatidsthecontrol

and balancef-plant. Dedicated interfaces for other independent moduiesvailable,

such as 3D neutron kinetic codesmputational fluid dynamic€CFD) codes or the GRS
containment simulator COCOSY$he extended code ATHLETD is applical# for the
analysis of beyondiesignbasis accidents with core degradatiéigure 43 gives an
overviewof the most important code interfaces implemented in ATHLET.

The TFDmodule of ATHLET offers two different sets of model equations for the
simulation of the fluidlynamic behaviour: (i) the twiuid model with fully phase
separated conservation equations for liquid and vapour mass, momentum angasmergy

(i) the five-equation model with separate conservation equations for Jigapbur mass

and energy, supplemented by a mixture momentum equation. Both models account for
thermal and mechanical naguilibrium. The fiveequation model includes a mixture
levektracking capability designedto capturethe dynamic motion of and twphase
processes at a horizontal phase interface. Arémige driftflux model is available for the
calculation of the relative velocity between the fluid phased considersdifferent
geometries such as horizongaldvertical pipes, annuli or bundles. The solution variables
are the pressure, vapour temperature, liquid temperature and vapour mass quality, as well
as the mass flow rate (fid¢sg. model) or the phase velocities BBx modél respectively.

The range of working fluids covers light and heavy watet takeshe transition between
subcritical and supercritical fluid stat@so consideratiorHelium, liquid sodium, lead and
leadbismuth eutectiqLBE) can be selected ake coolant. These extensions atm
simulak future Generation IV reactor desigrd! liquid metal working fluidshave thus
far beertreated as singiphase liquid. Code extensions towards evaporation anghase
sodium flows areurrentlyunder development.

ATHLET also allows for the simulation of nazondensable gases. This appt@ewater as

well asto liquid metal working fluids. Fluid properties are provided for hydrogen, nitrogen,
oxygen, air, helium and argon. Additional mass conservation equations can be included for
the description of boric acid or zifmorate transport within the coolant system wellas

of the transport and release of nitrogen dissolved ic theo | kquid pbase.

The heat transfer package covers a wide range of gihglee and twphase flow
conditions of water. Correlations for critical heat flux and minimum film boiling
temperature are included. The influence of spacer grids qo#teritical heat flux CHF)

can be considered. Evaporation and condensatioarringdirectly at heating or cooling
surfacegan becalculated. A quench front model for bottom and top reflooding is available.
Special heat transfer correlations atso available for supercritical wer, liquid metal
working fluids andhelium which accounts fospecific geometries such as rod bundles or
pebble beds. ATHLET enables the simulation of -timensional heat conduction in
structural components, for which-iilt or userprovided material properties can be used.

The timetlependent behaviour of the nuclear power generation is calculateithbya
pointkinetics model or 4D neutron kinetics model. The pakinetics model is based on

the application of the kinetics equatidnne group of prompt and six groups of delayed
neutrons. The reactivity changes due to control rod movearahteactivity feedback
effects forthe fuel temperature, moderator density, moderator temperature and boron
concentration are considered. The kinetics model solves the tirditepenént neutron
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diffusion equations with two energy groups of prompt neutrons and six groups of delayed
neutrons. ATHLETalsooffers a general interface ftie coupling of 3D neutron kinetic
models. Several 3D codes for rectangular and hexagonal geometries have been successfully
coupled,as referenced iRigure 43.

Figure 4.3. ATHLET code interfaces
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Sourcelerchlet al.,2019.

Specific models are provided for the simulation of valves, pumps, accumulators, heat
exchangers, steam separators, steam and gas turbines, compressors, steam condensers,
single and doublended breaks, fills and leaks. Critical flowe.g. discharge flow is

calculated by a dedicatekD thermal noquilibrium model with consideration of the

given flow geometry.

The time integration of the theridluid dynamic model is performed with standard
ordinary differential equation (ODE) solvate modelprovides the implicit solution of a
first-order ODElinear system. The linearisation of the underlying conservation equation
system is done numerically alculatingthe Jacobian matrix. A block sparse matrix
packagecan be usetb efficiently handle the repeated evaluasai the Jacobian matrix
and calculatehe solution of the resulting system of linear equations. A rigorous error
controlis carried out bya higher order scheme for the time integratiaotained by an
extrapolation analysis.

4.6.2.3D modeldescription

In the current release version 3.2, the TiADdule of ATHLET provideg) astandardne
dimensional flow model(ii) a wellestablished and oftamsed pseudmultidimensional
method, where the ordimensional momentum equations are applied separately to each
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co-ordinatedirection of a multidimensional numerical grid, afii an enhanced model
with a genuine multidimensional set of therrhgraulic conservation equations. The
latter is available only together with the ®iguation twefluid model. Asa key element,

this approach includes the phasparated thredimensional momentum equations
presented in conservative form in equation (419,2vhere’ stands for the phase index,
liquid or vapaur,| for void fraction,” for density,(efor velocity,r for pressure an®f 'O"Y
summarses further contributions such as gravitation, wall and interfacial shear or phase
momentum change due to mass transfer.

§) n| " mSs b | Qi o YO (4.6.21)

By substituting the continuity equation into equation (45,2he wellknown primitive
form of the momentum equation in terms of the phase velocity is obtained:

" —® | "®A® | QR YO (4.6.22)

A simplified description of the three ATHLET flow models can be given in terms of the
convective part of the momentum balance (4%.2As illustrated for Cartesian €0
ordinatesn Table 43, only the fully multidimensional flow model accounts for the mixed
momentumflux contributions originating from the underlying vector@daracter of the
momentum equation.

Table 4.3. ATHLET flow models

1D flow model ®on® 0 —
U —
A
Pseudo 3D flow modi: Od® A —5H
Y T O
ro 10 ro
0 0 0 —
y 1w T Oy
3D flow model O A - U . U —=x
a 1 W T w O
ro 10 o
U +— U — U —
(o} w w T aO

Sourcelerchlet al.,2019.

The implementation of the set of balance equations is performed on the bafistef a
volume staggeredyrid approach. The equations for the scalar solution variatdésde
pressuré), mass qualitgoand phase temperaturé&nd”Y, which are derived from mass
and energy conservation §41]. Theseare solved within control volumes, whereas the
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momentum equations are integrated ovecalted junctions connecting the centres of
adjacent control volumes (see Figuré)4.

Figure 4.4. Staggeredgrid approach of ATHLET
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The implemented momentum balance of the multidimensional flow model is not derived
directly from equation 4.6-2, but from an expanded formulation:

”

| " — n | S b | " b | Qi O Y'O'4.6.23)
As illustratedby Figure 44, the adoptedinite-volumescheme integrates equation 4:8.2
across a junctioassociated control volume . The discresiation of the integral form of

equation 4.6.:8 is accomplishethroughuse of the Gauss theorem and a-finster upwind
scheme for the convective terms.

The multidimensional flow modehat isimplemented in Cartesiaand cylindrical co
ordinatesapplies to2D and 3D numerical grids. Thapplicationenables anumerically
efficient solution of axisymmetric problems, which can be simulated using a wedge
shaped 2D grid of arbitrary angléhe 3D model igenerallyused with structured grids.
Multi-block grids can be usdad geometrically approximate complex geometries like the
RPV. The gridcanalso include gapandconsider internal structures.

Regarding software engineering, the multidimensional flow model is integrated in
ATHLET as an extension of the phasgparated.D balance equations of the tvflaid
model.The multidimensional equatiotisereforedirectly benefit from the model bagisat

is already available in ATHLET, such as the comprehensiveptwase modelling or the
coupling with other code modulefor heat transferetc Moreover, since 1D and 3D
equations are based on sadigcretsation schemes, a close coupling tbemusing one
common Jacobiacan beeasily achievedyhich ensuresmproved numerical stability and
efficient calculation with large time step sizes. Provided that a particular 3D grid is given,
the required CPU times are comglale for the pseuddD and fully 3D flow model. This

is the case due tive semiimplicit implementation of the multidimensional contributions,
which keeps the structure and sparseness of the Jacobian matrix of the ODE system to be
solved unchanged.

The main objective of the 30°/H model is to enable complete system analyses at low

numerical cost witlaconsideration of the impact of 3D flow phenomena@verall system

behaviour. The low CPU time demanésgpeciallymportarif or t he codeds i ntend
of application whichcovers longterm analyses of nuclear facilities and safety assessment

using numerically challenging uncertainty analys€sarse numerical grids aresually
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employed for the discrefition of the TFD domainwhich isadequatdor the modelling
basis of a system code approactdensures reasonable computing power demands. The
range ofpotentialapplicatiors of the 3D model typicalliconcernsvesselssuch agparts

of) the RPV or huge water pools of passive safety systetnare multidimensional flow
processes amnticipated Thereare currently nantrinsic restrictionsand thereforé¢he 3D
model can also be applied to other components or geometries.

4.6.3.Simplifications andlimitations

The multidimensional flowWATHLET model aimsfor a better and a more realistic
representation of the complex flow phenomena occurring at macroscopic scales in large
geometriesuch agshe RPV Its origin asanextension of the 1D TFD modeieanghe 3D

model currentlyhassome limitationghat aremainly related to the rather vague geometry
representation by coarse grids and the closure relations used for the physical modelling.

The typicallyemployed coarse numerical grids limit the spatial resolution of flow
phenomena to largecale effectbecaus®nly processes above grid scale can be captured.

If the characteristic cell length is equal or even larger than the hydraulic diameter, the grid
does not exactly resolve int erwhiehlstauctthend det ai |
aligned grids with nodes placed on the structure surface woulsirddl-scale components

can thereforeonly be considered in a simplified way laglaping the control volume
geometry parameteraKind of porosity influencing flow area and volume) and/oubing

form losseghatare often imprecisélhe numerical schemagereusedin addition to the
coarse numerical grigsuch as théirst-order upwind schemgjvhich suffer froma rather

high numerical diffusion that limits the exact treatment of steep gradients of the physical
guantities. Dedicated modelsuch as thoséor boron transport, are implemented in
ATHLET to attenuate this effect.

The closure lawsfor examplefor wall and interfacial transfer, are based on algebraic
equations that were originally derived from fully established 1D flows in specific
geometrieqe.g.pipe or bundle The suitability of applyingthese models to general and
more complex geometries isontested If the fluidic domain is discreded by a
multidimensional grid witha characteristic cell lengtthat issmaller than the hydraulic
diameter €.g.in anopen medium), waltlistant control volumes appeé&riction cannot be
captured by source terms such as wall tranffiethese internal volumesut must be
modelled as transfer between adjacent fluid volurfilee.multidimensional flow modéh
ATHLET optionally allows for the consideration of stresses due to fluid viscosity and
turbulenceinduced momentum diffusivityThe Reynolds stresses are calculated using an
algebraic turbulence modehe Prandtl mixing length model, to close the equation system
The application of a turbulence model is only reasonable fativiely fine grids.A zerc
equation turbulence modelassolimited in its predictive capability.

4.7.CATHARE code

System codelke RELAP and ATHLET f flowgtunadeée velnecpe d efi swee
1D modulesas a way ofepreserihg multidimensionaflow features. Following TRAC,

the CATHARE teamdeveloped an explicit 3D module for the reactor pressure vessel. It

was asimpleextension of thd D module to 3D in porous mediuusingcylindrical and/or

Cartesian caprdinates The main objective of such 3D modules i@snodellargescale

3D effects in a pressure vessel during LBCA, for example thelowncomer penetration

of ECCS water andeflooding of the core with transverse power profile effétte heavy

computational effortequired resulted ithe 3D moduldeing mainlyused for fast (short)

transientssuch aslarge break LOCA. With the increasing computer powethe
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CATHARE 3D module is now used f&B- andIB-LOCAs. The rdher coars@odalisation
schemes (aboutd00 nodes for a CATHARRressure vess8D nodalisatiof areusually
applied and consequently the advantage of a 3D modelling of the flow procaases
offset to a certain extent. However, lasgpale 3D effects could be better modelled than
usinglD models.

The use otoarsenodalisatioris notconverged in spac&hese 3D modules must validate
the physical model, nhumerical scheme agefitrence vesselodalisationusing fulkscale
experiments such agpper plenum test facility (UPTRsts for the downcomer refill and
PERICLES2D andslab oretestfacility (SCTF) for the core reflooding (s€&hapterfive
for the description of these experiments). This does not prevent compensatinfr@mors
arising However, the large scale of the validation tesans thathese compensations are
expected to be similar in the mar and the validation.

Figure 45 shows anodalisatiorof a PWR pressure vessel using a CATHARED3nodule

The figure on the left showan old nodalisationof a threeloop reactor which hasa
cylindrical ceordinateand five meshes in the radius, six meshes in the azimuthal direction
and 21 meshes in the vertical direction for a totadrdy 630 meshes (198 meshes in the
core).The figure on the right shows the reactor vessel in cylindricalrdinates except

for the corehatis Cartesiarn4.7-1] anddescribed by one columpf meshes per assembly.
There is one only mesh in the downcornmethe radial directionpne for the core baffle,

and five radial meshes in lower plenum, upper plenum and Ungaet.This nodalisation
makesthe corebetter describedvith about 6000 meshes. Thigype of representation is
new for CATHARE 34.7-2] andnot possible with CATHARE 2.

Figure 4.5. lllustration of the nodalisation of a PWR pressure vessel using a 3D module. On the left an old
coarsenodalisation; on the right a recent finer nodalisation particularly in the core
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SourcePréaet al.,2017.

The continuous progress of computer power milke it possibléo combinevarious sub
components using Cartesian, cylindrical or elliptical frames of referdapending on the
local geometry as in Figure6t.Local mesh refinements in one or a few fuels assemblies
are also likely to become possibhghich would be treated ysulzhanneknalysis model,

i.e. with one raw mesh for each shlannel
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A 3D pressure vesselill be extended tapplicationssuch as

I LOCAs: including SBLOCAS, IB-LOCAs and LBLOCAs;

1 main steam line break (MSLBin low flow, low power and high flowhigh power
conditions

9 boron dilution transients
9 loss of residual heat removal(RHR);
9 any other transierthatmight benefit from 3D simulations

Other applications for research reacteteam generatom other heat exchangarsay be
developed

CATHARE 3enablesonnections between 3D moduteatdo not have the same meshes
to couple different types of 3D modujeghich arenon-conformal junctios. A third mesh

is createdwhen two different meshes are mergdde intersection mesh. Figure 4.7
illustrates a merge between two Cartesian regular meshes (3*3 in blue and 4*4 & red).
velocity is calculated by CATHARE f8r each elementary exchange face belonging to the
two meshegin the example, there are 36 elementary faces)-ddoformaljunctiors are
also available for Cartesianylindrical connections.

Figure 4.6. lllustration of a CATHARE advanced pressure vessel 3D modelling [4-T]

e

A

)
14

2

[ H
LR
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borizontal cut a the junction core/lower plenum

SourcePréaet al.,2017.

Figure 4.7. Scheme for nonconformal junctions
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4.7.1.Description

The standar@D descriptionoftwp hase fl ows used in CATHARE
of the twofluid six-equation model. This moddias beenobtained from the local
instantaneous twphase balance equations using a double averadingt, a time
averaging to filter the pseugandom variations of the flow variables due to turbulence

and twephase intermittenceThen,a space averaging accountifay the presence of

complex and relatively small solid structures within the flow, such as in the case of the
core, rod bundles, grids and guide tubred$grenced by4.7-3] and[4.7-4]). These internal
structures are homogenised aamtounted fovia a porous medium approachhich is

similar totheone usedh component scale codes. This approach alfonthenodalisation

of the reactor vessel with coarse meshes.

Base 3D model in CATHARE 2 and CATHARE 3

CATHARE 2 and CATHARE 3 include a base 3D model used for reactor vessel
applications.The porous approabhsnass, momentum and energy balance equadons
written for each phade(liquid or gas):

Wa—mkrkmcéfakrkvk):fq (4.7.21)
fakrk%ﬁ—k+vk dV, 8:-f abp+fpba, +f(- 1)kq +fljpk +fa,rg (4.7.22)
Q -

(‘gufa
& w

fa.r.e . : g
uk—thi(k‘Fquakfkeka):kaHki +f Oty - P X +DC§faka)H (4.7.23)
In these equationtk, « Yk & andHg are the void fraction, density, velocity, internal
energy and enthalpy of the phasekpectivelywhile 7 is porosity (defined as the ratio of
the fluid volume over the total volume incing the structures)y pressurefi interfacial
mass exchange, interfacial pressurdjinterfacial friction,(Jx wall friction andg gravity.

g« andgpk denote the interfacial and thall-to-phasek heat transfer.

The mass (4.7:2) and energy (4.7-3) balance equations are written in a conservative
form, whereas the momentum (4.722 balance equation isritten in a nonconservative

form. As aresult the porosity term¥ can be eliminated from the momentum balance
equation androm the convective termwhereas it must be taken into account in the
convective term of both the mass and energy balance equations. The system of equations
(4.7.21)-(4.7.22)-(4.7.23) mode$ neither the turbulent diffusion nor the dispen

terms. The systemis suitable forsimulaing LOCAs with a coarse mesh, where the
interfacial and wall transfer terms have the most influence, busiétsblefor mixing
problems such as MSLB or boron dilution.

CATHARE 3 3D models

The CATHARE 3 3D moduléor core applicationslso includes extended capabilities to
improve the accuracy of simulations of light water reactor accidents. This option features
models for turbulent and diffusion phenoméinatcan affect the temperature map in a rod
bundle Moreover,in thecase ofanoccurrence of twgphase crogows between adjacent
subchannels, the void dispersion phenomenaeceunted foby a mixing term in the
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momentum balance equations. Equations (47.2nd (4.7.23) have been accordingly
modified in the following way in[4.7-3] and[4.7-5]:

auv oy O K -

fa,r B8k v, @V, 08=-F aPp+Ff(p +p)Pa, +7(- )0 +£0

k kg it k kO Pp+7(p +p )Pay ( )u Pk (4.7.24)
+fa.r.g+bQa,r.t;)

M-I-Ddfakrkekvk):fckl-lki + ety - pgwgk
e

pt
+DC6‘3KQI)

The three different mixing terms implemented are represémtte void dispersion term

+pdfav, )
U (4.7.25)

p/Pa,, stress tens@’i[-;r that accounts for turbulent and dispersive effects in the

momentum equation and the turbulent, and dispersive heaquux

CATHARE 3 also includes threefield model (continuous gas, continuous liquid and
droplets) in the 3D module. Itistendedo calculate 3D components where the behaviour
of the droplets can be significafy example irthe core or upper plenum.

4.7.2.Simplifications andlimitations

For the interfacial and wall transfers, in thase 3D model, the mass, energy and
momentum balance equations are directly extrapolated from the 1D madetsichthe
code includesvio flow patternsthe stratification limit and the onset of entrainment (see
[4.7-6] for an overview of the 1D modelsjhe 3D model of CATHAREIsoassumes no
stratification.Only the onset of droplet entrainment criteriothisreforeexplicitly written.
Finally, no added mass term is considered in the 3D model equatiemsyst

Specific laws in the downcomer

The 3D module assessment against the downcomer refill tests (UPTéixestdseven)

[4.7-7] and[4.7-8] and end of reflood phase tests (t&#8F 25andJapan Atomic Energy
Research InstitutfJAERI-SUDO refill tests)[4.7-9] and[4.7-10] haveled to a specific

set ofsuggesteaorrelationscomparedo those dedicated to tHdD approachthat better
describe the annular refill phase during alLBCA and the end of reflood phase. These
correlations concern thigiuid-to-interface heat flux condensation coefficient, entrainment
fraction used in the interfacial friction models and interfacial friction in bubbly/slug/churn
flow regimes[4.7-4]. The entrainment fractiok (ratio of the droplet flow rate over the
total liquid flow rate) is adaptefdr such calculations in the downcontgrthe modifiation

of the inception entrainment velocity used for 1D calculations, i.e. the critical gas velocity

V4" allowing entrainment phenoman

n

VP =212104 2
I'e

(4.7.31)

The critical veIocityVo1D is based on th8teenWallis correlation. The adapted correlation
for the downcomer is:

Ve =33 V,P (4.7.32)
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The entrainment rate is thus computed as

f, (4.7.33)

where fa is a function of the void fraction.

Theliquid-to-interface heat flux condensation is also modified in the downcomer:

0s° =5.0% g (4.7.34)

where gy is the liquidto-interface heat flux condensation for the 1D module, based on the
Shah and Chen correlations, and taking into acaber@iondensation on droplets.

The interfacial friction ternrmeeded to be decreased in siraulationof UPTF test 25 and
JAERISUDO experimentsin the case of bubbhslugchurn flow for the 3D
module/annular downcomer, with respect to the one used in the 1D module:

t° =033t (4.7.35)

Mixing terms for rod bundle calculations

The momentum and energy turbulent and dispersive diffusive terms came out during the
double (time and space) averaging process of the local convection terms. Further details
can be found if4.7-3].

The turbulent diffusion and dispersion tenstirin equation 4.7.24) is modelled
following the microscopic eddgiffusivity concept:

(L =i+ JPv) +07 (vi)- PV (@.736)

The macroscopic turbulent viscosivg[k can be modelled using a macroscopid k mo d e |

The sum of the dispersive momentum coefficient and the macroscopic turbulent viscosity
comes fronacorrelation developed by Terydl.7-11], whichaveragsmicroscopic results
obtained from numerical computations of flows in arrays of cabhdssdependent on the

hydraulic diametel), :

\o o ,.,~4 o ~
Qﬁk +ngk):C %@A),/l- f+f- 1a§/1- f +i8¢ 4 asé/l- f +i818(47 57
Dy Vi ”’g;ecD fé ge Re 6090 120/1- fge Re 609 E o

whereC,=0.09, G=1.4and Re is the Reynolds number based on the hydraulic diameter.
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T
The turbulent and dispersive heat il is given by:
q, =&a,l + D}, ?Dek
¢ =" (4.7.38)
The macroscopic turbulent thermal conducti\aqﬂ(is related to the macroscopic turbulent

viscosity«lﬁ< via a macroscopic turbulent Prandtl numbe{k =V{k/Prtf<. This term is

usually dominant over the macroscopic turbulent heatifiiwod bundle calculationsy
two or three orderof magnitude. The transverse component of the thermal dispersive
tensor is correlated as:

ftrans _ <kf >Dh
D == (4.7.39)
tk

whereA is a parameter adjusted to 0.5 for the PWRc8ahneknd Bundle Tests (PSBT)
benchmark (se€hapter 5 for the description of the experiment) and the macroscopic

turbulent Prandtl number is equal to 1. The spatial averaged turbulent kinetic <ak1e>gy

is given by a correlation established for a sifghase flow in tubes or subchannels, far
from spacer grid:

(k;)=0.0367v,|"Re** (4.7.310)

The turbulent interfacial pressure in the void dispersion t@ﬁ@ak has the following

expression:
pr =Br (ki )V, (4.7.311)

where B is a parameter adjusted to 0.2 for the PSBT benchmarékaﬁds given by
equation (4.7.4.0).
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5. Experi ment al support with 3D c

5.1. Separateeffects tests
5.1.1.ROCOM

5.1.1.1 Objective of thexperiment

The ROCOM (Rossendorf Coolant Mixing Model) test facility was built at the German
research centre HZDR (Helmholtz Centre Dresden Rossendorf) for the investigation of
coolant mixing in the reactor pressure vessel of pressurised water reactors).(PWR
ROCOM was a 1:5 model of a four loops German PWR.

The test facility was designed for the investigation of a wide spectrum of mixing scenarios
[5.1.2-1]. Experiments were carried out to measure the-tependent distribution of the
transport variablesuch asthe coolant temperature and boron concentration inside the
reactor pressure vessel. The leading input variables were the time history of the flow rates
in the four loops of the primary circianhdthe coolant temperaturer boron concentration

at the inlet nozzles. The differences in either bororcentration or coolant temperature
were modelledusing salt, sugar or ethanol tracer solutions, which influence electrical
conductivity.

The test facility was equipped with wire mesh sensors, whigbleda high resolution
measurement of the transient tracer concentratiobmmandspace.

5.1.1.2 Description of thiest loop

The reactor pressure vessel manufactured from acrylic glélse imain part of the test
facility (Figure5.1). The model mat ches the original react
the scale 1:5yom the bends in the cold I¢igatare closest to the reactor inlet until the core

inlet. The inlet nozzleggyeometrywith their diffuser segments and the curvature radius of

the inner wall at the junction with the pressure veseas closely replicated in the model
Similarity was also taken into account for the perforated sieve drum and core support plate
with the orifices for the coolant. The entry into each fuel assembly was an orifice with a
diameter of 30nm, containing one measurement position of the integrated core inlet wire
mesh sensor. Furthapre all inlet nozzles of the reactor pressure vessel wauipped

with sensors. Two different types of senseeseinstalledinthé e st  fdawngoindr.t y 6 s
The firsttype measure tracer concentration in one radial plane. @easorof this type
wasinstalled at the inlet (just below the nozzle plane) and at the outlet of the downcomer
and 64 measurement positions along the circumference were distributed in a distance of
5.625°.The conductivity was measuratieach of these positioasfour measuring points

over the width of the downcomer (pitch: 48n). A second typ®f sensowas developed

and installed for an improved visualisation and quantification of the mixing processes in
the downcomerThis type consistef two measuring grids of 64 azimuthal positions and

29 positions over the height of the downcormérich werearranged in a formation of two
concentric cylinders. Additional sensors could be installediditionalpositions along the
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flow path for examplén the outlet nozzles dny the emergency core cooling (ECC) water
injection.

The vessel core itself wamly represented by a hydraulic resistance of the fuel elements.
A core basket was inserteda hydraulic short circuit betwedhe core inlet and outlet.

The pressure ves$es  mwasd exjliipped with a plane vessel head. The upper plenum did
not contain any internals.

ROCOM was equipped with fogpeedcontrollable circulation pungin each loop. These
circulation pumps were controlled by individual frequency transformersetiadileany
desired combination of flow ratés be sein eachloop. The corresponding pumps were
operated at reduced rotation spéadnatural circulation conditiong'he volume ratio of
vesselto loop wasthe same for botkest facility and original reactpensuringidentical
coolant travelling times.

Figure 5.1. The ROCOM facility

Flowinoter N 1 Water-Tanks

SourceGrunwaldet al.,2002.

5.1.1.3 Tests performed
The experiments performed in the ROCOM faciltyth coolant mixinginclude the
following.

Coolant mixing in stationary flowegimes

For this flow regime, a constant mass flow rate over time is present at the inlet nozzles of
all loopsor in part of the loopswhile the coolant temperature or boron concentration
one of the running loopghanges. Such scenaridecome possible during forced
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convection (main coolant pumpsoperation as well asatural circulation in the primary
circuit of a nuclear reactor. A typiceuse otemperature perturbation is a leak in one of

the main steam lines, which causes overcooling of the coolant in one loop. This overcooled
water can reach the reactor before the main coolant pumps are switched off.

Startup of a reactor coolant pump

The inadvertent start of the main coolant pump in a loop, wihemre iscoolant with
reduced boron concentration, is the main tapimvestigationgnto flow scenariosising
changing coolant flow rates in one or more loops of the reactor. Coolant with decreased
boron concentration can builgh, forexample due ta malfunction of the makep system

of a switchedoff reactor or during a steam generator tube ruptwteen aflow of de-
borated wategoesfrom the secondary to the primary circuit.

Buoyancyrelated mixing experiments

Density differences betwedhe injected coolant and primary loop inventory can play an
important role duringa lossof-coolant accidentthe injection of the relatively cold
emergency core cooling water can induce buoyalsien stratification. This stratification

can cause higtemperature gradients and increased thermal stresses in the reactor pressure
vesseb s .wAablorbn dilution transient could bmitiated in the case of inadvertent
injection of emergency core cooling water with low boron conaéotr.

Coolant mixing under natural circulation conditions following a postulated small
break lossof-coolant accident

Underborated coolant can accumulate in the loops and can be transported towards the
reactor core during a lossg-coolant accidenfThe mixing of weakly borated water inside

the reactor pressure vessel wlasreforeinvestigated in experiments at the ROCOM test
facility. The mixing in the downcomevas strongly focused omwhich was observed with

a measuring grid of 64 azimuthal and 32 vertical positions. The boundary conditions for
these experiments were derived from thermalraulic(T/H) experiments athe Priméar
KreisLauf PKL) test facility operated by AREVA in Erlangen [5.86]

Thet e st fdesigh parameatedsvased on water at 20°C are presented in Table 5.1
together with the original reactors .d at a

Table 5.1. Design parameters of the ROCOM facility

Parameter Original PWR ROCOM
Inner diameter of the pressure vessel (m) 5.0 1.0
Height of pressure vessel (m) ~12.0 ~2.4
Inner diameter of the inlet nozzle (m) 0.75 0.15
Downcomer width (m) 0.315 0.063
Coolant flow rate per logfhjm 23000 350 (max) 185 (nom.)
Coolant inlet velocity (m/s) 145 5.5 (max.) 2.91 (nom.)
Velocity in the downcomer (m/s) 55 2.1 (max.) 1.1 (nom.)
Reynolds number in the inlet ngzzle ( 8.4x10 8.3x1B(max.) 4.4x1ithom))
Reynolds number in the downcomer 2.7x10 2.6x18(max.) 1.4x3(hom))
Ratio Reynolds reactor/ROCOM 1 ~100 (max.) ~190 (nbm.)
Travelling tinneactor/ROCOMN! ( 1 1 (nom.)

SourceGrunwaldet al.,2002.
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5.1.1.4 Application for system code validation

The experiments with coolant mixing in the downcomer and core lower plenum under
natural and forced circulation angarticularly suitablefor the validation ofthree
dimensional 8D) system codesSeveral pre and postest calculations of a series of
ROCOM tests matrix with 3D/H system codes have been repodeer the past few years
[5.1.1-2 to 5.1.15]. The local tracer concentration measurements with a high resolution in
time and space are suitalibe assessg fluid mixing in the cold leganddownomer and

from thelower plenum to the core inlet. However, only mixing scalars were measured and
there is no further informaticmboutother quantitiessuch as fluid velocities.

The ROCOM facility has now beendismantled. However, the experimental data and
corresponding reports are available at HZDR iartie NEA DataBank.

5.1.2.INKA

5.1.2.1 Objective of thexperiment

The INtegral Test Facility KArlsteifINKA) test facility was designed and constructed in
2008 to test and demonstrate the performangmss$ive safety systems fan advanced
boiling water reactodesign which wasdenominated KERENR [5.1.2-1]. It is operated

by FRAMATOME (formerly AREVA). All passive safety features necessary to simulate
accident scenarios (losd-coolant accidest[LOCAs|] and norRLOCAS) are included in
thef a c i designy 6 s

The passive safety systeatdNKA can bdandividually testedo analy®their performance
and during integral test® analy® the interaction between systems and therefore the
capability of the KERENAY passive systemgo perform their design function.
KERENA™ is the reference for INKAnd therefordests dealing with generic tasks for
boiling water reactor (BWR) plants or otHgyht water reactodesigrs can be performed.

5.1.2.2 Description of thiest loop

The central component of the INKA facility is the water/steam accumulator vessel of the
former large valve test facilitysroRarmatureserifstand GAP), which simulags the
reactor pressure vessel (RPV) at a volumetric scale of 1:6réf¢). This vessel has a
design pressure of M Pa, storage capacity of 128° and is fed by &ensorboiler with a
maximum power supply of 2W.

The INKA setip simulates the KERENR! containment in a 1:24 scale. It includes three
main passive safety systems:

1 Emergencycondensel(EC). a passive emergency conatural circulation flow
cooling system. ltincludes a tubular heat exchanger. During normal plant
operation, the heat exchanger tubes fdled with water and the EC is not in
operation. If there is a drop in the reactor pressure vessel waterftevetample
following a reactor scram caused by a LOCA, steam fills the tubes and gtarfiC
to operate. The efficiency of the EC increaasseactor pressuriacreased and the
RPV water levetlecreasesThe temperature and pressure on the secondary side of
the heat exchangefldoding pool vessglhave only a small effect on the &G
efficiency.

1 Containmentcooling condensefCCC). a passive longerm containment heat
removal systenthat also usesatural convection. The systesimilarly includes
tubular heat exchangerggach CCCtube is filled with water from the
shieldingstorage poolocated above the containment (fig5.2). Steam released
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into the drywel] when amaccidentoccurs,condenses on the external tube walls.
The water inside the C@&Cdubes heats up, causing natural circulation. The
s y s t efficiénsy increaseascontainment pressurecreasesThe EC andCCC
togetherbuild the passive cooling chain connecting the heat source from the RPV
with the heat sink to the shielding/storage pool.

9 Passivecore flooding systerfPCFS) thisrefills the RPVwhen aLOCA occurs A
check valve opens as soon as the pressure difference between the RPV and the
flooding pool vessel(FPV) reaches a defined value, ensuring {argn core
cooling.

The containment is simulated by three vessels. The FPV contaie€ thed CC(assive
systems. The PCFS connects the B@the E C Geturn line. Thadrywell vesse(DWV)
simulates the residual gas volume of the containment drywellpfidssure suppression
poolis simulated by the thirdressure suppression pool ves§$P\j (Figure5.2).

All components of the test facility are locatedtlzir original heightto ensure thathe

driving forces for all natural circulation processes correctly modelledey components
contributing to the passive safety features are implemented at a component scale of 1:1, but
only one train is simulatednlike themulti-train implementation in the reference plant.

Figure 5.2. The INKA Facility
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All INKA vessels and systems canitdividually operated. The vessels a@nnectedy
pipes that can be opened and closatequired Each vessel can lidependenthheated
by direct steam injection. The e s swater $edet can alsde independentlget.Usually
only the FPV is needetbr tests of the individual passive componenit vessels and
components aresed for the integral transient and LOCA experiments

INKA has over300 availablesensors. Most are conventional instrumentatguch as
temperatures, mass flow, pressures and differential pressure sémsamidition to these

there aretwo-phase flow sensors (thermmeedle probes andamma densitometers)
installed. The gas mixture in the vessels is measusatya mass spectrometer with a
probe sampling systerithe pressures, water levels and temperatures in the water and gas
volumes areessentiallymeasured in all vessels. Mass flow rates are measutled main

pipes such as théreak line, EC inlet line and steam safety/relief.line

STATUS OF SIMULATIONCAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



106 | NEA/CSNI/R(2®0)6

The scaled INKA flooding pool only provides a relatively small water volume compared
with the original plant designt h e  plimitetl dirsensionsneanthatinhomogeneous

3D temperature distribution insidtemay not be as pronounced as in the original plant. EC
heat transfer and temperature stratification inside the flooding poolstitrmeasured.
Thermocouples were installed within the flooding pioatarry this ouin several layers of
different heights.

5.1.2.3 Tests performed

Different single effect tests for the different passive safety systems have been penrfiormed
the past foEC (steadystate and transient cases), containment cooling condenser with and
without nonrcondensable gaseand passive core flooding system

The experimental programnpdansthe following integral tests in the test facility:
1 mainsteam line break within the containment
M smallbreak at RPV bottom
1 feedwatelline break within the containment
9 lossof the ultimate heat sink (comparable tstation blackoyt

A key boundary condition for all four proposed scenarios exéended losef AC power
(ELAP), where no active pump, activeontrol system actioner operator actionsre
possible

Experimental data can be obtained from FRAMATOME.

5.1.2.4 Application for system code validation

The FPV has the highest sensor density (mainly temperature measurdyaeatsehis
vessel contains the EC and C@@&ssive system3hermal stratification can be observed
within the vessetluring the heating up of the FPV by the.EEC3D approach used for the
simulation of the FPV can be validated by compmatfine calculated results with the
experimental temperature dgiathered fronthe EC separate effect tests. A mixtleeel
tracking model can also be verifigldr example byusing data from experimés for the
passive flooding system (continuously falling mixture level within the FPV during
drainage).

5.1.3.Upperplenum test facility
5.1.3.1 Objective of thexperiment

Theupper plenum test facilityPTF) was a fultscale moclkup of the primary system of
a fourloop 1300 MWe Siemens/KWU pressurised water rea@oth the separate effect
tests and integraffect testaverecarried out using the UPTF facility.

The test vessel upper plenum internals, downcomer and primary coolant piping were
replicasof those fromthe reference plant. HoweyesomeimportantPWR component$

such as the core, coolant pumps, steam generators and containwenat replaced by
devicesthat simulated thel/H behaviourof these components during eafiblowdown,

refill and reflooding phases ofl2B-LOCA. UPTF simulated hot and cold leg breaks of
various sizes. The ECC injection systems at the UPTF were configured to simulate the
various ECC systems of Germabapapseand US PWRwithin the framework of the
international UPTF 2D/3D research programme [511.3

Figure 5.3 shows howthe UPTF primary system was divided into investigation and
simulation areas. The investigation areas, which were exact replicas of a German PWR,
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consisted ofhe following:core/upper plenum interface, upper plenhot legs cold legs,
downcomer, lower plenurand downcomer lower plenum interfaden understandingfo

the physical phenomena occurring in these two areas during a LOCA is important for
reactor safety analysis.

RealisticT/H behaviour in the investigation areas wassuredby the establishment of
appropriate initial and boundary conditions. The boundary conditions were established
using simulatorsT h e s i matlp and operatién were based on srksalhle data and
mathematical modelling.

The simulation areas included there simulatgrsteam generatppump simulators and
containment simulator.

5.1.3.2 Description of thiest loop

The main components of the UPTF are described below.

Testvesselnd internals

The dimensions of the UPTF test vessel (Féd.3) were identical to the reactor vessel of

the reference PWRwith the exception athe wall thickness. The entire inner surface was
clad with stainless steel. Penetrations were provided for instrumentation. The vessel
internals consisted of lower plenum internals, core simulator, dummy fuel assemblies and
upper plenum internals. The lewplenum hadlenticaldimensiongo the reference PWR.

The core region contained the core simulator and 193 gdength dummy fuel
assemblies with end boxes.

The core simulator consisted of 17 pipes for steam and water injection. These injection
pipes subdivided into a total of 193 steam/water injection nozzles, one below each dummy
fuel assembly. The core simulator was divided into 17 zones, each of whiskfwdte
injection control valvesso thatateral distribution of steam and water flow rates could be
obtained to simulate core radial peakirigr example The ptal flow capacities were
360kg/sfor steam and P00 kg/sfor water.

The upper plenutmatched theeactod dimensions and contained 61 control rod guide
tubes(CRGTs)and 16 support columns. Eight vent valves were mounted in the core barrel
above the hot leg nozzle elevattorsimulateABB andBabcock & Wilcox B&W) PWRs.

The vent valves could be locked or unlockeebending on the type of test.

Steamgenerator simulators

Each of the three intact loops contained a steam generator sini8la)dor the simulation

of aPWR SG. Theloopswere designed to measure water carried into the simulators and
simulate theS G éresponse to carryovewhile preserving the flow resistance of the
reference SGs. Water carryover was measured by separating the water from the steam flow
using a set of 31 twetage cyclone separators. A steam mass flow equivalent to the
measured water entrainmewas injected into the simulator to simulate the thermal
response of a PWR SG.

Steamivater separators

Steam/water separators were located in the hot and cold legs of the broken loop. Their
configurations were similar to the SG simulattirat have beedescribedexcept forthe
dimensions and number of cyclorieatwere adjusted to account for the larger mass flows
expected in the broken loop.
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Emergencycore cooling system{(ECCS)

The ECC injection systems commonly used indo8 JapaesePWRs andG PWRs were
simulated at UPTF using accumulators. There were four accumulatotal: two with a
capacity of 150n® and two with a capacity of 12%° each. Two ofthem could be
alternativelyused as nitrogen accumulators fbe simulation of accumulator nitrogen
release in Uand JapagsePWRs.

Pump simulators

UPTF simulated the flow resistance and key internal heights of a reactor pump with
manuallyadjustable valves installed in each intact |dogtween the pump seal and the
cold leg injection port.

Containment simulator

The containment simulator was designed to simulate the containment pressure history
following a LOCA in the PWR. It was divided into an upper dry well of about 50énu

a wet well of about D00 n?. Vent pipes routed steam from the dry well intokhet wel | 6 s
water pool, where it condensed.

Processnstrumentation and control

The scope of the process instrumentation included 414 measureimetot®l. The
measurements wedd fluid temperatures, singlghase mass flows, water levels, absolute
pressures, differential pressures and valve positions. These instruments monitored test
boundary conditions and supportiég operation othe facilityts auxiliary systems. The
signals from 265 process instrumentation channels were also diregtaddthe main test

data acquisition system for test evaluation.

The UPTF core simulator steam and water injection rates and steam generator simulator
steam injection rates could be either-pregrammed or controlled by feedback systems.
These feedback systems simulated T e responses of the PWR active core and steam
generators to water penetration.

The instrumentation and data acquisition system provitétl data from both the
investigation and simulation areas and the supply and disposal subsystems of the test
facility. In all, 36 flow modules and 94 breakthrough detectors (BTDs) were installed

the test vessdit the core/upper plenum interfaddesaletecedthe steam and water mass
flows and water breakthrough at the tie plate. The flow modules included three individual
measurement systerfir measuringhe fluid momentum flux at the tie plates well as

the local fluid velocity and water level above the tie plate. Numerous flow temperature and
pressure measurements were located in the upper plenum and dowraoareay of 705

optical sensors waalsoinstalled throughout the upper plenum and downcomer to sense
the presence or absence of water.

Conventionall/H measurements wepgimarily usedoutside the test vessel tnonitor the

tesb boundary conditions. Five pipe flowmeter systems, including drag rakes and gamma
densitometers, measudrthe mass flow rates in the hot legs and broken coldSegenty
oneconventional mass flow measurements vaseused.
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5.1.3.3 Tests performed
Tests performed in the UPTF 2D/3D program

The UPTF test program consisted of 30 tests and consisted of 80 test run3][Slhede
were two basic types of tests performed within this program:

1 twentyseparate effects tests that emphasitethspareritboundary conditions to
quantify controlling phenomena in the primary system during LOCA and support
code improvement [5.1-8 and 5.1.3];

1 ten integral tests that focused on systeile behaviour during a simulated
transient to identify controlling phenomena in the primary system during a LOCA
transient.

Figure 5.3. The UPTF Test Facility
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The separate f f ect s tests were grouped according to
T/H phenomena of interest:

9 countercurrent flow phenomena in the downcomer for cold leg ECC injection
during endof-blowdown and refill phases of a EBOCA;

1 entrainment in the downcomer during reflood for cold ECC injection;
1 T/H phenomena in the upper core, tie plate and upper plenum,;

1 deentrainment along the flow path from the core to the steam generators for cold
leg ECC injection;

1 steam/ECC interactions in the hot and cold legs;

1 the impact of vent valves on the steam/water flow in the upper plenum and the
downcomer of ABB and B&W PWRs;

91 temperature distribution in the downcomer for ECC injection in the cold legs when
the primary system is filled with warm water;

1 steam/water countercurrent flow in the hot legs under the boundary conditions of
small and intermediatsized breaks;

9 ECC delivery to the core for high pressure injection in the hot legs.
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The integral tests covered the esfeblowdown, refill and reflood phases of a {LEDCA.
They can be subdivided into the following groups based on the ECCS type, configuration
and break location:

9 four tests simulated a cold leg break with ECC injection into the cold legs (US and
Japan type PWR)

9 five tests simulated a hot or cold leg break with combined ECC injection into the
hot and cold legs (Siemens/KWU PWR)

9 one test simulated a cold leg break with ECC injection into a cold leg of an intact
loop, the downcomer and the vent valves-tiezepen.

Testsperformedn the UPTFTRAM program

The UPTF 2D/3D Program was followed by a national experimental project called UPTF
transient and accident management progfBRAM). This experimental program focused

on incidentghathave been assigned by different risk monitoring stualisignificantly
contribute to the overall risk, mainly beyond design small leak transients and accident
managementAM) proceduresTransientghatcould provoke a pressurised thermal shock
havealsobeen considered within this program [5:2]3

LargescaleT/H phenomena have been investigated in 15 tessentiallyseparate effect
test facilities SET9, concluding with111 test runs. The experimental program has been
divided in four groups:

9 testgroup A:testsrelated to small break transients
9 testgroup B:AM tests

9 testgroup C:mixing tests inthe cold leg and downcomgwwhich arerelated to
thermal shock and ceticality;

9 testgroup D:hotgas convection inside the pressure vessetlaactor coolant
system components.

The following phenomena have been investigated, among others:
9 the flowregimes in the hot legs during tvphase natural circulation
9 the transportationf ECC water by singleand twoephase natural circulation
9 loopseal clearing
9 steamflow and liquid entrainment frorthe upper plenum toward$e pressuriser
during relief valve actuatign

9 coolantmixing duringthe ECCS injection

5.1.3.4 Application for system code validation

The UPTF tests, whiclereperformed in thénternationaD/3D programand the UPTF
TRAM program have been extensively used for system code validation becatlsarof
excl usisca l ®fou lf Ie6h In partieula[tHe separade effect tests such as the
downcomer tests, upper plenum tests Best group C of the UPTFIFRAM program have
been used for the validation of the 3D SY&Todules [5.1.&, 5.1.38 and5.1.39].
Some of the UPTF tests also have been adopted for the validatompftitational fluid
dynamics (CFDyodes [5.1.310and5.1.311].
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5.1.4.CCTF and SCTF

5.1.4.1 Objective of the experiment

The T/H response of a PWR primary coolant system L&A and the performance of
the ECCS have been areastobngresearch interest. Ti3el.4. cylindrical core test facility
(CCTH andslab core test facilitySCTH tests were performed [5.214 by the Japan
Atomic Energy Research InstitutdNERI) (formerly JAEA) in the 2D/30program, which
focused on the following phenometheat arestrongly influenced by multidimensional (2D
and 3D) effects duringhe endof-blowdown, refill and reflood with of seva types of
ECC systems. The experimental prograasdivided in three groups:

9 Phenomena during the enétblowdown and refill phases ofnalLB-LOCA;
penetratiorof ECC to the lower plenuncondensationf steam by ECC including
the effect of dissolved nitrogeand flowpattern through the core and resultant core
cooling

9 Phenomena during the reflood phase of allBCA; entrainment storage and
transport of watersteamiECC interaction and flow patternleat transfer in the
core and influenceof nitrogen discharge from accumulators

1 Phenomena from other transierits; examplehot leg steam/water countercurrent
flow during a small break LOCA (SBOCA); fluid/fluid mixing during a
pressurised thermal shock evianrtd high pressure ECC injection into the hot legs
during an SBLOCA.

5.1.4.2 Description of thest loop

Description of the CCTF

CCTF was a futheight, 1/21scale model of the primary coolant system of 0@MWe
four-loop PWR. The facility simulated the overall primary system response, as well as the
in-core behaviour, during the refill and reflood phases of a large-8sldOCA. Figure5.4

depicts thef a ¢ i major godEonents. They included a pressure vessel, four primary
piping loops, two steam generators, four pumps and two tanks attached to the ends of the
broken loop to simulate containmemhe \ertical dimensions and loans ofthe system
components werelosely replicated tthose of the reference reactor.
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Figure 5.4. Overview of the CCTF
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Figure 5.5 shows the CCTF pressuessel housing a downcomer, lower plenum, eoic

upper plenum. The CCTF core contained 32 bundles (Figure 5.6), each containing 57
electrically heated rods and seven in@ated rods (824 heated rods and 224 Roeated

rods in total). The noheated rods simulated the guide thimble tubes and instrument
thimble tubes in PWR fuel assemblies. Figure 5.6 shows the three (high, medium and low)
power zones of the electricalheated core. The radial power distribution of the core was
controlled by setting thpower supplied to each zone. The axial power profile in all rods
was a chopped cosine.
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Figure 5.5. CCTF core-Il pressurevessel
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Four full-length primary loops wereonnected to the central pressure vessel (Figure 5.4).
Three of the loops were intact, meaning that they sent the flow from the reactor vessel upper
plenum, through the hot leg, steam generator, pump simulator and cold leg to the reactor
vessel downcomeiThe fourth loop simulated a fudlize, doubleended, offset cold leg

break set at about twa from the vessel wall. Quiepening break valves were located at

the two ends of the cold leg break. The pipe area was scaled from the PWR by the ratio of
core flow areas. The steam generator simulators were vertigabéJand shell type heat
exchangers. Two interconnected tanks, one attached to each of the two ends of the cold leg
break, simulated the PWR containment. An internal steam/water separator anid a liqu
level metre on the tank connected to the vessel side of the break together enabled the
measurement of broken cold leg phase flow rates.
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Figure 5.6. CCTF pressurevesselkross sections
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In CCTFI test run, the ECCS included two water supply tanks. The pressurised
accumulator (ACC) tank, capable of providing water at a high flow rate for a short duration,
and the low pressure coolant injection (LPCI) tank, which provided water at a lower f
rate for a longer duration. Each tank could supply water to either the lower plenum or cold
legs. A second pressurised tank was added in the @IC€Bt run, with ECCS piping
running to the upper plenum injection header, the downcanathe hot legs
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Description of the SCTF

SCTF was a fulheight, fultradius 1/21scale model of a sector of al@0 MWe, four

loops PWR. While the pressure vessel was simulated in detail, only a crude loop simulation
was usedHRigure 5.7). The most significant feature of SCTF was that it contained a full
height heated core with realistic rod diameters and spacing and a core lateral extent of over
1.8m (the core radius of the largest PWRS). This large core lateral &iib@redthemodel

to examine multidimensional effects. Figuré 8epicts thd a c i findjot cpndpsnents.

Figure 58 shows the SCTF pressure vessélich housed a downcomer, lower plenum,
core and upper plenum. The vessel simul#éiedadial slice of a PWR from the centre
(bundleonein Figure 5.8) to the periphery (downcomer). The core consisted of eight
simulated fuel bundles arranged in a row (i.e. a slab geometry). Each bundle contained 234
electrically heated rods and 22 rbeated rods arranged in 216 array. Power to each
bundle was individually adjustable to simulate radial power distribution.

The primary flow loops were simulated using a simplified system consisting of a single hot
leg, steam/water separator, intact cold leg and broken cold leg. The hot leg connected the
upper plenunwith the steam/water separator. A steam/water separator located in the hot
leg measur@the amount of water entrained in the steam flow out of the upper plenum and
through the hot leg. Although the separator did not simulate an actual steam generator, it
was designed to obtain a realistic tploase flow pattern atsi inlet. The intact cold leg
connected the steam/water separator witldtleew n ¢ oupgerporson. The broken cold

leg was simulatethy two pipes One pipe connected the downcométh a containment

tank and the second pipe connected the steam/water sepdthttre other containment

tank. The two containment tanks were the same tasikisoseised for CCTF.

The SCTF ECCS consisted of an accumulator and low pressure injection system. The
injection ports for these systems were in the lower plenum, downcomer, broken cold leg,
hot leg and intact cold legetweerthe pump simulator and pressure ves3éleinjection

and extraction systenasoprovided and/or removed ECC using special nozzles located
just above the upper core support plate.

5.1.4.3 Test performed

CCTF and SCTF tests are first classified by the injection configuration being simulated
(cold leg injection, combined injection, downcomer injection, or upper plenum injection)
and then further classified by the test objective (effects of pressure, coes, paitial
cladding temperature, ECC flow ratesc.).

The ranges of experimental conditions in both types of tests are shown below. The values
shown were determined from the results of safety evaluation analyses and engineering
judgement.

9 pressure in containment tanks 1 and 2:-@U2MPa (base case: OMP3);
maximum initial clad temperature: 653 153K (base case: 027K);

average linear power rate of heated rods: AL.@®kW/m (base case: 1.40W/m);
initial total core power (824 heated rods): 744 MW (base case€9.4MW);
initial ACC injection rate: 6%102-10.3 102 m*¥/s (base case: 3.102 m?¥s);
LPCI rate: 0.5102-2.52 10?2 m®/s (base case: B.10%2 m%/s);

downcomer wall temperature: 486K (base case: 47K);

=A =4 =4 4 4 -4 A

loop seal water: Yes, No (base case:;No)
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loop flow resistance: 25, 35 (base caség; 25
nitrogen injection: Yes, No (base case: No)

horizontal core power distribution: Uniform, Namiform (base case: Nen
uniform);

clad temperature distribution: Uniform, Namiform (base case Neumiform);

evaluaton model (EM) condition/ beststimate (BE) condition: EM, BE (base
case: EM).

Figure 5.7. Overview of the SCTF
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The CCTF and SCTF tests clarified the therrhgllraulicsin primary components
(i.e.core, upper plenum, hot legs, steam generators, crossover legs, primary pumps, cold
legs, downcomer, and lower plenum) in the refill and reflood phase {8].1How below

the quench front in the core was from theJpower region to the highower regionYet

flow above the quench front in the core was from the ‘piglver region to lowpower

region. This threg@imensional flow circulation resulted in heat transfer being enhanced in
the highpower region and degraded the lowpower region. Figure 5.9 shows the
experimental results of the reflood phase in the CCTR®&2st, which was performed as

one of the base cases.
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Figure 5.8. Crosssection of SCTF corell pressure vessel
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5.1.4.4 Application for system code validation

The results of CCTF tests are used to assess TRACE reflood theminallics models
[5.1.4-3]. TRACE has shown it is capable of calculating the data trends duringefiors

for different variations in boundary and initial conditions. TRACE demonstrated its
capability to correctly calculate reflood behaviour for variationgarne power, radial
power profile and system pressures. TRAEEOexhibited its capability to predict reflood
behaviour reasonably well unddvestestimat® conditions (un 71). However, TRACE
wasunsuccessful in the simulation ofn 58; code failures prevented the simulation from
advancing past the initial rod hegp period when the system watagnant.

The rod clad temperature in the upper core half waspreglicted and resulted in a longer
guenchingtime. The upper third of the core is highly voided. The vapour temperature is
almost as high abe rod surface temperatuvehile the liquid temperature is at saturation.
The calculated liquid and vapour velocities in the upper core are on the order of 2.5 and
13 m/s respectively. It appears interfacial drag is wptedictedbecausesmall droplet

sizes fwomm or less) liquid and vapour velocities shallbe closer togetheiThe
interfacial heat transfealso seems to hendercalculated.

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



5.1.4.5 Main advantages and drawbacks of the facility

NEA/CSNI/R(2020)¢| 119

Both CCTF and STCF have ftieight pressure vessel. In addition, the CCTF simulates
four full-length primary loops connected to the central pressure vessel. The SCTF has the
core extent of over 1.8, which simulates the core radius of the largest PWRss&8dre

the advantagesf predicing T/H behaviours in cores and primary loops without scaling

distortion.
Figure 5.9. Reflood phase of CCTF C2L6test
0.40
Upper plenun
e 0.%0 |- pper plen
o
8 & 0.20 PO e e e —mhmenaon
B Containment tank 2
o g.10 |- miainmcn an n
o 1 1 | 1 1
o 40 120
- To eold leg
- -
Lo~ a0 [L_'_ At core inlet 100
g 2w N To cold leg 1°°
- 10 _-:- ------ R PO P et 11/]
3 P st i e was MIONAH [T
of 2 :
Dovneconer
60 |- =
8 © Lover plenum Core Upper plenue 7]
2 gl - - - - (A R — .
§ 20 M*__._:_pﬁ...._“?* _..::i-....-...__‘_ -u-.n:-|—--——-+---u—
g. 1 o e v | B Lie 1] el [V e T
e 100
- =
= 8o |- ,--~__ Broken loop SG side -
5 # e,
ks g0 / Dt T -
— - et R,
- 40 &7 ¥l 'Broken loop PY side e
=1 Fa e ‘A__..r""f"""‘ J’L.*_

(=

13
o
by e L SR
H = o & ]
H
el 1.22s~1. 83 -
-
= 0.26 |- -
©
= o L I L 1 !
Lt
[
=
=
[}
L
L]
B o~
s =
-
o
o
-
©
0a = =

l.-,- £ ‘300 -.:,.a k-
% 8 . Ligh pover
& =~ 1200 |- 1.8% vl -
£ E b rod
DORE 1.1 I P e el RE L i
3 S e l 1 ‘
=2 o a

[} 100 200 300 400 600

5

-4

N el
=
o
=
Lol
-l
]
=
]
=]
o

S = s

Sourcelchikawa,1995.

Time ofter fleed (s)

elevation (a)

©-- PTDIRLE
&--PTDIE

o--F101
A--FT01
+--HLCR

fatart

1

@-= DFDOUHE
A ETUIRGF
4= DPCOREG
X-- LTOBRNS

O--DT13C
&-- 01018
+-- DPBCL

-— ARQSY
2" Libskasy

O-- TES0Y17
&-- TEBOTIB
-~ 10830
O-~ HTESOY17
A-= HTE3OY1E

STATUS OF SIMULATIONCAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



120| NEA/CSNI/R(2®0)6

5.1.5.PERICLES 2D

5.1.5.1 Objective of thexperiment

The PERICLERD experimental programme was partly embedded insttaged cost
action programmé¢SCA) of the Europeaoommunitie CEC) onreactor safetyresearch

area 134, which invdved analysingexperimental databoutlossof-coolant accidents and
emergency core cooling [5.113 and[5.1.52].

The PERICLESD experiment has been carried out to investigatenultidimensional
effectsthatcan occur in a PWR core where the heating power is not radially uniform
specificallycore uncover (relative to SBOCAS) and reflooding (relative to LBOCAS)
cases.

5.1.5.2 Description of theest loop

The experiment consists of a vertical rectangular channel containing three different rod
assemblies, denoted here by A, B and C. Each assembly contains 7*17 = -1di8gtill
heater rods. The dimensions of the assemblies are indicefapline 5.10.

Figure 5.10. The PERICLES 2D experiment
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The assemblies are heated by two independent electrical power sadridsmakes it
possible tcheat thecentral assembly B (tH#otd assembly)norethan the two lateral ones
A and C (theicoldd assemblies). The o cheatied length is 86 mm and the rod diameter
is 9.5mm.

The heating is not uniform and depermtsthe axial position (elevation) on the rod. All
rods have the same axial heating shapethe highst flux density occurs at mitength.

The nominal heat flux densitiesin the lateral assemblies A and C are identical and that
the ratio«(B)/ «(A,C) defines the radial peaking factor.

The cladding temperature and the fluid temperature are meassirgfthermocouples.
The cladding temperatuie each assemblg measured at 24 different elevations and the
fluid temperature is measured at six different elevations.
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The void fraction is obtained at six different elevations in each assersiolgpressure
drop measurementhich assumethat the pressure difference between two points located
at two different elevations is approximately equal to the gravity head of thphase
column. The inlet liquid flow rates in the three assemblies are measutatine flow
meters and the outlet vapour flow rates are measugdgcalibrated orifices.

The controlling parameters were the nominal values of theteiliid heat flux densities

in the three assemblies and inlet liquid flow rataresponding to a stationary position of
the swell level ZGKigure5.11). The swell level positions in the different tests ranged from
2.20 m to 3.45 m and were approximately the same for the three assemblies.

5.1.5.3Tests performed
Test conditions

The nominal values of the heat flux densitiethe different tests investigateahged from
24.5kW/mz2 to 50kW/mz2, with given values of the radial peaking factor betweraand
1.85. Thes y s t mremsure was equal tbreebar and thev a t d¢empesgature entering
into the assemblies was 60°C below saturation temperature (133.5°C).

Reflooding tests

In the reflooding tests of the PERICLES3D experiment, the three assemblies initially
contain nowvater. During a first stage, the roai®electrically heated to bring the cladding
temperatures to fixed initial values. When these values are reached, some water is injected
through the bottom of the test section to reflood the three assemuidiee heating of the

rodsis maintained. During the reflooding stage, a quench front praggiessach assembly
andthe reflooding stagis terminatedncethe threegquench fronts have reached the top of

the assemblies.

Boil-up tests

In the boil-up testsof the PERICLESD experiment, some subcooled water enters the
assemblies at the bottom of the system. The rods are electinesed,and some
vapaudrisationoccurs along the channel. The flowfirst a singlephase liquidthenatwo-
phase mixturandfinally asinglephase vapour flow. The transition between the plvase
zone and the dry zone (singdbase vapour) occurs at the elevation of the swell level ZG
(Figure5.11).

Figure 5.11. Boil-up tests of the PERICLES2D experiment
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The liquid flow rate at the entrance is regulasedthata given stationary position of the
swell levelis obtained

5.1.5.4 Application for system code validation

Reflooding tests

These tests investigate the reflooding phaseli®@@A scenario [5.1.583]. The observed
experimental tendencies are the following:

1 The progression of the quench front in the central hot assembly is slower than those
in the lateral cold assemblies, but this effect is attenuated by the existirfgparess
of water between the assemblies.

1 The steam flow rates exiting from the three assemblieisiangcal

1 Water entrainment by the vapour flow up to the exit of the assemblies is sometimes
more important in the hot assembly than in the eskembliesdespite the higher
heat flux density. This may be due to the water flowing from the cold assemblies
above theh ot a s gyeench froptéasd the entrainment of this water by the
upward vapour flow. This caroyerprovides a better cooling of the rods in the hot
assembly.

Boil-up tests

These tests investigate the core uncovery phadeQCa scenario [5.1.81]. The observed
experimental tendencies are the following:

1 The axial position of the swell level ZGasmost identicafor the three assemblies,
even if the radial peaking is noniform.

1 The void fraction profiles in the three assembliesarglar, showing the existence
of cros$lows in the wetted zone. The wetted zone is thus characterised by a perfect
(or quasiperfec) radial mixing.

1 The waltto-vapour heat transfer in the dry zone is closehtat obtained by
assuming a perfect radial mixing in the wetted zone, a uniform steam flux at the
swell level and no radial mixing in the dry zone.

5.1.6.PRIUS

5.1.6.1 Objective of thexperiment

Therod bundle is duel element geometry frequently used in nuclear reactors. The coolant
flows axially through the suthannelsiormed between the rods. The mixing of cooling
fluid in a rod bundle reduces the temperature differences in the coolant and along the
perimeter of the rods. Flow insidhe rod bundless similar toflow in porous media.
Detailed information of the heat transfer and turbulent mixing flow phenomena taking place
within the sulshannelss requiredo ensure thermal performance ofulear reactorThe
sulzhannelanalysis is one of the kely/H calculationsfor safety analysis of the nuclear
reactor coreSubchannelcomputer codes arurrently usedo simulate fuel elements of
nuclear reactor cores and predict the performance of cores under normal operating and
hypothetical accident conditions. The ability of theseckabnelcodes to predict both the

flow and enthalpy distribution in fuel assemblieshighly importantfor the design of
nuclear reactorA new component scale analys@de, named CUPID [5.1-5, has been

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



NEA/CSNI/R(2020)¢| 123

recently developed in KAERI. It haghe capability of the muldimensional flow
application with a component scale.

The in-PWR Rod bundle Investigation of Undeveloped mixing flow acrossi@uinel
(PRIUS test facility is being designed and constructed to generate an experimental
database in a rod bundle geomethat addressethe modelling and validation of
sulzhannelanalysis [5.1.€]. The facility couldalso be useful for CFD in open medium
validation.

5.1.6.2 Description of thiest loop

Figure 5.2 shows a schematic of tiRRIUStest facility. The fluid system consists of a
test section, storage tank ameb-inch (0.05m) piping system for the water supply to the
test section and bachto the storage tank. The storage tank is installed at the top part of
the facility. The water temperature in the system is controlled using a cooler andiaater

is imbedded in the storage tank. The water flow is supfiiiea centrifugal pumpwith a

40m head and 4B13/h capacity, which is controlled ladjusting the impeller speed using

an inverter. A bypass line is established at the upstream of the test geetiable=fficient
control of the water flomnstrumentations for the flow rate, temperature and pressure are
installed inthe water injection linewhich is dividedinto two branch linesA honeycomb

is installed inside the inlet chambermaintain a straight flow at the inlet

The test section of PRIUS has a rectangular geometry with a dimension of
84Amm58mmeE1.5m and B made of acrylwith 15mm thickness. The typical
configuration for the rod bundle examined in this study consistslg6array of parallel

rods as shown inFigure 5.13. The unheated rods have almost the same size as those
commonly used in pressurised water reactors, which have an outer diameter, Dpohl10.0
and are separated on a pitch, P, ofri8. Table 2 shows the geometrical parameters of
the PRIUS test facility.

The matching index of refraction (MIR) technique is adoptedemove the image
distortion induced by the different refraction indexes of water and acrylAddsnsparent
acrylic rodwaschosen in combination with a solution of 62.5% sodium iodine (Nal) in
37.5% deionised water. The viscosity of the solution is low enough to enable Reynolds
number identity with a feasible mass flow. However, the-d¢dlitionis highly corrosive

to ferrous metals, even to stainless steels, arréftre piping with Tefloncoatingwas
installedto prevent corrosion. The circular pufp | nt enadefaom $RPafibre
reinforced plastic)The alves and storage tank are also made of RéGyYinyl chloride)

or PE polyethyleng.

Table 5.2. Geometry parameters of 46 rod bundles

Subchannel type, Number| Flow area, @nni) Wetted grimeter, \)gmm) Hydraulic diametex(idm)

Central 15 90.46 31.42 11.52
Wall 16 84.23 28.71 11.74
Corner 4 70.62 26.85 10.52
Total 35 2987.04 1037.98 1151

SourceYoonet al.,2018

Instruments

Several types of commercialyvailable instruments have been installed for measuring the
boundary conditions, as shown in Figure 5.14. The volumetric flow rate of the water is
measured using Zinch (6 cm) vortex flow meter installed at each inlet water line. The
estimated uncertainty for the measured mass flow was 0.80% of its read value. The system
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pressure is measured at the top of the test section and each inlet water line using two
SMART-type pressure transmitters (PTs). The estimated uncertainty of eaeadiiig

was 0.08% of the full scale, including the data acquisition system uncertaity TCs

are installed at the piping system to measure the temperature of the fluid. The system
temperature was maintained at 30°C, which accounts for heat generation from the pump at
the maximum flow condition and the cooling capability of the loop. dpyed power of

the heater inside the storage tank was controlled by a silicone controlled rectifier (SCR) by
referring to the temperature at the water supply line.

Figure 5.12. Schematic of the test facility (PRIUS)
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Figure 5.13. Geometry of4x6 rod bundles

84.00 D=10.00
- >

000000

O Q Q Q | _— Square central subchannel
Y O O O Q | — Wall subchannel
@ @ O O O .| —— Square corner subchannel

T
P=13.00
-

SourceKim et al.,2017.

58.00

14.50

-
| W

STATUS OF SIMULATION CAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



NEA/CSNI/R(2020)¢| 125

Figure 5.5 shows a schematic diagram of the optical setupdaticle image velocimetry
(PIV) velocity field measurements, which consists of an@blaser with an emission
wavelength of 532m, 2Kx2K chargecoupled deviceGCD) camera and delay generator.
The acquisition rate of the raw image is controlled by a delay gendeigbt frames per
second is usedrhe laser light sheet illuminated the test flow through the right side. Nal
solution is used as the working fluid for the PIV measurements. Fluorescent (Rhodamine
B) polymer beads with an average diameter omtOand a specific gravity of 1.0&e

used as the tracer particles. A long pass filktet560nm) and notch filtelare used to
eliminate the scattered light, except the fluorescence light, and block the 588
wavelength light, whiclare installed in front of the 2Kx2K CCD camefatistical results,
such as the mean velocity vector fields and turbulence intemsityobtained by the
ensemble average of 0D0 instantaneous velocity vector fieldEhe laserinduced
fluorescencel(IF) technique is adopted to visualise and quantify the mixing characteristics
between each rod bundle.

Figure 5.14. Schematic diagram of test facility
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Figure 5.15. Experimental setup of PI\\MIR measurement system
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5.1.6.3 Tests performed

SourceKim et al.,2017.

There are arious combinations set for the test matcionsisting of a selection of inlet flow
conditions and flow area sudden chang#é®w visualisatiorsince the second half of 2016
has been performed layhigh speed camera aunsingimage analysis technigsievhich
guantifydetailed information for the twdimensional movement of singfghase flowThe
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PIV technique is useid the present worto measure the velocity field of multmensional
flow that isdriven by various combinations with inlet flow condit®and flow area
changes.

Table 53 shows a test matrix fdhevisualisation experiment. Equal/unequal inlet velocity
conditions will be simulated fathe turbulent diffusion term or turbulent frictional term
evaluation to create the crélssv between the assemblies. The range of Reynolds numbers
that the PRIUS can simulate corresponds to the Reynolds number covering & SB
LOCA accident condition [5.1-8]. The simplest experimental conditiomsre setand the
boundary conditionsvere clarified in order to maximise the acaty of the physical
modelling The inlet velocity distribution for each assemlolgn be provided as inlet

conditions.
Table 5.3. Indicative PRIUS-| test matrix
6 & — 10 000 20 000 30 000
11 A A A
7:3 A A A

Source: Kimet al.,2017.
5.1.6.4 Application for system code validation

Application and drawbaakor 2D/3D application

SB-LOCA and IBLOCA encounter significant 3D effects the core due to the radial
power profile, with crodtows and diffusiondispersionA more precise validation of each
of the mixing processas required Unfortunately, only a CFD in porous body approach is
practically applicablend asimulation of the whole core is not possible vitte CFD in
open medium. The PRIU%ainly addresses the stiltannelcodes. Italso provides
validation data fothe CFD in open medium antb a lower extentfor system odes.

Avalilability of thedata

Current datawere generatedrom the project supported bthe Koreango ver nment & s
Ministry of Science and Technology (MOST), which several companies and institutes

formed a consortium for the work atwishae the product. The current data couldbade
availablewith theirmutualagreement.

Future plan

ThePRIUSII test programme will be conductadth theaim of building the experimental
database for the nuclear fuel assembly scale. The typical configuration for the rod bundle
will consist 0of6x12 unheated rodsepresenting two scaled PWR fuel assemblies.

5.1.7.ACOP

5.1.7.1 Objective of thexperiment

The core thermal margin is evaluated based on the minimum core inlet flow rate and core
outlet pressure at each fuel assembly. The core inlet flow distribution also plays an
important rolein structural problers for example thelamagecaused byhe lift forceto

the fuel assembly or shear at the core edge reglmcore inlet flow distribution should
thereforebe investigatedfae a ¢ h  f u e | loca maximumbanhdyndisnum flow rates.
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There are four principal parameters for a test model representing the hydraulics of a
prototype nuclear reactoThese arethe geometry (flow path), relative roughness,
Reynolds number, and Euler number (BR# v2, ratio of the pressure forces to the inertial
forces, perfect frictionless flow correspondsateuler number obnég. The Euler number

and aspect ratio on the flow path should be preserved in the test model. The effect of the
Reynolds number in a sufficiently high turbulent region is rather Ishedausethe
dependency of the form and frictional loss coefficients on the Reynolds number is
considered smailiherethe condition of the ratio of the total pressure drop is conserved.

A 1/5-scale test facility named Advanced COre flow and Pressure distribution tesy facilit
(ACOP) was constructetb test the core inlet flow distribution and reactor pressure drop
through fuel assemblies in the APR+ readirl.7-1]. The APR+ reactor has been
designed with an electric power 0600 MW and 257 fuel assembliekhe reactoadopts
advancedafety systengonceptssuch as an emergency core barrel duct for a direct vessel
injection of the emergency core cooling water and a passive auxiiadywater system.

The ACOP test facility focuses on the flow distribution of the reactor andasutds
thereforeoperated at low pressureténbar) and low temperature (<80°C) conditioAH.

internal structures were linearly reduced at a scaling ratio of 1/5 in the ACOP test facility
to preserve the characteri st iTesEulerfnumbdgre APR+06s
is considered an essential dimensionless parameter for the similitude of the flow
characteristicsThe Euler numbewas preserved by maintaining the Reynolds number in

the ACOP at a sufficiently high turbulent regiandunder the same flow path geometry

as the reference plant. The fuel assembly of the APR+ reactor has a 17x17 square lattice
array geometry.

The purposes of the APR+ core flow distribution test can be summarised as:f@llpiws
provide a measurement of the core inlet flow distribution and core outlet pressure
distribution and (2)to provide a measurement of the downcomer and reactor pressure
losses along the main coolant flow patfinam the cold to the hot leg.

5.1.7.2Description of theest loop

The reactor vessel and internal structures of the ACOP fagiditglinearly scaled down

from the APR+ reactor designbg a 1/5 scaling ratio (factor)The ACOP test facility is
focused on the hydraulics in a reactor veasel consequentgteam generators in the loop
were not consideredAll of the flow paths and internal geometrigave their original
shapesconserved, with the exception tife core. The diameters of cold leg nozzles,
downcomer, lower head, lower plenum, upper plenum and hot leg aafziee APR+

have been scaled down &yl/5 scaling ratio in the ACOP test facifitys  d. dhe iEwen
number of the APR+ reactor has been preserved in the ACOP test facility and the turbulent
flow condition is preserved by operating at a sufficiently high Reynolds number condition.
Table 54 summarises the scaling ratio of the major design parameters applied to the ACOP
facilities. The scaling ratios of the ACOP test parameters are expressed for normal
(balanced) four RCP running conditions and postdi#iteee RCP running conditions of

the APR+ respectively. The Reynolds numbers in the ACOP test facility for balanced four
RCP running condition ayeespectively around 4.0x1%) 2.6x106 and 3.7x10 at the
downcomer, cold legnd hot leg, which are in a fully turbulent regime. The ratios of
expected Reynolds numbers in the ACOP downcdorehe APR+ reactor were 1/41 for
abalanced flow condition and 1/47.7 finethree RCP running casgespectively.

The uppethead region othe reactor vessel was not considered in the reactor model
becausehe ratio of reactor bypass flow is less than 1.2% in the APR+. The core bypass of
baffle zone was niaconsidered in théd COP f a design.i Theyw@lkthickness ttie
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internal structures has been linearly reduced in ties t
theinternal volume and flow arsavere preserved.

Figure5.16 shows a schematic of the ACOP test facility. The four independent pumps were
installed for the individual cold leg flow. The 257 fuel assemblies of the APR+ core were
represented by the same number of core simulators. The core simulator has a venturi pipe
at the inlet part to measure the inlet water flow rate and a pressure tab to measure the
differential pressure over a core simulaftiie ®@re outlet static pressure can be calculated
using this pressure difference and core inlet pressunerefadl7 shows the core simulator

of the ACOP test facility. The axial pressure dropthefcore simulators were calibrated

to the scaled value by controlling the flow area of the orifiedgch werdocated at four
different downstream elevations. The flow discharge coefficients of the core simulator
venturi pipe were calibrated for 40~130% flow rates of the reference scaled flow rate at the
CAlibration Loop for Internal Pressure drPALIP) calibration loop.

A cold leg CL-1B pump was isolated and the simulated failed cold leg was connected to a
hot legto simulate the postulated single pump failure conditigithin this configuration,

part ofthe water from cold legs bypasses the core and is delivered to the failed cold leg.
This water should flow to the hot leg HL, viapumpCL-1B andthe steam generator in

the APR+. The estimated flow through this reversed flow,pdtha pump and steam
generatgrcan be obtained from the pléansiesign datalhe reversed flow rate is controlled

in the tesby throttling a valve located at the bypass.lifibe ratés measured by a vortex

flow meter in the ACOP facility. The actual piping configuratisshown inFigure5.18.

Table 5.4. Scaling parameters

fdasigm do ihat thedratios of

Parameters APR+ Scaling Ratio ACOP
4RA 3P
Temperature, °C 310 - 60
Pressure, MPa 15 - 0.2
Length ratio 1 IR 1/5
Height ratio 1 IR 1/5
Diameter or width ratio 1 IR 1/5
Area ratio 1 IR2 1/25
Volume ratio 1 IR3 1/125
Aspect ratio 1 1 1.0
Velocity ratio 1 VR 1/2.17 1/2.53
Mass flow ratatio 1 M6 1 1/39.0 1/45.3
Density, kgm 705.8 rr 983.2
Density ratio 1 rr 1.39
Viscosity, NsTm 8.88e5 nR 4.66e04
Viscosity ratio 1 nR 5.26
Excore re ratio 1 Mm6 $ 1/41.0 1/47.7
t
DP ratio 1 M6 1/3.39 1/4.58
Measurements

The majorparameters that should be measured are as follows:

four cold leg flow rates (inlet boundary);

two hot leg flow rates (outlet boundary);

257 core simulator inlet flow rates (core inlet flow distribution);

257 core simulator outlet pressures (caudet pressure distribution);
sectional pressure drops between the cold leg nozzle and hot leg nozzles;
upper plenum pressure distribution.

=A =4 =4 -8 -4 4
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Figure516. Birddés eye view of ACOP test facil
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Figure 5.18. Single pump failed condition flow diagram
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The cold leg and hot leg flows are measured by vortex flow meters installed at each leg.
The desired flow rate can be achieved by controlling the pump speed with inverters. The
system pressure is controlled by valves connected to a pressuriser.

Figure 5.19 shows the instrumentation applied to the ACOP test setttadrcorresponds
to the APR+ reactor vessebeven total sectional pressure drops tfe reactor were
measured

9 cold legto upper downcomer
upper to lower downcomgr

lower downcometto lower head

1
1
91 lower heado core inlet
9 coreinlet to outlet

1

core outleto upper plenum
9 upper plenunto hot leg.

Twelvepoints (each 30apart) were selected for the downcormeobtain the distribution

of pressure drop in azimuthal angles at one elevation .pldieeaverage core pressure drop
wasidentified by 12 selected poinfBhirteenmeasuring points were selected at a quadrant
at the core upper plenumhhi s r epessaradistsibution can be obtained using a static
pressurealong with12 differential pressures between the selected point and each of the
remaining points.

The core inlet flow distribution can be obtained using the core inlet flow, ratssured

at the inlet regiors of the 257 core simulators. Venturi installed at the inlet of a core
simulator measurthepressure differential through the venturdnichwhenused withthe
discharge coefficient of corresponding venturi can calculatentss flow rate through a

core simulator. The core outlet pressure distribution can be obtained by measuring 12
differential pressures in the core outlet region and a statssyme at a reference point at

the core outlet. The loop flow rate, pressure and temperature can be measured using vortex
flow meters, smartype pressure transmitters and resistance temperature detectosy (RTD
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respectivelyNine static pressure827 differential pressures for the pressure distributions,
and 257 differential pressures for the core inlet flow rates were measuosal.

5.1.7.3Tests performed

For the test matrix, the following three conditions were selected: (1) balanced four cold leg
flow condition (four RCP running conditien[5.1.7-1], (2) 5% unbalanced four cold leg
flow condition (four RCP running conditismwith 5% mass flow rate deviation) and (3)
three RCP flow conditions (one RCP failure)

The test matrix consists of (1) 15 balandanbld leg flow @ RCP running) conditions, (2)
5unbalanced cold leg flow conditions4 RCP running with 5% mass flow rate deviation)

and (3)9 unbalance® RCP running operation conditions representing a single pump
failure. The major test conditions are summarised in Tablarsitheyare the ensemble
averaged value of independent test rasiile static pressures were measured at four cold
legs, two hot legs, the lower head, the core shroud and the uppenp They have a
standard deviation of 0.25% to 0.57% for all test cases. The temperatures were measured
at a similar location as the pressuargdhave 0.05 to 0.14% of standard deviations for all

test cases. The loop flow rates were very accurately controlled and the data scattering based
on the standard deviation of the cold leg, hot leg and core bypass flow rate of the one
pumgd failure was less than 0.0015%, 0.035%, and 0.012% respectively.

Figure 5.19. Pressure drop instrumentation network at downcomer and core
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Table 5.5. Test conditions

Test Conditions

4-Pump Running 4-Pump Running 3-Pump Running
Parameter with 5% deviation
Mean St. deviation Mean St. deviation Mean St. deviation

Cold Leg Pressure, kPa 375.3 0.35% 377.2 0.27% 379.4 0.25%
Total Core Flow, kg/s 540.0 0.00075% 540.0 0.00082% 347.8 0.0026%
Cold Leg 01, kg/s 135.0 0.00087% 136.1 0.00070% 160.0 0.0009%
Cold Leg 02, kg/s 135.0 0.00065% 136.1 0.00096% -62.6 0.012%
Cold Leg 03, kg/s 135.0 0.0010% 130.7 0.00056% 125.2 0.0010%
Cold Leg 04, kg/s 135.0 0.0015% 137.1 0.0010% 125.2 0.0011%
Hot Leg 01 kg/s 269.2 0.024% 271.2 0.030% 159.7 0.036%
Hot Leg 02 kg/s 268.5 0.021% 266.4 0.015% 249.0 0.025%
Temperature, °C 59.9 0.11°C 60.0 0.07°C 60.1 0.09°C

5.1.7.3Application for system code validation

Results and discussions

The flow distribution at the core inlet is measured by 257 core simulatorBicgamd5.20
shows the measured flow distribution along thB line of the ACOP core.

Figure 5.20. 257 core simulator inlet flow distribution
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Application and drawbaaor the 2D/3D application

There is availableexperimental data fdhe verification of the 2D and 3@nalysis results
of a reactor core and downcontercause®57 fuel assembli@sndividual flowrates were
measured.

Avalilability of thedata

The wrrent datavasgenerated under the project supportedh®eiKoreango ver nment 8 s
Ministry of Knowledge EconomyMOKE), in which several companies and institutes

formed a consortium for the work ataishae the product. The current data couldnbade
availablewith ther agreement.

Future plas

Further experimental work will be performed with new instruments such as wiramesh
evaluate the performance of the boron mixing at a lower plenum

5.1.8.DYNAS

5.1.8.10bjective of thexperiment

The multdimensionabehaviour of a twgphase flow is expected to occur at several regions

in the reactor system, which significantly affects the key safety parameters. However, a
very limited number of experimentdfering a welldefined multdimensionalflow have

been found in the literaturéA new experiment idhereafterpresentedin which slab
geometrythat hasa sufficiently large gapeducesthe wall shear effect of individual
cap/slug bubblesA test facility in KAERI, called DYNamics of Ar/water Sstem
(DYNAS), has beemewly designed and constructaadaimsto generate an experimental
database for a muttimensionatwo-phase void distribution in 2D slab geometry [5-1]8

Two separated test sections were prepared farepectivevisualisation and impedance
measurements. Various kinds of tgimensional flow patterns were simulated using
different opening combinations of the inlet and outlet nozzles. The major parameters
measured were the twgimensional void fraction profile in ¢hslabtype test sectioand

the T/H boundary conditions. The void fractiomas converted from the impedance
measured between two electrodes installed on the inner surfaces of the slab acrylic plates.
Experiments were performedapressure lower than ONMPa and at 35°C. Various flow
rates of water and air were segt order to obtain data representindpe dynamic
multidimensionatwo-phase movementhe water flow ranged from 2 to X@/s and the

air flow rate ranged from 2.0 to 2fIsfor each selected inlet and outlet nozzle combination
which correspond to 0.4 tom/s and @ to 2.3m/s of superficial liquid and gas velocities
based on the inlet port areaspectively.

5.1.8.2Description of theaest loop

Figure 5.21 shows a schematic of tileYNAS experimental apparatus. The fluid system
consists of a test section, storage tank and piping systhioh dlows thewater and air
supply toarrive atthe test section and return back to the storage tank. The storage tank was
installed at the top part of the facility, where the air in the returnegbhase mixture flow

was separatedd cooler and heater imbedded in the storage tamkrolled the water
temperature in the systei centrifugal pumgsupplied the wizr flow. A bypass line was
established at the upstream of the test setti@mablesfficient control of the water flow.
Instrumentations for the flow rate, temperature and pressure were ingtalledwater
injection line A reference impedance sensor was installed at the inlet of the test section in
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the water supply system, of which the impedance value was utilised for compensation of
the void fraction at each poiimt the test section. Aompressor supplied aio the test
section. A regulator controls the air injection pressure before the air is delivered to the test
section.

Figure5.22 shows theé e st  sdesgn feature® ad important components. The two
phase flow injected through the selected inlet valve was split into two streams and gathered
at a common header. The flow goes downward in the annulus inside the common header
and enters the test sectiomabhgh the inlet nozzleA flow straightener and honey vane
were installed inside the inlet pip@ maintain a straight flow at the inlet

The present description focuses on the hydraulic behaviour of a reference nuclear reactor
downcomer having a 0.26 gap sizeThis relatively large channel prevents the formation

of a slug bubblehat wouldplug the channelThe small gap geometry of the test section

can bear undesirable wall shear momentum loss induced by a slug &udbiherefor¢he

test section was designedth agreatemgap scale than the stable maximum bubble size.

Two test sections were manufactutedneasure the impedance atthe st slewalt i ond s
points andprovide a visualisation of the overall flow characteristics d[xflow. Two
independent tests for the same flow conditions were performed with different test sections
corresponding to measurement methods. The visualisation test serves as a qualitative
benchmark of the void profile results from the impedance measureme¢mbd. The local

void fractions in the test section were obtained by measuring the ampztbetween two
electrodes installethceto-face on each inner surface of an independently manufactured
test section. The size of the test section is in4d1.44m x 0.11m. The test section has

three inlet and five outlet nozzles. Each noaziener diameteis 83 mm, except for the

air inlet nozzle where itis 28 mm. A singlephase water flow or twphase mixture flow

can be suppliethrough the other two inlet nozzléehree outlet nozzles were installed on

the top face of the steel structure, wHhilvo outlet nozzles were installed on the large rear
face of an acrylic platé\ conceptual flow pattern in a downcomer near a postulated broken
cold leg during a losef-coolant accident can be simulatesing the latter two nozzles
Various types of muldimensionalflow behaviours can be simulatdsy selecting a
combination of inlet and outlet nozzles

Figure 5.21. Schematic of the test facility

SourceEuhet al.,2013.
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Figure 5.22. Design of test section
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Instrumentation

Instrumentation of the DYNAS system can be classified into two categorieshg(1)
instrumentation for boundary parametensch as pressure, temperature, and flow rates of
both phases, and (8)elocal measurement of impedance used to obtaDoid fraction.

Several types of commercially available instruments were instédiedheasuing the
boundary conditions. The mass flow rate of the injected wasmeasured using a mass

flow meterinstalled at the water supply line. A mass flmeterwasalsoused to measure

the air flow at the air supply line. The system pressure was measured at the top and bottom
of the test sectionflwo RTDs werdnstalledto measure the temperature of the fldde

at the water supply line and the othmrthe test section. The dge temperature was
maintained at around 35;@hich accounts fdhep u m féatsgeneration at the maximum

flow condition and thé o o qodlirsy capabilityThe applied power of the heater inside the
storage tank was controlled by an SBRreferring to the temperature at the water supply
line.

The test section has 15x15 measuring points for a local measuilienoedérto obtain a

void fraction profile with a sufficiently high resolution. Each electrode has a dimension of
4x4 cm. Figure 5.23 shows a typical measurement result for average void fraction at
measuring planes.
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Figure 5.23. Effect of the gap void distribution
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5.1.8.3Tests performed

Figure 5.24 shows theneasured parameters and definition of the inlet and outlet nozzles.
Each test condition was achieved by selecting an inlet and an outlet nozzle among the three
inlet nozzles (lA, IB and IC) and five outlet nozzles (OA, OB, OC, OD and Ot&)water

flow ranged fromwo to 20kg/s, and the air flow rate from 2.0 to @& for each selected

inlet and outlet nozzle combinatiomhich corresponds to 0.4 tour m/s and 0.2 to 2.8V/s

based on the inlet poof superficial liquid and gas velocities aresspectively.

Figure 5.24. Measured parameters and nozzle definition
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5.1.8.4Application for system code validation

Eachtest case uses 200 data nurslber statistical analysifr the visualisation testhe
visualisation test resultevealed that the mixture flows in a rather 1D vi@ylow air and
water conditionwhereashigh air or water flow cases show a strong rdirtiensional
pattern.Additionally, coalescence occurred in low air and water flow condition and there
was sufficientontact time among the air bubbfes a large air regioto form.

Twenty tests were performefbr the impedance measuremefadr which six sets ofa
combination of inlet and outlet ports weselectedHundred=f datapointswere acquired

at each local point with a 108z/channel sampling speed these applicationsThe
instantaneous measured daias processed for the statistical results. All the impedances
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measured at 225 electrodes were converted to void fraction data by using calibration curves
and plotted into a 2D contour form, whiglas directlycompared with the visualisation
results. One of the comparisons of measured void profiles with the visualisation test results
is shown in Figire5.25. Although the visualisation cannot clarify the void profilelapth
direction, it doesimply the relevance of the measured void profiles. In general, the
measured void profilematcheghe visualisation results.

The liquid levels near the two side walls measured from the differential pressure
transmitters were compared with those from the impedance measureémeheck the
accuracy of the measured data another. iiayomparison of both measuremergsealsa

5% deviation between the two measured average void fractions for three data points.

This experiment was performed under government supihattare intended toe used for
Safety and Performance Analysis CAQ@#PACE)code validation.

Figure 5.25. Comparison of visualisation and measured void fraction profile (AB04)
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Avalilability of thedata

The wrrent datavasgenerated under the project supportedheyKoreango v er nment & s
Ministry of Trade, Industry and EnergMQTIE), in which several companies and
institutes formed a consortium for the work dodhae the productThe test datarenot

available to the public. It might be made available under a separate agreement between
organisations.

5.1.9.D0OBO
5.1.9.10bjective of thexperiment

Directvessel injectiorfDVI), duringwhich the ECC water of an ECCSdisectlyinjected

intother e a ¢ t o rdown@mes, & enfpyed in some advanced reastmis aAPR+,
APR1400, AP600The analysis results for an APR1440 show that a DVI type safety
injection system induced a late heating during the late reflood phase cL@CR at an

earlier stage. However, since the existing safety analysis code was developed to be suitable
for a safety analysis in a cold leg injection tyere remain somenanswered questions
aboutits applicability to a reactor employiiyVI.

The core reflood rate following the injection of ECC water duringiBaLOCA is
determined by the pressure difference between the core and downcomer, which is the static
head difference by the collapsed water level [51].8nd[5.1.9-2]. As shown in Figre

5.26, when theECC water of an APR1400 is injected into the core through a DVI, it is
mixed with the steam generated from the residual heat in the rawsitier the downcomer,

and its penetration into the core is partially disturéat subcooled degree of the coolant
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heated by the steam also affects the core cooling and peak cladding temperature of nuclear
fuel. In the results of a calculation using the RELAP5 code, the ECC water injected into
the reactor vessel abruptly boils inside the downcomer from the thermgy érsersferred

from the hightemperature reactor vessel structure, which results in a rapid increase in the
void fraction.Thisleadsto areheating of the core by reducing the head in the downcomer
part and decreasing the reflood rate in the aohich sriously threatenthe nuclear fuel

r o dirftegyrity. Analysis results usingvulti-dimensional Analysis of Reactor Safety
(MARS) and TRAC also show that the boiling in the downcomercaaisehe temperature

the nuclear fuel rod in the core increase

There are thereforeoncernghat must be addressesarding whethethe boiling of the
coolant accumulated at the bottom of the downcomer occurs due to a wall heating effect of
the reactor vessel, which decreases the core cooling ailitgview of the technical
validity of the relatedl/H model of the safety analysis coderequired A T/H test with
adequate boundary conditions of reflood downcosegp is essentialor this.

5.1.9.2Description of the test loop

The test facility was designed following the volumetric scaling method. The volumetric
scaling method has the temperature, pressure and height set to match the model and
reference plant. However, the lateral length is reduced to follow to this methodaogy,

well as the downcomer gap in the DOwncomer BOiling (DOBO) test facility. The reduced
downcomer gap size changes the ratio of the downcomer gap to the bubbly boundary layer
thickness, and the DOBO value i s di,jtest orted co
distorts the interface friction force between water and void in the downcomer. A modified
volumetric scaling method was employed to correct the drawback of the original volumetric
scaling method in the DOBO test facility, which preserved one dfsbéateral direction

length scales. Although a 1D assumption about which axial direction is dominant was
introduced in the conventional volumetric scaling methodology, only one out of two lateral
direction flows was ignored in the modified methodologye Melocity, heat flux and

gravity can still be preserved by introducing the scaling analysis method in this way
because the advantage of the existing volumetric scaling method can be preserved, as well
as the multlimensionaflow phenomena in one direction out of the ndittiensionaflow
phenomena occurring in two lateral directions.

Figure 5.26. Main T/H phenomena occurring in APR1400 during LB-LOCA reflood
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The height of the test facility and the downcomer gap were preserveditotielDOBO
test facility by introducing the modified volumetric scaling method. This enabied
preseration ofkey twophase flow phenomen&or examplethe bubbly boundary layer
thickness and void fraction distribution produced in the downcomarnd®d7 shows the
downcomer simulation part of the DOBO facility and APR1400 downcomer.

As shown in Figure 5.28, the test facility consists of a downcomer simulation part (test
section), preheater, water/steam separator, steam condenser, circulation pump, heat
exchanger, accumulator and mixing tank. The test facility can be operatedviP®.at

the most, and the design pressure was set up as one MPa in mind of safety considerations.

The downcomer of the reactor is simulated by a-gskab flow channel. One wall of the

slab is heated by an electric heater and reinforced glass is installed on three side walls to
enable visualisation. Over 200 cartridge electric heaters were instalted beated wall.

The heat flux of the heating part was obtained from the analysis result of RELAP5 and
TRAC-M.

A pre-heater controls the temperature of ECC water injected into the downcomer. The pre
heater of the test facility can increase the temperature by 7.3°C in the maximum operable
flow condition and by 20°C in a reflood condition. The water/steam sepamgtarases

water and steam when the twbase flow of water and steam is injected into the top of the

test section. The water/steam separator is used to make a moisture separation using the
cyclone principle. A steam condenser is a ptgpe heat exchangeéhat condenses the

steam released at the top of the main test section to make the condensed water flow into the
mixing tank. The capacity is designed for the removal ofkdF®f latent heat. The amount

of steam condensation is controlled by a flow adjestinof the coolant on the secondary
system. The heat exchanger is a ptgfe heat exchanger of the same type as a steam
condenser, which removes heat from the coolant leaked to the bottom of the downcomer.
This facilitates the operation of a pump by naining the low temperature of the coolant
flowing to the pump. The heat exchanger has a heat removal capacitylkM/1@hich is

the same capacity asthefrtee at er 6 s . Like a steam condenser,
by a flow adjustment of the coolaitt the secondary system. Circulation pumps are
installed on the bottom of the test section and mixing tank to coping with the drain in the
lower part of the test section and the injection of ECC water respectively. In the test, the
circulation pump is opated at the maximum output condition of the pump, and the flow
injected or drained is controlled by the control valve and bypass pipeline installed at the
pumpb6s downstream. T h e mprespegtivelin anal dasy make @8 40 and
maximum of 3.2Xg/s d flow. Steam generated by boiling in the test section passes the
condenser and is collected in the mixing tank. Meanwhile, subcooled water released to the
lower part also passes through the recirculation pump, heat exchanger and feow met
beforebeing ollected in the mixing tank.
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Figure 5.27. Geometry comparison of downcomersimulated part of APR1400 and test facility
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Figure 5.28. Schematic diagram of DOBO test facility
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Measurements andstrumentation

The DOBO test facility was designed to apply 1) a macroscopic parameter measurement
system that measures the mass and energy transfer in the downcomer, and 2) a special two
phase flow measurement system that measures a locgdhase flow parameter. The
macroscopic parametefthe temperature, pressure and heating surface average hegat flux
were measured and provided as boundary conditions to be used for a safety analysis code
evaluationThe flow and energy at the boundary surfiadbe testsuch as the temperature,
pressure and injection flow of the flyidre measured at the entrare® exit of the test
section Thetwo-phase flow basic parameters such as temperature, pressure, void fraction,
void velocity and water velocity are measuetthe crosssection of the test section. The
measured parametearan then b@rocessed and converted into flow parametenseeded

for analysisonan interface area concentration (IAC) and interface friction coefficient. Key
measurement parameters and measurement instruments are summarised iB.Table 5.

Figure 528 shows the fluid system of the DOBO test facility and measurement device
installation locations. As showly the figures, the temperature and pressure of the fluid,
and the injection mass flow are measured at the entrance and exit pipelines of the
downcomer simulation parThe energy transfer at the boundary surfat¢kedscalculated

and the mass flow and energy change in the downcomer simulation part meagyired.
differential pressure transmitters are instaltethe downcomer simulatioraptto measure

the average void fraction distribution in the axial direction or to measure the water level.
The five-conductance probes used to measure the localphaee flow parameter
measurement and the localdrection flow tube ardescribedn detail in the next section.

The average heat flux applied to the heating wall of downcomer simulation is calculated
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by dividing the total electric powehat isapplied to the heater installed on the wall by the
section area of the heated wall.

Table 5.6. Measurement parameter and measuring instrument summary

Measuremeparameter Instrumentation
Heatfflux Powemetre, walltemperature
Averageoidfraction Differentipressurdéransmitter
Locakoidfraction Conductangeobe
Fluidemperature TC
Bubble velocity  5-conductangarobe
interfacialrag
Degree afubcooling TC,pressurdransmitter
Pressure Pressur&ansmitter
Watefevel Differentipressuréransmitter
Liquidzelocity Bidirectionfibwtube
Masdlowrate Coriolisnassflowmeter

A five-probe electric conductivity methpdonsisting of five probes specially developed

by a KAERI research teans appliedin order to obtain the local void fraction distribution

and local void velocity distribution under a mdithensionatwo-phase flow conditionin

this method, probehat areclectrically insulatedwith the exception athe tip are used to
measure the difference in electric conductivithe differencevaries depending on the
fluid, such as water and air or water and stefine probesneasure the interface between

the gas phase and liquid phase and calculate the localhtas®e flow parameter. fve-

probe electric conductivity method consisting of a total of five probes was used to measure
the multdimensionaflow phenomena in the downcomer.

A precise 2D traverse of the probe at a given height is reqoimagasure the distribution

of each local parameter on the crgsstion and section averadetraversing device was

newly inventedor these testand applied to fulfil this function. A rotating axis and bellows

areon the fixed part of the main test section w@hto which the probe is insertpdnd

transfer the probe sensor part to the desired location by adjusting the radius and rotating
angle. A probe traversing deviedl be installedit five locations basedonthee st secti onds
height which will measure the multimensionaldistribution of the local parameters by

height.

A localbidirectionalflow tube(BDFT), which isavailable in a high void fraction aivater

or stearawater twephase flow, was applieduring these testoer the liquid velocity. The
operational principle of a BDFT is similar to a Pitot tubhe difference is tham a BDFT

the absolute pressure is measured by the absolute pressure tube located at the back of the
flow tube and the measured absolute pressure becomes smaller than the absolute pressure
in the flow channebue tothe suction effect produced, wake flow. The differential
pressure measured at the front and back ends of the flow tube is higher than the dynamic
pressure produced by the flow of the fluid in the flow field. This characteristic of the
differential pressure measurement vatasults inthe flow velocity measuremeiieing

easierin a low velocity region. In addition, the geometry of a bidirectional flow tube is the
same in both directiorand thereforéhe tube cameasure the bidirectional flow velocity

in a flowwhosedirection changs.

5.1.9.3Tests performed

The major boundary conditiorsse summarisedn Table 57, which was dividednto the

top and bottomwater injectiors. The test cases R1 to R4 inject water frim top,
considering the accidemtherebyECC water injects fronthe top of the downcomer via

the direct vessel injection nozzle. The conditions focus on the boundary value for the
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postulated LBLOCA scenaridn consideration afafety concerng here was free surface
attheupper part of the downcomer and the local parameters were not measured.

The second part of the-§&ries injects the water frothe bottom. The global water and
steam directions atbesameand arelatively simple twephase flow condition is expected.
The Gseries does not hawdree surface anthe two-phase mixture gesthroughthetop
exit of the test sectio.ocal bubble parameters and liquid velocity were meaduartt
C-series of tesby using a local conductance probe ardirbictionalflow tube (BDFT).
C2-1a and C2Lb havehesameT/H conditions. The formemefersto the experiment using
the conductance probe and thtter the experimentsing BDFT.

Table 5.7. Test matrix

ID Tecc(°C) Prop(kPa) = Wkcc(kg/s) Heat Flux Wateleve ECGQnjection Local
(kW/m?) (m) type parameter
R1 110.14 162.8 1.22 50.2 5.4 Top X
R2 161.42 1.16 69.7 54 Top X
R3 109.64 166.47 1.2 82.1 54 Top X
R4 109.52 170.78 1.2 91.1 54 Top X
C2la 112.9 160.6 1.29 72.2 N/A Bottom O
C21b 112.6 159.2 1.31 71.6 N/A Bottom O

5.1.9.4 Application for system code validation

The pressure difference between the top and bottom of the test seetsomainly
contributed by the hydrostatic heachich could be converted to the average void fraction

in the test section. Foine C-seriesthetest shows a resultant average void fractibn.2%

for the overall test section and 3.1% for the heated section. As the subcooled liquid flowed
upward, the temperature of the liquid increased and nucleate boiling started at the heated
wallwhi ch i s call ed At he outleated bulobfe startedddskdat ed b o
along the heated wall and was lifteff the wall. The bubble which entered the bulk region

was immediately condensbdcausehe bulk liquid was maintained at the subcooled state.
This phenomenon formed a bubbly boundary layer near the heated wall. The thickness of
the bubbly boundary layer gradually increased as the liquid temperature increased. The
distinct bubble boundaryyar is a typical characteristic of subcooled boiling flomhich

occurs in the lower and middregiors. In the upper regiorthere waswell-mixed bulk

boiling, while the bubbly boundary layer expanded to the opposite Wadlliquid reached

a saturated temperature at the bulk boiling regicawising an expecteflashing
phenomenon in the upper section as the nearly saturated liquid flowed upward.

The channel size wdarge enough for theressure drop between each pressuredab
mainly come from the hydrostatic head, which cdbkh easilybe convertedhto the void
fraction. The average void fraction measured fronptiessure dropd(P) transmitter was
compared to the data from the local conductivity probe, as shownureig9. The two
void fractions agreed within 5.6% of the discrepancy at#fsom the initiation of the
heated section.

The unheated section staatb.1 m from the bottom of the heated section. Even when the
heated section finished at 5r0elevation, the void fraction still increasés a resultthe

liquid reached a saturated conditidnflashing was expected déhe flow went upward with

this saturated condition, which increased the amount of steam and was reflected by the
increased void fraction, as showy Figure5.30.
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Figure 5.29. Profile of the channel area averaged void fraction
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SourceYun et al.,2008.

The local parameters measured in this study were void fraction and steam velocity. Local
conductivity probes were installed at five elevatighat were selected for the local
measurements along the heated test section. Each measuring plane was loaated at
midpoint between each DP tab. Five measured im#s24 points were selected at each
measure plane, as shown in Figur@gd5The distance between each point line wasin0

and between each measuring linen®B. The data acquiring time of thee-condictance

probe was 38 with a 20kHz sampling rate at each point.

Figure 530 shows the propagation of the local void fraction along the test section. At the
lower elevationwhere boiling was initiated, the steam concentrated near the heated wall.
As the generated steam flowed upward, the void profile médand a distinct bubbly
boundary layeformed At the upper part of the heated section, a peaking of the void profile
moved to the central region of a measuring plane. This trend reflected the visual
observation welbecausdahe bubbly boundary layer thickness increased ramslyhe
elevation became higher.

The current programme also generated local 3D bubble velgaitiésh were obtained
from the five-conductance probe and liquid velocity using BDFT. Howetlerseare
undegoing the data quality enhancememrrocess which includesreducing the data
fluctuation etc.

Application and drawback for 2D/3D application

Current data include muttimensionaltwo-phase flow behaviour in respect of void
fraction. The resolution of the data is around omein the form of a 2D contour at five
elevations inside downcomer, which is a sufficient scale for the validation of the system
scale codes. The data will soba used for the validation of the 3D system code, SPACE

Avalilability of the data

Current data wregener ated wunder the project supportec
MOTIE, in which several companies and institutes formed a consortium for the work and
to shae the product. The current data could be made available with their agreement.

Future plas

Currently thereare no plars for the test facilities. The infrastructures have been
significantly dismantled.
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Figure 5.30. Typical local void fraction in the test section

Heated
Wall
a \‘\h-;'

T

0.3
0.zaszll
0.2&5421
(=224 2:1:4
0. E26898
0,2x1083
0LE0EZEDY
0. 157979
0.173684
0157495
0.13210%
0.126918
Q.11052E
0.0937268
0.07%9474
0.DEFLEND
0.04973604
0.0215789
0.0LETRISF
o

Distanee from Bottom of Heated Wall{m)

Channel - =000 K
Center 0.05

Source:Yun et al.,2008.
5.1.10.MIDAS

5.1.10.1 Objective of thexperiment

TheAPR1400 reactor adopted DVI for an ECC water systenurém31 shows a location
of ECC water injection nozzles in theold leg injection(CLI) and DVI systers.
Multidimensionathermathydraulic phenomenaeveinduced dring a late reflood period
of a LB-LOCA of the APR1400 by a crd$sw of the steam in the transverse direction and
ECC water flow in the axial directipnvhich can occur in the downcomeas shown in
Figure5.32. Green arrows in the figurefer to thewaterwarmedby steam anthe water
interactions.

The Multi-dimensional Investigation iDowncomer Annulus SimulationV{IDAS) test
facility, which is a separate effect test facility for investigatirigd phenomena in the
downcomer, was designed bynodified linear scaling method (scale factor of 1/4&3)

the APR1400 [5.1.2Q]. Two test seriesd{rect ECC bypasstests and/oid heighttests)
have been performed inighfacility. The direct ECC bypasstests were performed under
two DVI injection modesasingle DVI nozzle injection through one of four DVI nozzles
and two DVI nozzle injectiontrough a combination of DV1 and-4, DVI-2 and-4, and
DVI-3 and -4 nozzles.An ECC bypass fraction, a steam condensation fraction and a
temperature distribution in the downcomer were precisely measordbese tests
However,the sweepout phenomenon was excluded amdy direct bypass of the ECC
water to the broken cold leg was considefidt initial water level in the downcomer was
thereforemaintainedat sufficiently lower level than the water level for the onset of
entrainmentn orderto exclude he ECC water bypass via a swami. In thevoid height
tests, the collapsed water level of the downcomer and the subcooling of ECC water were
measured under a constant reflood flow rate condition in the coreathdirect ECC
bypass and sweept phenomena were considered.
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The MIDAS test results can identiéynycode deficieng for a LB-LOCA simulation during
a late phase reflood period, especially for EAdopted nuclear power plants.

Figure 5.31. DVI mode versus standard CLI mode

SourceYun et al.,2001.

Figure 5.32. T/H phenomena during a reflood period of LBLOCA in the APR1400
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5.1.10.2. Description of thest loop

A modified linear scaling method was applied to the MIDAS test fadilty d.dlsisi g n
scaling methodpreserve thep r ot o gravityeaddsaspect ratio scal€his scaling
methodthereby carsimulate the multlimensionaflow phenomena in the downcomer.
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The MIDAS test facility consists of downcomer and core barrel simulaagosimary
piping systemanECC water supply system for SIS simulatiasyperheated steam supply
systemacontainment system amdneasurement systemsshown in Figire5.33.

Figure 5.34 shows a schematic diagram of the primary piping systdm.cdwncomer

annulus and core region were separated in the test fagifieserve the muttimensional

flow phenomena in the upper section of the downcomer and enhance the accessibility of
instrumentation to the dowihe dome patsof thensi de an
downcomer was designed as a single pijik a simple flow path connecting to the inlet

plenum of the reactor core.

The upper downcomérs a n n u |l u gnithe ARR140Gvrangds lfirom 25.dh to
25.71cm, dependingon the vertical heightThe gap width chosem the MIDAS test
facility was 25.71cm.

The region between the downcomer and the core barrel corresponding to the core bottom
elevation was simulated by a single inclined pipke connecting region between the
downcomer annulus and single pipe was designedveedgedsizedshapeto establish
uniform flow.

Figure 5.33. Schematic diagram of MIDAS test facility
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SourceYun et al.,2001.

The downcomer simulator was connedeglarious nozzles, such as cold leg nozzles, hot
legs nozzles and DVI nozzleBour DVI nozzles were installeid the upper part of the
downcomer simulatoat a scaledowned height by the volume scaling methadother

four DIV nozzles were installeat the upper location of 0.427 from thec o | d cdnteeg 0 s
line, following the modified linear scaling methodology for tests.

In the MIDAS test facility, the nozzle simulating the hot legs was installed to preserve the
effect of the hot leg on the flow behaviour in the downcomer. The inner diameter of the
cold leg was determined by the length scale and safety injection nozziegsatalled at

each cold lego simulatethe CLI mode.

The safety injection system of the APR1400 reactor consists of DVI nozzles, safety
injection tanks (SITs) and high pressure safety injection (HPSI) puiiips.safety
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injections from the SITs and the HPSIs are simulatetie MIDAS test facility bythe
separate pump systems.

A superheated steam boiler was installed to simulate the steam discharged from the reactor
core to the cold legs. The superheated steam boiler simti@ealecay heat and phase
change energy for droplets in the upper cameorderto convert the superheated steam
through a steam generator.

The containment simulating system consists of a wsitsrm separator and large storage
tank. This system stores the discharged fluid from the broken cold leg and controls the
system pressure. The discharged fluid from the broken cold leg is separédtedviater

steam separator and the waterthen discharged into the storage tank through the
connecting pipes. The water discharged into the storage tank is collected and the steam
condensed. Some steam is discharged into the atmosjheoatrol the contament
pressure. The containment pressure is controlled by adjusting the steam dischantge rate
the atmospherduringthe MIDAS test. The watesteam separator is also used to measure
the break flow rate.

Figure 5.34. Schematic diagram of primary pipingsystem
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Instruments

Six _hundredinstrumentations were installéd the MIDAS test facility tomeasure the

majorT/H parametersyhichincludingthee CC wat er and smapsdlowheat ed st
ratesandthe break flow rate. Many devices were installed in the reactor downcomer to

measure the muttimensionalflow phenomena from a quantitative point of view. Major
instrumentations includethermocouples, pressure transmitters and differential pressure
transmitters.

5.1.10.3Tests performed

The MIDAS testshave beerlassified intodirect ECC bypasgess andvoid heighttess.
ThedirectECCbypasdests were performed under two DVI injection modesngle DVI
line injection through one of four DVI nozzles and two DVI line injectidmough a
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bypasdess, the sweeput phenomenon was excluded and the direct bypass of the ECC
water to the broken cold leg was considefiétk initial water level in the downcomer was
thereforemaintainedat asufficiently lowerlevel than the water level for the onset of

entrainment to exclude the ECC water bypass via a sogep

In thevoid heighttests, the collapsed water level of the downcomer and the subcooling of
ECC water were measured under a constant reflood flow rate condition in the core and both
the direct ECC bypass and the sweepphenomena were considered.

5.1.10.4 Application for system code validation

Figure 535 shows the ECC bypass fraction in the steeater test through DVI nozzles.
The direct ECC bypass fractiomas calculated from the ECC injection flow rate, steam
condensation ratand drain flow rate at a reactor downcomer annulus.

Figure 5.35. ECC bypass fraction
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Application and drawbaakor 2D/3D application

The experimental datare available forthe verification of 2D downcomer thermal

distribution and direct ECC bypass fraction.

Availability of thedata

The arrent dataveregenerated under the project supported dy e

2.0

Kor ean

gover nme |

MOKE, in which several companies and institutes formed a consortium for the work and
to shaethe product. The current data couldrbadeavailablewith theiragreement.

5.1.11.PSBT

5.1.11.1 Objective of thexperiment

Void generation in the fuel assemblies providesdistribution of coolant flow throughout

the core under transient and accident conditions and reduces the fissiordpetoeroid
reactivity feedback mechanisnihe void behaviour affects not only/H but also

neutronics. 3D void behaviour in fuel assemblighiisone of the most important factors
in reactor safety. The needs should not be limited to the currently available macroscopic
methodsbut should be extended to neyneration analysis techniggithat focus on more

Microscopic processes.

The Nuclear Power Engineering Corporation (NUPEC) performed a series of void

measurement testeom 1987 to 199%n Japarusing fullsize mockup tests, where void

fraction distribution andleparture nucleate boilind®NB) were measured under steady
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state and transient conditions. Part of the experimental data obtained in the NUPEC tests
were used in the international OECD/NRC PWR Subchannel and Bundle Tests (PSBT)
benchmark{5.1.1%1], [5.1.1%2] and[5.1.1%3] and are now provided b\ E A ®ata

Bank. The following data could suppaditte validation for 3D TH codes including
subchannel analysis codes

9 steadystate bundle void distribution
transientoundle void distribution
steadystate fluid temperature distributipn
steadystate DNB

1
1
1
M transientDNB.

5.1.11.2 Description of theest loop

The NUPEC test facility shown iRigure 5.36 consists of a high pressure and high
temperature recirculation loop, cooling loop, instrumentation and data recording systems.
The recirculation loop consists of a test section, circulation pumihgater steam drum
(acting as a pressuriser) and water mixer. The range of operating conditions for the facility
is given inTable 58 and the operating range for the four transient tests are givieabla

59.

In the test section, three different test assemblies were used to model void distribution in a
rod bundle. The bundles represented by these assemblies are descFigle B10. An
electrically heated rod bundle was used to simulate a partial section atehdifi of a

PWR fuel assemblyFigure 537 shows the test section used for the rod bundle void
measurements. The effective heated length 868nm. The measurements were
performed at three axial elevations: uppet73mm, middle 2669mm and lower

2 216mm from the bottom afhe heating section respectively. Two different radial power
distributions, named A and B, were used in the void distribution measurehmeaxial

power distribution based on uniform or cosine shapes was used in the bundle tests.

The test assemblies used for the fluid temperature distribution and DNB measurement are
described fronTable 511to Table 5.8. The DNB measurements were performed for full

length partial 55 and 8 6 array rod bundles, which simulate2 17 PWR fuel assemblies.

The heater rods used in these bundles the same type as those used in the bundles in the void
distribution measurements. The four types of different radial power distributions, A to D

are used in the DNB measurement.

There were three types of spa@estruments usedlong the axial length in bundle test
assemblies: simple spacer (SS), spacer withmiing vanes (NMVs) and spacer with
mixing vanes (MVs). The simple spacenly has dimpleswhile NMV and MV have
dimples and springs. The grids straps are made out of Inconel 600 Fitloye 538
provides 3D views of the simple spacer, nomixing vane and mixing vane grids. These
dimples provide a gap (Orfim) around each heating rod, which prevents bowing of these
rods when they linearly expand at high temperatures. The insulator and the heater are made
of Inconel and alumina respectively, and the gap between the heater and insulator could be
assumedo bezero contact. The rod is a singdaded, grounded electrical heater rod, which
simulates the heat generation from a fuel Figure 539 provides a crossectional view

of the heater rodwith theirdimensions.
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Table 5.8. Range of NUPEC PWR test facility operating onditions

Quantity Range

Pressure 4.91 16.6 MPa
Mass \elocity 5501 4150 kg/nfs
Inlet coolanttemperature 14071 345°C

Table 5.9. Transient parameters of NUPEC PWR test#cility

Transient scenario

Transient change

Depressurisation
Temperaturencrease
Flow reduction
Power hcrease

-0.03 MPa/s
1 Cls

-25 %/s

15 %l/s

Table 5.10. Testassembly in void distribution measurement

Item Data
0000 [010]0]0]0)] Qo000
Assembly 010101010 Q0000 00000
[010]6]0]0)] [elo]e]e]e) elel¢lele)
0]0]0]10]0] (0]0]0]0]0)] [0]0]0]e]e)]
0000 [@]e]e]e]e)] 0000
B5 B6 B7
Rods array 55 55 55
Number of heated rods 25 25 24
Number of thimble rods 0 0 1
Heated rod outer diameter (mm) 9.50 9.50 9.50
Thimble rod outer diameter (mm) - - 12.24
Heated rods pitch (mm) 12.60 12.60 12.60
Axial heated length (mm) 3658 3658 3658
Flow channel inner width (mm) 64.9 64.9 64.9
Radial power shape A A B
Axial power shape Uniform Cosine Cosine
Number of MV spacers 7 7 7
Number of NMV spacers 2 2 2
Number of simple spacers 8 8 8
MV spacer location (mm) 471,925, 1 378, 1832, 2 285, 2 739, 3 247
NMV spacerocation (mm) 25,3755

Simple spacer location (mm) 237,698, 1 151, 1 605, 2 059, 2 512, 2 993, 3 501
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Table 5.11. Test assembly inliquid temperature distribution and DNB measurement- Assembly AO

Iltem Data
0O000
Assembly 88888
elelelele)
Q0000
AO
Rods array 55
Number of heated rods 25
Number of thimble rods 0
Heated rod outer diameter (mm) 9.50
Thimble rod outediameter (mm) -
Heated rods pitch (mm) 12.60
Axial heated length (mm) 3 658
Flow channel inner width (mm) 64.9
Radial power shape A
Axial power shape Uniform
Number of MV spacers 5
Number of NMV spacers 2
Number of simple spacers 6
MV spacerocation (mm) 610, 1 219, 1 829, 2 438, 3 048
NMV spacer location (mm) 0, 3658
Simple spacer location (mm) 305, 914, 1524, 2 134, 2 743, 3 353
Table 5.12. Test assembly inifuid temperature distribution and DNB measurement- Assembly A1,
A2 and A3
Item Data
00000
ge83s | [2eR3 259333
Assembly 83333 SISISISts 000009
jejeje]ele) 00000 OO0000
Al A2 elelelelele)
A3
Rods array 55 55 6°6
Number of heated rods 25 25 36
Number of thimble rods 0 0 0
Heated rod outer diameter (mm) 9.50 9.50 9.50
Thimble rod outediameter (mm) - - -
Heated rods pitch (mm) 12.60 12.60 12.60
Axial heated length (mm) 3658 3658 3658
Flow channel inner width (mm) 64.9 64.9 77.5
Radial power shape C A D
Axial power shape Uniform Uniform Uniform
Number of MV spacers 7 7 7
Number of NMV spacer 2 2 2
Number of simple spacers 8 8 8
MV spacer location (mm) 457,914, 1 372, 1 829, 2 286, 2 743, 3 200
NMV spacer location (mm) 0, 3658
Simple spacer location (mm) 229, 686, 1 143, 1 600, 2 057, 2 515, 2 972, 3 42¢
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Item Data
00000 oCO0O
O
Assembly 8888% 0888
00000 (0]0]0]0]0)
00000 oC000O
A4, A1l A8, Al12
Rods array 55 55
Number of heated rods 25 24
Number of thimble rods 0 1
Heated rod outer diameter (mm) 9.50 9.50
Thimble rod outer diameter (mm) - 12.24
Heated rods pitch (mm) 12.60 12.60
Axial heated length (mm) 3658 3 658
Flow channel inner width (mm) 64.9 64.9
Radial power shape A B
Axial power shape Cosine Cosine
Number of MV spacers 7 7
Number of NMV spacer 2 2
Number of simple spacers 8 8
MV spacer location (mm) 471,925, 1378, 1832, 2285, 2 739, 3247
NMV spacer location (mm) 2.5,3755

Simple spacer location (mm) 237,698, 1 151, 1 605, 2 059, 2 512, 2 993, 3!

Figure 5.36. System diagram of NUPEC PWR ést
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Instrumentation and measurements

The detailed explanation for the void fractioleasurement procedure is provided in
referencesq.1.1%4] and p.1.115]. Figure 540 shows the procedure used to perform the
void fraction measurements. The void measurement systems consist of-gayrsoarces,
detectors, collimators and signal processing units. The attenuation of the -gaysma
which depends on the void fraction, wdstermined by the count rate of the signal
processing. As shown in the bottom halfridgure 540, a multibeam system was used to
measure each chordal averaged subchampél fraction of the rod bundle. Six
transmission data abdirection and six transmission datadflirection between the rod

and rod/channel wall were used to reconstruct the void fraction of the 36 subchannels by
an iterative method. The subchannel averaged void fractions in the rod bundle tests, which
were determined based on the relationships beteelechannel averaged void fraction and
chordal averaged void fraction that was obtained in the single subchannel tests. The CT
scanner system operateyl translate/rotate method was used to define the subchannel
averaged void fraction in the single subchannel tests. The measurements were performed
simultaneously at three axial elevatioiigble 5.8 describes the sources of error in the
void measurement process (these values correspond to one standard deviatin, one
Table 5.5 shows the time required to perform the void fraction measurements.

The exit fluid temperatures were measured by the thermocouples at each subchannel of
457mm from the top oheating section. Ten pressure taps inserted into the rod bundle
measured the pressure.

Figure 5.37. Test section for 10d bundle void distribution measurement fcility
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Figure 5.38. View of simple spacer gid (left), non-mixing vane spacer grid (centre) and mixing vane spacer
grid (right)

SourceNEA, 2012

Figure 5.39. Cross-sectional view heater od
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The bundle power was gradually increased in fine dmpihe steadystate and transient
DNB measuremerib the expected vicinity of DNB, which was based on previous analysis
operator experience. The onset of DNB was confirmed by a rod temperatuhatiaas
greater than 11°CGas measured by the thermocoupldsse location is showim Figure

541 The DNB power is defined as the power corresponding to the step immediately
preceding the stepuring which this temperature rise is sedrable 5.5 shows the
estimated accuracies of different process parameters for the DNB measurements.
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Table 5.14. Error sources for void measurements

Error source Chordal averaged CT
Steadystate Transient averaged
Effect of surrounding condition 0.1% 0.1% 0.1%
o-ray (magnetiefield and temperature)
measurement
on measurement system
Rando mn eraysourcef 9 0.02% 0.2% 0.1%
decay
Correction error due to background 0.0% 0.0% 0.0%
Correction error due to counting loss <0.5% <0.5% <0.1%
Calibration error 0.1% 0.1% 0.1%
Correction error due to attenuation 0.0% 0.0% .
by surrounding water
Correction error due to scattering <0.2% <0.2% _
from maybti o
Total <0.55% <0.6% <0.2%
Subchannel ensity Transfer to density <9 kg/n’ <10 kg/m? <15 3
kg/m
Distribution error to Subchannel <5 kg/m’ <5 kgim®> | -
Correlation error from Chordal averaged to CT averaged <6 kg/m’ <6 kg/m” | -
Subchannel ehsity <20 kg/n?’ <21 kg/m® | <15 3
kg/m
Subchannel crid* 0.040 0.042 0.030
Uncertainty (1s) 4 5 3%
% %

Table 5.15. Time required to perform void fraction measurements

Item CT measurement Chordal
measurement
Stead . 100 s
state Y Time needed 5 s/step 133 R 17 sampling cycle
step (it takes 2 h) 0.1s
Measurement 2 times 3 times
Transient Time needed - 200 s
Measurement | - 1 time
Table 5.16. Estimated accuracy for DNB measurements
Quantity Accuracy
Pressure 1%
Flow 1.5%
Power 1%
Fluid temperature 1 Celsius
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Figure 5.40. Void fraction measurement procedure
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Figure 5.41 Location of thermocouples for test asemblies
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5.1.11.3 Tests performed

The available data for steagyate bundle void distribution includ®id fraction (chordal
averaged) at three axial elevationsady-ray densitometer. The averaging is over the four
central subchannels of the bundle. There are four test ste#sdries 5, 6, 7 and 8)
providing dataTestassemblies B5, B6 and Bfiown in Table 5llwere used itestseries

5, 6 and 7 respectively. The same assembly type was utsisaries 5 antestseries 8.
Test cases performed at similar conditioaa therefee be used to assess the repeatability
of the measurements.h e t e st aogeisdhovinifabe®.&. r

The available data for transient bundle void fraction distribution indlueleoid fraction
(chordal averaged) at three axial elevations by densitometer. The averaging is over

the four central subchannels of the bundle. There are three testtestieyies 5T, 6T and

7T) providing data. Test assemblies B5, B6 andvBie used itestseries 5T, 6T and 7T
respectively. Four transient scenarios (temperature increase, power increase,
depressurisation and flow reduction) were simulated in eachetéss,syieldingl2 total
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test casesThe pressure, mass flux, power and inlet temperature were \viariegch test
caseto simulate each transient scenario. The initial condition is shoWwalile 5.B.

The available data for steadjate fluid temperature distributiowere taken by the
thermocouplegor each subhannelin the bundle assembly at the exit of the test section.
test coisgshiwninon 6 s

Test assembly Al was used for this measurenieht.e

Table 5.3.

The available data for steadyate DNB include the axial and radial locations of DNB in

the bundle, as well as the power at which DNB first occurred. Thegixaest seriestést

series 0, 2, 3, 4, 8 and 13) performed for the available data. Test assemblies A0, A2, A3,
A4, A8 and Al3were used inestseries 0, 2, 3, 4, 8 and 13 respectivAljie test
condi t i asshowninfable 5B

The available data for transient DNB include the transient time at which DNB was first
detected in the rod bundle. There are two test sdsesséries 11T and 12T) providing
these type of data. Test assemblies A11 and A12 were usestgeries 11T and 12T,

respectively. Four transient

scenarios (temperature

increase, power increase,

depressurisation and flow reduction) were simulated in each test series, yielding eight total
test casesThe pressure, mass flux, power and inlet temperature were viargsth test
caseto simulate each transient scenario. The initial condition is shoWwalile 518-21.

Table 5.17. Range of test conditions for steadygtate bundle void distribution measurement

Quantity

Test ondition

Pressure (MPa)

Mass flux (kg/m2s)

Inlet oolantemperature (°C)
Power (MW)

4.90, 7.36, 9.81, 12.26, 14.71, (Bd&e: 4.79116.59)
556, 1 389, 2 222, 3 056, 4(R@nge: 5564 256)

Range: 14314322
1,15, 2,25, 3, 3.3, 3.8, 4 (Range: 0.954.032)

Table 5.18. Range of initial test condition for transient bundle void distribution measurement

Test Assembly | Initial ©nditions

Simulatedransients

series Pressurgkg/cm?2a)

5T B5 15.12
15.08
15.00
14.96
6T B6 15.51
15.53
15.16
15.42
T B7 1551
15.50
15.20
15.57

Mass flux
(106kg/m2h)

3319
3314
3311
3317
3208
3342
3339
3311
3339
3344
3331
3331

Power(MW)

2.282
2.244
2.236
2.230
2.621
2.574
2.556
2.603
2.500
2.405
2.577
2.496

Inlet temperature

49

300.4
301.2
300.4
301.7
288.1
288.8
288.2
288.8
291.9
292.0
291.8
290.2

Power increase

Flow reduction
Depressurisation
Temperature increase
Power increase

Flow reduction
Depressurisation
Temperature increase
Power increase
Flowreduction
Depressurisation
Temperature increase
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Table 5.19. Range of test condition forsteady-state fluid temperature distribution measurement

Quantity

Test ondition

Pressure (MPa)
Mass flux (kg/m2s)

Power (MW)

4.90, 9.81, 14.71, 16Ra@nge: 4.9016.59)

138.9, 194.4, 277.8, 555.6, 1 388.9, Bra66: 122i24744)
Inlet Coolant Temperature ( Range: 8415289.2
0.1, 0.25,0.4,0.5,0.7, 1, 1.25, 1.5, 2.1,(R@nget 0.113.44)

Table 5.20. Range of test condition forsteadystate DNBmeasurement

Quantity

Range

Pressure (MPa)
Mass flux (kg/m2s)

Inlet coolargmperature (°C) Range: 122i6334.5

4.903, 7.355, 9.802,26, 13.73, 14.71, 15.69, (Rd&e: 4.84416.80)
277.8, 555.6, 1 389, 2 222, 3 056, 3 333, 3 8§RahgR216i74 944)

Table 5.21. Range of initial test condition for transient DNB measurement

Test gries | Assembly Initial ©nditions
Power (MW] Mass flux (kg/m2s Pressure (MPa Inlet temperature (°C

11T

127

Ad 2.50
2.50
2.52
2.48
A8 251
251
2.50
2.50

3106
3108
3133
3 067
3167
3253
3172
3161

15.32
15.31
15.33
15.16
15.31
15.33
15.32
15.28

Transients
291.0 Power increase
293.1 Flow reduction
291.7 Depressurisation
291.6 Temperature increa
291.3 Power increase
292.5 Flow reduction
290.6 Depressurisation
291.2 Temperature increa

5.1.11.4 Application for system code validation

Several exercises fohepr edi ct i on
PSBT benchmarlg1.1%1]. Tenparticipants used subchannel analysis cout®e steady
state bundle void distribution exercis¢hile one participant used a porous media code and
six participants used system analysis codes. It was noted that the codes consistently over
predicted the void fraction at the lower elevation in the bundle. However, the results were
generally improved tahigher elevations, althoughere wassome undeprediction. The
majority of the codes also consistently predicted the correct thermal equilibrium quality at
the lower elevationswith only afew exceptionshatoverpredicted the quality. All codes
tended to undepredict the quality at the upper bundle elevations.

of

participant 6s

anal ysi

In the transient bundle void distribution exercise, nine participants used subchannel
analysis codes, while one participant used a porous media code and six participants used
system analysis codes. A slight time shift can be seen in the void fractids veseih they
are compared to the experimental data forchees otemperature increase. It has been
suggested that the structure between the downcomer and test section was not truly adiabatic
andconsequentifhere was some heat transfer between thagen® thatproducedthis
shift. Otherwise the codes generally predicting the void fraction throughout the different
transiens well, yieldingthebestresults at the highest elevation in the bundlethadvorst
at the lowest elevation. Some codes consistently underestimated the void fraction,
especially at higher elevations. There was also consistent-pret#iction of void fraction
at higher elevations for the depressurisation cases.

In the fluid temperature distribution exercise, six participants used subchannel analysis
codes, while one patrticipant used a porous media code and one participant used a system

analysis code. The codesuld notaccurately model the fluid temperature at the right side

of the bundlendover or underpredictedjn several casesgnificantly. These conditions,
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coupled with the strong power gradient across the bundle, create an environment that is
difficult for the codes to model accurately.

In the steadystate DNB exercise, six participants used subchannel analysis codes, while
one participant used a porous media code and two participants used system analysis codes.
The various DNB modelling approaetisuch as Groeneveld loalp tables and the Shah
correlation were used in the coder this exercise. The codes were generally able to
calculate the DNB power satisfactorily and there was no observable bias thertest

series. There was considerable variation in the predictions of axialtielefor first

detected DNB.The measured data represent the first thermocouple at which DNB was
detectedlt isthereforethe latest (axially speakingpint at whichthe onset of DNB would

have occurred and is not an exact vddeeausédNB could have occurred lower on the
bundle.

In the transient DNB exercise, six participants used subchannel analysis codes, while one
participant used a porous media code and one participant used a system analysis code. The
codescould notpredict the time of DNB during the simulated transients. Most of the codes
calculatel earlier DNB occurrence for both bundle types (veitthimble rod in the central

region intest series 11 and withomin test series 12).

Main advantages and drawbacks of the facility

Bundle void distributions in the steadiate and transient condition were measured in
PSBT. Howeverthevoid fraction averaged over the four central subchannels of the bundle
wasincluded in the data provided in the PSBT benchmark.

5.1.12.BFBT

5.1.12.1 Objective of thexperiment

There have been significamfforts madein the past decades to achieverealistic
simulation of B WR f u e | bdilingrirdnisitios @T). The detailed void distribution
inside the fuel bundle and crossflow through the subchannel gap hasdmséteredan
important factorof the BT. Subchannel analysis codes can predict the detailed void
distribution and dryout procegdisappearance of the liquid film on the fuel rod surface

by considering entrainment, deposition and evaporation. Subchannel analysis codes should
be validatedisingexperimental data on a subchannel basis.

NUPECperformed a series of void measurement tiesta 1987 to 199%using fullsize
mock-up tests $.1.121]. They visualisedhe void distribution at the mesh siaemuch
smaller than the subchannel under actual plant conditions. Stestidyand transient critical
power were also measuresiome of theexperimental data obtaindxy the NUPEC tests
were used in the international OECD/NRC BWR H#k FineMesh Bundle Test (BFBT)
benchmark$.1.121] and are novin NEAS6 Bata Bank. The following data calisupport
validation for 3D TH codesincluding subchannel analysis codes:

i steadystate bundle void distribution

i transient bundle averaged void fraction
i steadystate critical power
1

transient critical power
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5.1.12.2 Description of theest loop

Figure 543 shows a diagram of the test loop. The maximum operating conditions for the
facility are 10.3MPa in pressure, 3186 in temperature, 1RMW in test power and 78h

in flow rate. The test facility has the capability for a full range of steshalg testing over
BWR operating conditions and can also simulate fileeendent characteristics of
complicated BWR operational transients. The test se@gsown in Figuré.44, consists

of a pressure vessel, simulated flow channel and electrodesnilatsid fultscale BWR

fuel assembly was installed within the vessel.

Figure 545 shows the crossectional view of the heated rod. The rod sngleended,
grounded electrical heater raddrepresents the nuclear fuel rod. This geometry treatment
does not affect the steadyate calculationThe thermal time constafdr the transientnay
affect the results. Therefqrm addition to the demonstrated geometrical data, a thermal
time constant ofbout fivesis specified as a reference value. The heater rod structure is
shownin Table 522

In the void distribution measurements, two types of BWR assemblies are simulated in a
full-length test facilityan early 8x8 fuel bundle and a 8x8 high bumbundleas shown

in Figure5.42. Three sukllypes of test bundle 0, namelylQ 0-2 and 0-3, were used to
examine the effects of radial power distribution on the void fraction distribution. The radial
arrangements of heated and unheated rods are shdviguire 546. Test assembly-Q
simulates a current BWR fuel assembly and has two unheated rods. Test assegblies 0
and 03 have four and nine unheated rods respectively. Test assembly types 1, 2 and 3 are
like assembly type-Q with two unheated rods, but witdifferent axid heated length and
different axial power shapes. Three combinations of high-bpassemblies with different
radial and axial power shapes, namely C2A, C2B and C3, were utilised for the critical
power measuremenshownin Table 523.

Spacers generally have a beneficial effect on critical power in typical BWR assembilies.
There are two types of spacers used in the experinafiaisule type anégrid type. The

grid typeof spacerss applied to the early3® assemblies (assembly types 0, and 3.

The ferrule type is applied to the high bunm & 8 assemblies (assembly types 4, C2A,
C2B and C3)Figure 547 shows adifferent view of grid spacer desigh.is not a design
drawing and thereforethere may besome disparity from the synetry on the rod
arrangementrigure 547 also shows different views of the ferrule spacer, which was used
for the high burrup fuel assembly design.

Table 5.22. Heater rod structure

Item Data
Heater Outer diameter (mm] 7.3
Material Nichrome
Insulator Outer diameter (mm] 9.7
Material Boron Nitride
Cladding Thickness (mm) 1.3
Material Inconel 600/Beryllium
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Figure 5.42. Test assembly and radial powedistribution for void distribution m easurements

SourceNEA, 2005
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Table 5.23. Test assembly types for critical power reasurements

Test item

Critical power test

Test assembly C2A C2B

Fuel type High burnup 83 8

Axial power Cosine Cosine Inlet peak
shape

Radial power A B A
shape

AT Simulation pattern for beginning of operation.

B i Simulation pattern for middle of operation
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Figure 5.43. System diagram of test facility for NUPEC rod bundle test series
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As shown inFigure 548 (a), two types of void distribution measment systems were

employed: a X-ray CT scanner and andy densitometer. Finmesh void distributions

were measured under stesgtgte conditions using the-vdy CT scanner, which was

located 50nm above the heated length. The system consisted ofragy ¥Xibe and 512

detectorsFigure 548 (b) shows the void fraction measuring section, where the pressure

vessel was made of titanium (Ti). TherXy CT scanner was also used for transieid vo

measurements called chordal averaged void fraction measuremérit2p]. During the

transient, the Xay CT scanner is not rotated but fixed. Theray densitometer

measurements were performed at several axial elevations with relatively large uncertainty.
Table 525 showstheX ay CT scanner 6 sTable&26 showsthexag i f i cati or
densitometerds basic specifications. The void
Figure 549. The crossectional averaged transient void distributionsenaeasured with

the Xray densitometer. During the transient void measurements,-thg ¥ensitometer

was fixed (not rotated) at a given axial positigiigure 5.48) The measurement was

repeated nine times while changing the axial location of the densitometer along the heated

length.
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Figure 5.44. Crosssectional view of test section
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Figure 5.46. Unheated rods arrangements in testgsemblytype 0
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Figure 5.47. Schematic of the gid spacer (eft) and theferrule spacer design (ight)
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Table 526 shows the estimated measurement accuracy. Three types of void fraction
measurements were carried out: a local void fraction on m®3).3mm square pixel
element; a suthannelveragedoid fraction, which is averaged over more than gid@|
elements; and a crosectional averaged void fraction, which is averaged over more than
105pixel elements. The accuracy of these void fraction measuremependedn the

X-r ay s hotorcstatisics, detector ndinearity and accuracy of the known fluid
condition (temperature and pressure) measurements.

The heater rodssurface temperatures were monitored at positions just upstream of the
spacers by chromalumel thermocouples, which were located on the outer surface of the
heater rod cladding. The thermocouples have a diameter ofird.5The rod surface
temperature was also monitored at several locatasdepicted irFigure 550 (C2A
assemblypeing theexample). The critical power was measundtle slowly increasing the
bundle poweandmonitoring the individual heater rod thermocouple signals. The critical
power was defined when the peak rod surface temperature beca@hidder than the
steadystate temperature levédlefore the dryout occurred.
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Table 5.24. Specification of Xray CT scanner

Item

Specification

Method of scanning

Type of Xray beam

Voltage of Xraytube

Current

Scanning time

Scanning region

Dimensions of reconstruction element

360" rotation with pulse Xays
Fanshaped Xray beam of 34 radiation angle
Max. 120 kV

Max 400 mA
15s
D=" 3nrD 6

0.3 mm x 0.3 mm

Table 5.25. Specification of X-ray densitometer

Item

Specification

Method of measurement
Type of Xray beam
Voltage of Xray tube
Current

Sampling time
Synchronisation

Continuous Xray at fixed position
Pencil type beam

Max. 160 kV

Approx. 19 mA at 160 kV

Max. 60 s (Variable)
3 X-ray densitometers synchronise withrxy CT
scanner for data gathering

Table 5.26. Estimated accuracy of main process parameters for void distribution measurements

Quantity Accuracy
Pressure 1%
Flow 1%
Power 1.5%
Inlet fluid temperature 1.5°C
X-ray CT scanner
Local void fraction 8%
Sulzhanneboid fraction 3%
Crosssectional void fraction 2%
Nominal gatial resolution 0.3 mn$¥ 0.3 mm
Scanning time 15 seconds

X-ray densitometer
Sampling time

Max. 60 seconds
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Figure 5.48. Void fraction measurement system
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Figure 5.49. Void fraction measurement nethods
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Figure 5.50. Location of thermocouples for critical power measurement (C2A assembly)
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5.1.12.3. Tests performed

The available data for steadyate void distribution includéme and space averaged void
distribution matrix in subhanneimesh size anthw image data (which has a resolution as
small as 0.3nmx0.3mm) of void fraction. Test assemblies 0, 1, 2, 3 and 4 were used for
the steadystate void distribution measurement. The test condition is shoWaile 5.27.

The available data for transient bundle averaged void fraction intilméehistories of
crosssectional averaged void fraction in each axial level during trandiemt tests were
performed to simulate turbine trip without bypass and recirculation pump trip, respectively.
Test assembly 4 was used for the test. The pressure, power, flow rate and inlet temperature
were varied in each test case to simulate each trarsienario. The initial condition is
shown inTable 5.28

The available data for steadyatecritical power includecritical power and the elevation
of the BT. Testassemblie€2A, C2B and C3 were used for the steathte critical power
measurement. The test condition is showmable 529.

The available data for transient critical power inclutie time histories of cladding
temperature wherthe BT occurred,BT timing, timing of rewetting and peak cladding
temperatureduring transientTestassemblie<C2A and C3 were used for the test. Two
transient scenariofufbinetrip without bypass anekcirculationpump trip) were simulated
in each test series, yieldiri@ total 4 testcasesThe pressure, power, flow rate and inlet
temperature were varigd each test cas® simulate each transiestenario.The nitial
condition is shown iTable 530.

STATUS OF SIMULATIONCAPABILITY OF 3D SYSTEMSCALE THERMAL-HYDRAULIC (TH) ANALYSIS CODES



170| NEA/CSNI/R(2®0)6

Table 5.27. Range of test condition for steadystate bundle void distribution measurement

Quantity Test aondition
Pressure (MPa) 1.0, 3.9, 7.2, 8.6,
Flow rate (t/h) 10, 20, 30, 45, 55, 70,
Inlet subcooling (kJ/kg) 20.9, 50.2, 126

Exit quality (%) 2,5,8,12,18, 25

Table 5.28. Range of test condition for steadystate bundle void distribution measurement

Assembly Initial c onditions Transients
Pressure Power Flow Inlet Outlet
(MPa) (MW) rate temp. quality
(t/h) (Celsius)
%
4 7.16 4.5 55 279 18 Turbine trip
without
bypass
4 7.2 4.5 55 279 18 Recirculation
pump trip

Table 5.29. Range of test condition for steadistate bundle void distribution measurement

Quantity Test mondition

Pressure (MPa) 55,7.2,8.6

Flow rate (t/h) 10, 20, 30, 45, 55, 60, 65
Inlet subcooling (kJ/kg) 25, 50, 84, 104126

Table 5.30. Range of test condition for steadistate bundle void distribution measurement

Assembly Initial conditions/experimental conditions Transients
Pressure Power Flow Inlet
(MPa) (MW) rate enthalpy
(t/h) (kJ/kg)
C2A 7.2/7.136 6.2~8.5 = 45/42 1217~1227  Turbine bypass trip
without bypass

C2A 7.217.274 6.2~8.5 45/46.2 1217~1227 @ Recirculationpump trip
C3 7.2/7.136 6.2~8.5 45/42 1217~1227 Turbine bypass trip

without bypass

without
C3 7.217.274 6.2~8.5 45/46.2 1217~1227 @ Recirculationpump trip

5.1.12.4 Application for system code validation

Several exercises fathepr edi cti on of participantés anal ysi
BFBT benchmark. CFzodes and D system analysis codes were ugethe exercise of

steadystate bundle void distribution, subchannel analysis cladeedict subchannel void

fractions and bundle average void fracti@natters were observed calculationsof the

lower void fractionwhere bubbly to large bubble/slug flow were expected. The codes have

difficulties predicting the void distribution near unheated structures (housing and water

rods). It was shown tha crosglow model of subchannel analysis codes affected the

measured data prediction.

In the exercise of transient bundle averaged void fraction, subchannel analysis codes and
1D system analysis codes were used to predict transient void fractsmemarios of a
turbine trip without bypass and recirculation pump trip. The codes demonstrated
capabilitiedfor reproducing the transient behaviours of the bundle average void fraction for
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both transient scenarios. Cetbecode comparisons were perforntedorovidesnapshots
of the predicted void fraction at a subchannel basis in the exercise.

In the exercise of steaghtate critical power, subchannel analysis codesléhdystem
analysis codes were used to predict critical power Bificklevations in the tests. The
accuracy of the critical power predictions on critical power was affected by liquid film
thickness modelling, onset of annutarst flow criteria, droplet entrainment and deposition
models, spacer grid effects and cflusg.

In the exercise of transient critical pow#&Eb system analysis codes were used to predict
thetime histories of cladding temperaturesigenario®f aturbine trip without bypass and
arecirculation pump trip. The codes could reproduce the transient behaviours of overall
rod surface temperature at thermocouples in both scenarios.

The walidation for subchannel analysis code is presentéesl 1n123].

Main advantages and drawbacks of the facility

In the BFBT, local void fractions on a 1@ 0.3mm square pixel element were
measured by the -Xay CT scanner. While the-My densimetecould measure cross
sectional averaged void distributions in the stestdye and transient conditidghe scanner

had somesystematic ermo Whenthe vapour bubbles had a higher concentration near the
walls thanthe subchannel centre (low void fractiorthe averagevoid fraction was
underestimatedNhen vapour concentration in the subchannel cevashigher than nea

the walls (high void fraction, slug and churn flow regintag average void fraction was
overestimated

5.1.13.0thertest facilities

5.1.13.1PIERO

The PIERO experimerstudiediower plenum voidingwhich occurs at the end of a large
break LOCA depressurisation phase in a PWR, when the steam generated in the reactor
core flows out of the bottom of the core through the lower plenum towards the downcomer
and the broken leg. If the steam velocity is high enougtaritdragvater from the lower
plenum andartially empty it.

The PIERO test section, developed at GGrenoble and now dismantled, is a half slab of

a 1/4 scale vessel representing the lower plenum and the downcomer of a French PWR
type reactor. The test section represenDacrosssection of the lower plenum and
downcomer. The width of the test section is ififd. The core lower plate is 1@6Gm thick

with ten holes (5%nm inner diameter). The lower face of the lower core plate is84

from the bottom of the lower plenum. The downcomer ish&®wide, 50mm deepand
695mm high. The bottom of the downcomer 68 under the exit of lower plenum (see
Figure551).

The gas flow or mist flovexpelled from the core towards the lower plenum at the end of
the blowdown phase is simulated by anve@ter mixture flow rate under atmospheric
pressure. The air and water are injected at the top of the test section above the core lower
plate. The air orair-water mixture flowrate varies from 50 to580m3/h. Liquid is
entrained (or not, depending on the conditions of the run) from the lower plenum to the
downcomer.
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For each run, experimental dat@composed of:
1 The inlet air flowrate (measured with less than 5% error)

1 The liquid fraction, deduced from the water flowrate (the error of the liquid fraction
is less than 1%)

1 The level in the lower plenum after stabilisation. The level is measured by
visualisation through a transparent front plate of the experiment.

Figure 5.51. Sketch of the PIERO test section
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SourceFreitas and Pasquaf015.

ThePIERO experiment is included in the separate effect tests mattizads for Analysis
of THermalhydraulics during an Accident of Reactor and safety EvaluaiaMHARE)
and used to validate the 3D module of the c&d&.131] and[5.1.132).

5.1.13.20MEGA

The OMEGA facility, built at CEAGrenoble, was first dedicated to the characterisation of
the heat transfer behaviour during the decompression phase L&CA and the
characterisation of the critical heat flux (CHF) in PWRe rod bundles. Several
campaigns of CHF measurements were carried out at diff@rhtconditions for
example, sefs.1.133]).

The OMEGA?2 loop, is dedicated to study singlhase and twphase flows in a rod
bundle at high pressure. The test section features a 5x5 bundle of electrically heated rods
of 9.5 mm outer diameter, arranged in a square array with art@.fitch, simuldhg

those in a PWR core. Simple support grids or mixing vane grids are used to maintain the
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rod bundle. A uniform power is applied on the total heated length of 3.658 m. Radial power
is nonruniform: the nine central rods have a heat flux of greater than the 16 peripheral ones.

A series of runs with CHF measuremehge been publishatatcover PWR conditions
(pressure from 10.5 to 16MPa, mass flow rate 282.7kg/s, inlet temperature 86.7
324.6°Candpower 3.26.8MW) and showthe capacity of the loop at providing reliable
data p.1.134].

As part ofthe NESTOR projecfCEA/EDF/EPRI) several series of analytical runs were
carried outwhich werein typical PWR conditions (pressure from 10 to 18Ba, mass
flux 3 0004 600kg/m2/s, inlet temperature 1&®5°C, power 0.51.4MW/m? and
addressed the axial offset anomaly phenomenon. SiAgi@se tests aiimg to provide
measurementsf the wall and fluid temperaturesyere dedicated for singiphase heat
transfer modelling in a rod bundi€he mset of nucleate boiling (ONB) was one of the
phenomena studied in the boiling tesAsseries of such tests were performashich
allowed for the determination @fie location of the ONB poinb[1.135] and[ 5.1.136].

5.1.13.3GRAZIELLA

The GRAZIELLA facility was developed at CE&Grenoble in collaboration with
Electricité de France (EDF). The test section consistsvertical channel witla square
crosssection containing a 5x5 PWigpe rod bundle. The rod bundle is maintained by
spacer grids with or without mixing vanes. The tests are performed with Freon, simulating
high pressure conditions, covering the range of thehyataulic parameterin the
nominal operating conditions of a PWR core or-ptase conditions. Adiabatic and heated
tests were carried oufor the last ones, ra@re electrically heated, with a with a uniform
3.65m heating length.

Some tests performed the GRAZIELLA loop are devoted to stuthg the DNB in rod
bundle, and the effect of mixing grid on the DNB1.137] [ 5.1.138].

For some of the heated tests, the nine central rods are overheated by 33% compared to the
16 external ones, introducing mixing effects between the subchannels. The flowrate and
quality of each subchannel are measured at the end of the test gettib®q] and[5.1.13

10].

Some GRAZIELLA adiabatic singlphase tests have been used for the assessment of the
turbulent diffusion and the dispersion term in the momentum equation of the CATHARE
3 3D model $.1.1310].

5.1.13.4AGATE

The AGATE facility was built at CEAGrenoble. The test section consists of a square
lattice of 5x5 unheated rods, Inbhigh, inserted in a 66rhm square channel. The
diameter of the rods of this PWigpe bundle is 9.51m, and the bundle pitch is 12vén.

Transparent windows in the square channel altouhemeasuremernf thethree velocity
components, with their fluctuations, in the subchannels using a laser velocimetry technique
[5.1.1311].

AGATE tests have been intensively used for the validation of codesaSiRD approach

(e.g. b.1.1312] and[ 5.1.1313]) andtheporous (subchannel) approach (e51[138]),

for the effects of the mixing grids on the flow and the heat transfer. AGATE tests have been
also used for the 1D modelling of the turbulence induced by the grid by CATHARE 3
[5.1.1314].
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5.1.13.5MR-2/MR-2A atmospherigressurewater |oop

MR 2/MR 2A is a pumped circulation, atmospheric pressure flow modelling loop with two
discrete flow circuits. This loop is located in Chalk Riveafi@da. Water is the primary
working fluid, but air can be injected into the water flow to simulatephvase flows. The
primary circuit (MR 2) has three test stations and a choice of three circulation pumps, which
can provide water mass flove$ up to 14kg/s. Air can be injected at 0.8@/s. Testing is
normally conducted at ambient temperature, but the water can be heated to a maximum of
70°C. The second circuit (MR 2A) is adjacent to MR 2 but physically separated, and has a
dedicated circulation pump,hich can provide as much as kg¥s water flow at ambient
temperature, with air injection of 0.8®/s. These facilities are usdd study flow
distribution and pressure drop over a wide range of complex geometries. Transparent test
sections permit flow visualisation and the use of optical instrumentation to measure fluid
parameters. The loop can accommodate powkrgp to 1.7MW, which facilitates the
capability of CHF tests for fuel bundles such as NRU driver fuel with water as coolant. Net
heat rejection is provided by a pldigpe heat exchanger; a second pigfee heat
exchanger is used to pheat the inlet water with heat from the outletavathus allowing

the pump to operate at a lower temperature.

5.1.13.6. MR3

MR-3 is a large higtemperature, higipressure, pumped circulation heat transfer loop
utilising hydrofluorocarbons as the working fluid. This loop is located in Chalk River
(Canadd. The loop vessels and piping systems are constructed of carbon steel, limiting the
loop to noraqueous working fluids. The primary circuit circulates R 134a (Freon) through
the test sections and controls the test section flows, inlet temperatureslangressures.

To be onsistent with economic limitations, the loop equipirie designed to operate over

as wide a range as possilite orderto minimise the number of settings and manual
adjustments needed during an experiment. For examplethvethandour-inch diameter

piping are used for connecting the vertical test section to the vapour drum. During
experiments with high test section outlet quality and high flows (abovekd&ha four-
inchpipe is required to keep the velocity within acceptable parameters. Conversely, during
low quality, low flow instability testsathreeinch pipe is required to avoid slug flow. The
piping is flanged and the circuits suitably valved to facilitate piping changes.

The loop design pressure is 6/Pa (g) at 121°C, but it normally operates at 1.0N3Ha

(g) at 60°C, and at fluid mass flows up tolkgffs. A typical CHF test would operate at
~1.9Mpa(g) pressure at 60°C and ~Rd/s mass flow, with up to 1MW test section
power. The internal loop volume is AY3, with a normal working fluid inventory of
~4500kg of liquid hydrofluorocarbon. There is an® vertical test station that can
accommodate a fulicale PHWR fuel string simulator, and a horizontal test logatiat

can accommodate either of pair of interchangeable test stations fecdidl (6n) PHWR

fuel string simulators, or full diameter half lengtin(3 simulators. At present, the working
fluid is R 134a, which permits fulbcale fuel simulations at lower temperatures, pressures
andpower than would be the case in water. The loop was originally designed to operate
with CFC11, or CFCl12, but the conversion to B84a has reduced the environmental
ozone depletion impact of fluid leaks to zero.

The primary function of this facility is to investigate CHF enhancement and other heat
transfer parameters of various existing PHWR fuel geometries, or experimental geometries.
The MR-3 loop has a unique capability of performiii¢gH tests for a bundle string
simulator with various radial power profiles by using a particular resistihedoop also

has a facility for conducting pressure drop tests and post dryout (PDO) heat transfer tests
on full-scale PHWR bundles.
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5.1.13.7. Headetestfacility

The header test facilityis an approximately 1:3 scaled model of a typical PHWR
header/feeder system, consisting of two headers 7hdeeders, operating at near
atmospheric conditions with air and water as the working fluids. This facility is located in
Chalk River (Gnada The headér snulti-channel behaviour is one of the important
phenomenainfluencing fuel sheath peak temperature of PHWR fuel under certain
postulated accident conditionsito which further research is needet@ihe headertest
facility is used to investigate twghase flow characteristics in the headers and their impact
on flow and phase distribution in feeders during postulated accidents. A maximum water
flow of 88 L/s and a maximum air flow of 0ra3/s are designed in this facility. This facility

is instrumented with a sophisticated winesh sensor multiplexing system and a complex
pressure drop measurement system to measure constitutive parameterplusesdow

in headers and feeders. Experimental information obtained from ¢Hi/fean be used to
examine the void distribution along headers and among feeders and the mass flow rate
distribution among feeders under various simulated hypothetical PHWR accident

5.1.13.8MTF

The Moderator Test Facility (MTFeonsistsof a ¥4 linear scale generic PHWR calandria
vessel, complete with correctly scaled inlet and outlet piping and all necessary pumps, flow
control valves, heat exchangers, process controls and instrumentation to permit a controlled
simulation of virtually dl PHWR moderator cooling circuits. This facility is located in
Chalk River. Included within the moderator vessel are 480 electrically heated calandria
tube simulatorswhich providean axial heat flux profile representing a typical PHWR. DC
power is deliveed to the calandria tubes from théH laboratoryof a 1.7 MW power
supply. Through the use of easily removable blank ports and easily relocated piping, the
vessel is configured to provide for up to 12 properly scaled and located inlet flow nozzles,
as well asall current PHWR outlet flow port configurations. TMTF can simulate
moderator flows iCanada Deuterium Uraniun€ANDU) 9, CANDU 6 and Pickering,
Bruce and Darlington reactor configuratioifie facility can conduct modelling tests at
current PHWRmoderator pressures and temperatures and, with minor changesgachiev
temperatures and pressures up 120°C andkR#)(g) for experiments such gmssive
moderatorcooling system (PMCS). The vessel is fitted with multiple access ports for
temperature and fluid velocity measurement instrumentation and has an array of viewing
windows for observing and recording colour dye flow path visualisation experiments.
Process control ardhta acquisition is provided by a dedicated P/C based computer system,
utilising PARAGON TNT, a sophisticated process control/data acquisition software
package that permits fully automatic (unattended) operation of the facility process controls
and temperature data gathering.

In order b accommodate the range of moderator circulation test conditions for the CANDU
9 programme and for existing CANDU variants, plus the future PMCS programme, the
values for various system parameters dictated by this flexible design are:

1 Power: up to 1.7MW (PMCS tests only), with normal cosine axipbwer
distribution and reactor typical radial power distribution

1 How: primary side flow from @o 30kg/s, with variable flow capability at each
inlet and outlet nozzle

1 Temperatureprimary side water from room temperature to 95°C, +0.5°C for
moderator circulation tests and up to 120°C for PMCS.tests

9 Pressure: up to 86Pa (gauge) for PMCS tests.
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A onethird-scale moderator test facility modelling the calandria of the AOR was
recentlyconstructed and tested at CNL to obtain moderator circulation data for validating
the moderator /H analysis code.

5.1.13.9CREARE

The frst models for downcomer refill were based on CREARE experiments. This test
facility was replaced bg scaleoneexperiment (UPTF)9.1.1315].

5.1.13.10METERQGV

Objective of theexperiment

The analysis of LB.OCAs required specific experimental programmes investigat
largescale 3D effectsparticularly during downcomer refilhind core reflooding. SB
LOCAs and IBLOCAs also encounter significant 3D effectdlie core due to the radial
power profile, with crossflows and diffusiatispersion. Similar situations exist at lower
pressure for loss aesidual heat removaRHR) accidents. Other transients such as steam
line break and boron dilution are sensitive to all mixing phenomena in the core.i§he
alsoa needor a precise validation of each mixing process.

The METERGQV (vertical) test facility, under construction at the CEA (Saglaflichhas
the commissioning of the first tegp@rformed in2022, intends to provide data for the
validation phenomena in the core during these accidents, for both 3D syateim
sulchannelscalesAs a side objective, touldalso be useful fothe validation ofCFD in
open medium.

Description of theéestloop

The basic test section is a rod bundle with 8x34 unheated rods representing two half
assemblies. In a first phase of experiments, the height of the test dedioout 2m
although a full rod bundle length (3.6 tarj would alsobepossible in future studies. The

test section intends to be modular in order to adapt to various measurement techniques and
geometries. The rods and rod arrays will be at smaégrod outer diameter=9.5mm,

pitch 12.6mm), as shown byrigure5.52.

Figure 5.52. Radial view of a sketch of METERQGYV test section
(2 half assemblies with 8x17 unheated rods each)
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SourceBestionet al.,2018.

A tranquillisation chamber has been designed in two separated parts to create a
dissymmetry of the flow entering the vertical structure. Each part of the tranquilisation
chamber is composed of a diverging pipe followed by aagrdthen a straight larger pipe,
honeycomb and gridA set of parallel deflectorthenchange thd | o w@riérgation to
vertical. Another honeycomb is placed before a converging rectangular pipe downsizing
the crosssection to fit the vertical structure inlet. A module for asymroelistribution in
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this double tranquillisation chamber cresdifferences of velocity, temperature, density or
tracer concentration between the left and right half assembliag¢Bi§3).

Figure 5.53. Left: 3D view of the METERO-V facility ; Right: sketch of METERO-V loop
with the vertical test section.
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METERGV is designed to carry out singpdhase and twphase testsThe gessure is
close to atmospheric #tetop of the test section. The maximum water flowrate isri

and the maximum air flowrate i50m?h. The range of liquid Reynolds numbers ittt

be obtained with water flow is up to 1000. The temperature of the fluid may be ambient
(14 to 30°C) with possible heating to createadial temperature differencs up to a
maximum of 36°Ccreating a radial density difference of about 1%.

Plannedests

Various test series are planned to address different processes in a separate way, with equal
or unequal velocities, temperature or passive scalar concentration at the inlet of the

assemblies
These tests series are summarised in TaBle 5.
Table 5.31. Test series planned in METERGV experiment

Process Test series
Wall friction 9 Pressure losses in axial flow

9 Pressure losses in {asmal flow

Momentum turbulent diffusivity 1 Pressure losses with transverse flow

Scalar turbulegiffusivity 1 Mixing of a passive scalaipimase flow
Scalar dispersive tensor 1 Mixing of a passive scalaipimase flow
Energy turbulent diffusivity {1 Energy mixing iphiase flow
Energy dispersive tensor f Energy mixing iphiase flow
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Table 5.31 Test series planned in METERQV experiment (Continued)

Process Test series
Twophase wall 1 Pressure losses and interfacial friction in pure axial flow
friction {1 Pressure losses and interfacial friction with transverse flows
T Pressure losses and interfacial friction with kdroyemcy
crossflows
Interfacial friction 1 Pressure losses and interfacial friction in pure axial flow

9 Pressure losses and interfacial friction with transverse flows

9 Pressure losses and interfacial friction with kdrby@mcy
crossflows

Void dispersion 1 Void dispersion tests

METERO will usethe following instrumentation:

1 PIV (singlephase tests) to measure profiles of axial and radial components of the
velocity in the domain of sulhannelsrisible through rod gaps. Measurements of
the radial component may not be accurate if it is much smaller than the axial
component.

1 LIF (singlephase tests) will use to measure the variation of the luminescence of
injected tracers with pH or with temperaturé=s will be able to measure passive
tracer radial concentration profiles at various elevations and temperature radial
profiles at various elevations.

Core wire (singlephase tests) to measure the fluid temperature at various positions.

X-ray tomography (twghase tests) will be used in typhase aiwater tests to
measure linearly averaged void fraction.

9 Pressure and pressure differenceplidse and-phase tests) will be measured at
several positions on lateral and front faces of the test section to measure all kinds
of pressure losses.

The rdial mixing of a passive scaleanbe obtained btheunbalanced injection of a tracer

and using the LIF technique. The radial temperature migiagbe studied using a
homogeneous velocity and an unbalanced temperature measurable by LIF. Particles are
injected whose luminescence is sensitive to temperature. Crossflbowoyancydriven

when gravitational axial pressure gradient dominates the friction axial pressure losses. The
difference of temperature induces density differethascreate diffeent axial pressure
gradients in the two assemblies. This creates radial pressure differences and crossflows
from cold assembly to hot assembly. As soon as crossflows are significant, they may
overpass diffusive radial mixing.

Application for system code validation

Some simulations using CATHARE 3 were performed to verify if the identified 3D
phenomena might be reproduced in the METERRConditions. These simulatiorsuld
also help build the test matrix and deterenthe range of the measured quantities
(temperature, velocities, concentratiett) [5.1.1316].
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5.2.Integral effect tests
5.2.1.ATLAS

5.2.1.1. Objective of thexperiment

KAERI has been operatintpe ATLAS integral effect test facility,AdvancedThermat
Hydraulic Test Loop for Accidenti®ulation for transient and accident simulations of
advanced PWRs [5.21]. The reference plant of ATLAS is a4DOMWeclass
evolutionary pressurised water reactor, APR1400. ATLAS has the sartedwteatures

as the APR1400 and is designed according to the scaling method suggested by Ishii and
Kataoka [5.2.92] for simulatng the various test scenarios as realistically as possible.
ATLAS is a haltheight and 1/288&olume scaled test facilitpomparedo the APR#00.

The fluid system of ATLAS consists of a primary system, secondary system, safety
injection (SI) system, break simulating system, containment simulating system and
auxiliary systems. The primary system includasR®V, two hot legs, four cold legs, a
pressuriser, four RCRs1dtwo SGs. The secondary system of ATLAS is simplified to be
of a circulating loogtype. Most of the safety injection features of the APR1400 and the
optimised power reactor 1000 (OPR1000)are incorporated into th&TLAS safety
injection systemAbout 1600 instrumentationfave beennstalledin the ATLAS test
facility to precisely investigat€&/H behaviour in simulation of the various test scenarios.

The ATLAS has been used to provide the unique test data for the two (hot legs) x four (cold
legs) reactor coolant system with a DVI of ECC; this will significantly expand the currently
available data bases for code validation. The ATLAS has been openatader to
investigate major design and beyond design basis accidents and operational transients for
advanced pressurised water reactors. The produced intfgltest data have been used

to resolve the licensing issues of the APR1400 and to valtdatsafety analysis codes for

the various accident sequences. The ATLAS test results will be used to evaluate the
performance and thereby confirm the design concepts of new safety systems, validate the
safety analysis code and related models, and undergtaridH phenomena occurring
during the accident transients [5.&Jland[5.2.1-4].

5.2.2.2. Description of thiestloop

Figure 554 showsthe schematic diagram dhe loop connection, which shows the
elevations of the majoATLAS components [5.2-B]. The elevations are based on the
reference point of RPV bottom. The total height of the facility is abouh 300m
underground and 2@ above ground All major component$ such as th&rRPV, SGs,
pressuriseandSITsi are above ground:he loop was designed to be operated at up to
18 MPato simulate the high pressure scenarid® total inventory othe ATLAS reactor
coolantsystem is 1.636613. A more realistic 3D view of ATLAS is shown in Figures5.

The RPV and the core simulator are designed to preserve the distributions of the
temperature, pressure, coolant volume, flow rate and flow area. They are also designed to
preserve the hydraulic diameter and important local phenonmidr@a.main focusin
designing the reactor vessel downcomves on the reproduction of the multidimensional
phenomena related to a DVI as well as the preservation of the surface tension effect and
the flow regime (especially for cap bubbleéSgveral parameters are considededng the

local phenomena scaling analysiscluding the void fraction, mixture level, transition
criteria of a twephase flow regime, flow reversal, ECC bypass, steam condensation, stored
energy, pressure drgnd moreMost of the design parametaasbased on the integral
scaling parameters. However, the gap size of the downcomer annulus is intentionally
increased to simulate the multidimensional behaviour more realistically. The increased
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downcomer volume is compensated for by reducing the lower plenum volume to maintain
the total coolant volume ratio in the reactor vessel. Figi@shows a schematic diagram
of the ATLAS reactor pressure vesse

A total of 396 electrical heaters and unheated avdlased to simulate the fuel rods. Since

the diameter is maintained to be identical to that of the APR1400, the temperature of the
fuel rods reasonably represstite reference reactor during most accident conditibtise

initial stored energy can be reasonably treated. The maximum core powdwWisahich
corresponds to 10% of the scaled nominal power. A bundle of electric heasebeen
installed to simulate the reactor core, which is in the Iqveet of aRPV. There are 390
electric heaters divided concentrically into three grogpsuf-1, group-2 andgroup-3).
Groupl, -2 and-3 heaters are located in inner, middle and outer regions of the heater
bundle respectively, and they have 102, 138 and 150 heaters respectively. The core heater
bundlealso has six unheated rods. The axial power profile of each heater nodhe
fichopped cosinepower shape. The simulated fuel assembly type is 16x16, and the
prototypical spacer grid (PLU®%) is used. Theuter diameter of heater rod is 9fbn,

which is the same as the prototypical rod diameter of APR1400.

Figure 5.54. Schematic diagram of loop connection of ATLAS
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Figure 5.55. Three-dimensional view of ATLAS
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Figure 5.56. Schematic diagram of ATLAS reactor pressure vessel
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Figure 5.57. Schematic diagram of ATLAS steam generator
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ATLAS has two steam generators, which have the same designed specifigpdidricom

a break unit to simulate -thbe rupture. The break unit is installed in-$GEachSG
consists of a lower plenum, -tube assembly, middle and upper SG vessels, two
downcomer pipes and other internals shown in Figure 57. The ATLAS facility adopts

a jet condenser fahe heat removal from the secondary system to the component cooling
water system. The break simulation system consists of several break simulatisgdimes
as dargeLB-LOCA, DVI LB-LOCA, SB-LOCA, SGTR, MSLB and FLB, etc. Each break
simulating line consists of a quidpening valve, break nozzle aotherinstrumentsThe

line is precisely manufactured to have a scaled break flow throdighLiOCA tests. The
containment simulating system of the ATLAS has a function of collecting the break flow
rate and maintaining a specified bpodssurdo simulate containment.

The ATLAS facility wasrevamped in the second half of 20&@h theaim of enhancing

its utilisation The firstchange was thiategration of the reactor coolant system of ATLAS
and a containment building. A properly scdl®wvned containment buildingvas
constructed to investigate the mdithensionalT/H phenomena occurring insidhe
containment building o& nuclear power plant. Theecondchangeis the installation ofa

new heater rod bundl&.new heater rod bundle wamnufacturednd ready to be installed
inside a new reactor pressure vesBhe location of the thermocougplvas shuffledn this

new heater rod bundendgivenadditional capabilitfo captue the core exit temperature
(CET) behaviour. The fourtbhange was thadoption ofa hybrid safety injection tank
(SIT) conceptThe tybrid SIT replacsethe existing SITs in order to enhance the emergency
core cooling capability for a highbressure accident sequence such as a station blackout
(SBO). The hybrid SITs connected not only to the pressurjdait also to the cold leg.
Various instrumentations will be installe investigate the mutimensional T/H
phenomena inside the hybrid SES shown in Figure 58.
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Figure 5.58. Schematic diagram of hybrid SIT of ATLAS

Source: Rytet al.,2018.

Instrumentation

About 1600 instrumentationsave beernnstalledin the ATLAS test facilityto precisely
investigate thel/H behaviour in simulatian of the various test scenarios. Measuring
parameters includ¢he temperature, pressure, level, power, flow rate and mass. All
instruments were calibrated by the manufacturers prior to installation in the ATLAS
facility. All major instruments are calibrated periodicaityaccordance with the quality
assurance (QA) programme of the KAERI certificated by the ISO .990Wever,
further recalibration of the thermocouplsperformed once thdyave beeimstalled in the
facility. In this report,the measurement capability of capturing mdiithensionalT/H
phenomena is highlighted.

The integrated downcomer enabthe reprodution of multidimensionapphenomena and
reveat unexpected/H phenomena. Aiwvater visualisation test results showed that there

is no significant difference in flow pattern fadowncomer gap over about 25 mm. A total

of 37 thermocouples are installed inside the downcomer to measure the fluid temperature
in the ATLAS facility. Figure 59 shows a 2D arrangement of the downcomer fluid
temperature sensors and an examplegheftemperature measurement in the LOCA
simulation test [5.2.47].

Multidimensionahon-uniformity in the peak cladding temperature (PCT) can be measured
in the ATLAS coreby 264 thermocouples at six different elevatics shown in Figure
5.60. Both a wide and a narrowange void fraction (or liquid level) can be measured in
thecore and downcomer regisaf thereactor pressure vessel and in the secondary side of
thesteam generatpas shown in Figure 61. A liquid level inside the Hube ofthe steam
generator can also be measyreishown in Figure 61.

Five internal fluid temperatures can be measimgdreeandfive locations ofthe hot leg

and cold legrespectively. Figure 62 shows a location of profile thermocouples for
measurement of fluid temperature in hot leg [53].1These profile thermocouples can
give informationaboutthe temperature and phase distribwimside the primary loop of
ATLAS. The fuid temperature distribution inside the plenum of steam generator can give
detailed informatioraboutthe natural circulation characteristicdareflux condensation
phenomenon during accident transieribstailed temperature distribution inside the
plenum of steam generatoouwdd be measuredh the ATLAS facility by installing 100
thermocouples per each steam generatoshown in Figure 63.
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Figure 5.59. 2D arrangement of the DC fluid temperature sensors and
example of temperature measurement in the ATLAS test
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Figure 5.60. Distribution of core wall temperature measured in the ATLAS test

SourceNEA, 2012.
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Figure 5.61. Distribution of liquid level measured in the ATLAS test
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Figure 5.62. Location of profile thermocouples for measurement of fluid temperature in hot leg
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Figure 5.63. Location of profile thermocouples for measurement of fluid temperature in plenum of SG

Sourcelee, 2018.

5.2.2.3. Tests performed

ATLAS was constructed in 2005 and a series of commissioning tests were successfully
completed in 2006A database of ovet34integraleffect testdas beemstablishesgince
2017 with ATLAS covering various accident scenarios such as design basis accidents
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